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ARTICLE INFO ABSTRACT

Article history: Many activities of daily living require moving both hands in an organized manner in space and time.
Received 5 October 2016 Therefore, understanding the impact of aging on bimanual coordination is essential for prolonging func-
Received in revised form tional independence and well-being in older adults. Here we investigated the behavioral and neural
}\iczlii:;“;erj i?l}fry 2017 determinants of bimanual coordination in aging. The studies surveyed in this review reveal that aging is
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ual tasks. In addition to changes in activation in local areas, the interaction between distributed brain
areas also exhibits age-related effects, i.e., functional connectivity is increased in the resting brain as

gfr{l‘g/ﬁzisl.coordination well as during task performance. The mechanisms and triggers underlying these functional activation
Brain and connectivity changes remain to be investigated. This requires further research investment into the
Cognition detailed study of interactions between brain structure, function and connectivity. This will also provide
Humans the foundation for interventional research programs towards preservation of brain health and behavioral
Motor control performance by maximizing neuroplasticity potential in older adults.
Motor learning © 2017 Elsevier Ltd. All rights reserved.
Contents
B O 010 o Ta 1L U ) 235
1.1, Auseful ClNICAl T00L ... ...ttt ettt ettt ettt ettt 235
1.2.  Atool with potential benefits for the promotion of healthy aging............cooiiiiiiiiiiiiii i et iie e eaeaeas 235
1.3. A unique asset for understanding interhemispheric iNteraCtions . ... .....u.iiitiiie ettt ittt et ie e iee e ie e aeeeenaaaeas 240
1.4.  Alarge scope for experimental ManiPUIATIONS .. ... u. ettt ittt ittt it ettt e et e e e et e e e et ae e e e iae e e aae e e aae e e eanaeeennns 240
B ] Lo T 243
3. Bimanual COOrdiNAtion fASKS . ... .. uu ettt ettt ettt e ettt ettt et ettt et ettt ettt e et ettt 243
3.1, Discrete BIManuUal ACtIOMS .. ..ottt ettt ettt ettt ettt ettt ettt et 243

3.1.1. Nonrepetitive discrete bimanual @CtiONS ... .......iiiiiit ittt ittt ettt ittt ee et e e e ee e e iee e iaeaennnns 244
3.1.2. Repetitive discrete bimanual actions
3.2, Serial biManUal @CtiONS . ... uu .ttt ittt ettt e
3.3.  Continuous bimanual aCtionsS. .......ceeiiieeiii i it
4, Aging and bimanual COOTAIMATION . .. ...ttt ettt ittt et ettt ettt et e et e e et e e e et e e e et e e e e e e e e e e e e e e taae e e e e e e e aaeeeannaeeennnnanes
4.1. Discrete bimanual aCtioNSs aNd AiNg ... ...veiutttttt ettt ettt ettt ettt ae ettt e e et e e e

Abbreviations: BOLD, blood-oxygen-level dependent; CC, corpus callosum; CRUNCH, compensation-related utilization of neural circuits; DLPFC, dorsolateral prefrontal
cortex; DMN, default mode network; dMRI, diffusion magnetic resonance imaging; DTI, diffusion tensor imaging; EEG, electroencephalography; FC, functional connectivity;
fMRYI, functional magnetic resonance imaging; GTNA, graph theoretical network analyses; HARDI, high angular resolution diffusion imaging; M1, primary motor cortex; OA,
older adults; PET, positron emission tomography; PMd, dorsal premotor cortex; S1, primary somatosensory cortex; SII, secondary somatosensory cortex; SMA, supplementary
motor area; SPL, superior parietal lobule; SUCAS, age-related subcortico-cortical activation shift; TMS, transcranial magnetic stimulation; VL Nc, ventrolateral thalamic
nucleus; VPL Nc, ventral posterolateral thalamic nucleus; YA, young adults.

* Corresponding author.
E-mail address: matthieu.boisgontier@kuleuven.be (M.P. Boisgontier).
T CM and ]G contributed equally to this work.

http://dx.doi.org/10.1016/j.neubiorev.2017.01.052
0149-7634/© 2017 Elsevier Ltd. All rights reserved.


dx.doi.org/10.1016/j.neubiorev.2017.01.052
http://www.sciencedirect.com/science/journal/01497634
http://www.elsevier.com/locate/neubiorev
http://crossmark.crossref.org/dialog/?doi=10.1016/j.neubiorev.2017.01.052&domain=pdf
mailto:matthieu.boisgontier@kuleuven.be
dx.doi.org/10.1016/j.neubiorev.2017.01.052

C. Maes et al. / Neuroscience and Biobehavioral Reviews 75 (2017) 234-256 235

4.1.1.  Task compleXity........uiieeeeneeiieiiiiiiiiiianannns
4.1.2. Taskdifficulty ........ciiiiiiiiiiiii i
4.1.3. Visual feedback...........coooiiiiiiiii
4.1.4. Motorlearning .........c.coovveiiiieiiiiineeiiinneennnnns
4.2. Continuous bimanual actions and aging.........................

4.2.1.  Task cCOmMPIeXity.....ueeiruineieiieeiiiieeeeineeennnns
422, Taskdifficulty .........oiiiiiiiiiiiiiii i
4.2.3. Visual feedback...........ccooiiiiiiiiii i
424, Motorlearning .........c.cooveviiiiiiiiiineeiiiieennnnnns

43, Dual-tasking ......couiiiiiiiii i i i

5. Aging brain and bimanual coordination

5.1.  Effects of aging on brain structure and function................

5.2.  Brain function underlying the effect of age on bimanual cOOrdination...........ouuuuuuuiiiiiii it e

5.2.1. Small timescale (electroencephalography)............
5.2.2.
5.2.3. Transcranial magnetic stimulation....................

