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Sensorimotor synchronization (SMS), the coordination of physical actions in time with a rhythmic 
sequence, is a skill that is necessary not only for keeping the beat when making music, but 
in a wide variety of interpersonal contexts. Being able to attend to temporal regularities in the 
environment is a prerequisite for event prediction, which lies at the heart of many cognitive 
and social operations. It is therefore of value to assess and potentially stimulate SMS abilities, 
particularly in aging and neurocognitive disorders (NCDs), to understand intra-individual 
communication in the later stages of life, and to devise effective music-based interventions. 
While a bulk of research exists about SMS and movement-based interventions in Parkinson’s 
disease, a lot less is known about other types of neurodegenerative disorders, such as 
Alzheimer’s disease, vascular dementia, or frontotemporal dementia. In this review, we outline 
the brain and cognitive mechanisms involved in SMS with auditory stimuli, and how they might 
be subject to change in healthy and pathological aging. Globally, SMS with isochronous sounds 
is a relatively well-preserved skill in old adulthood and in patients with NCDs. At the same time, 
natural tapping speed decreases with age. Furthermore, especially when synchronizing to 
sequences at slow tempi, regularity and precision might be lower in older adults, and even 
more so in people with NCDs, presumably due to the fact that this process relies on attention 
and working memory resources that depend on the prefrontal cortex and parietal areas. Finally, 
we point out that the effect of the severity and etiology of NCDs on sensorimotor abilities is 
still unclear: More research is needed with moderate and severe NCD, comparing different 
etiologies, and using complex auditory signals, such as music.

Keywords: aging, dementia, rhythm, finger tapping, timing, Alzheimer’s disease, music, neurodegenerative 
diseases

INTRODUCTION

Sensorimotor synchronization (SMS) is defined as temporal coordination of a motor rhythm 
with an external rhythm. It is a form of adaptive interaction with the environment (Schwartze 
et  al., 2011). Being able to synchronize to regularities in temporal structure and matching 
one’s movements to those of others is of obvious importance in activities whose essence is 
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based on creating a shared temporal structure, such as dance 
or joint music making (Sebanz et al., 2006). However, organizing 
one’s own behavior according to the dynamic unfolding of 
events in the environment is crucial to many more situations 
than that. Interpersonal entrainment is a key rhythmic feature 
in human interactions, including non-musical interactions 
(Bispham, 2006). Many situations that do not require synchrony 
nonetheless cause people to synchronize their movements to 
each other, such as when people unintentionally synchronize 
their postural sway (Shockley et  al., 2003) or lower limb 
movements while walking (van Ulzen et  al., 2008; Nessler and 
Gilliland, 2010), or entrain the frequency of their movements 
to each other while clapping hands. While the use of a pulse 
in structuring one’s behavior in time is self-evident in musical 
activities in which the goal is to maintain temporal stability, 
a pulse also appears in a more loose and subconscious way 
in interpersonal turn-taking interactions (Bispham, 2006). Spoken 
language contains remarkable temporal regularities in the signal 
envelope of the produced acoustic signal, as well as in vocal 
tract movements and syllable duration and rate (Poeppel and 
Assaneo, 2020). When comparing linguistic groups, correlations 
between aspects of temporal structuring in music emerge (Patel 
and Daniele, 2003) underscoring the universality of attending 
to regularities in auditory signals generally. Dynamic attending 
theory (Jones, 1976; Large and Jones, 1999) proposes that when 
presented with an auditory sequence, listeners’ attention will 
oscillate periodically such that it is higher on the beat than 
off the beat, to allow for optimal processing and forming the 
basis for prediction. Although dynamic attending theory has 
mainly been used to explain phenomena of rhythmic perception 
in relation to sequences that are musical or isochronous (i.e., 
periodical with a constant interval between beats), it has also 
been proposed to explain interactional synchrony between 
people that happens in a less strictly rhythmic fashion (Cason 
et  al., 2017). While language does not follow an isochronous 
rhythm, it is nonetheless based on temporal regularities, 
facilitating understanding by allowing the listener to predict 
incoming auditory input (Byrd and Saltzman, 2003; Port, 2003). 
In a domain-general fashion, entrainment to regular auditory 
input may thus enhance the representation of regularities in 
sound, guiding one’s attention to point in time at which 
meaningful information is being delivered (Obleser and Kayser, 
2019; Mathias et  al., 2020). Accordingly, the perceptual system 
appears to be tuned to the natural rhythm of speech (frequencies 
between 2 and 8 Hz; Poeppel and Assaneo, 2020) Contrariwise, 
problems to perceive regularities in the environment and tune 
one’s attention to them might hamper interpersonal 
communication. Indeed, it has been demonstrated that an 
inability to perceive a beat in music generalizes to a weakness 
in perceiving periodicities in speech (Lagrois et  al., 2019). In 
other words, measuring a person’s ability to perceive and 
synchronize with rhythms in the environment does not only 
reveal that person’s sense of rhythm, but a more general 
propensity to predict events in the environment and relate 
to others.

