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Abstract [170 words]
Demonstrations that grip strength has predictive power in relation to a range of health
conditions - even when these are assessed decades later, has motivated claims that handgrip dynamometry has the potential to serve as a “vital sign” for middle-aged and older
adults. Central to this belief has been the assumption that grip strength is a simple
measure of physical performance that provides a marker of muscle status in general, and
sarcopaenia in particular. It is now evident that while differences in grip strength between
individuals are influenced by musculo-skeletal factors, “lifespan” changes in grip
strength within individuals are exquisitely sensitive to integrity of neural systems that
mediate the control of coordinated movement. The close and pervasive relationships
between age-related declines in maximum grip strength and expressions of cognitive
dysfunction can therefore be understood in terms of the convergent functional and
structural mediation of cognitive and motor processes by the human brain. In the context
of ageing, maximum grip strength is a discriminating measure of neurological function
and brain health.
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Grip Strength

3

The human hand is so beautifully formed; it has so fine a sensibility, that sensibility
governs its motions so correctly, every effort of the will is answered so instantly, as if the
hand itself were the seat of the will; its action are so powerful, so free, and yet so
delicate, as if it possessed quality of instinct in itself, that there is no thought of its
complexity as an instrument, or of the relations which make it subservient to the mind
•

Bell C. The hand—its mechanism and vital endowments as evincing design.
Philadelphia, PA: Carey, Lea and Blanchard; 1833 (pp. 9-10).

1. Introduction
While it is widely recognised that frailty is multidimensional construct, reduced
grip strength is considered one of its cardinal characteristics. Indeed, the repeated
demonstration that measurements of grip strength have predictive power in relation to
health outcomes (e.g. Bohannon, 2008; Chainani et al., 2016; Cooper et al., 2011; 2010;
Ouden et al., 2011; Rijk et al., 2016; Vermeulen et al., 2011; Y. Wu et al., 2017), even
when these are assessed decades later (Ortega et al., 2012; Rantanen et al., 1999), has
motivated the supposition that hand-grip dynamometry has the potential to serve as a
“vital sign” for middle-aged and older adults (Bohannon, 2008). Central to this belief has
been the assumption that grip strength is a simple measure of physical performance
(Atkinson et al., 2010; Hamer and Stamatakis, 2013) that provides a marker of
sarcopaenia (Sayer, 2006) and an index of musculoskeletal function (e.g. A. J. Campbell
and Buchner, 1997) or muscle fitness (W.-J. Lee et al., 2016).
In order for strength to confer functional benefit, a principal requirement is that
muscle force is generated with sufficient speed and precision, for example in maintaining
an upright posture following a stumble. That which is critical in this regard is the capacity
of the central nervous system (CNS) to recruit motoneurons. Of at least equivalent
importance in relation to function is the facility to engage multiple muscles in a
coordinated goal-directed fashion. It can be readily appreciated therefore that a measure
of strength may be extremely sensitive to variations in CNS function - in relation to the
recruitment of motor units and the organisation of muscle synergies, and comparatively
insensitive to variations in the state of the muscle fibres. In the present paper it will be
argued that the assessment of maximum grip strength via hand dynamometry provides a
case in point.
Grip strength tends to decline with age. Given the association of the rate at which
this decrease occurs with other indices of physical status, grip strength has come to be
regarded as an important objective marker of frailty (e.g. Syddall et al., 2003; Xue et al.,
2011). There is an emerging recognition that loss of muscle mass is a less prominent
contributor to declines in strength than was once believed to be the case (Delmonico et
al., 2009; Manini & Clark, 2012). It is furthermore evident that the proportion of the
decline in grip strength that can be attributed to loss of tissue mass in the extrinsic and
intrinsic hand muscles, is even lower than for other skeletal muscle groups (Carmeli et
al., 2003). That which is of particular importance in determining the expression of frailty
is the factors that contribute to a differential loss of strength (Figure 1) beyond that which
would be expected on the basis of chronological age (Kallman et al., 1990; Rantanen et
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al., 1998; cf. Sayer et al., 2008). In this consideration, that which appears critical in terms
of good health is the relationship that exists between changes in grip strength and other
aspects of brain function (e.g. (Christensen et al., 2000). While initial levels of grip
strength are greatly influenced by peripheral musculo-skeletal factors (e.g. muscle mass,
fibre type) and individual morphology, the central hypothesis advanced herein is that
subsequent changes in grip strength across the lifespan are governed to a significant
degree by neural mechanisms.

Insert Figure 1 About Here

The argument to be made is that maximum grip strength testing provides a rather
equivocal indication of musculoskeletal integrity, whereas it represents a sensitive
measure of neural function. Why is this analysis of more general significance? The
practical steps that are taken in an attempt to assess and ameliorate the impact of frailty
and cognitive decline in an ageing population depend in part upon the nature of the tools
employed to characterise these conditions, but also upon recognition of that which is
revealed by these tools. If it is the case that tests of maximum grip strength reflect
primarily the functional integrity of the brain, rather than the musculoskeletal system,
there are profound implications for the development of therapeutic interventions to
combat frailty and cognitive decline.

1.1. Scope and structure of the review
The review commences with an introduction to the clinical construct of frailty, and
a critique of the manner in which diminished grip strength is conventionally interpreted
in this context. This leads to consideration of the factors (neurologic and non-neurologic)
that contribute to age- and disease-related declines in grip strength, and to the recognition
that these factors do not coincide with the determinants of variations in grip strength
among young healthy individuals. A detailed analysis of the motor apparatus of the
human hand is then developed - in order to make the key point that effective application
of grip force demands highly sophisticated neural control. There follow descriptions of
the manner in which older people apply grip force, and of the relationships that exist
between variations in grip strength and other indices of age-related changes in muscle
coordination. It is surmised that systematic and progressive age-related modifications in
neuromuscular control are symptomatic of more general alterations in brain function.
Empirical evidence in support of this conjecture is presented, with a particular emphasis
on associations between changes in grip strength and cognitive function. It is argued that
the tripartite relationship linking grip strength, frailty and cognitive decline, can only be
understood by recognising that certain changes in central neurological functions are the
common mediating factor. This argument is further supported by a review of studies
showing that task-related activity in brain regions playing an obligatory role in the
production of coordinated motor output is a pervasive feature of all assessments of
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cognitive function. It is concluded that as neurodegenerative processes affect coherent
systems constituted by the brain’s intrinsic functional architecture, any erosion of brain
health that is expressed phenotypically as diminished grip strength, will have a
corresponding causal influence upon manifestations of frailty and impairments of
cognition.

2. Frailty
As a profusion of classic literary references makes plain, manifestations of frailty
have long been readily discerned. Nonetheless, the clinical classification of frailty has a
relatively recent history. While the phenomenon is age-related, to be useful as a clinical
construct the expression of frailty must necessarily be distinguished from the changes in
functional capacity associated with healthy ageing. There have thus far been two
principal approaches to this challenge. While these share the common goal of providing a
scientific definition of the condition, they differ with respect to the manner in which
frailty is conceptualised and assessed.
Fried and colleagues (Fried et al., 2001) proposed that there exists a frailty
phenotype with manifestations and biological antecedents that define a distinct clinical
syndrome. An incidence of frailty is defined by meeting three out of five phenotypic
criteria comprising: unintentional weight loss, self-reported exhaustion, weakness (grip
strength), slow walking speed, and low physical activity. Thus conceived, frailty may in
principle be differentiated from comorbidity (i.e. multiple chronic conditions) and from
disability (Fried et al., 2004).
Alternatively, frailty has been viewed as a non-specific state of dysregulation in
multiple physiological systems (Romero-Ortuno and Kenny, 2012), whereby it is the
accumulation of deficits (including multiple chronic conditions and disability) in the
course of ageing that gives rise to expression of the condition (Mitnitski et al., 2001;
Rockwood and Mitnitski, 2007; Rockwood et al., 2006). In this conception, incidence is
appraised via a frailty index (FI) representing quantitatively the clinically designated
symptoms, signs, diseases, and disabilities that have accreted.
In both schemes frailty is viewed as comprising multiple dimensions and it is
assessed accordingly. It is notable therefore that, with respect to the phenotypic
definition, reduced grip strength is considered one of the cardinal characteristics (Fried et
al., 2001). Indeed there is concordance (Kappa = 0.48) between the classification of
frailty on the basis of the complete set of Fried criteria and handgrip strength alone (van
Iersel and Rikkert, 2006). Although the frailty index can be agnostic with regard to the
specific deficits that are examined (and may in practice vary substantially in relation to
the number of deficits that are assessed), a measure of grip strength is routinely included
(e.g. Hubbard et al., 2009; Searle et al., 2008). In light of the statistical convergence of
the phenotype and cumulative deficit models (Clegg et al., 2013), it is perhaps
unsurprising therefore that grip strength is also a reliable predictor of the frailty index,
even when such factors as age, height, body mass index (BMI) comorbidities are
controlled (Theou et al., 2011). Similarly, there is a high degree of correlation between
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grip strength and comparable sets of ageing markers, other than those that contribute to
the FI (e.g. Syddall et al., 2003). The measure also has the capacity to discriminate early
and later stages of frailty (Theou et al., 2011).
Although there is empirical evidence to suggest that diminished gait speed has
greater predictive power in relation to classification of the condition (Purser et al., 2006;
Rothman et al., 2008; van Kan et al., 2008), it nonetheless remains the case that reduced
grip strength is the most common first manifestation of frailty. Whereas grip strength
exhibits predictive utility in relation to incipient frailty, this is not a characteristic of the
other phenotypic criteria – including speed of walking (Xue et al., 2008). It is
furthermore apparent that the rate of decline in grip strength, as opposed to the absolute
level of force that is recorded at any specific point in time, is particularly significant in
this regard (Xue et al., 2011; 2015).

3. A critique of the standard interpretation of grip strength in relation to frailty.
In clinical classifications of frailty, it is frequently the case that grip strength is
presented as a “simple” measure of performance (e.g. Atkinson et al., 2010; Hamer and
Stamatakis, 2013) amenable to interpretation in terms of musculoskeletal function in
general (e.g. A. J. Campbell and Buchner, 1997), and of sarcopaenia in particular (Sayer,
2006). Notwithstanding current debates concerning the definition of sarcopaenia, as will
be detailed in the sections that follow, interpretations of grip strength purely in relation to
the capacity of muscle fibres to generate tension are problematic. Of at least equal
concern is the ambiguity that is inherent in the more widespread contention that handheld dynamometry measures only one component of musculoskeletal performance (İncel,
2014) and is a gauge of “muscle strength” (e.g. Abizanda et al., 2012; Roberts et al.,
2011; 2014). The term muscle strength is employed in some instances to denote explicitly
the combined effects of muscle mass and muscle quality (“strength per unit muscle
mass”), without any regard to neural factors (e.g. Goodpaster et al., 2006). In others there
is clear recognition that strength is a property of the motor system (Enoka, 1988) rather
than solely a property of muscle. It is however most frequently the case that the scope of
the term is left undefined. To the extent that empirical findings in relation to variations in
grip strength are narrated in this way, misattribution in regard to mechanism, and
misdirection with respect to the implications for policy and practice are inevitable.

Insert Figure 2 About Here

As a first step in appreciating the basis upon which changes in grip strength
constitute an objective marker of frailty, it is instructive to consider circumstances in
which the predictive power of the measure is not readily attributable to variations in
muscle structure and function. It is now well established that grip strength as assessed
during middle age (Rantanen et al., 2000), later life (De Buyser et al., 2013; Laukkanen et
al., 1995; Nofuji et al., 2016; Rolland et al., 2006; Snih et al., 2002; Steiber, 2016; Strand
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et al., 2016), and in the oldest old (Ailshire and Crimmins, 2013; Cesari et al., 2008; Ling
et al., 2010) is strongly associated with long-term survival (following adjustment for such
factors as age and gait speed). It is conspicuous that the relationship between grip
strength and mortality (Figure 2) is present in young (mean/median age <60 years)
cohorts (Leong et al., 2015; see Cooper et al., 2010) for a review), and remains robust at
long term follow up (e.g. Sasaki et al., 2007). With regard to such associations, it has
been shown repeatedly that the changes in grip strength are not attributable to declines in
skeletal muscle mass (Legrand et al., 2014; Metter et al., 2002; Newman et al., 2006) or
arm cross-sectional area (Gale et al., 2006), or indeed to other measures of body
composition such as body mass index (Ling et al., 2010).

Insert Figure 3 About Here

It is furthermore apparent that measures derived from grip dynamometry are closely
correlated with various indices of disability and health related quality of life (Giampaoli
et al., 1999; Rantanen et al., 1999; Sayer, 2006; Taekema et al., 2010). While it has
frequently been the case that these relationships (Figure 3) have been attributed to the
effects of sarcopaenia, there is now a substantial body of empirical work that indicates
that they are independent of this factor. For example, Hairi et al. (Hairi et al., 2010) noted
that the magnitude of the association between grip strength and physical activity in
activities of daily living was markedly greater than the associations with lean muscle
mass (assessed by dual X-ray absorptiometry (DXA)) or muscle quality, and concluded
that strength alone is the best clinical measure with which to assess functional limitations
and physical disability. The utility of grip strength as a potent predictor of future mobility
impairment is also largely independent of lean muscle mass (McLean et al., 2014).
Similarly, Cawthon et al. (Cawthon et al., 2009) in studying a sample of more than three
thousand men and women aged between 70 and 80 years determined that individuals with
the weakest grip strength exhibited the greatest risk of hospitalization. In contrast, lean
muscle mass (assessed using DXA) and computed tomography (CT) derived estimates of
muscle cross-sectional area and muscle density were not associated with risk of
hospitalization (see also Legrand et al., 2014). In the context of the BELFRAIL study that
engages individuals aged 80 years and older living in Belgium, Legrand et al. (Legrand et
al., 2013) determined that performance on a standard physical performance battery was
associated with grip strength but not with skeletal muscle mass. These results are all
consistent with the more general finding that in both sexes, declines in grip strength with
age are largely accounted for by factors other than loss of muscle mass (Baumgartner et
al., 1999; Kallman et al., 1990).

Insert Figure 4 About Here
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The same conclusion may be drawn on the basis of intervention studies in which
the principal aim has been to increase muscle mass, with the ostensible purpose of
increasing functional capacity. In the context of a large scale, double-blinded, placebocontrolled study, the administration of testosterone replacement therapy for 6 months
improved lean body mass and reduced fat mass, without a concomitant increase in grip
strength (Srinivas-Shankar et al., 2010). This outcome is consistent with that of a larger
body of work that has demonstrated that with the exception of some older hypogonadal
men (Page et al., 2005), testosterone induced increases in skeletal muscle mass do not
enhance grip strength (e.g. Emmelot-Vonk et al., 2008; Nam et al., 2018; Snyder et al.,
1999; Tenover, 1992; Travison et al., 2011; Wittert et al., 2003) (Figure 4). The more
general point can be made that age-related decreases in muscle mass have a specific
etiology, and this provides only a partial explanation of declines in functional capacity
(O'Connell and F. C. W. Wu, 2014; Tieland et al., 2018).
There exists a complementary body of literature indicating that increases in grip
strength may be accrued in the absence of gains in muscle mass. It has been shown for
example that twelve weeks of handgrip training undertaken by individuals diagnosed
with rheumatoid arthritis (mean age 50 years), gives rise to profound increases in
maximum grip strength in the absence of accompanying changes in (MRI derived)
measures of muscle mass (Speed and R. Campbell, 2012). In a similar vein, there is a
large corpus of work dating back to the nineteenth century (Scripture et al., 1894) that
documents increases in grip strength brought about solely through training undertaken by
the opposite limb (N. G. Boyes et al., 2017; Shields et al., 1999; Stromberg, 1986;
Yasuda and Miyamura, 1983) (Figure 5). Since in these circumstances there is no
accompanying muscle hypertrophy (i.e. for the non-training limb), the dissociation
between the induced alterations in grip strength and the state of the muscle fibres is
complete, and it must be surmised that the increase in functional capacity is brought
about by neural factors alone. Indeed, even in circumstances in which muscle atrophy is
induced by an extended period (three weeks) of immobilization, a training programme
consisting of maximal voluntary effort handgrip contractions performed by the opposite
limb maintains handgrip strength (Farthing et al., 2011).