5.3. Brain structure underlying the effect of age on bimanual coordination

Large timescale (functional magnetic reSoNanCe iMAZINE ). .....uu.ttiuneet ettt et tiee et ee et iae e eaa e iaeeennaaeeennns

5.3.1. White matter analysis and bimanual COOrdination. .. ............iiiuiettiii ettt ettt ee e ia et iae e eiaeeeeaaeeennns
5.3.2. Grey matter analysis and bimanual COOTAINAtION .. ........t ittt ittt et e et e e e et ee e et iae et eae e e eaiaeeennnns
L Yo T3 () o Y
6.1. Aging triggers increased involvement of cognition in bimanual coordination performance...............oovviiiiiiiiiiiiiiinnneeeeeennnnn. 251
6.2. Hyper-activation, hypo-activation, and compensation/dedifferentiation in OA. .............iiiiiiiiiiiiiie ettt iiiaeeiaeeeannns 252
(200 R S0 Vot () s P a0 u ¥ o ol 01117 12000 252
6.4. Macro and microstructural changes in the aging brain affect bimanual coordination ..............c.coooiiiiiiiiiiii it 252

2B o) el L T ) L

8. Perspectives

Author contributions . .......ovit it i
AcKNowledgments ........ccouiiiiiiiiiiie i e
] ()3 ol

1. Introduction

Many tasks of daily life have a bimanual signature, such a dress-
ing yourself, tying shoelaces, lifting and carrying objects, eating,
or typing an email. However, despite their abundance in daily
life, bimanual coordination skills have been studied much less
intensively than unimanual skills. Equally, in the context of motor
learning paradigms, most research has been done on adaptation
and sequencing tasks, primarily performed by a single limb (King
et al., 2013). However, as a subfield of study in movement control
and neuroplasticity, bimanual coordination is generating increas-
ing interest from various scientific disciplines, such as movement
sciences, neurosciences, clinical neurology, and neurorehabilita-
tion (Swinnen and Gooijers, 2015). This interest stems from the
unique control principles found in bimanual tasks (Kelso et al.,
1979; Swinnen, 2002) that cannot necessarily be inferred from the
study of unimanual movement. Examples are the preference to
activate the homologous muscle groups across both limbs simul-
taneously or to move in the same direction in extrinsic space with
both limbs (Serrien et al., 1999; Swinnen et al., 1997a,b, 1998a,
2001). Because of this underuse of bimanual tasks, our understand-
ing of the neural basis of bimanual coordination is still fragmentary
and basic knowledge about the functional contribution of brain
areas constituting the bimanual motor network is incomplete at
best (Swinnen, 2002; Swinnen and Wenderoth, 2004). Here, we dis-
cuss this bimanual motor network and how it is affected by aging
to pave the way for future research.

1.1. A useful clinical tool

Because many bimanual skills develop spontaneously during
childhood, we consider them as easy and take them for granted.
However, these skills hide a considerable behavioral complexity
and depend on sophisticated neural architecture. This becomes crit-
ically apparent when incurring a temporary dysfunction of one arm
after an injury or when confronted with chronic consequences of

stroke, leading to hemiparesis of one side of the body. As such,
restoring or improving bimanual skill is a critical target for neurore-
habilitation intervention (Lewis and Byblow, 2004; Reinkensmeyer
et al., 2016; Stinear and Byblow, 2004; van Delden et al., 2012).
Clinical tests such as the Purdue Pegboard Test (Desrosiers et al.,
1995a; Tiffin and Asher, 1948) or the TEMPA test (Desrosiers et al.,
1995b) are used to assess bimanual coordination. Moreover, clinical
test batteries such as the Katz Index of Independence in Activities
of Daily Living (Katz et al., 1970) or the Unified Parkinson’s Dis-
ease Rating Scale (UPDRS; Movement disorder society task force on
rating scales for Parkinson’s disease, 2003) often include bimanual
tasks to measure performance capabilities. Sometimes bimanual
skills can even become critical tools to characterize prominent clin-
ical expressions of disease. For example, research on Parkinson’s
disease has demonstrated that freezing episodes can be triggered
during performance of simple bimanual cyclical tasks (Nieuwboer
et al.,, 2009; Vercruysse et al., 2014). This temporary disruption
of movement is a kinematic and neural signature of Parkinson’s
disease that is very similar in the upper and lower limbs (i.e., freez-
ing of gait). Such endeavors open up avenues for investigating
the neural underpinnings of upper limb freezing episodes in these
patients, using medical imaging techniques in constrained environ-
ments that are less optimal for the study of lower limb movements
(Vercruysse et al., 2014). More generally, bimanual skills constitute
a critical marker of functional independence across the lifespan and
in patients recovering from neural insults.

1.2. A tool with potential benefits for the promotion of healthy
aging

As bimanual coordination is a meaningful tool to diagnose,
assess, and rehabilitate patients, a research effort towards improv-
ing our basic understanding of the neural control of bimanual
coordination across the lifespan should be encouraged. Biman-
ual coordination is particularly critical in the older population,
because moving both hands in an organized way in both space
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