It is therefore worthwhile to assess and study SMS abilities. 
However, the effect of age and neurocognitive disorders (NCDs) 

on sensorimotor abilities remains understudied. NCDs are a 
growing health concern to which an effective treatment remains 
elusive. Besides cognitive decline and degradation of memory 
performance, a common consequence of this condition is a 
decrease in the quality of social relationships. Decreased 
interactions with others and the environment is common to 
patients with dementia (Colling, 2000), a potential result of 
sensory decline common to old age (Gates and Mills, 2005; 
Correia et  al., 2016) and to NCDs (Armstrong, 2009; Hardy 
et  al., 2016; Brenowitz et  al., 2019), or a consequence of living 
in isolation or in an inpatient context with insufficient social 
stimulation (Chung, 2004; Kolanowski et al., 2006). Nonetheless, 
this impairment in communication might also be  understood 
as an impairment in the detection of regularities in the 
environment (Hoehl et  al., 2021). Stimulating and training 
someone’s sensorimotor abilities might inadvertently restore 
their capacity to predict events in the environment, and to 
relate successfully to others.

Music-based interventions, which are increasingly suggested 
in the treatment of NCDs [Guideline Adaptation Committee, 
2016; National Institute for Health and Care Excellence (NICE), 
2019], might reach their peak of effectiveness if they successfully 
stimulate SMS (Ghilain et  al., 2019; Hobeika and Samson, 
2020), particularly in those individuals whose motor abilities 
remain relatively unimpaired despite decline in other domains. 
Music-based interventions exist in many forms but those that 
encourage active participation appear to bring greater benefits 
on behavioral and psychological variables than those in which 
patients listen passively (Sakamoto et  al., 2013; Särkämö et  al., 
2014), suggesting an important role of SMS in the effectiveness 
of these interventions. First, moving in time with others has 
been shown to promote feelings of social cohesion, prosocial 
attitudes, and cooperative behavior (Wiltermuth and Heath, 
2009). Second, temporal expectations elicited by the perception 
of a musical beat may stimulate the reward network and induce 
pleasure (Salimpoor et al., 2011). Improving a person’s temporal 
prediction abilities might help them synchronize and interact 
with others (Pecenka and Keller, 2011), and therefore improve 
communication and reduce isolation.

At present, motor abilities have been well examined in 
patients with Parkinson’s disease (Grahn and Brett, 2009; Dalla 
Bella, 2018) but studies investigating SMS skills in other 
neurological diseases (notably NCDs) are scarce. Even in the 
case of healthy physiological aging, little consensus exists in 
the literature as to whether sensorimotor skills are preserved 
in old age. With this review, we  aim to shed light on the 
question of how SMS abilities develop in the late decades of 
life and over the course of NCDs. Additionally, we  touch upon 
the possibility of using SMS as a diagnostic tool. Since NCDs 
are afflictions of the aging brain, it is important to disentangle 
NCD-related changes in SMS from those related to healthy 
aging. Throughout this review, we  will use the terms major 
and mild NCD. Major and mild NCD are the current terms 
used in the Diagnostic and Statistical Manual of Mental Disorders 
(5th ed.; DSM-5; American Psychiatric Association, 2013) for 
what is otherwise referred to as dementia and mild cognitive 
impairment (MCI). Although technically NCD is a somewhat 
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broader term, for example including cognitive impairment in 
young people caused by traumatic brain injury or HIV infection, 
we  will use the term NCD when discussing studies that 
themselves might have used the terms dementia or MCI in 
their nomenclature. In any case, all studies about NCDs reviewed 
here involved elderly subjects. Finally, Parkinson’s disease is 
often discussed in the context of NCDs, and indeed “major/
mild NCD [possibly] due to Parkinson’s disease” exist as 
conditions in the DSM-5. However, Parkinson’s disease is 
primarily a movement disorder, and as such, there already 
exists a bulk of literature regarding motor abilities in this 
population (Grahn and Brett, 2009; Grabli et  al., 2012) as well 
as the use of rhythmic stimulation in rehabilitation (Dalla 
Bella et  al., 2017a; Cochen De Cock et  al., 2018; Dalla Bella, 
2018), so we  do not wish to add to this literature and restrict 
our review to the other, mostly cortical, etiologies of NCD, 
such as Alzheimer’s disease (AD), vascular NCD, or NCD 
with multiple etiologies.

Our review is therefore organized as follows: First, after 
clarifying what is meant by SMS and how it is quantified and 
assessed, we  present the cognitive and brain mechanisms that 
lie at the heart of SMS, in general terms and as a function 
of the more specific task requirements. Next, we  give an 
overview of how the aging process influences cognitive 
performance and brain structure and function, followed by a 
section on how these processes are influenced by NCDs. In 
both cases, we  offer some predictions with regard to SMS 
performance. We  then review the available literature on SMS 
in healthy aging, followed by the literature on SMS in NCDs 
to evaluate the predictions we  made. We  conclude with some 
suggestions for future research.