Insert Figure 5 About Here

On the basis of the foregoing, it is contended that the predictive utility of grip
strength in relation to age, frailty, and morbidity is largely independent of muscle
integrity. In the sections that follow, the case will be made that the relationships between
grip strength and functional capacity are more profitably understood in terms of neural
mechanisms. While it is undeniably the case that musculo-skeletal factors (e.g. muscle
mass, fibre type) have a significant bearing upon initial levels of grip strength, it does not
necessarily follow that variations in grip strength (e.g. with ageing) are (primarily)
accountable in these terms. It cannot be assumed that declines in grip strength in disease
states are attributable to those factors that account for differences in grip strength
between healthy individuals. In the event that there is only a partial representation of the
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factors that contribute to variations in grip strength, there will necessarily be an
impoverished understanding of their relationship with frailty and cognitive decline.

4. Dynapenia and sarcopenia
In 1989, the term ‘sarcopenia’ (Greek ‘sarx’ or flesh + ‘penia’ or loss) was coined
by Irwin Rosenberg to denote decline of muscle mass (Rosenberg, 1989). In spite of this
definition having served the scientific community well, faced with overwhelming
evidence that the relationships between adverse health outcomes and strength are largely
independent of muscle mass (e.g. Abellan van Kan et al., 2009), there have been
numerous recent attempts to extend its scope. For example, European Working Group on
Sarcopenia in Older People (EWGSOP) (Cruz-Jentoft et al., 2010) offered a definition of
“low muscle mass and low muscle function” – the latter expressed in terms of strength
(e.g. grip) or performance (e.g. gait speed). The Asian Working Group for Sarcopenia
(AWGS) prescription includes cut-off values for measurements of muscle mass, handgrip
strength and usual gait speed (Chen et al., 2014). In a similar vein the International
Working Group on Sarcopenia (IWGS) definition (Fielding et al., 2011) encompasses
“age-associated loss of skeletal muscle mass and function”. For diagnostic purposes,
muscle function is in this case expressed simply in terms of low gait speed. The Society
for Sarcopenia and Cachexia and Wasting disorders has decided that sarcopenia is
“reduced muscle mass, with limited mobility”. In recognition of the fact that low muscle
mass alone is not reliably associated with function and disability, the FNIH Sarcopenia
Project criteria are defined in terms of: appendicular lean mass (ALM: sum of lean mass
in the arms and legs) divided by body mass index (BMI); gait speed; and grip strength
(Studenski et al., 2014).
To the extent that they capture differing groups of people, these inconsistencies in
definition necessarily give rise to operational difficulties (Bijlsma et al., 2013), and yield
distinct patterns of association with other indices of health status and functional capacity
(Dam et al., 2014; O'Connell and F. C. W. Wu, 2014). The more far-reaching concern is
that the adoption of a variety of definitions - all of which deviate from the clear
circumscription provided by the original, impedes conceptual clarity, particularly with
respect to the contributions to functional capacity of processes that differ fundamentally
in aetiology and pathophysiology from declines in muscle mass (Hepple, 2012). In the
present paper sarcopenia is used in the original strict sense of the term (exceptions are
indicated by the use of quotation marks). In doing so, and having highlighted the limited
explanatory power of changes in muscle mass in relation to frailty, attention can be
directed precisely to the other key factors that are instrumentally related to the
manifestation of strength.
In recognition of both the disassociation between age-related loss of muscle mass
and strength, and indications that changes in strength and muscle mass resulting from
physical training (or disuse) do not follow the same time course, Clark and Manini (B. C.
Clark and Manini, 2008; cf. Morley et al., 2011) proposed that the term “dynapenia”
(from the Greek for “poverty of strength, power, or force”) be used to designate agerelated loss of neuromuscular strength. In opting for the expression “neuromuscular
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strength” rather than “muscle strength”, Clark and Manini were seeking to emphasise that
a host of neurologic (as opposed to skeletal muscle) factors play a determining role in
relation to the production of maximal voluntary force.
A general lack of consensus notwithstanding, maximum grip strength is an element
of many contemporary definitions of “sarcopenia”. For example, both the AWGS and the
EWGSOP definitions embody an algorithm that includes measures of maximum grip
strength, gait speed, and absolute muscle mass. The challenges to interpretation and
operational difficulties that arise from the inclusion of maximum grip strength in a
definition of “sarcopenia”, i.e. when it is treated simply as a measure of skeletal muscle
function, are readily illustrated through reference to the concept of dynapenia. In the
context of the I-Lan Longitudinal Aging Study (ILAS) in which 731 older (> 50 years)
people were engaged, the AWGS defined composite measure of “sarcopenia” was found
not to be associated with variations in global (MMSE) or individual facets of cognitive
function. In contrast, those sub-components of the “sarcopenia” measure subject to the
influence of neuromuscular factors – and thus sensitive to dynapenia (gait speed and
maximum grip strength), exhibited independent associations with both the global index of
cognition (MMSE), and additional individual indices of cognitive function. For grip
strength these included the Verbal Fluency Test and the Digits Backward Test (the latter
used to assess the domain of attention) (Huang et al., 2016). Individuals with a diagnosis
of diabetes-related dementia (DrD), but without a diagnosis of Alzheimer’s disease (AD)
or vascular dementia, exhibit higher levels of dynapenia than individuals with AD - in the
absence of differences in a skeletal muscle mass index or the AWGS defined measure of
“sarcopenia” (Hirose et al., 2017). Furthermore, variations in the capacity for
independent living in the community (Tokyo Metropolitan Institute of Gerontology Index
of Competence (TMIG-IC)) are associated with the assessed level of dynapenia, but not
with the estimated degree of “sarcopenia” (derived using the AWGS criteria) (Iwamura
and Kanauchi, 2016). Similarly, individuals drawn from the Fragility in Brazilian Elderly
Research Network (FIBRA Network) who exhibited only dynapenia - defined on the
basis of maximum grip strength (i.e. did not satisfy a criterion of low muscle mass) were
characterized by physical disability in basic activities of daily living (BADL) and
instrumental activities of daily living (IADL). No such association was present for
“sarcopenia” defined using the EWGSOP criteria (Neves et al., 2018; see also Santos et
al., 2017; cf. da Silva Alexandre et al., 2014).
Not only do contemporary definitions of sarcopenia lack the conceptual clarity of
the original, in respect of their operational deployment, the distinct aetiologies to which
their elements are sensitive necessarily undermines aspirations to use a diagnosis of
sarcopenia as the basis for prescription or appropriately focussed intervention (Hepple,
2012). In short, the steps that might be taken to address a decline in muscle mass are
quite distinct from those indicated by deficits in neuromuscular control. This is an issue
to which further consideration will be given in the closing section.
A motor unit is designated as those muscle fibres (which may be dispersed widely
throughout a muscle) that are innervated by a single motor neuron. Although all actions
are mediated by integrative interactions between elements located at multiple sites within
the CNS, motor neurons provide the only available output channel (Liddel and
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Sherrington, 1925). In considering the various neurologic factors that lead to variations in
maximum grip strength, it is therefore necessary to assess the facets of neuromuscular
activation - the process by which muscular force is generated via recruitment and rate
coding of motor units (e.g. D. J. Clark and Fielding, 2012), which may play a
contributory role.
Aside from such factors as reduced efficiency of signal transmission at the
neuromuscular junction (Balice-Gordon, 1997; Deschenes et al., 2010; Jang and Van
Remmen, 2011), and deficiencies in excitation–contraction coupling (Delbono, 2003;
Plant and Lynch, 2002) – which have been studied largely in animal models, it has been
established that older adults exhibit specific deficits in neuromuscular activation (Manini
et al., 2013). These extend to impairments in the recruitment of lower motor neurons in
the elicitation of spinal reflexes (e.g. deVries et al., 1985; Scaglioni et al., 2002), and in
response to descending drive from higher motor centres in the context of voluntary
contractions (B. C. Clark et al., 2015). With respect to the latter, it has been estimated
that the age-related deficit in the proportion of the motor neuron pool that can be
recruited voluntarily exceeds 10% in those aged over 65 years (Morse et al., 2004;
Stevens et al., 2003), and may be very much greater in the very old (> 85 years)
(Harridge et al., 1999). Nonetheless, impaired voluntary activation is not an obligatory
consequence of aging (D. J. Clark et al., 2010), and the degree to which such deficits are
expressed depends on the muscle groups that are examined (Klass et al., 2007; 2005;
Russ et al., 2012).
The more general question that arises in the context of the present review is
whether deficits in neuromuscular activation (i.e. recruitment and rate coding of motor
units) are sufficient to account for the contribution of neurologic factors to age-related
declines in maximum grip strength. The alternative perspective is that it is necessary to
also consider the specific details of the task context in which recruitment of motor
neurons occurs as maximum grip strength is assessed. In this regard, there are multiple
observations that individual differences in maximum grip strength exhibit only low levels
of association with other measures of strength that place equivalent demands upon the
capacity for neuromuscular activation (Felicio et al., 2014; Jenkins et al., 2014; Samuel
and Rowe, 2012).
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5. The marvel of the human hand
To chip a flint into the rudest tool, or to form a barbed spear or hook from a bone,
demands the use of a perfect hand.
Descent of Man, Charles Darwin (1871: 138) (Darwin, 1871)
It has long been recognised that the capacity of the human hand for prehensile
movement represents one of the most highly evolved functions in the animal kingdom
(Ohtsuki, 1981), page 21). There are 19 bones, 17 articulations, and 19 muscles situated
entirely within the hand - these permit the independent action of each phalanx, and a
further 20 tendons activated by “extrinsic” muscles in the forearm (Figure 6). The latter
may be divided into 5 muscles that give rise to pronation-supination, 6 that generate
movements of the wrist, and 9 that produce flexion or extension of the digits (Tubiana,
1981a,, Chapter 4).

Insert Figure 6 About Here

While the morphology of the hand provides for great adaptability in terms of the
variety of movements that can be undertaken, and a level of redundancy sufficient to
permit tasks to be accomplished in many different ways, there is an associated cost in
terms of the large number of elements (degrees of freedom) that must be controlled by
the CNS. Stated concisely, the motor apparatus of the human hand is vastly more
complex than is necessary for any of the specific tasks that it will be called upon to
perform (Santello et al., 2013). The means by which the many available degrees of
freedom are harnessed in giving effect to the myriad functions afforded by a system such
as the hand has been recognized as a central problem of motor control. Necessarily its
solution requires coordination - “the organisation of control of the motor apparatus”
(Bernstein, 1967), p. 355), through the formation of “structural units” - assemblies of
elements united in relation to a common goal (Gelfand and Tsetlin, 1966). Normally
multiple motor units (and thus muscle fibres) are engaged together. Muscle coordination
is therefore the organisation of control of motor units (Carson, 2006), and it is through
this means that the extraordinary power, subtlety, and flexibility of the human hand is
realised.
Muscle coordination is achieved via synergies - defined operationally as
mechanisms employed by the CNS to coordinate groups of motor units into functional
assemblies (e.g. Windhorst et al., 1991). The challenge of synergy formation, and in
particular the requirement for constant and mutual adjustment of synergy composition in
the context of dynamic actions performed in an ever changing environment, is further
accentuated by the presence of (biomechanical) constraints imposed by musculo-skeletal
anatomy. For example, it is impossible to move a single articulation of the hand or
generate torque at a single joint without generating (“superfluous”) torques acting at other
joints. Such constraints dictate that any action performed by the hand requires the
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recruitment of a host of motor units with diverse mechanical actions (Weiss and Flanders,
2004). Necessarily therefore, all behaviours executed by the hand, even those that may
appear on initial inspection to be “simple” – such as gripping an object with maximal
force, require the coordinated engagement of large numbers of motor units, including
many which if considered in isolation may seem to be unrelated to the goal of the task.
The quality of this coordination is however the critical determinant of the level of
performance that can be achieved.

5.1 Proximal constraints on maximum grip strength
In view of the widespread assumption that the voluntary generation of maximum
grip force may be considered a simple motor task, it is worth considering in some detail
the impact of the biomechanical context in which the action is performed, and the
consequential demands that are placed upon the neuromuscular system. As an example,
for any object (such as a grip dynamometer) to be held immobile, the net force generated
by muscle activation (and by passive tissues) must counteract precisely the force of
gravity. In most cases maximum grip strength testing is conducted with the elbow flexed
at 90° – the angle at which the (extension) moment of force acting at the elbow due to the
weight of the dynamometer is maximum (Figure 7A). Counteracting elbow flexion
torques must therefore be generated through the activation of muscles that cross this joint.
The angle of the joint further dictates the level of descending drive required to generate a
given level of force by virtue of the length-tension relationships of the muscles that are
engaged (Gordon et al., 1966). It may also alter the relative contribution of afferent
activity to motoneuron excitability (Nielsen and Sinkjaer, 2002). Consistent with these
considerations, maximum grip strength values are sensitive to the position of the
(unsupported) elbow joint - being larger when it is fully extended than when it is
maintained at an angle of 90° (Ridan et al., 2003). This is the case even though there are
no muscles that cross both the elbow and the digits. It is therefore notable that the degree
of forearm support provided during maximum grip strength testing may vary markedly
between protocols.