Sensorimotor Synchronization: Common 
Paradigms and Ways of Assessing 
Performance
Synchronizing one’s movement with an external rhythm can 
come in many forms including moving one’s limbs with an 
auditory sequence, walking, or dancing (Repp and Su, 2013). 
However, the most commonly employed paradigm is that in 
which a participant is asked to produce regular, rhythmic taps 
with a finger. In the context of this review, we  refer to two 
main types of tapping paradigms as unpaced tapping and paced 
tapping. Unpaced tapping corresponds to tasks in which 
participants produce movements at a self-generated rate, very 
often to identify someone’s spontaneous motor tempo (SMT) 
but also to assess how fast or slow one can maintain a regular 
rate. Paced tapping, on the other hand, consists of synchronizing 
one’s tapping to an auditory pacer. This pacer can be  a simple 
isochronous (metronomic) sequence, with the goal to match 
each tap to the onset of each beat, but it can also be  a more 
complex stimulus (such as music) where the beat must 
be  inferred. Very often, the participant continues to do this 
until the signal fades, a case to which we  refer as  
synchronization without continuation, to distinguish it from 
synchronization–continuation, that is, tasks in which participants 
first synchronize their tapping with an auditory pacer, but 

then continue tapping at the same speed for some time after 
the stimulus has faded.

Sensorimotor synchronization performance measured by 
these tasks is described in terms of variability and accuracy. 
When the participant synchronizes to an external metronome 
or rhythmic stimulus, accuracy or beat alignment refers to 
the extent to which taps occur before (negative asynchrony) 
or after (positive asynchrony) the beat (event onset in the 
external rhythm) and is thus expressed as a difference in ms. 
Variability or precision refers to the standard deviation of the 
asynchronies. On the other hand, during continuation tapping, 
the main observable is the inter-tap interval (ITI), and its 
average and standard deviation are reported. Mean ITI reflects 
whether the subject drifts away from the original tempo, while 
ITI variability, or precision, refers to how consistently an 
individual’s taps are distributed around a period and is given 
by the standard deviation (SD) of the ITIs within a trial, or 
the coefficient of variation (CV; SD divided by mean ITI). 
Sometimes, variability is expressed as its inverse, consistency. 
Finally, mean ITI (reflecting average speed) and ITI variability 
are also used as outcomes in self-paced tapping, in the absence 
of an external stimulus.

BRAIN AND COGNITIVE MECHANISMS 
INVOLVED IN SENSORIMOTOR 
SYNCHRONIZATION

Which brain networks are involved in SMS tapping depends 
on the exact nature and instructions of the task, but very generally, 
areas involved in tapping tasks are primary sensory and motor 
cortices, supplementary motor area (SMA), anterior cerebellum, 
dorsolateral prefrontal cortex, premotor cortex, parietal areas, 
and the basal ganglia (Larsson et  al., 1996; Rao, 1997; Penhune 
and Doyon, 2005; Molinari et  al., 2007; Chen et  al., 2008; Witt 
et  al., 2008; Kung et  al., 2013; Repp and Su, 2013). Another 
general observation that can be  made across a variety of timing 
tasks is that there seem to be  two somewhat disparate networks 
for processing intervals depending on the length of the inter-
onset interval (IOI; Repp and Su, 2013). The automatic timing 
network is involved in the processing of sub-second intervals 
and includes the primary motor cortex, the SMA, the premotor 
cortex, and the cerebellum (Lewis and Miall, 2003). The cognitively 
controlled timing network is involved in the processing of intervals 
longer than 1 s. It comprises areas of the parietal cortex, prefrontal 
cortex, and the basal ganglia (Lewis and Miall, 2003; Buhusi 
and Meck, 2005; Koch et  al., 2009; Coull et  al., 2011, 2013; 
Figure 1).1 The basal ganglia, universally involved in beat processing 
(Grahn, 2009), are also considered part of the automatic timing 
network by some (Lewis and Miall, 2003; Koch et  al., 2009), 
but not all authors (Buhusi and Meck, 2005), although, as Coull 
et  al. (2011) point out, it may well be  that different nuclei 
within the basal ganglia are responsible for timing in the 
sub- and supra-second range, respectively. Contrary to the 

1 https://www.nitrc.org/projects/mricrogl/

https://www.frontiersin.org/journals/psychology
www.frontiersin.org
https://www.frontiersin.org/journals/psychology#articles
https://www.nitrc.org/projects/mricrogl/


von Schnehen et al. SMS in Aging and NCDs

Frontiers in Psychology | www.frontiersin.org 4 March 2022 | Volume 13 | Article 838511

automatic timing network, the cognitively controlled timing 
network is based on brain areas involved in high-level cognitive 
functions. Indeed, Coull et  al. (2011, 2013) suggest that explicit 
estimation of current stimulus duration is a conscious cognitive 
operation necessary to perceive periodicity in a slow stimulus 
with an interval length of above around 1 s. In a related manner, 
for the successful perception of and synchronization to a slow 
beat, people might employ tactics, such as explicit counting 
(Grondin et  al., 1999) and/or subdivision of the given interval 
(Repp, 2003; Repp and Doggett, 2007), strategies that arguably 
rely more on attentional and memory processes and corresponding 
brain networks and less on pure more mechanisms and structures. 
According to Koch et  al. (2009), the dorsolateral prefrontal 
cortex’s role in the timing of long intervals might be  related to 
WM. A study by Henley et  al. (2014) supports this idea, as 
they observed correlations between the ability to maintain a 
slow beat and their WM capacity, measured with the digit span 
backwards test (Wechsler, 1981).

Unpaced Tapping
As mentioned in the previous section, unpaced tapping tasks 
are frequently in such a manner that one’s natural, SMT is 
measured. SMT tends to be consistent across repeated measures 
within the same participant and is seen as a reliable metric 
of internal tempo or clock (Denner et  al., 1964). In addition, 
one might look at preferred perceptual tempo, which is a 
perceptual analogue to SMT.

In cognitive terms, results of spontaneous tapping studies 
have been explained in terms of an internal clock mechanism. 

Many authors have argued that people possess an internal 
clock which determines not only at which tempo they comfortably 
synchronize their movements, but also their ability to predict 
how events in the environment unfold over time (McAuley 
et  al., 2006; Turgeon and Wing, 2012). Such an internal clock 
is often conceptualized as a pacemaker emitting pulses and a 
reference memory evaluating time by counting the number of 
pulses emitted (Church, 1984).

Some evidence suggests that tapping at a self-determined 
speed, as opposed to synchronizing one’s movement with an 
external pacer, engages particularly the primary motor cortex, 
premotor cortex, SMA, dorsolateral prefrontal cortex, as well 
as areas of the parietal lobe and cerebellum (Larsson et  al., 
1996; Witt et  al., 2008). Furthermore, a lesion study involving 
patients with basal ganglia pathology also demonstrated that 
self-paced tapping may depend on basal ganglia integrity, as 
patients tapped at more heterogeneous rates and with increased 
variability compared to healthy controls (Schwartze et al., 2011). 
The authors posit that self-paced tapping might specifically 
depend on the integrity of connections between pre-SMA 
and striatum.

Besides paradigms to identify a person’s SMT, unpaced 
tapping can also take the form of tasks in which participants 
tap as fast or as slow as possible while maintaining a continuous 
regular rhythm. Tapping at a fast rate might engage the same 
automatic timing network, but might additionally depend on 
factors like the time required for muscle contractions and 
muscular and joint flexibility (Daley and Spinks, 2000; Carmeli 
et  al., 2003). However, synchronization precision at a very fast 
tempo might additionally require attentional resources, as 

FIGURE 1 | Brain areas reported to be active in tasks requiring automatic timing and cognitively controlled timing, respectively (Lewis and Miall, 2003; Buhusi and 
Meck, 2005; Koch et al., 2009; Coull et al., 2011, 2013; Repp and Su, 2013). Brain networks were plotted onto a standard MNI152 template rendered with the 
open-source software MRIcroGL (McCausland Center for Brain Imaging, University of South Carolina). PFC, prefrontal cortex; SMA, supplementary motor area; 
PMC, premotor cortex; M1, primary motor cortex.
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suggested by a study that found a correlation (Colella et  al., 
2021) between variability of tapping and score on the Frontal 
Assessment Battery, a test of frontal lobe integrity said to 
reflect attention (Dubois et  al., 2000). Tapping at a very slow 
rate, on the other hand, might involve a conscious representation 
of the current interval and a memory aspect, likely implicating 
structures from the cognitively controlled network (Figure  1).

Paced Tapping
As mentioned above, we  distinguish between simple 
synchronization tasks without continuation and synchronization–
continuation paradigms. The former type of task is expected 
to engage the motor circuitry associated with timing tasks, 
such as motor cortical areas, cerebellum, and basal ganglia, 
with some studies suggesting even stronger involvement of 
the premotor cortex and cerebellum with such externally paced 
movement than when a tempo is internally maintained (Del 
Olmo et  al., 2007; Kornysheva and Schubotz, 2011), like in 
the continuation phase of synchronization–continuation tasks. 
While a few studies suggest the same areas to be  involved in 
continuation as in synchronization (Jäncke et al., 2000; Jantzen 
et  al., 2004), continuation tapping after an external stimulus 
has faded might elicit additional activation in primary sensory 
and motor cortices (Gerloff et  al., 1998), premotor cortex, 
SMA (Serrien, 2008), thalamus, and basal ganglia (specifically, 
putamen; Lewis et  al., 2004). One study also demonstrated 
that a prefrontal–parietal–temporal network, containing the 
dorsal and ventral prefrontal cortex, middle temporal gyrus, 
and parietal lobes, may be especially activated during continuation 
tapping (Jantzen et  al., 2007). The authors suggest that the 
involvement of the prefrontal cortex reflects the task’s requirement 
to form an internal representation of the sequence tempo and 
to recruit attentive processes. This is supported by a study 
finding prefrontal white matter integrity to be related to variability 
of tapping in the continuation phase of a synchronization–
continuation task (Ullén et  al., 2008).