Insert Figure 7 About Here

In recruiting motor units and in shaping the timing of their activation for the
purpose of generating manual forces, the CNS is thus bound by the totality of constraints
arising from the (structural and functional) organisation of the motor apparatus. As a
consequence, the level of performance that is ultimately achieved depends fundamentally
upon the manner in which the CNS can satisfy the demands imposed by these interdependencies upon the planning and instantiation of muscle synergies. In the context of
maximum grip strength testing, the implications of this fact (e.g. El-Sais and Mohammad,
2014) assume profound significance.
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In his encyclopedic treatise upon the hand, Tubiana (Tubiana, 1981b) noted that in
order for maximum grip force to be generated, the wrist must be maintained stable in
slight extension and ulnar deviation. The functional importance of this factor is
emphasised by the observation that in full flexion of the wrist, the grip force that can be
produced is reduced substantially (Ambike et al., 2013; Burssens et al., 2017; Napier,
1966). A similar outcome is brought about by paralysis of the wrist flexors or extensors.
In recognising that active control of the wrist is fundamental to the generation of grip
force, Tubiana remarked that the level of functional assimilation of elements distal to the
elbow is sufficient to conclude that they constitute “but one physiological unit” (1981, p.
39). Indeed, the integration of the actions of the wrist and forearm with those of the hand
is of such importance that the wrist has been referred to as the ‘key joint of the hand’
(Bunnell and J. H. Boyes, 1970).
The intimacy of the relationship between the control of the wrist joint and the
generation of grip force arises from the structural configuration of the hand, wrist, and
forearm. Flexion of the digits is brought about through the activation of muscles intrinsic
to the hand, and by muscles extrinsic to the hand that have their origins in the forearm.
As the tendons of these extrinsic muscles cross the wrist before reaching the digits, their
recruitment also generates torques at this joint. The maintenance of a stable posture
therefore requires counteracting torques to be produced by the “dedicated wrist movers”
(extensor carpi ulnaris (ECU), extensor carpi radialis longus (ECRL), extensor carpi
radialis brevis (ECRB), flexor carpi radialis (FCR), and flexor carpi ulnaris (FCU)). For
example, the action of ECRB counteracts the wrist flexion moment arms of the flexor
digitorum superficialis (FDS) and flexor digitorum profoundus (FDP), whereas ECRL
activity counterbalances ulnar deviation (Johanson et al., 1998). The functional
consequences arising from the engagement of these muscles can be appreciated from the
observations that relative to a neutral position, 45° of wrist flexion decreases maximum
grip force by 40 – 50% (Mogk and Keir, 2003), Figure 7B). When individuals are
afforded the opportunity to self-select the posture of the wrist, a configuration
characterized by 35° extension and 7° ulnar deviation (on average) is adopted. All
deviations from this posture give rise to a reduction in maximum grip strength (O'Driscoll
et al., 1992; see also Z.-M. Li, 2002). The synergistic nature of the control scheme
implemented by the CNS in such task contexts is further highlighted by the observation
that when holding an object at different wrist joint angles, the activation of the intrinsic
hand muscles is modulated in parallel with that of the extrinsic muscles, even though the
lengths and moment arms of the former are not altered by variations in wrist posture
(Johnston et al., 2010).
Although the position of the wrist joint has a significant bearing on the force that
can be produced by the digital flexors, of particular importance in generating maximum
grip force is the requirement that joints proximal to the fingers are stabilized effectively.
In circumstances in which there is movement of the wrist, the force that can be generated
at a given position is approximately 30% less than that recorded when the joint is static
(LaStayo and Hartzel, 1999). In cases in which a grip dynamometer is held the standard
position - with the elbow flexed at 90°, additional external moments of gravitational force
acting at the wrist due to the weight of the device, must also be counteracted actively in
order to maintain joint stability. Such requirements not only dictate the activity profiles of
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the dedicated wrist movers, they also determine the levels of force that can be generated
by the digits (Rearick et al., 2003). Necessarily any deficits in the stabilization of the
wrist joint in the face of the external load will attenuate the forces that can be applied by
the fingers.
In considering the demands placed upon the CNS by the organization of the motor
apparatus, it is critical to appreciate that the selection of motor synergies appropriate to
the demands of the task at hand must be prospective, rather than simply reactive. The
term anticipatory postural adjustment (APA) has been coined for actions that compensate
in advance for the disturbances to equilibrium brought about by voluntary movement
(Massion, 1992). While APAs have classically been studied in tasks that have the
potential to induce significant displacements of the centre of mass, (e.g. Aruin and Latash,
1995; Belen'kiĭ et al., 1967; Bouisset and Zattara, 1987), it is clear that the formulation of
postural synergies that support the generation of maximum grip force also depends
critically on CNS mechanisms that implement forward planning. The study of APAs
engaged in stepping and other tasks that alter the position of the base of support has seen
an understandable emphasis on the potential role of sub-cortical circuits (cf. Goldberger,
1969). The impaired ability to prospectively adjust multi-finger synergies that is
exhibited by patients with olivo-ponto-cerebellar atrophy (OPCA) and Parkinson’s
disease also points to a role of sub-cortical structures in the anticipatory feed-forward
control of the hand (Park et al., 2013; 2012). It is nonetheless increasingly clear that in
the context of power grips a fronto-parietal cortical network is also engaged during both
grasp planning and execution (Alahmadi et al., 2016; King et al., 2014; Westerholz et al.,
2013). In particular, the anticipatory control appears to draw on resources that extend
beyond the classical motor network, to encompass other regions that play a role in
cognition. It is evident that the characteristics of APAs preceding self-initiated arm
(Asaka and Y. Wang, 2008; Inglin and Woollacott, 1988; Man'kovskii et al., 1980;
Rogers et al., 1992; Stelmach et al., 1990) and hand (Halla B Olafsdottir, 2008;
Olafsdottir et al., 2007a) movements exhibited by older people are clearly discriminable
from those of young adults, and are accentuated in those with subclinical manifestations
of neurological deficits (Woollacott and Manchester, 1993). In circumstances in which a
concurrent cognitive task is introduced, alterations in anticipatory postural control in
older people are in general more pronounced (Laessoe and Voigt, 2008).

5.2 Distal constraints on maximum grip strength
In effecting a power grip, the positions of the fingers and the torques that they
transmit must both facilitate the application of force to the object, and accommodate the
external forces acting upon it. Although the extrinsic flexor muscle FDP makes the
largest contribution to grip force, muscles intrinsic to the hand play a critical role in
altering its shape – by rotating, abducting, and adducting the phalanges, in a manner that
contributes to the satisfaction of these dual task demands. Foremost among the actions
that they perform is alignment of the fingers, such that the work of the extrinsic muscles
in applying force upon the object is best exploited. Interossei with major first phalangeal
attachments to bone, including the first dorsal interosseus (FDI) muscle, also contribute
to grip force through their action as metacarpophalangeal-joint flexors. Since these
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muscles produce moments of force in addition to flexion, other interossei with actions
that oppose the direction of rotation, such as the first palmar interosseus, must therefore
also be recruited in a coordinated fashion (Backhouse, 1968; Long et al., 1970). Whereas
the number of muscles that actuate the elements of the hand is finite, if the relative timing
of their recruitment is also considered, the potential number of muscle synergies is very
large indeed (Santello et al., 2013). It might be supposed therefore that there exists scope
for the CNS to readily generate patterns of recruitment that maximize the functional
contribution of agonist muscles. When examined empirically however, it becomes clear
that the neural control required to deal with the complexity of the motor apparatus
requires significant concessions to the constraints imposed by musculo-skeletal anatomy.
It is the efficiency with which these constraints can be accommodated that determines the
ultimate levels of performance that can be achieved.
It has long been appreciated that the maximum force that can be produced by each
finger decreases in proportion to the number of other fingers that are engaged
simultaneously (Kinoshita et al., 1995; Ohtsuki, 1981). When four fingers contribute to
the grip, the maximum force that can be generated by each digit is typically less than
50% of that produced when it is engaged in isolation (Z. M. Li et al., 1998a; 1998b). In
these circumstances the level of neural drive received by the actuating muscles is also
diminished (Ohtsuki, 1981), suggesting that the limiting factor is neural rather than
biomechanical. In short, the CNS does not concurrently activate all finger actuating
muscles to their maximum degree (Z. M. Li et al., 1998b; 1998a; Yu et al., 2010). Of
especial importance in the present context is the observation that the diminution of the
force applied by the individual digits during four-finger tasks is larger in older persons
than in the young (S. Li et al., 2003; Shinohara et al., 2003a; 2003b) (Figure 8).

Insert Figure 8 About Here

In light of the fact that variations in the forces applied by the individual digits in
multi-finger maximum grip tasks are both sub-maximal and negatively correlated, Li et
al. (Z. M. Li et al., 1998b) hypothesized that the CNS engages in “force sharing” as a
means of minimizing the resulting moment acting to rotate the hand, thus obviating the
requirement that compensatory torques be generated by muscles acting at the wrist and
radioulnar joints. Examined empirically, it has been determined that when four digits
apply force simultaneously, the resultant moment is minimal with respect to an axis
passing approximately along the line of the middle finger (Z. M. Li et al., 1998a). Since
in maximum grip tasks there is typically the requirement to stabilise the gripped object in
space, the generation of disproportionate force by one or more fingers compromises the
satisfaction of this requirement, gives rise to increased compensatory activity in other
muscles and thereby detracts from the total force applied. Similarly, when electrical
stimulation of the intrinsic and extrinsic flexor muscles is imposed upon voluntary
contraction, maximal grip force diminishes (Boisgontier et al., 2010). Satisfaction of the
functional goal – that of applying the maximum total grip force can thus only be realised
when the individual digits apply levels of force well below those which can be achieved
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when they are engaged in isolation. The more general point is that when activated in the
context of a functional synergy (i.e. in all natural actions) the central neural drive directed
to the individual motor units of which the synergy is composed is strictly bound by the
demands of muscle coordination. The supposition that it is the degree to which these
demands can be satisfied which determines the level of performance achieved in
maximum grip strength testing, is further supported by the observation that the extent of
the gains derived for the non-training limb are largely independent of the intensity of grip
strength training undertaken by the training limb (N. G. Boyes et al., 2017; Shields et al.,
1999), Fig 4). The most parsimonious explanation of this finding is that the increases in
strength are mediated by enhanced coordination of muscle activation (e.g. Barry and
Carson, 2004a).

6. How do older people apply grip force?
Over the course of healthy ageing the characteristics of grip force application
change in several ways. To a large extent these changes extend beyond simple deficits in
muscle force generating capacity, to reflect systematic and progressive alterations in
neuromuscular control that are symptomatic of more general alterations in brain function.
Upon gripping an object, older adults often misalign the application and directions of the
force vectors produced by individual digits (Parikh and Cole, 2012). The resulting
moments of force tend to rotate the object. As noted above, both the deviations from
optimal joint angles that result from such rotations, and the fluctuations associated with
the maintenance of unstable orientations, lead to profound diminution of maximum grip
force (LaStayo and Hartzel, 1999). Similarly, when applying force to a dynamometer
simultaneously with four fingers, older adults exhibit high levels of variability in the
orientation of proximal limb segments, including the forearm in pronation/supination
(Shinohara et al., 2004). That these deficits are of neural origin is emphasised by the fact
that minimal levels of practice (extending over a period of minutes) can give rise to
substantial improvements in such aspects of task performance (Parikh and Cole, 2012).
With respect to the distal effectors (i.e. the phalanges), older adults display
deficiencies in both force- and moment-stabilization (Olafsdottir et al., 2007b; Shinohara
et al., 2004; 2003a), which reflect a reduced capacity to coordinate the forces applied by
the individual digits (Shim et al., 2004). As emphasised previously, the patterns of
muscle coordination that serve to effectively regulate forces produced by the hand are
necessarily both anticipatory and compensatory. Healthy young adults acting in
anticipation of an increase in the coordinated force applied by digits II to V, exhibit
reductions in the covariation of signals representing control of the individual fingers 100150 ms in advance of elevations in the compound force level (Olafsdottir et al., 2007a;
2005; Zhang et al., 2006). In older adults, such prospective adjustments in the
formulation of muscle synergies are diminished in extent, and occur (50 – 100 ms) later
than in the young (Halla B Olafsdottir, 2008; Olafsdottir et al., 2007a) – indicating a
decreased capability for feedforward control.
As a corollary of the observation that the magnitude of the force deficit (i.e. the
diminution of the force applied by the individual digits during four-finger tasks) increases
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with age, it has been noted repeatedly that the finger force vectors generated by older
adults deviate from the directions required by the task to a greater degree than is the case
for younger persons (Kapur et al., 2010; Park et al., 2011). Furthermore, it is a general
finding that with ageing, static prehension is increasingly characterized by the
energetically wasteful generation of high internal forces that increase the stiffness of the
hand (Diermayr et al., 2011; Solnik et al., 2014).
In summary, older adults exhibit deficits in applying grip force that are not simply
accountable in terms of neuromuscular activation. Rather they reflect a decreased ability
to specify and coordinate motor commands, including those required for prospective (i.e.
anticipatory) feedforward control. These age-related changes can be characterized more
generally as reversion to immature modes in which muscles are subject to “elementbased” (rather than synergistic) control (Gorniak et al., 2011; Kapur et al., 2010). The
consequences of such deficits in muscle coordination include impaired stabilization of the
moments produced on hand held objects, and reduced efficiency in translating the forcegenerating capabilities of muscles into motor performance. Their specific nature serves to
further emphasise that the requirement to generate maximum grip force places significant
demands on CNS functions.

6.1 Relationships between variations in grip strength and other indices of age-related
changes in muscle coordination
Motor ageing is associated with widespread changes in the central and peripheral
nervous systems that encompass glial function (e.g. (Kwan, 2013), neurotrophic
signalling (e.g. Ulfhake et al., 2000), neurochemistry (e.g. Darbin, 2012), and the
structural (e.g. Seidler et al., 2010) and functional (e.g. D. J. Clark et al., 2011) properties
of neurons. In seeking to establish the basis of the relationship between changes in
maximum grip strength and manifestations of frailty and cognitive decline, it is
instructive to consider patterns of variation that are common between this test and other
indices of age-related changes in muscle coordination.
There is a dearth of studies in which changes in grip strength have been related
directly to the quality of muscle coordination exhibited in both this and other complex
motor tasks. There are however many instances in which grip strength has been assessed
in the same context as other measures of motor performance. For older people, maximum
grip strength is an independent predictor of the capacity to perform many activities of
daily living (ADLs) (KATZ et al., 1963) and instrumental activities of daily living
(IADLs) (Lawton and Brody, 1969) including those that have significant demands in
terms of muscle coordination (Ensrud et al., 1994; Giampaoli et al., 1999; see also Ling
et al., 2010; Taekema et al., 2010). It is also strongly associated with routine activities of
daily living that require a high degree of manual dexterity (Hyatt et al., 1990; Incel et al.,
2009). Age-related decreases in manual dexterity (assessed in the laboratory) have
consistently been associated with declines in maximum grip strength (Figure 9), even
though the absolute force requirements of the dexterity assessment tasks are extremely
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low (e.g. Bowden and McNulty, 2013; Marmon et al., 2011; J. A. Martin et al., 2015). By
the same token, increases in grip strength, brought about in healthy older individuals by
extended (six weeks) periods of training, lead to improvements in hand dexterity that are
correlated with the magnitude of the gains in strength (Olafsdottir et al., 2008).

Insert Figure 9 About Here

Declines in manual dexterity and maximum grip strength are both indicative of the
deficiencies in muscle coordination experienced by older adults (Barry et al., 2005;
Morgan et al., 1994). A variety of degenerative changes, including reductions in the
number of corticospinal fibres (Eisen et al., 1996), a decrease in intracortical inhibition
(Peinemann et al., 2001), and neuronal degradation in other brain centres (Sjöbeck et al.,
1999), impede the ability of older adults to apply maximal force, by limiting the
flexibility and adaptability of muscle coordination (Barry and Carson, 2004b). Consistent
with this analysis, improvements in force generating capacity brought about by resistance
training in this population are mediated by alterations in the spatial and temporal
composition of intermuscular synergies (Barry and Carson, 2004a), in a manner that
suggests processes akin to motor learning, rather than peripheral adaptations of the type
that occur in young adults (Barry et al., 2005).