Just like for unpaced tapping, the exact involvement of brain 
networks and cognitive mechanisms may vary depending on 
sequence tempo in tasks involving synchronization with and 
without continuation alike. Accordingly, we can expect particular 
recruitment of structures like the prefrontal cortex and the 
parietal lobes (the cognitively controlled timing network) in 
paced tapping at speeds beyond 1 s (Koch et  al., 2009).

BRAIN AND COGNITIVE CORRELATES 
OF HEALTHY AGING AND 
NEUROCOGNITIVE DISORDERS

Healthy Aging
Even in the absence of neurodegenerative disease, the aging 
brain is subjected to global cortical atrophy and loss of functional 
integrity. Particularly affected structures are the frontal lobes 
(Kaup et al., 2011) and the hippocampus (Persson et al., 2006). 
Reduced cortical volume has also been demonstrated in the 
parietal cortex (Kalpouzos et  al., 2012), and functional 

connectivity between parietal regions and prefrontal cortex has 
been shown to be  reduced in aging (Madden et  al., 2010). 
With these structures impacted in old age, it is not surprising 
that aging is associated with deficits in WM and attention in 
particular (Grady, 2012; Harada et al., 2013). Conversely, genetic 
markers of aging have been shown to accumulate more slowly 
in the cerebellum than in other parts of the brain (Liang and 
Carlson, 2020). Given the cerebellum’s role in precise motor 
timing (Bastian, 2006; Bares et  al., 2007), this points to a 
possible preservation of timing abilities in old age. Additionally, 
the motor cortex does not belong to the heavily impacted 
structures in normal aging, but some atrophy in motor cortical 
regions has been observed, together with atrophy in the corpus 
callosum (Seidler et  al., 2010). Functional neuroimaging has 
found different patterns of brain activation in motor tasks 
between older and younger people. More specifically, some 
motor tasks (especially fine motor control) engage motor regions 
in everyone, but additionally engage prefrontal and sensorimotor 
networks in aged people (Heuninckx et  al., 2005, 2008; Seidler 
et  al., 2010), even in cases where there are no age-related 
differences in performance. This might reflect a shift from 
more automatic to more controlled processing with age, in 
spite of the same task instructions and the same outcome 
(Heuninckx et  al., 2005). In line with those results. a resting-
state functional connectivity study also found a pattern of 
heightened connectivity in some motor networks (motor cortex 
and cerebellar lobule VIII with putamen) and decreased 
connectivity in others (cerebellar lobule V and VIII with 
sensorimotor portion of insular cortex; Seidler et  al., 2015). 
All these results might point to a mechanism of compensation, 
in which motor cortex pathology in old age is offset by an 
additional use of other domain-general neural resources, among 
others in the prefrontal cortex. This might also explain relations 
between sensorimotor function and cognitive functions in age 
(Li and Lindenberger, 2002). If motor tasks rely more on 
prefrontal cortex and other networks in old age, we  would 
assume a covariation of motor performance and cognitive 
functions, and competition of resources if a task involves both 
motor and cognitive requirements. Alternatively, the additional 
involvement of non-motor regions in older people might also 
reflect a less efficient use of neural resources in older people 
(Stevens et  al., 2008; Grady, 2012).

This picture of age-related changes in cognitive functions 
and neural mechanisms generates some predictions. If we imagine 
internal clock in terms of a pacemaker emitting regular pulses 
and a person’s SMT as “one tap every n pulses,” and if we suppose 
that internal clock slows with age, as has often been suggested 
(Vanneste et  al., 2001; Turgeon and Wing, 2012), this means 
that the rate of regularly emitted pulses is lower with age. 
Consequently, SMT and preferred perceptual tempo should 
be  lower with age, but we  do not have a reason to believe 
that people would tap spontaneously with a higher variability. 
If one chooses their own tempo and provides one tap every 
n pulses, even if these pulses occur less frequently, variability 
is not expected to be  affected. On a cerebral level, the relative 
preservation of cerebellar integrity (Liang and Carlson, 2020) 
also suggests preserved variability in spontaneous tapping, given 
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the cerebellum’s role in predictive movement control (Bastian, 
2006). However, on fast unpaced tapping tasks, we  expect a 
slower speed as well as reduced consistency. As mentioned 
above, CV when tapping as fast as possible has been linked 
to attention (Colella et al., 2021), and we expect lower available 
attentional resources in aging to be reflected in lower consistency.