7. Relationship between age-related changes in grip strength and cognitive function
The close associations that have been observed between measures of frailty and
cognitive decline have been documented extensively. In this context it has been noted
that the elements of the frailty phenotype most closely conjoined with cognitive
dysfunction are those (grip strength and timed walk) that primarily reflect the integrity of
neural processes required for effective and efficient muscle coordination (e.g. Boyle et al.,
2010). The purpose of the present section is not to recapitulate this material, but rather to
consider the specific nature of the relationships that exist between maximum grip strength
and cognitive function. The outcomes of this analysis do however suggest that the
tripartite relationship between grip strength, frailty and cognitive decline, can only be
understood by recognising that certain changes in central neurological functions are the
common mediating factor.

7.1 Longitudinal studies using compound assessments of cognitive function
In the context of longitudinal studies using screening instruments such as the Mini
Mental State Examination (MMSE), it has been reported consistently that maximum grip
strength measured at the beginning of the assessment period predicts subsequent changes
in these multiple domain tests of cognitive function. For example, in a study of more than
two thousand non-institutionalised Mexican Americans aged over 65 years, (Alfaro-Acha
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et al., 2006) noted that participants in the lowest quartile of handgrip strength at baseline
were more likely to show a decrease in MMSE scores over a 7-year period than
participants in the highest quartile (Figure 10). The relationship remained present when
the scores were adjusted for age, gender, education, marital status, medical conditions,
depression, near and distant vision impairment, and body mass index. Auyeung et al.
(Auyeung et al., 2011) reported similar associations between grip strength assessed at
baseline and (four years) subsequent changes in MMSE scores (adjusted for age, years of
education and baseline MMSE score) (see also Gallucci et al., 2013; Raji et al., 2005;
Stijntjes et al., 2016; Taekema et al., 2010). Atkinson et al. (Atkinson et al., 2010) noted
an equivalent dependency upon grip strength at baseline (after adjustment for
demographics, comorbid conditions, medications, and lifestyle factors), when the
Modified Mini-Mental State examination (3MS) was used as a global measure of
cognitive function in a six years longitudinal assessment.

Insert Figure 10 About Here
It is furthermore apparent that changes in grip strength over an extended period are
predictive of declines in many aspects of cognitive function. In the Swedish
Adoption/Twin Study of Aging (SATSA), a battery of tests was used to assess cognitive
domains assigned as: verbal abilities, spatial abilities, processing speed, and memory, and
grip strength measured, during a longitudinal assessment spanning twenty years. In all
four domains, after the age of 65 years, there was a robust longitudinal relationship
between changes in grip strength and cognition (Sternäng et al., 2015). Using a composite
measure of memory defined by: word recognition; three-item recall; and address recall,
Christensen et al. (Christensen et al., 2000) reported that this declined in association with
grip strength over the course of a 3.5 years observation period. Focusing on individual
variability of performance in four putative cognitive domains (referred to as “crystallized
intelligence, speed, memory, and spatial functioning”) in the same cohort, Christensen et
al. (Christensen et al., 1999) also noted that greater declines in grip strength were
associated with increased fluctuation of memory function. Employing a large suite of
nineteen cognitive tests to generate a composite measure of global cognitive function,
Buchman et al. (Buchman et al., 2014) observed that its rate of change was strongly
correlated with that of grip strength, when the tests were performed on an annual basis
over a period of six years. Drawing upon data collected from 449 individuals without a
diagnosis of dementia who participated in the Origins of Variance in the Oldest-Old:
Octogenarian Twins (OCTO-Twin) study, Björk et al. (Praetorius Björk et al., 2016)
examined ten tests of cognitive performance representing domains designated semantic
memory, episodic memory, spatial ability, motor- and perceptual speed, short-term
memory, and working memory. The tests were administered at two years intervals over a
ten years period – coded as years before death, in conjunction with measurements of
maximum grip strength. It was demonstrated that in four of the six domains (semantic
memory, episodic memory, spatial ability, and short-term memory), the rates of decline
of cognitive function prior to death were closely associated with the rate of decline of
grip strength prior to death. Indeed, with the exception of an investigation that engaged
individuals in their ninth decade (Deary et al., 2011), there have been few longitudinal
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studies in which clear associations between maximum grip strength and these measures
of cognitive function have not been obtained (see Clouston et al., 2013 & Rijk et al., 2015
for reviews). The intimacy of this relationship is emphasised by the complementary
finding that higher levels of cognitive function predict smaller subsequent declines in grip
strength (Cooper et al., 2017; Meincke et al., 2016; Raji et al., 2005; Stijntjes et al., 2016;
Taekema et al., 2012) (Figure 11).

Insert Figure 11 About Here

On occasion a factor-analytic approach has been employed to derive factorweighted latent variables from sets of physiological and sensory measurements. In
applying this approach to data gathered in the Victoria Longitudinal Study, MacDonald et
al. (MacDonald et al., 2004) established that grip strength loaded reliably on a latent
variable that accounted for approximately 40% of the longitudinal variance in five groups
of cognitive assessments obtained from 125 adults aged between 67 and 95 years over a
twelve year period.
Although the veracity of a construct of Mild Cognitive Impairment (MCI) and its
clinical utility remain issues of intense debate (e.g. Lock, 2013), if thus designated by a
battery of tests designed to assess global cognitive function and five specific cognitive
domains (episodic memory, semantic memory, working memory, perceptual speed, and
visuospatial ability), the risk of first occurrence during an observation period of twelve
years is associated with the maximum grip strength measured at baseline (Boyle et al.,
2010). Using a battery of twenty tests assessing a broad range of cognitive abilities
commonly affected by AD, and individual clinical examinations, Buchman et al.
(Buchman et al., 2007) examined the relationship between maximum grip strength at
baseline and the incidence of subsequent AD classification over an extended follow-up
period of (average 5.7 years). Controlling for age, sex and education, a higher level of
grip strength was associated with a decreased risk of AD, such that a person in the 10th
percentile for grip strength at baseline had a more than twofold greater risk of developing
AD than a person in the 90th percentile at baseline (Buchman et al., 2007). Among 165
individuals enrolled previously in the Rush Memory and Aging Project, grip strength
assessed proximate to death was a reliable predictor of AD pathology (after adjusting for
level of physical activity, various physical performance measures, and chronic diseases) –
in individuals with and without a diagnosis of dementia (Buchman et al., 2008). In a
cohort of 900 community-based older persons without dementia at the baseline
evaluation, who were followed for 3.6 years, clinical diagnoses of AD were made on the
basis of a history of cognitive decline and evidence of impairment in 2 or more domains
of cognition, of which memory was one of the domains affected. A proportional hazards
analysis indicated a reliable association between maximum grip strength and risk of
developing AD that persisted following adjustment for BMI, physical activity, pulmonary
function, vascular risk factors, vascular diseases, and apolipoprotein E4 status (Boyle et
al., 2009). Using data from the Study of Dementia in Swedish Twins, Gatz et al. (Gatz et
al., 2010) also reported that during a three years observation period, grip strength was a
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reliable predictor of incident AD. Handgrip strength is both a robust predictor of
dementia prevalence (van Iersel and Rikkert, 2006), and among those having a clinical
classification of MCI, those with lower grip strength are more likely to develop dementia
(L. Wang et al., 2006).
7.2 Cross-sectional studies using compound assessments of cognitive function
While it may be the case that cohort studies provide a high quality of evidence,
there is also an abundance of studies in which a cross-sectional design has been used to
examine relationships between maximum grip strength and cognitive function, or in
which the cross-sectional correlations (intercepts) derived from longitudinal data have
been analysed. For example, the intercepts for the growth curve models applied to data
derived from the OCTO-Twin study by Björk et al. (Praetorius Björk et al., 2016),
revealed that in individuals aged more than 80 years, maximum grip strength was
associated with levels of performance in all of the assessed cognitive domains (semantic
memory, episodic memory, spatial ability, motor- and perceptual speed, short-term
memory, and working memory). Given the known limitations of cross-sectional studies,
circumspection is appropriate. Nonetheless, it is apparent that the outcomes of such
investigations are broadly in accordance with those derived from longitudinal studies.
With a view to representing this body of knowledge succinctly, it can be helpful to
distinguish the testing instruments that were employed, and the cognitive domains that
were nominally assessed. Necessarily however, given the lack of consensus that
characterises the delineation of theoretical constructs in cognitive science, and the
indistinct relationships between these constructs and the vast array of measurement tools
that have been used, any notional discrimination between elemental cognitive processes
must be approached with caution.
In a study engaging more than eight hundred live-at-home frail elderly individuals
of average age 76 years, Shechtman et al. (Shechtman et al., 2004) reported that those
designated “cognitively impaired” (MMSE < 24) exhibited the lowest grip strength (see
also (Raji et al., 2005; Yassuda et al., 2012). On the basis of a younger (49 to 65 years)
sample of almost one thousand people, Malmstrom et al. (Malmstrom et al., 2005) noted
the presence of a similar relationship, following adjusting for age, sex, years of formal
education, stratum (inner city or suburbs), and the presence of a range of physical and
psychological comorbid conditions. Adjusting for age, age-squared, sex, level of
education, chronic conditions, and number of medications, Robertson et al. (D. A.
Robertson et al., 2014) noted that for a group of more than 4,000 adults aged above 50
(mean 62 years), grip strength was a reliable predictor of “global cognition” – a measure
derived from the MMSE and the Montreal Cognitive Assessment (MoCA). The
relationship between MMSE scores and grip strength has also been shown to hold in the
oldest old (85 and 89 years), with a similar set of covariates having been included (Ling
et al., 2010; Taekema et al., 2012).
Equivalent outcomes have been obtained when “pencil and paper” tests other than
the MMSE have been employed. In the context of the Honolulu Heart
Program/Honolulu-Asia Aging Study, Charles et al. (Charles et al., 2006) highlighted that
in a sample of more than 3500 men (aged 71-93 years), maximum grip force was
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inversely associated with scores on the Cognitive Abilities Screening Index Instrument
(CASI). When assessed on the basis of AH4 intelligence test scores, the relationship
between grip strength and cognitive function evident in an English cohort of more than
seven hundred people, was expressed to a greater degree in men than in women (Syddall
et al., 2003). Whereas, using the Short Portable Mental Status Questionnaire (SPMSQ) to
assess cognitive function in a group of more than three thousand women, Abellan van
Kan et al. (Abellan van Kan et al., 2013) reported that SPMSQ scores were clearly
associated with grip strength. In the context of a smaller scale study, in which the Mental
Test Score (Hodkinson, 1972) was administered, Phillips (Phillips, 1986) obtained a
similar relationship between test score and grip strength in female patients admitted
acutely to a geriatric ward. Using the Chinese version of the Community Screening
Instrument of Dementia (CSI-D) to classify two thousand male and two thousand female
individuals as with (CSI-D score > 28.4) or without cognitive impairment, Auyeung et al.
(Auyeung et al., 2008) demonstrated that the two groups differed reliably with respect to
maximum grip strength. The relationship was independent of muscle mass (assessed
using DXA), skeletal mass, age, physical activity levels, and various diagnostic markers
of disease.

7.3 Cognitive processes
Historically the term executive function has been used in a blanket fashion to
encompass a broad range of cognitive processes. The point has been made previously
(e.g. Stuss, 2011a; 2011b) that this is a psychological construct lacking a relation to
specific anatomical structures or physiological processes. Although new classification
schemes have been defined on the basis of neuroanatomical features and aspects of
evolutionary development (e.g. Cicerone et al., 2006), in so much as these are often
context dependent (i.e. devised for the purposes of addressing specific clinical
conditions), they can be unduly restrictive. More generally, it need not be presumed that
the brain ‘divides up its functions into categories which correspond to our concepts or
vocabulary’ (Bullock, 1965). For the present purposes therefore, a pragmatic approach is
adopted, whereby cross-sectional studies that have been conceived of in terms of
relationships between grip strength and specific cognitive processes, are grouped
according to such distinctions such as: linguistic/non- linguistic and with/without an
explicit memory component. It is beyond contention that these studies all relate to aspects
of behaviour embraced by the term cognition.

7.3.1 Linguistic tasks without an explicit memory component
Using a task that required the deduction of the letter in a sequence that would
continue an established pattern, MacDonald et al. (MacDonald et al., 2011) determined
that there was a clear time varying association between performance on this task and
maximum grip force, when community dwelling adults aged over 65 years were tracked
over a period of six years. In the context of the Swedish Adoption/Twin Study of Aging,
Sternäng et al. (Sternäng et al., 2015) employed the Information Subtest (from the
Wechsler Adult Intelligence Scale-Revised [WAIS-R]; (Wechsler, 1981), Synonyms, and
Analogies, and determined that there was an overall effect of grip strength on this
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measure at 65 years of age, and that changes in grip strength over a monitoring period of
twenty years were associated with changes in Information Subtest scores (Figure 12).
Employing a variant of the Symbol Digit Modalities Test – that requires as many letterdigit combinations as possible be generated within a fixed time period, Taekema et al.
(Taekema et al., 2012) noted an association between level of performance and grip
strength at age 85 and 89 years (following adjustment for various factors - sex, height,
weight and for income, education, prescription medication). In large cohorts of noninstitutionalized middle-aged (49 to 65) African Americans (Malmstrom et al., 2005) and
European citizens aged 50 years or older (Aichberger et al., 2010), verbal fluency (ability
to name as many different animals as possible in 60 s) is reliably associated with grip
strength (following adjustment for a wide range of variables such as sociodemographic
profile, comorbid conditions, mental-health status, and BMI). This is also the case with
respect to general tests of mental ability (i.e. the Moray House Test) comprising items
that predominantly require verbal reasoning (Deary et al., 2006).

Insert Figure 12 About Here

7.3.2 Linguistic tasks with an explicit memory component
In the delayed recall (DR) test, a list of 10 short, concrete, high frequency nouns is
read aloud. After an interval of typically 5 min, the participant is asked to recall the
items. Aichberger et al. (Aichberger et al., 2010) reported that in a sample comprising
17,710 persons (aged 66.6 years at follow-up) located in 11 European countries, both at
baseline and when reassessed 2.5 years later, grip strength was reliably associated with
DR test performance. Kuh et al. (Kuh et al., 2009) presented similar findings for a group
of more than one thousand men, who completed a task that required distinct sets of 15
words to be learned in three separate trials – demonstrating a reliable association with
grip strength when performance was assessed at 43 and 53 years of age.