Regarding paced tapping, due to the relative preservation 
of cerebellum and motor cortical structures in aging, we  do 
not expect a great decline in performance in elderly people, 
at least at intervals that are neither very fast nor very slow, 
except perhaps for very old people. With regard to 
synchronization to very fast stimuli, we  might imagine lower 
consistency. If an internal pacemaker emits fewer pulses with 
age, this should lead to a reduced temporal resolution of 
perceived stimuli and therefore increasing difficulty to 
synchronize to them as interval length decreases. Conversely, 
due to the asserted use of the cognitively controlled timing 
system with very slow intervals (above 1 s), we  would expect 
differences in brain activation with aging. As the memory and 
attentional resources might already be  used for fundamental 
motor synchronization due to compensatory rewiring, 
we  hypothesize a larger involvement of parietal areas and 
prefrontal cortex to fulfill those requirements, and/or a decrease 
in performance.

Neurocognitive Disorders
In order to describe the neuropathology of NCDs and make 
predictions regarding SMS in cognitively impaired people 
accordingly, it is important to acknowledge that NCD is a 
complex clinical picture that can have several different etiologies, 
including AD, vascular NCD, frontotemporal NCD, NCD with 
Lewy bodies, and others.

Most of the brain structural damage in NCDs, especially 
in AD, occurs in the hippocampus and surrounding parietal–
temporal areas, even in early stages of the disease (Braak and 
Braak, 1991; Scheff et  al., 2006; Jacobsen et  al., 2015; Rémy 
et al., 2015). Besides the hippocampus, there is reduced structural 
and functional integrity in the prefrontal cortex (Braak and 
Braak, 1991; Rémy et  al., 2015). WM and attention capacity 
are reduced, beyond what is usual with healthy aging. Conversely, 
primary sensory, motor, visual and anterior cingulate cortices 
are relatively well preserved (Jacobsen et  al., 2015). However, 
despite cortical atrophy affecting some structures more than 
others, the entire cortex is affected and particularly in late 
stages of the disease, motor areas show the same neurofibrillary 
tangles and neurotic plaques as other areas, as some autopsy 
studies reveal (Golaz et  al., 1992; Suva et  al., 1999). Some 
research even suggests that motor cortex atrophy occurs in 
early stage NCD, although motor symptoms are visible only 
in later stages of the disease. Similarly to healthy aging, there 
is some evidence for compensatory processes: One study reported 
hyperexcitability of the sensorimotor cortex in AD patients 
compared to age-matched controls, even in the absence of 
motor symptoms (Ferreri et  al., 2016). A diffusion tensor 
imaging study demonstrated some rewiring with alternative 
connectivity between motor cortex and other cortical and 
subcortical areas in AD and MCI (Agosta et  al., 2010). 

Additionally, this level of rewiring was correlated with 
hippocampal atrophy and AD-related changes in grey matter 
volume. It is conceivable that these NCD-related changes reflect 
an attempt to compensate for degeneration of motor structures 
by employing additional brain networks to perform motor tasks.

Even AD can be  considered a somewhat heterogeneous 
disease that could possibly be  further divided into subtypes 
(Lam et al., 2013). In vascular NCD, the second most common 
type, the brain damage depends on the location of the vascular 
accident. It can be  primarily cortical, primarily subcortical, or 
a combination, and the neuropsychological profile is accordingly 
variable (Braaten et  al., 2006; O’Brien and Thomas, 2015). In 
short, NCD is a diverse clinical picture, and even its subtypes 
can further be  divided into subcategories, so it is difficult to 
make predictions with regard to SMS performance. The following 
predictions, as well as the results discussed later, might to 
some extent be  generalizable, but apply to AD patients more 
than to people with other NCDs.

Generally, there is not too much evidence to suggest that 
people with NCDs would perform worse on unpaced tapping 
tasks. However, given that self-paced tapping has been shown 
to depend more on dorsolateral prefrontal cortex and parietal 
lobe integrity (Witt et  al., 2008), it could be  that accuracy 
and consistency might be  lower in people with NCDs. 
Additionally, it must be  mentioned that unpaced tapping 
might be  differently affected by different patterns of neural 
degeneration. For example, basal ganglia pathology is 
particularly associated with vascular NCD (Hansen et  al., 
2015; Banerjee et  al., 2017), so maybe people with vascular 
NCDs, and particularly those with damage to the basal 
ganglia, might be  more impacted in unpaced tapping tasks, 
which may rely more heavily on basal ganglia (Schwartze 
et  al., 2011), as discussed above.

Regarding paced tapping tasks, as with healthy aging, the 
degree to which people with NCDs might be  impaired might 
especially depend on interval length. Since motor structures, 
including the cerebellum, are relatively well preserved in people 
with NCDs, we expect relatively good performance when using 
the automatic timing network, that is, at fast and comfortable 
intervals, and especially at tasks using synchronization without 
continuation, that is, without a requirement to create a mental 
representation of a given interval. We  might expect some 
difficulty, reflected in higher variability in people with NCDs 
compared to healthy participants on synchronization–
continuation tasks, since continuation tapping involves WM 
and structures like the prefrontal cortex, parietal and temporal 
lobes are implicated, all of which are more impacted in NCDs 
than in healthy aging. Besides higher variability, we hypothesize 
people with NCDs to speed up on continuation tapping at 
slow tempi, given that speeding up on such tasks has previously 
been related to performance on WM tasks (Henley et al., 2014). 
We could conjecture that tapping at slow tempi would be even 
more impaired in people with frontotemporal NCD, since here 
the prefrontal cortex is especially impaired. Perhaps strategies 
like explicit counting and subdivision that can help people to 
synchronize with slow sequences are also less utilized by people 
with NCDs than by their healthy counterparts.
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SENSORIMOTOR SYNCHRONIZATION IN 
HEALTHY AGING