7.3.3 Non-linguistic tasks without an explicit memory component
Part A of the Trail Making Test consists of 25 numbered circles distributed over a
sheet of paper. The participant is instructed to connect the circles ascending order, as
quickly as possible, without lifting the pen or pencil from the paper. McGough et al.
(McGough et al., 2013) reported that in a group of 201 older adults with amnestic mild
cognitive impairment (aMCI), the performance of this test was reliably associated with
grip strength (after adjusting for age, sex and age-related factors). Examining 708 people
drawn from the Swedish Adoption/Twin Study of Aging over a 20 years period, Sternäng
et al. (Sternäng et al., 2015) observed an overall effect of grip strength on a “processing
speed” measure derived from Symbol Digit and Figure Identification tasks, and on a
“spatial ability” score generated from tests including Figure Logic, Block Design
(Wechsler Adult Intelligence Scale - Revised [WAIS-R]), and Card Rotation.
Furthermore, decreases in grip strength over the duration of the study were associated
with declines in both the “processing speed” measure and the “spatial ability” score.
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Deary et al. (Deary et al., 2011) noted that test scores for Raven’s standard progressive
matrices - which is considered to be a relatively pure test of inductive reasoning or “fluid
intelligence”, were reliably associated with grip strength in 207 individuals drawn from
the Lothian Birth Cohort 1921 when these were assessed at age 79, 83, and 87. Notably,
although the Raven score intercept was associated with a Moray House Test score
obtained at age 11, there was there was no evident relationship between the childhood
test score and grip strength in old age.

7.3.4 Non- linguistic tasks with an explicit memory component
In the 12-Picture Learning Test, twelve pictures are successively presented at a rate
of one every two seconds. The participant is then asked to recall as many pictures as
possible. The procedure is typically carried out three times to yield a measure of
immediate recall. After 20 minutes, a delayed recall test is conducted. Taekema et al.
(Taekema et al., 2012) reported that both immediate and delayed recall performance was
associated with grip strength when assessments were made at age 85 and 89 years
(following adjustment for sex, height, weight and for income, education, prescription
medication). Similarly, Sternäng et al. (Sternäng et al., 2015) noted a reliable influence of
grip strength on a compound measure that incorporated Thurstone’s Picture Memory
Task and the Digit Span test of the WAIS-R. Reductions in grip strength after the age of
65 years were also reliably associated with declines in the performance of these tests. In
the computation span test (Salthouse and Babcock, 1991) arithmetic problems are
presented orally at a normal rate of speaking, with the participant choosing the correct
answer from three alternatives. The final digit from each problem is to be recalled
subsequently. Over the course of several trials the number of problems in each sequence
is increased. Community dwelling adults aged over 65 years drawn from the Victoria
Longitudinal Study, who were tracked over a period of six years, exhibited declines in
computation span that were linked reliably to decreases in grip strength. A directly
corresponding pattern of covariation with grip strength was manifest for recall tests of
global facts drawn from the domains of science, history, art, sports, and geography
(MacDonald et al., 2011).

8. Common mediation by central neurological functions
It is evident that if evaluated in the context of both longitudinal and cross-sectional
cohorts of older adults, there is clear and pervasive relationship between maximum grip
strength and every measured expression of cognitive function. When assessed throughout
the lifespan, the more rapid the decrease in grip strength over time, the larger the
associated decline in cognitive function. The influence of peripheral factors such as
muscle mass and fibre type that have significant bearing upon individual capacity
notwithstanding, in people of a similar age, those who have greater grip strength tend to
exhibit higher levels of cognitive function. In short, “People who grip better, think better”
(Deary et al., 2011, p. 699). In light of the demands on CNS functions that are imposed
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by the requirement to generate maximum grip force, and in view of the intimacy of the
relationship between variations in grip strength and cognition, the point is further
accentuated that changes in central neurological processes are the common mediating
factor. While our knowledge in this regard remains incomplete and constrained by poor
understanding of the brain’s native ontology (Anderson, 2015), it is now possible to
resolve some of these processes, and to distinguish defining features.

8.1 Shared neural substrates
For most of its history, the hypothesis that the evolution of motor systems provided
a basis for the emergence of cognitive function (e.g. Calvin, 1986) resisted empirical
examination. With the advent of modern neuroimaging and comparative anatomical
techniques however, it has proved to be a fertile source of inspiration for contemporary
neuroscience. As a direct consequence, it is becoming increasingly well established that
common regions in the brain are engaged in both motor tasks and those typically
classified as cognitive/executive (Cremen and Carson, 2017).

8.1.1 Response Inhibition
The Eriksen Flanker Task is emblematic of a class of response inhibition tests used
in cognitive psychology to assess the ability to suppress responses that are inappropriate
in a particular context. A number of studies now suggest that the presupplementary (preSMA) and supplementary motor areas (SMA) –elements of the cortical motor network
(e.g. Mendoza and Merchant, 2014), play an active role in resolving the response
conflicts engendered by this family of tasks (Taylor et al., 2007; Zurawska Vel
Grajewska et al., 2011). In this regard, pre-SMA forms part of a circuit that also
encompasses dorsolateral prefrontal cortex, right inferior frontal cortex, and structures in
the basal ganglia (Richard Ridderinkhof et al., 2011). In variants of the Simon task,
activity in these regions in presence of errors has been related to the driving of attention
towards task-relevant perceptual information (Danielmeier et al., 2011). While individual
differences in pre-SMA grey-matter density are closely associated with levels of
capability in conflict resolution paradigms (van Gaal et al., 2011), related variations in
SMA grey-matter volume also correlate with the performance of other tasks used to
assess executive function (Sakai et al., 2012). Although delineation of the boundaries of
inferior frontal regions engaged in cognitive control remains a matter of debate, it is
evident that its posterior part encompasses ventral premotor cortex (PMv). On a
probabilistic basis, brain imaging registered activity in this part of the brain during
response inhibition tests, set-shifting paradigms and motor control tasks cannot be
reliably distinguished (Neubert et al., 2013). Neural correlates of the decision making
process engendered by response inhibition tests (i.e. the Eriksen Flanker Task) can also
be delineated in primary motor cortex (Grent-'t-Jong et al., 2013; P.-A. Klein et al., 2014;
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Michelet et al., 2010; Verleger et al., 2009). Indeed, it has been proposed that higher
order executive control might be an evolutionary extension of the frontal cortex-basal
ganglia loops that guide resolution of (motor) response conflict, such that the role of
these neuronal mechanisms extends to a range of processes including the reorienting of
attention and the updating of working memory (Neubert et al., 2013).

8.1.2 Working Memory
There exists an extensive corpus of work conducted with non-human primates,
demonstrating that the detection of task-relevant somatosensory information engages
primary sensory, prefrontal, premotor and motor cortices. If the experimental paradigm
demands that the characteristics of this sensory input remain accessible as a basis for
subsequent comparison (aka “working memory”), prefrontal and premotor areas of the
frontal lobe are engaged. Should presentation of a further sensory stimulus follow, and
the animal is required to make a binary decision (i.e. higher or lower) concerning some
shared attribute (e.g. frequency), activity related to this determination is observed in
prefrontal, premotor, parietal, and primary motor cortices. This occurs regardless of
whether the decision is immediate or postponed, and in a fashion that cannot be
accounted for by the motor demands of the task (see Romo and de Lafuente, 2013 for
review). Analogous evidence supporting the view that the cognitive decision-making
process is widely distributed through the cortex, and encompasses elements of the
classical motor network, has also been obtained in humans. Using an experimental
paradigm equivalent to that employed in the animal studies, Preuschhof et al. (Preuschhof
et al., 2006) showed that the BOLD fMRI delineated brain activity registered during
maintenance of the memory trace included the ventrolateral prefrontal cortex (VLPFC),
and the medial (PMm) and ventral premotor (PMv) cortex – the latter areas both playing
an integral role in relation to motor behavior. Increased activity was registered in lateral
PFC, and in medial and lateral PMC during the decision-making phase, and in M1 and in
SMA during initial encoding. It has been shown separately that the integration of prior
information during the encoding phase also gives rise to additional activity in PMv
(Preuschhof et al., 2010). Beyond the patterns of brain activity that are present during
such tasks, improvements in somatosensory discrimination that occur over the course of
training are associated with changes in the functional connectivity of frontal motor areas.
These remain apparent following removal of effects that are correlated with
somatosensory activity per se. Specifically, perceptual training induces bilateral changes
in the functional connectivity of brain networks including PMv and bilateral SMA and
M1, and in links between SMA and M1, PMd, and cerebellar cortex (Vahdat et al., 2014).
In a recent Activation Likelihood Estimation (ALE) meta-analysis resolving core
elements of the brain network engaged during perceptual decision-making tasks, Keuken
et al. (Keuken et al., 2014) determined that as the difficulty of the task was elevated,
significant activation clusters were obtained bilaterally within the region of the precentral
gyrus (aka the motor strip). A broadly similar picture derived from the study of classic
motor signatures has emerged from the use of other brain imaging modalities such as
electroencephaolography (EEG) and magnetoencephalography (MEG) (e.g. de Lange et
al., 2013). This extends beyond decisions based on somatosensory information to
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encompass visual motion (Donner et al., 2009; 2007) and value-based choices (e.g. Gluth
et al., 2013; see also Gluth et al., 2012). Thus while it is apparent that regions such as
dorsolateral prefrontal cortex (dlPFC) – typically conceived of as an obligatory element
of the cortical network engaged during tasks that require the discrimination and
subsequent comparison of sensory information (Heekeren et al., 2006), play an important
role, the balance of evidence derived from human neuroimaging indicates that elements
of the cortical motor network are also recruited in maintaining the related percepts in
working memory, and in computations governing the decision process (Siegel et al.,
2011) .
Wayne Kirchner introduced the n-back task in 1958 (Kirchner, 1958). In spite of
weak convergence with other measures of working memory (Kane et al., 2007), the task
and its variants (e.g. Jaeggi et al., 2003) are paradigmatic in both clinical and
experimental settings. In two Activation likelihood estimation (ALE) meta-analyses
published together, Owen et al. (Owen et al., 2005) and Glahn et al. (Glahn et al., 2005),
twelve areas of activation emerged. The subset of only five areas for which there was a
corresponding response included Brodmann area 6 (BA6) –typically considered a motor
area (Uttal, 2013). In a comparison of seven further meta-analyses (in addition to the two
that used the n-back procedure), Uttal noted that forty-seven Brodmann areas were
reported as being activated during working memory tasks (i.e. across the nine metaanalyses). Of these forty-seven brain regions, only Brodmann area 6 was designated as
being activated in every case. Such meta-meta-analyses further emphasise that for tasks
that notionally sample working memory, and in the context of extremely large variations
in regional brain activation, the detection of signal in cortical motor areas is one of the
most robust findings (e.g. Niendam et al., 2012).

8.1.3 Perception-Attention Tasks
The serial reaction time task (SRTT) is typically considered to engage processes
supporting the temporal organization of behavior, the formation of high-order
associations, and the prediction of future events, and thus to reflect the principles that
govern learning and memory (E. M. Robertson, 2007). Conceived of as a perceptual
counterpart to the SRTT, the serial prediction task (SPT) (Schubotz, 1999) requires the
extraction and prediction of repetitive sensory patterns within sequentially presented
series of (visual) stimuli. Importantly, there is no motor co-production, and the stimuli are
not given any explicit motor significance. Performance is assessed subsequently by
means of a forced judgment concerning the incidence of a sequential violation. In a series
of studies employing fMRI it has been demonstrated that this paradigm robustly engages
the cortical motor network, particularly premotor and associated parietal areas (Schubotz
and Cramon, 2002a; 2001a; Schubotz and Yves von Cramon, 2002). The activity also
extends to primary motor cortex, the cerebellum and basal ganglia (Schubotz and Cramon,
2001b). Corresponding findings are obtained when the stimuli are in the auditory domain
(Schubotz and Cramon, 2002b; Schubotz et al., 2003). Indeed, when assessed on the basis
of extended collections of studies in the context of meta-analyses, it is further emphasised
that in perceptual-attentional tasks – even those that do not call for either the execution or

Grip Strength

29

the imagination of movement, the activation of premotor cortex is a cardinal feature
(Schubotz, 2007; 2004; Schubotz and Cramon, 2003).

8.1.4 Tests of Cognitive Flexibility
Trail Making Tests (TSTs) are variously described as measuring processing speed,
sequencing, mental flexibility (Bowie and Harvey, 2006), visual search, scanning, and
executive functions (Tombaugh, 2004). In the first part of the test (TMT-A), lines are
drawn sequentially in order to connect 25 encircled numbers distributed on a sheet of
paper. In the second part (TMT-B), the requirements are similar, with exception that the
individual being tested must alternate between letters and numbers (e.g., 1, A, 2, B, 3, C,
etc.). When patterns of association with the levels of performance exhibited on other
neuropsychological tests are analysed, it has been surmised that the TMT-A draws
mainly upon visuoperceptual abilities, that the TMT-B is primarily an expression of
working memory and task-switching ability, and that B-A difference scores are a
“relatively pure indicator of executive control abilities” (Sánchez-Cubillo et al., 2009).
The TMT is also used extensively in clinical contexts with a view to detecting frontal
executive dysfunction (Chan et al., 2015). It is notable therefore that when variants of the
TMT (with the same visual and motor demands) specifically adapted for neuroimaging
are employed, the contrast between the TMT-A and TMT-B reveals differences in BOLD
response in the dorsal part of M1 (Jacobson et al., 2011; see also Zakzanis et al., 2005),
consistent with previous observations that activity in this brain region varies in a nearly
linear fashion with working memory load (Tsukiura et al., 2001; Zarahn et al., 2005).
Using a fMRI optimized version of the TST-B, Allen et al. (M. D. Allen et al., 2011) also
noted the presence of task-related activation in the left precentral gyrus (M1), bilateral
premotor cortex, and the medial pre-supplementary motor area (see also Moll et al.,
2002). When measured using functional near-infrared spectroscopy, bilateral activity is
detected during the TMT-B task in premotor regions (in addition to ventro- and
dorsolateral prefrontal cortex) (Müller et al., 2014). In a further study using the same
imaging methodology, activity was also detected in primary motor cortex, with older
participants exhibiting greater task related changes in O2Hb signal strength in this brain
region and in the right premotor cortex in both forms of the test (Hagen et al., 2014).
Employing EEG-derived measures, Wölwer et al. (Wölwer et al., 2012) reported
associations between TMT-B task performance and the current density of M1 designated
sources.

8.1.5 Numerical Cognition
The more general difficulties (e.g. Uttal, 2001) that arise in seeking to develop a
taxonomy of cognitive processes notwithstanding, the triple code model (TCM) of
numerical cognition (e.g., Dehaene and Cohen, 1997; 1995; Dehaene et al., 2003) has
informed contemporary attempts to identify an anatomo-functional system subserving the
processing of numbers and mental calculation. The TCM model encapsulates (i) a (bihemispheric) numerical magnitude representation associated with the intraparietal sulcus

Grip Strength

30

(IPS); (ii) a verbal representation of numbers associated with left perisylvian language
areas and the left angular gyrus (AG); and (iii) a visual number form representation
involved in the recognition of Arabic digits and associated with bilateral fusiform and
lingual regions. And yet there is persuasive evidence that neural circuits nominally
classified as “motor” also assume functional relevance in the domain of numerical
cognition. In a series of initial investigations, often conducted using PET, differential (i.e.
specific task-related) activity in the (left) precentral gyrus (i.e. the motor strip), along
with the (left) intraparietal sulcus, was noted repeatedly during the retrieval of
mathematical facts (e.g. 2 × 4) (Zago et al., 2001), additions (Pesenti et al., 2000;
Venkatraman et al., 2005), and multiplications (Dehaene et al., 1996; Zago et al., 2001).
Bilateral activity in the precentral gyrus has been reported for numerical judgements of
relative magnitude (Liu et al., 2006) and for subtractions (Rueckert et al., 1996). In
studies (typically using fMRI) that have distinguished Brodmann area 4 (primary motor
cortex) from Brodmann area 6 (PMC and medially SMA) - both of which occupy
portions of the precentral gyrus, bilateral activity is registered in premotor cortex during
subtractions (Rueckert et al., 1996). When performing additions, engagement of left
premotor cortex and SMA has been registered (B. M. de Jong et al., 1996; E. Klein et al.,
2014). In summarising the outcomes of ten studies that evaluated patterns of functional
and “effective” brain connectivity associated with numerical cognition, Moeller et al.
(Moeller et al., 2015) noted that the task relevant networks are widespread, extending
beyond (intra) parietal and (pre) frontal cortex to encapsulate the precentral gyrus. A role
for bilateral SMA in the processing of number magnitude is also suggested by analysis of
white matter structural connectivity (E. Klein et al., 2014). This overall pattern of
observations is consistent with the hypothesis that brain regions that play an obligatory
role in the planning and execution of finger movements are also central to the
representation and manipulation of numbers (Anderson, 2010; Anderson and PennerWilger, 2013; Penner-Wilger and Anderson, 2013).

8.1.6 Object Knowledge
In the context of the hypothesis that simulation is a basic brain operation that
supports a broad spectrum of cognitive processes, it has been proposed that procedural
knowledge is central to the formation of object concepts (e.g. Barsalou, 2009). As a
corollary, it is predicted that brain regions engaged during the planning of actions also
play a necessary role in the encoding that mediates a recollection of objects and events
(Beauchamp and A. Martin, 2007; A. Martin, 2007). There is now a good deal of
empirical evidence in support of the supposition that retrieval of the properties associated
with an object’s appearance engenders activity within the motor (and sensory) networks
that were active during the acquisition of this information. For example, Weisberg et al.
(Weisberg et al., 2007) asked individuals to match pictures of objects never encountered
previously, both prior to and following training during which they were required to use
these novel objects as tools to perform specific actions. Following the completion of
training, visual object identification was associated with (BOLD fMRI) activity
registered in left dorsal premotor cortex and intraparietal sulcus – areas that were active
during manipulation of the objects.
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The engagement of various elements of the motor network (i.e. motor and premotor
cortex, basal ganglia, and cerebellum) is not restricted to the identification of objects. It
also occurs during the mental rotation of abstract objects. In an influential study
employing Shepard and Metzler's (Shepard and Metzler, 1971) mental rotation task - a
classic assessment of dynamic imagery, Richter et al. (Richter et al., 2000) reported
bilateral fMRI registered activity in the lateral premotor and supplementary areas that
appeared directly related to the act of mental rotation. This pattern of observations has
been repeated on a number of occasions using protocols employing abstract objects, and
concrete items such as tools (Vingerhoets et al., 2002). Furthermore, it is now apparent
that the recruitment of dorsolateral premotor areas cannot simply be accounted for in
terms of the processing of spatial orientation information. Rather, it relates to mental
rotation in a fashion that suggests a more general role in mediating the distribution of
visuo-spatial attention (Lamm et al., 2007). This is consistent with the findings derived
from the use of fMRI (e.g. Simon et al., 2002; Tanaka et al., 2005), PET (e.g. Hanakawa
et al., 2002) and EEG (e.g. Brovelli et al., 2005), that the dorsolateral premotor cortex
plays an instrumental role in other tasks designed to assess spatial attention and spatial
working memory. The balance of available evidence suggests that activity in SMA during
mental rotation tasks is at least as conspicuous (see Zacks, 2008 for a meta-analysis).
While the involvement of parietal regions is also an obligatory aspect of the neural
processing that mediates the performance of these tests, examination of the spatialtemporal evolution of the corresponding brain dynamics reveals that BOLD registered
activity in SMA and premotor areas discriminates the nature of the cognitive event prior
to that recorded from parietal cortex (Mourao-Miranda et al., 2009, see also Sasaoka et al.,
2014).

8.1.7 Language
Assuming particular prominence in relation to the general theory that the
emergence of cognitive faculties was driven by exaptation – the exploitation of existing
neural resources that had evolved to serve a specific motoric purpose, is the supposition
that there exists a common brain architecture for language and certain key aspects of
motor control (e.g. Steele et al., 2012). In providing a source of evidence that
complements and extends inferences drawn on the basis of paleoneurological work on
hominin fossils and the archaeological record of tool use and manufacture, with respect to
this issue more so than any other, modern neuroimaging techniques have permitted the
development and evaluation of coherent and physiologically grounded hypotheses (e.g.
Hopkins et al., 2012). The scope of this field of enquiry is sufficiently large that it will
suffice to note only those findings that are currently beyond reasonable doubt. While it is
natural to accept that the human motor system participates in the production of language,
it has for some time also been apparent that Broca’s area plays a role in receptive
language function, the perception of music, and working memory (Amunts et al., 2010;
Poeppel et al., 2012). While the mining of large neuroimaging data sets suggests that
Broca’s area should no longer simply be designated a “language” region (Poldrack, 2006),
such analytic approaches have similarly made apparent the engagement of primary motor
(Anderson and Penner-Wilger, 2013) and premotor (Rosselli et al., 2015) cortex in
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various facets of language function. These findings are complemented by further metaanalyses that reveal consistent engagement of primary motor (Jirak et al., 2010; Yang and
Shu, 2016) and premotor cortex (e.g. Ferstl et al., 2008; Jirak et al., 2010; Price, 2012;
Rapp et al., 2012) in mediating components of language that are not directly related to
action. While the precise interpretation of such evidence remains a matter of discussion,
it can be reconciled with explanatory schemes that emphasise the predictive nature of the
motor system in contributing to the perception of speech sounds (e.g. D'Ausilio et al.,
2009), and the role of audio-motor mappings in the long term retention of language and
other pronounceable sounds (Schulze et al., 2012). It is also consistent with the broader
perspective that motor circuits contribute to many facets of language, including the
comprehension of phonemes, semantic categories and grammar (Pulvermüller and Fadiga,
2010), and support other aspects of speech processing including the control of
conversation (Scott et al., 2009).

8.1.8 Timing
In relation to the putative evolutionary pressures that may have promoted the
emergence of language - among other hallmarks of human cognition, the argument has
been made that an evolved neural organization that permitted objects to be thrown with
great force and precision, may also have supported oral-facial motor sequencing,
phonemic competence and the emergence of syntax (Calvin, 1994; 1983). The tenet is
that neural circuitry having been subjected to strong selection acting upon the proficiency
of motor control and coordination, was co-opted to support language functions. More
specifically, brain circuits that control the precise and anticipatory timing of muscle
activation sequences necessary for adaptive movements, provide the substrate for timerelated functions within the broader domain of cognition (Calvin, 1983). A wealth of
contemporary evidence has now emerged to support this assertion, demonstrating that
these circuits are engaged not only in the perception of time, but also in related facets of
executive function.
As there have been numerous studies reporting functional neuroimaging data in
association with the performance of reasonably well-standardised time perception tasks,
their outcomes are amenable to summary using “voxel-wise” meta-analysis (e.g.
activation likelihood estimate (ALE), Seed-based d Mapping (SDM)). The general
picture to emerge is that task-related activity ascribed to Brodmann area 6 is a
characteristic feature of temporal cognition (Ortuño et al., 2011; Wiener et al., 2010).
Wiener et al. (Wiener et al., 2010) differentiated activity in SMA from that registered in
other parts of Brodmann area 6 (BA6). On the basis of eight experiments, they concluded
that sub-second perceptual timing reliably engages SMA and other parts of BA6
bilaterally. Considering seven studies that examined supra-second perceptual timing,
bilateral activity was reliably evident in SMA, and in BA4 i.e. the primary motor cortex.
Using a label-based meta-analysis (i.e. enumerating activation in specific regions of
interest (ROIs)), Penney and Vaitilingam (Penney and Vaitilingam, 2008) noted that the
presence of activity in SMA (and pre-SMA) and premotor cortex was commonly reported
in sub-second timing tasks. Adopting a similar analytic approach, Lewis and Miall
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(Lewis and Miall, 2003) delineated bilateral SMA and premotor activity (along with right
cerebellum and left basal ganglia) during timing tasks requiring covert decisions, memory
encoding, memory rehearsal of rhythms, or detection of oddballs. The ubiquity and
reliability of SMA engagement in particular is such as to suggest that this brain region
(along with the right inferior frontal gyrus (IFG)) is integral to the core network
mediating time perception (Wiener et al., 2010). Indeed, beyond the integral functional
role assumed by this region in the domain of action, the connectivity of SMA promotes
many facets of perception and cognition (Narayana et al., 2012). Notably in this regard,
brain regions that are particularly active during time estimation – especially those lying
within BA6, are recruited when there are increases in the difficulty of working memory
and executive function tasks (Radua et al., 2014). It is clear too however, that parts of the
cerebellum and components of the basal ganglia (e.g. caudate nucleus and putamen) are
implicated both in perceptual timing (Press and Cook, 2015; Wiener et al., 2010) and
many other cognitive functions.

8.2 Focus on the Cerebellum
In light of persuasive arguments to the effect that a disproportionate and speciesspecific enlargement of the cerebral neocortex over the course of human evolution gave
rise to unique cognitive faculties (e.g. Kirkcaldie and Kitchener, 2007; Rakic, 2009),
there is an understandable tendency to focus on brain regions therein when investigating
the neural circuits that mediate our distinctive mental capabilities (Barton, 2012). It has
long been recognized that the cerebellum plays a key role not only in controlling and
regulating movement, but also in facets of perception (Baumann et al., 2015) and learning
for which the precise representation of temporal information is required (Ivry, 1997). It is
now becoming increasingly apparent that the cerebellum was also subject to a rapid
increase in size during the course of human evolution. Indeed, it has been proposed that it
was the specialisation of cerebellar circuits subserving sensory-motor control and
learning that provided preadaptation for language (Barton and Venditti, 2014). In line
with the view that a distributed brain network supports cognitive functions across a range
of domains (e.g. “flexibility”, “inhibition”, “working memory”, “initiation”, “planning”
and “vigilance) that are typically treated as distinct, large scale meta-analyses (e.g.
Niendam et al., 2012) are consistent in noting that activation in cerebellum (along with
other subcortical structures including thalamus, caudate, and putamen) is a pervasive
feature. In the context of meta-analyses that restrict attention to the cerebellum however,
regional differences in activation can be detected for sensorimotor processing on the one
hand, and performing cognitive and “emotional” tasks on the other (Stoodley and
Schmahmann, 2009). As with any brain region demarcated along neuroanatomical lines,
there are hazards in conceiving of the cerebellum as having a uniform cyto- architecture
(Cerminara et al., 2015), and variations in cerebellar cortical anatomy and physiology
may contribute to regional differences in function (Keren-Happuch et al., 2014).
Nonetheless, it is widely held that spatial differentiation of cerebellar functional activity
is due largely to differences in afferent and efferent connectivity (e.g. D'Angelo and
Casali, 2012; Ramnani, 2006; Stoodley, 2012). This is in accord with the view that
circuits in the cerebellum play a generic role in the formulation of internal models that
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are integral to both motor and cognitive functions (Ito, 2008). More particularly, such
models may be crucial not only in the anticipatory feedforward control that is a
requirement for adaptive movement, but also when organising behaviour to achieve
future goals; in formulating or parsing language; or engaging in social interactions that
are based on projecting the actions of others (G. Allen et al., 1997; Imamizu and Kawato,
2009). In line with the assumption that equivalent computations are performed
throughout the cerebellum (Ito, 1993), it has therefore been argued that age-related
degeneration or other challenges to its integrity, will have directly corresponding
(negative) implications for anticipatory planning and coordination, both in the context of
movement and cognition (Stoodley, 2012).
When assessed in the context of cross sectional studies, it is increasingly apparent
that in older adults, imaging derived markers of cerebellar morphology and connectivity
exhibit close associations with a range of indices of cognitive function. For example, the
volume of the cerebellar hemispheres is correlated with the performance of verbal and
non-verbal working memory tasks (Raz et al., 2000), and with the strength of associative
learning (Woodruff-Pak et al., 2001). The volume of the cerebellar vermis is also a
reliable predictor of the aspects of cognitive function captured by tests of processing
speed, memory, and visual reproduction (MacLullich et al., 2004; T. D. Miller et al.,
2013). Voxel based morphometry suggests the presence in older adults of relationships
between cerebellar grey matter and “intelligence” measured on general scales such as the
WAIS (J.-Y. Lee et al., 2005), and with levels of performance on tests of short and long
term memory, non-verbal reasoning, and speed of processing (Hogan et al., 2011). In
older individuals (circa 65 years) the “strength” of (resting state fMRI derived) indices of
functional connectivity between the cerebellum and the medial frontal gyrus, and
between the cerebellum and both the precuneus and posterior cingulate cortex, are
predictive of working memory task performance (Bernard et al., 2013). On the basis of
the assumption that degenerative changes in cerebellar morphology and connectivity will
necessarily compromise existing internal models and impede the formation of new
internal models, with consequential effect upon all aspects of prospective control, it has
been argued that cerebellar degeneration may account for a significant portion of the
cognitive and motor deficits that are a characteristic feature of ageing (Bernard and
Seidler, 2014).