In the following, we  discuss and synthesize some of the relevant 
research that features tasks that make people of different ages 
tap in a rhythmic fashion, to test the predictions we  made. 
We report separately on unpaced and paced tapping tasks, which 
both contribute complementary information about how temporal 
mechanisms change with age. Previous research has demonstrated 
that people (regardless of age or cognitive impairment) spontaneously 
produce intervals of around 600 ms (Dalla Bella et  al., 2017b) 
and that synchronization to external rhythms is best between 
400 and 800 ms (McAuley, 2010), thus suggesting a relationship 
between these two measures in the sense that synchronization 
consistency and accuracy may become smaller as the difference 
between target tempo and internal tempo becomes greater.

Unpaced Tapping
Spontaneous Motor Tempo
Studies that have compared SMT across age groups generally 
agree with each other in that they find a significantly slower 
tempo in older compared to younger people (Vanneste et  al., 
2001; Baudouin et  al., 2004; McAuley et  al., 2006; Turgeon 
and Wing, 2012; see Table  1). It is merely the magnitude of 
slowing with age, as well as the exact developmental course, 
that were somewhat different across studies. For example, while 
some studies found quite substantial differences in the ITIs 
of participants of different ages (1,072 ms for old participants; 
654 ms for young participants; Baudouin et  al., 2004), this 
difference is smaller in other studies (747 ms in old participants; 
536 ms in young participants; Vanneste et  al., 2001) and even 
subtler in others (McAuley et  al., 2006, found the SMT of 
people aged 75+ to be 648 ms, 632 ms for participants between 
60 and 74, and 522 ms for people aged 39–59).

Regarding the developmental course, some authors 
demonstrated that it is especially in very old age that a slowing 

of SMT is visible. McAuley et al. (2006) found a cubic relationship 
between age and SMT, suggesting that this variable slows 
particularly late in life (i.e., after the age of 75). Similarly, in 
study of Turgeon and Wing (2012), a slowing of spontaneous 
motor rate was visible particularly in participants aged 75 
and above.

Consistency of spontaneous tapping, which is usually expressed 
in terms of CV, does not appear to be  as affected by age, as 
we  predicted. McAuley et  al. (2006) and Vanneste et  al. (2001) 
found that old and very old people at their preferred tempo 
tapped as consistently as young ones. Along similar lines, using 
linear regression, Turgeon and Wing (2012) did not find age 
to predict a significant proportion of variance of CV. Thus, 
at a tempo that participants choose themselves, differences in 
terms of consistency have not been observed between young 
and old people.

As SMT reflects one’s natural rate of rhythmic motor activity, 
it is often thought of as being related to preferred perceptual 
tempo. McAuley et  al. (2006) investigated the relationship 
between SMT and preferred perceptual tempo, in a study in 
which they presented rhythmic sequences of different speeds 
to their participants and asked them to judge whether each 
sequence was too fast, too slow, just right (relative to their 
favorite speed), or anything in between. They found that 
preferred perceptual tempo slowed with age along with SMT 
and that these two variables were highly correlated. One may 
then conclude that SMT, which appears to significantly slow 
down with age, might reflect the slowing of one’s internal 
clock in old age.

Fastest and Slowest Unpaced Tapping
Other types of unpaced tapping are those that require participants 
to tap in a repeating, continuous fashion as fast or as slow as 
possible, to see at which upper and lower limit participants are 
able to maintain a regular tap. As demonstrated by a large 
number of studies, when given the instruction to tap regularly 

TABLE 1 | Studies investigating spontaneous motor tempo in different age groups.

Study Young Middle-aged Old Very old

Baudouin et al. (2004) n 20 – 21 21
MAge (SD) 25.05 (3.71) 73.19 (4.54) 85.90 (3.32)

SMT in ms (SD) 654***a (186) 1,072***a (318) 1,125***a (426)
McAuley et al. (2006) n 119 52 25 21

Age range 18–38 39–59 60–74 75–95
SMT in ms (SD) 630**b (22) 522**b (34) 632**b (59) 648**b (43)

Age significantly predicted SMT**

Turgeon and Wing (2012) n 60
MAge (SDAge) 54.35 (25.18)

SMT

Age significantly predicted SMT***

Vanneste et al. (2001) n 8 – 11 –
MAge (SD) 26.25 (1.83) 69 (4.52)

SMT in ms (Range) 536** (283–727) 747** (625–1,035)

M, mean; SD, standard deviation; SMT, spontaneous motor tempo.  aOld and very old groups significantly different than young group; no difference between old and very old.  
bNo statistical test for between-group differences was performed, but a regression analysis found age to significantly predict SMT. **p < 0.01;  ***p < 0.001.
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TABLE 2 | Studies investigating paced tapping in different age groups.