8.3 Focus on the Basal Ganglia
A group of structures located at the base of the forebrain, the basal ganglia (in the
strict classical sense) comprising the dorsal striatum i.e. caudate nucleus-putamen, and
globus pallidus, play a prominent role in regulating the coordination of movement. As
part of a functional network that encompasses the subthalamic nucleus, substantia nigra,
and ventral striatum, it is increasingly appreciated that the basal ganglia also mediate
various aspects of cognition (e.g. Leisman and Melillo, 2013; Middleton, 2003;
Middleton and Strick, 2000a). While the structures of the basal ganglia comprise
important subdivisions and groupings, the general premise is that in terms of function,
they subserve the same roles for cognition as they do for movement (Koziol and Budding,
2009).
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As there are authoritative and comprehensive reviews dealing with the anatomy and
functions of the basal ganglia (e.g. Koziol and Budding, 2009; Middleton and Strick,
2000b), the information provided here is simply a summary pertinent to the present piece
that draws in part upon these previous works. By virtue of a network of connections
constituting a cortical-striatal-pallidal-thalamic-cortical system, the basal ganglia have
means to modulate activity in multiple cortical regions. Indeed, these nuclei exhibit
reciprocal connectivity with all cortical areas. As is the case for the cerebellum, it is
differences in the afferent and efferent connectivity of separate channels of the basal
ganglia circuitry (Postuma and Dagher, 2006; Robinson et al., 2012) that appears to
account for the spatial separation of activity in areas engaged differentially during motor,
cognitive, and affective behaviour (Koziol and Budding, 2009). In general however, these
nuclei can be conceived of as comprising: input structures, intermediate structures; and
output structures, consistent with an evolved role in mediating attention and action
selection in sensory and motor systems. In the context of phylogenetically recent
neocortical–basal ganglia circuits, they may be conceived of as an interface between
subcortical and cortical systems, with the capacity to influence all aspects of behavioral
selection (McHaffie et al., 2005), by selectively gating the operations that are performed
by the neocortex (Frank et al., 2001; Houk et al., 2007; Stocco et al., 2010). For example,
in view of a mediating role for the basal ganglia in various expressions of learning and
memory, it has been proposed that circuits within these nuclei serve to “train”
connections between posterior cortical areas and frontal cortical regions, as automaticity
of behaviour emerges through training (e.g. Frank et al., 2001; Graybiel, 1997; Hélie et
al., 2015; E. K. Miller, 2013). These conceptual models are accompanied by a wealth of
empirical evidence, collated via meta-analyses, indicating consistent basal ganglia
involvement in novelty detection (Kim, 2013) and declarative memory (Scimeca and
Badre, 2012; Spaniol et al., 2009). Widespread activity is also typically registered in the
basal ganglia during (“working memory) tasks that require the encoding, storing,
manipulating and retrieval of information (Arsalidou et al., 2013; Rottschy et al., 2012),
and during procedures (e.g. planning and task switching) to which the label “executive
functioning” has been applied (Arsalidou et al., 2013).
While we are accustomed to their expression in terms of disorders of movement,
diseases of the basal ganglia have a profound impact on cognition. Indeed, although the
most readily apparent symptoms of Parkinson's disease (PD) and Huntington's disease
(HD) – the two most common neurological disorders of the basal ganglia, are motoric,
both first give rise to psychiatric and cognitive syndromes (Aarsland et al., 2009). Within
the cognitive domain, these include deficiencies in working memory, attention and other
aspects of executive function (e.g. Lawrence et al., 1998; 1996; Owen et al., 1997; 1992;
Pagonabarraga and Kulisevsky, 2012). Of particular importance in the present context is
the emerging recognition that basal ganglia dysfunction is a crucial factor in the
expression of cognitive symptoms in neurodegenerative disease (O'Callaghan et al.,
2014). Indeed, atrophy of the striatum and its substructures (as indexed by grey matter
volume) is closely associated with age-related cognitive decline (and the occurrence of
dementia), in a manner that is typically independent of markers such as hippocampal
volume (L. W. de Jong et al., 2012; Hedden et al., 2016; Pini et al., 2016). In summary,
disruption of the cortical-striatal-pallidal-thalamic-cortical system arising from disease or
degeneration of circuits within the basal ganglia, has not only an exemplary impact on
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motor control, but also profound negative implications for many aspects of cognitive
function (Leisman and Melillo, 2013).
As the foregoing presentations make clear, with the benefit of modern
neuroimaging methods, it is possible to detect regions in the cerebellum and basal ganglia
that exhibit a low degree of spatial overlap when defined in terms of activation thresholds
during the execution of “cognitive” and “motor” tasks respectively. It is important to bear
in mind however, that all behaviour (i.e. regardless of whether labeled as “cognitive” or
“motor”) is mediated by distributed neural systems. While these may encapsulate
separate anatomic regions or divisions that are spatially circumscribed, and which in
some cases exhibit unique cyto-architectural features, they are nonetheless linked in a
functionally specific manner (Schmahmann and Pandya, 2014). This characterisation
applies with equal force to both subcortical and cortical areas. As a general consequence,
degeneration or damage of the basal ganglia or cerebellum (or indeed the thalamus) may
produce the same spectrum of cognitive and motor syndromes as those associated with
disorders that affect different parts of the cerebral cortex (Graff-Radford et al., 2017).
The key point in this regard is that, even in circumstances in which brain
damage/degeneration is restricted to territory within subcortical divisions demarcated
“motor” or “cognitive”, the extensive and distributed nature of the related neural
networks dictate that the consequential impairments of behaviour will rarely respect this
distinction. In addition, as in many cases these divisions share the same blood supply,
they are equally susceptible to microvascular damage and to the impact of the various
vascular risk factors associated with ageing.

9. Age-related changes in brain integrity associated with variations in maximum
grip strength
As the evidence presented in the preceding sections makes clear, with respect to the
facets of cognition that have been studied using brain imaging methodologies, taskrelated activity is always observed in brain regions (i.e. constituting the classical motor
network) that play an obligatory role in the production of coordinated motor output. This
phenomenon can be studied in another way – by selecting a specific region of interest
(ROI) within the motor network, and looking across various aspects of cognition to
ascertain the scope of its task-related engagement (e.g. Hoffstaedter et al., 2014). In an
approach of this type, Penner-Wilger and Anderson (Penner-Wilger and Anderson, 2011)
analysed sixty-five studies that reported reliable (i.e. post-subtraction relative to control)
activation within the left precentral gyrus (eighty subtractions in total). Of these, eleven
were within the domain of “action”, two within “emotion”, seven within “perception”,
and sixty within “cognition”. In relation to the last, twenty were classified as being in the
sub-domain of “attention”; twenty in “memory” (10 in working memory and 7 in explicit
memory); sixteen in “language” (1 in orthography, 2 in phonology, 9 in semantics, and 4
in speech); two in “mathematics”, one in “theory of mind”; and one in “time”. The point
has also been made that attempts to locate cognitive processes only in specific areas in
the human brain do not accord with the characteristics of neurodegenerative conditions in
which cellular changes, inclusion bodies, atrophy, hypoperfusion or hypometabolism, are
seldom restricted to a single brain region (Bak and Chandran, 2012). The distribution of
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degenerative change is not however “diffuse, random or confluent” (Seeley et al., 2009).
Rather, it follows an orderly and sequential process, affecting brain networks that mediate
functionally related processes. Accordingly, in Amyotrophic Lateral Sclerosis (ALS) for
example, the aspects of cognitive function that demonstrate the greatest impairment are
those with the closest functional links to the motor system (Bak and Chandran, 2012).
Frontal-striatal circuits, regardless of whether they mediate cognitive or motor processes,
exhibit equivalent age-related declines in functional connectivity (Bo et al., 2014).
Concisely, neurodegenerative processes affect coherent systems constituted by the brain’s
intrinsic functional network architecture (Ahmed et al., 2016; Seeley et al., 2009). It is in
this context that the relationships between motor and cognitive dysfunction in general,
and between grip strength, frailty and cognitive decline in particular, are to be
understood. Disintegration of neuronal networks that is expressed phenotypically as
deficits in motor coordination and expressions of frailty will, by virtue of convergent
intrinsic functional and structural covariance, also compromise cognitive function.
Accordingly, declines in grip strength – in so much as they provide a marker of CNS
deficits that affect the quality of motor coordination, also reflect the integrity of the
whole brain networks that mediate cognition.
An ALE meta-analysis of twenty-eight fMRI studies revealed that in producing
power grips, brain areas that correspond to the peak probability of converging activation
across experiments included: L. precentral gyrus (area 4a), R. cerebellum (lobule V), L.
SMA (area 6), L. middle cingulate cortex (area 6), R. supramarginal gyrus (hIP2 and
IPC), L. rolandic operculum and L. inferior frontal gyrus (p. opercularis, area 44), L.
cerebellum (lobule IV), L. precentral gyrus (area 44) and R. cerebellar vermis (lobule VI)
(King et al., 2014). The point that the production of high levels of grip force imposes
significant demands for coordination is emphasised by the observation that overlapping
activation extrema for precision and power grips are obtained for the L. postcentral gyrus
(area 3b), L. precentral gyrus (areas 4a, 44), the L. supplementary motor area (SMA, area
6), L. middle cingulate cortex (area 6), and R. cerebellum (lobules V, VI). Aside from the
obvious conclusion that the application of grip force requires the engagement of a
distributed brain network, it is notable that the brain activity that is generically present
during all types of handgrip also encompasses the fronto-parietal cerebellar network
(FPCN) - which is typically discussed in relation to cognition (e.g. Dosenbach et al.,
2008), and the thalamus, rolandic operculum, and putamen (King et al., 2014). In light of
the dependence upon multiple brain regions (and effective network connectivity), it might
be supposed that individual variations in grip force should be closely associated with
other markers of brain health. This indeed appears to be the case.
The presence of white matter hyperintensities (WMHs) is typically inferred from
T2-weighted MRI. While these nonspecific changes in the cerebral white matter (aka
leukoaraiosis) are commonly observed in the brains of clinically healthy middle-aged and
older individuals, as a manifestation of chronic small vessel disease they are almost
certainly not benign. Indeed, their prevalence has been linked to cognitive decline and
dementia (e.g. Prins and Scheltens, 2015). When assessed in a random community
sample of individuals aged 60-64 years, a negative relationship between the relative
extent of WMHs and grip strength has been observed (Sachdev et al., 2009; 2005). In the
Religious Orders Study and Memory and Aging Project, the sample is composed of
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individuals who receive annual clinical evaluations, and agree to have a brain autopsy
performed after death. Within a sub-group of 791 persons followed up for 6.4 years (age
at death 88.5 years), the rate of decline in grip strength was positively associated with
markers of Alzheimer disease (AD) pathology (neuritic plaques, diffuse plaques, and
neurofibrillary tangles in the frontal, temporal, parietal, and entorhinal cortex, and the
hippocampus), and nigral neuronal loss (in the substantia nigra in the mid to rostral
midbrain) (Buchman et al., 2013). Assessed over the course of the I-Lan Longitudinal
Aging Study (ILAS) of community-dwelling adults aged 50 or older, individuals
exhibiting cerebral (brainstem) microbleeds (CMBs) – one of the principal neuroimaging
indices of cerebral small vessel diseases (CSVDs), present with lower grip strength than
those without these small hemorrhages (Chung et al., 2016).
When evaluated over an interval of six years in a sample free of clinical dementia
and stroke, drawn from more than two thousand members of the Framingham Offspring
Study, larger declines in grip strength were associated with greater decreases in total
cerebral brain volume (Camargo et al., 2016). In a group of approximately 700
individuals drawn from the Lothian Birth Cohort, who were assessed at ages 70 and 73,
changes in grip strength were associated with the volume of normal-appearing white
matter (i.e. areas of white matter not affected by white matter lesions). Specifically, those
with the highest normal white matter (NAWM) volumes exhibited the smallest declines
in maximum grip force over the two years interval (Aribisala et al., 2013) (Figure 13).

Insert Figure 13 About Here

Assessed at a single time-point in a sample aged above 64 years, individual grip
strength correlates positively with concurrently derived DTI indices (fractional
anisotropy (FA) and mean diffusivity (MD)) of structural brain connectivity (specifically
white matter within the cingulum bundle) (Hirsiger et al., 2016). Resting state fMRI
(rsfMRI) based estimates of functional brain connectivity generated for the same cohort,
indicate that maximum grip strength is positively associated with greater connectivity
from: i) a motor cortex seed to bilateral sensorimotor cortex and SMA; ii) a putamen seed
region to the medial frontal cortex and precuneus; and iii) from cerebellar seeds to frontal
cortex and temporal regions. Grip strength is also positively associated with the degree of
connectivity between cerebellar Lobule V and lobules VIIIa and VIIIb (Seidler et al.,
2015).
In line with the general expectation that age-related atrophy of the key elements of
the cortical motor network will impact negatively on grip strength, MRI-derived indices
of primary motor cortex volume are positively and linearly associated with grip strength
in adults aged 65 and above (Koppelmans et al., 2015). Estimates of the area of the
midbody of the corpus callosum – comprising fibres that connect homologous motor,
somatosemsory and auditory cortices, correlate positively with grip strength when
assessed in a large (≈ 500) cohort of older adults (60-64 years) (Anstey et al., 2007). That
the relationship between grip strength and markers of brain health of extends beyond the
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cortical motor network, is further emphasised by findings that both cerebellar grey matter
volume and cerebellar white matter volumes are also reliable predictors of maximum grip
strength (Koppelmans et al., 2015). Converging evidence has been presented for 456
participants drawn from the The I-Lan Longitudinal Aging Study. Compared to a subset
of individuals without any manifestations of frailty, those who exhibited low grip
strength (lowest quintile within gender) were characterized by smaller cerebellar grey
matter volumes (Chen et al., 2015).

10. Generalising the concept of shared neural substrates
The key inference to be drawn on the basis of the present analysis is that changes in
central neurological processes are a common factor mediating the close relationship that
exists between lifespan variations in grip strength and cognition. The conclusion that
there is a shared neural basis for expressions of motor and cognitive decline has similarly
been prompted by observed associations between measures of gait sufficiency and
cognitive function. Contemporary meta-analyses indicate that in healthy adults without a
diagnosis of MCI or dementia, slower gait speed is associated with lower scores on:
global tests of cognition (e.g. MMSE), tests of memory; tests of processing speed; and
assessments of executive function (Demnitz et al., 2016). A meta-analysis of cohort
studies indicates that older adults without overt neurological disease, who were classified
as having slow gait velocity, exhibit an increased risk of developing dementia ((Kueper et
al., 2017). Another recent meta-analysis further suggests that variability of stride time
discriminates healthy older adults from those having a clinical diagnosis of MCI or
dementia (Beauchet et al., 2014).
In recognition of these associations, the construct of Motoric Cognitive Risk
(MCR) syndrome (Verghese et al., 2013) has been introduced. This defines a
predementia syndrome characterised by cognitive complaints and slow gait speed. It was
conceived of originally as a means of identifying individuals at risk for dementia in
general, and for vascular dementia in particular. As with diminished grip strength,
elevated mortality is attendant upon MCR syndrome (Ayers & Verghese, 2016). Aside
from the phenomenology of an association between declines in motor and cognitive
function – as defined in epidemiological studies, the deductive power of the construct
derives from the hypothesis that there are common regions in the brain that mediate
behaviour in both domains. In more mechanistic terms, the premise is one of shared
susceptibility to vascular factors and to other agents of neurodegeneration (e.g. Kueper et
al., 2017). Although declines in gait speed can be registered more than ten years prior to
the detection of cognitive impairment leading to a diagnosis of MCI (Buracchio et al.,
2010), it is assumed that individuals who come to manifest both cognitive and motor
deficits do so by reason of conjoint underlying pathophysiology (Hausdorff & Buchman,
2013). For example, the relationships that exist between hypertension and subsequent
declines in both gait speed and elements of cognition exhibit common mediation by the
degree of cerebral microvascular damage (Hajjar et al., 2011).
Although there have been numerous investigations of potential associations
between neural imaging derived indices of brain integrity/connectivity/pathology and the
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sufficiency of gait or cognition, in only a relatively few instances has the neurological
basis of any common mediation been the explicit focus of interest. It has more typically
been the case (as in section 8 above) that the existence of a shared neural substrate has
been inferred from observations that a brain network (or region) conventionally held to
support functions in one domain (e.g. a fronto-parietal network in cognition), is engaged
in a contingent manner during the execution of a task defined in the other domain. As the
findings generated through approaches of this nature have been summarised elsewhere
(e.g. Hamacher et al., 2015, Wennberg et al., 2017; see also Tian et al., 2017), and they
are not directly pertinent to the current review, they will not be covered here.
Investigations of indices derived from neural imaging that are discriminating in relation
to the expression of MCR syndrome are potentially of greater relevance. In this regard,
Beauchet et al. (2016) noted that a designation of MCR syndrome was associated with:
smaller volumes of total grey matter; total cortical grey matter; and volumes of grey
matter in premotor cortex and prefrontal cortex. The region of the brain for which there
were the largest differences in volume between those with and without MCR status was
however the premotor cortex. Similarly, regional grey matter volume covariance patterns
defined for the brain stem, precuneus, fusiform, motor, supplementary motor, and
prefrontal (particularly ventrolateral prefrontal) cortex that are associated in nondemented community-dwelling older adults with individual variations in gait speed, also
predict: speed of processing (Trail Making Test: part A); an expression of “executive
function” (in a sub-cohort); but not episodic memory (Blumen et al., 2018). When
evaluated using a linear regression model, an observed relationship between variations in
prefrontal (in this instance the only RoI evaluated) grey matter volume and gait speed is
attenuated markedly when a measure of information processing speed (Digit Symbol
Substitution Test: DSTT) is included in the model (Rosano et al., 2012). This suggests
that a high proportion of the shared inter-individual variation in prefrontal grey matter
volume and gait speed is also common to the measure of information processing speed.
In a closely related study, whereby a subset of cerebellar regions defined the RoIs for
which grey matter volumes were calculated, an analogous pattern of shared association
with both DSTT performance and gait speed was obtained (Nadkarni et al., 2013).
Correspondingly it has been shown that statistical associations between cortical grey
matter volume and gait speed are moderated by inclusion of a measure of verbal memory
(Free and Cued Selective Reminding Test–Immediate Recall) (Ezzati et al., 2015).
Furthermore, reports that relationships between speed of gait and: total WMH volume;
WMHs located in the frontal corpus callosum; and in the right anterior thalamic radiation,
are attenuated after adjustment for (DSTT derived) information processing speed – an
outcome corroborated by formal mediation analysis (Bolandzadeh et al., 2014), indicate
that the dependence of gait and some facets of cognition upon shared neural systems is
not simply a phenomenon restricted to the cerebral grey matter.
Although typically considered a largely automated task, as with the application of
grip force, walking requires that the CNS generate exquisitely timed patterns of muscle
activation tailored to accommodate the demands imposed by complex biomechanical
chains, and contingencies arising from interactions with a dynamic external environment.
In walking, conditional sensory feedback must also be integrated to ensure an adequate
level of prospective and reactive control. On this basis alone it can be deduced that there
is overlap between the areas of the brain and connecting tracts that regulate certain
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aspects of cognition and motor coordination (Rosano & Snitz, 2018). As they depend, at
least in part, upon common neural systems, it is therefore to be anticipated that the
neurodegenerative processes that are a feature of normal and pathological aging will exert
corresponding effects on gait and cognitive sufficiency. The supporting evidence is now
compelling. It serves also to emphasise the more general message of this review. The
close and pervasive relationships that exist between age-related declines in motor
function and expressions of cognitive dysfunction can be understood in terms of the
convergent functional and structural mediation of cognitive and motor processes by the
human brain.

11. Conclusion
The foregoing empirical studies lend additional support to the central argument
advanced in the present review. Namely, the application of grip force is a complex
coordinated behaviour that is mediated by integrated activity across distributed brain
networks. Accordingly, individual variations in the capacity to generate grip force are
closely associated with a broad spectrum of markers that reflect brain health. In view of
the convergent functional and structural mediation of cognitive and motor processes by
the brain, the origins of the close and pervasive relationships between age-related
declines in maximum grip strength and expressions of cognitive dysfunction are thus
readily appreciated. Terminal motor decline is closely associated with the onset of
terminal cognitive decline (Wilson et al., 2012). Both are manifestations of common
underlying pathophysiology. In marked contrast, the empirical evidence points
emphatically to an absence of association between cognition and peripheral factors such
as muscle mass, that have an independent influence upon individual differences in
strength (Kilgour et al., 2014).
The overriding conclusion arising from the foregoing analyses is that maximum
grip strength testing provides a discriminating measure of neurological function. The
ramifications are clear. To the extent that changes in maximum grip strength can be
registered over relatively short periods (e.g. Xue et al., 2015), they have the potential to
serve as early markers of incipient changes in brain health. In presaging the accumulation
of deficits that will ultimately impact negatively not only upon cognitive status, but also
give rise to manifestations of frailty, loss of functional independence, and reduced quality
of life, the monitoring of grip strength may assist in prognosis and facilitate early
intervention.

12. Implications
In respect of various conditions of ageing, including those to which the
designations sarcopenia or frailty have been applied, the implications of the current
analysis extend beyond our understanding of aetiology. They also bear prominently upon
the design and deployment of therapeutic interventions geared to combat these
conditions. It is not unusual to read statements along the lines of “sarcopenia is the major
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cause of frailty” (Morley et al., 2014, page 6). Although the basis for such conclusions is
typically evidence (e.g. statistical associations with expressions of frailty) derived using
consensus classifications of “sarcopenia” that include indices of “muscle function”
(maximum grip strength and/or walking speed), the associated discussion of causal
relations is often restricted entirely to the molecular and cellular physiology of skeletal
muscle (e.g. Morley, 2016). While in any domain of research there will be a range of
emphases that emerge in the interpretation of empirical findings, there is presently a
widespread and striking disconnect between the multifactorial measures that are used to
assess “sarcopenia”, and the rather uniform prescriptions that issue forth. The latter are in
many instances predicated upon an interpretation of the “muscle function” dimension of
“sarcopenia” determinations that excludes entirely the contributory role of the central
nervous system.
This uniformity of emphasis is reflected in the pharmacological approaches being
developed, or currently available, with the goal of treating “sarcopenia” (see Table 4 of
Morley, 2016). These include: Vitamin D; protein (essential amino acids); testosterone;
selective androgen receptor modulators (SARMS); growth hormone; ghrelin agonists,
myostatin inhibitors; activin 11R antagonists; angiotensin converting enzyme inhibitor
(perindopril); espindolol (B1/B2 adrenergic receptor antagonist); and fast skeletal muscle
troponin activators (Tirasemtiv). While the respective efficacy of these treatments is a
matter for empirical enquiry, it is clear that the assumed nature of the underlying
pathophysiology does not in most cases extend to the brain. Why is this of practical
concern? The achievement of a useful endpoint in Phase II trials of such treatments may
be defined in terms of some measure of muscle mass or muscle quality (i.e. consistent
with the presumed mechanism of action of most of the pharmacological agents listed
above). This may however prove to be entirely irrelevant if a consensus (e.g. AWGS,
EWGSOP, FNIH) definition of “sarcopenia” is used to judge efficacy in Phase III clinical
trials (see also Roman et al., 2013). As the analyses presented above make plain, tests of
maximum grip strength (and indeed gait sufficiency) – the elements of the current
consensus definitions of “sarcopenia” that have the greatest predictive power in relation
to functional status, reflect primarily the integrity of the brain. Stated briefly, the steps
that are being taken presently to address a perceived deficiency in muscle mass or muscle
quality are quite distinct from those actually mandated by what are evidently deficits in
neuromuscular control.
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Cross sectional comparison of decade means of actual grip strength and grip
strength as predicted by forearm circumference (n = 608). This original plot by the
author was generated using data extracted from Kallman et al. (1990). These data
serve to emphasise that with increasing age (above ≈ 60 years), peripheral
morphology – as represented in this case by forearm circumference, is an
increasingly poor predictor of maximum grip strength.
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Case-fatality rates for incident cases of myocardial infarction (MI), stroke, cancer,
hospital admission for pneumonia or chronic obstructive pulmonary disease,
pneumonia, injury from a fall, and fracture, stratified by grip strength tertile. This
original plot by the author was generated using data from the Prospective
Urban-Rural Epidemiology (PURE) study (n = 139,691), which were extracted from
Leong et al. (2015). The pattern of variation indicates that with respect to all
causes of death, the mortality rate is greatest for the group with the lowest grip
strength, and smallest for the group with the highest grip strength.
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Proportion of participants with functional limitations and disability according to
baseline (1965-1970) grip strength tertiles in 3218 initially healthy 45- to
68-year-old men at examination 4 - conducted from 1991-1993. This original plot
by the author was generated using data extracted from Rantanen et al. (1999).
The pattern of variation indicates that with respect to all forms of functional
limitation and disability, the rate of incidence is greatest for the group with the
lowest grip strength, and smallest for the group with the highest grip strength.
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Men aged 65 years and older were randomized to placebo (n = 83) or 10 g
testosterone gel daily (n = 82) for 6 months. Absolute treatment differences
(testosterone vs. placebo arms) are plotted for the primary and secondary
outcomes in units normalized to the baseline standard deviation of measurement.
The point estimates (black squares) are accompanied by error bars, which
correspond to 95% confidence intervals. ALST - appendicular lean soft tissue; LM lean body mass. This original plot by the author was generated using data
extracted from Travison et al. (2011). It is readily appreciated that six months of
testosterone treatment (10g daily) failed to induce reliable increases in grip
strength, or in any measure of gait sufficiency.
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Two groups, each comprising 8 participants, performed submaximal rhythmic
handgrip training for a period of six weeks. The low-level training group performed
daily training with minimal load (0.005% of maximal voluntary isometric contraction
for the handgrip force (MVIC)). The regular training group trained with a load of
30% MVIC. An additional control group (n=8) did not receive any training. Changes
in maximal rhythmic handgrip work (RHW) from before the training period to after
the training period (expressed as a percentage of initial values), are shown for the
training limb (right) and non-training (left) limb. The error bars correspond to
standard error of the means. This original plot by the author was generated using
data extracted from Shields et al. (1999). These data illustrate that profound
increases in grip strength may be brought about by interventions that do not alter
the state of the muscle fibres.
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A

B

A graphical illustration of the muscles and tendons that give effect to prehensile
movements of the human hand. These are shown in dorsal aspect (A) and palmar
aspect (B). Reproduced from Handbook Of Anatomy For Students Of Massage by
Margaret E. Bjorkegren. Copyright 1917, Bailliere, Tindall & Cox. It can be seen
that articulations of the hand form functional groups arranged in kinetic chains.
These are subject to control via synergies constituted by the organised recruitment
by the CNS of muscles extrinsic to the hand and muscles intrinsic to the hand, that
when coordinated permit the differentiated action of the phalanxes.
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Figure 8
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A: Standard configuration for the evaluation of maximum grip strength using a
hand held dynamometer. B: Variations in maximum grip force as a function of
forearm position and wrist angle obtained for 5 males and 5 females (mean age 23
years). The values (% Grip max) are expressed as a percentage of the maximum
values obtained in calibration trials conducted with the forearm and wrist in neutral
positions. The error bars correspond to standard error of the means. This original
plot by the author was generated using data extracted from Mogk and Keir (2003).
The variation in grip force as a function of wrist joint angle (in flexion-extension)
serves to reveal the impact of the biomechanical context in which the action is
performed.
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The multi-finger force deficit exhibited by a group of 6 male (29.3 ± 3.6 yr) and 6
female (29.8 ± 4.6 yr) young, and 6 male (87.2 ± 4.5 yr) and 6 female (76.3 ± 4.0)
older participants. The deficit was calculated as the difference between the
maximum force that could be generated by a finger in its single-finger test and that
generated in the four-finger test, expressed as a percentage of the maximum value
(MVC) in the single-finger test. The negative values indicate that the force that can
be generated by each digit in the four-finger test is substantially lower than that
produced when it is engaged in isolation. This original plot by the author was
generated using data extracted from Shinohara et al. (2003a). It demonstrates that
the diminution of the force applied by the individual digits during four-finger tasks is
larger in older persons than in the young.
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The relationship between grip strength and the aiming component of the ‘Vienna
Test System: Motor Performance Series Workboard’, assessed in 107 participants,
aged 18– 93 years (60 female). This test requires that the participant touch with a
pen stylus in sequence, 20 brass disks (5mm diameter) arranged in a row. The
distance between each disk is 4mm. The outcome measure is derived using the
Fleishman-factor of weighted variables (i.e. as a composite of the number of touch
errors and the total duration). The line of best fit obtained using simple linear
regression, and the corresponding parameters of the fit are shown. This original
plot by the author was generated using data extracted from Martin et al. (2015).
These data illustrate that inter-individual variations in maximum grip strength are
closely associated with variations in manual dexterity. As age increases, the
strength of the association becomes greater.
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Means of the distributions of Mini-Mental State Examination (MMSE) scores
obtained over a 7-year period, partitioned by handgrip strength quartiles at
baseline in 2160 participants (1242 female; 918 male, with MMSE > 21 at
baseline, and complete data on all covariates). The MMSE values are adjusted for
age, gender, education, marital status, medical conditions, depression, near and
distant vision impairment, and body mass index. This original plot by the author
was generated using data extracted from Alfaro-Acha et al. (2006). It shows that
maximum grip strength measured at the beginning of the assessment period
predicts subsequent decreases in a multiple domain test of cognitive function. The
extent of the decline is greatest for the group with the lowest grip strength on initial
observation, and smallest for the group with the highest grip strength on initial
observation.
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Changes in grip strength from age 85 to 89 years stratified by baseline cognitive
performance tertile, for 307 (217 female; 90 male) participants drawn from the
Leiden 85-plus Study. Cognitive performance was assessed on the basis of
Mini-Mental State Examination (MMSE) scores; the abbreviated Stroop test; Letter
Digit Substitution Task (LDST); and 12-Picture Learning Test (12-PLT immediate (i)
and delayed recall (d)). Note that lower Stroop scores indicate better performance.
The error bars correspond to standard error of the means. This original plot by the
author was generated using data extracted from Taekema et al. (2012). It reveals
that cognitive performance measured in multiple domains at the beginning of the
assessment period, predicts subsequent decreases in grip strength. The extent of
the decline in grip strength is greatest for the group with the lowest level of
cognitive performance on initial observation, and smallest for the group with the
highest level of cognitive performance on initial observation.
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The relationship between initial grip strength classification (high +1 SD; low −1 SD)
and subsequent changes in verbal ability (as assessed using the Information
Subtest of the Wechsler Adult Intelligence Scale-Revised [WAIS-R]) in a group of
708 participants drawn from the population-based longitudinal Swedish
Adoption/Twin Study of Aging (397 female; 311 male, age range: 40–86 years at
baseline). The measures of verbal ability obtained over the observation period
were standardized by transformation to T–scores, using the factor means and
variances derived for the first wave of testing. This original plot by the author was
generated using data extracted from Sternäng et al. (2015). It illustrates that
maximum grip strength measured at the beginning of the assessment period
predicts subsequent decreases in verbal ability. The extent of the decline is
greatest for the group with the lowest grip strength on initial observation, and
smallest for the group with the highest grip strength on initial observation.
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Relationship between the normal appearing white matter volume (estimated via
MR imaging) assessed at age 73 years, and changes in grip strength from age 70
to 73, shown for a subgroup of participants drawn from the Lothian Birth Cohort
1936. The results (n = 694) of the corresponding regression analyses (R2 and an
estimate of effect size - standardised β) are shown for a model that that included
as covariates: age-11 IQ; years of education; social class; self-reported medical
history of: cardiovascular disease, diabetes, hypertension, and stroke; and
smoking status. This original plot by the author was generated using data
extracted from Aribisala et al. (2013). It reveals that the volume of
normal-appearing white matter (i.e. areas of white matter not affected by white
matter lesions) at the beginning of the observation period, predicts subsequent
decreases in grip strength. The extent of the decline in grip strength is greatest for
the group with the lowest volumes on initial observation, and smallest for the group
with the highest volumes on initial observation.