Study

Fast tempo (<350 ms) Comfortable tempo Slow tempo (>1,000 ms)

IOI
Age 

effect
IOI

Age 
effect

IOI
Age 

effect

Bangert and Balota (2012) Consistency – 500 ms/1,000 ms No diff. 1,500 ms O < Y***
Accuracy No diff. O < Y*

Carment et al. (2018) Consistency 333 ms No diff. 500 ms/1,000 ms No diff –

Accuracy O < Y*** No diff.
Drewing et al. (2006) Consistency 333 ms No diff. 999 ms No diff. –

Accuracy No diff. No diff.
Duchek et al. (1994) Consistency – 550 ms No dif. –

Accuracy 550 ms No diff.
Krampe et al. (2005) Consistency 300 ms No diff. 400 ms/600 ms/800 ms/1,000 ms No diff. 1,200 ms/1,600 ms/2,000 ms No diff.

Accuracy No diff. No diff. No diff.
Krampe et al. (2010): 
Single-task condition

Consistency – 550 ms No diff. 2,100 ms No diff.
Accuracy No diff. No diff.

Dual-task condition Consistency O < Y*** O < Y*
Accuracy O < Y* O < Y**

McAuley et al. (2006) Consistency 150 ms/225 ms/337 ms No diff. 506 ms/759 ms No diff. 1,139 ms/1,709 ms No diff.
Accuracy No diff. No diff. O > Y

Nagasaki et al. (1988) Consistency 200 ms/250 ms/333 ms O < Y* 500 ms/1,000 ms O < Y* –
Accuracy No diff. No diff.

Thompson et al. (2015) Consistency – 500 ms/667 ms O < Y*** –
Accuracy O < Y*

Turgeon et al. (2011) Consistency – 600 ms/900 ms No diff. –
Accuracy No diff.

Vanneste et al. (2001) Consistency 300 ms No diff. 400 ms/500 ms/600 ms/700 ms No diff. –
Accuracy No diff. No diff.

For simplification, paradigms using synchronization with continuation and synchronization–continuation are reported together here. O, old participants; Y, young participants; IOI, 
inter-onset interval.  *p < 0.05;  **p < 0.01;  ***p < 0.001.

as fast as possible, older people tapped at a slower rate than 
younger people (Nagasaki et  al., 1988; Cousins et  al., 1998; 
McAuley et  al., 2006; Turgeon et  al., 2011). This fastest tempo 
may slow down most evidently from the age of about 70 years 
onwards (McAuley et al., 2006). Conversely, McAuley et al. (2006) 
also made their participants tap as slowly as possible at a constant 
rate, in which case older people sped up more than younger 
people. It appears, then, that aged people have a narrower range 
of tempi at which they can consistently produce taps than 
young people.

The variability of taps at a fastest regular speed has not always 
been investigated. Where it has, CV was shown to be  affected 
by aging, although this effect was weaker than the effect of 
aging on interval size. More specifically, Turgeon et  al. (2011) 
found age to account for 7% of the variance in CV scores and 
for 32% of the variance in ITI, which might reflect decreased 
attention in old age.

Paced Tapping
Synchronization Without Continuation
In tasks requiring participants to synchronize their tapping 
with an external regular signal, differences between young and 
old have been less clear than in the unpaced tapping tasks 
described above (see Table  2). First of all, several studies did 
not find differences between these two groups in terms of 
variabilities or accuracies (Krampe et  al., 2005; Drewing et  al., 
2006; Turgeon et  al., 2011). Contrary to that, Nagasaki et  al. 

(1988) did find CV to correlate with age at all the intervals 
examined (between 200 and 1,000 ms), but did not find a 
significant effect of age on asynchronies.

One study (Thompson et  al., 2015) did report differences 
between old and young participants in both variabilities and 
accuracies. In this study, older adults (age range 51–80) tapped 
to a regular beat with a higher variability and with a larger 
asynchrony than younger and middle-aged adults (age range 
18–43). These results may seem surprising, especially in light 
of the relatively young age of their old adults group (MAge = 63.67; 
for comparison, Drewing et al., 2006 did not find such age-related 
effects in the group of people aged 78–88). However, the 
difference found by Thompson et  al. (2015) may, at least in 
part, be  explained by musical experience. Since the authors 
were interested in how musical experience influenced beat 
synchronization, they recruited many musically experienced 
participants (in the young and middle-aged adult groups, there 
were 32 people with and 11 people without musical background). 
However, musical background was not assessed in the group 
of older adults, and therefore old and young adults may have 
not been matched on this variable. In fact, the respective 
asynchronies found in this study (around 40 ms before the 
beat for the older group and around 15 ms before the beat 
for the younger groups) are remarkably close to values that 
have previously been found in research comparing musicians 
and non-musicians (Aschersleben, 2002). Assessing musical 
training in all groups, including older adults, would have made 
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it possible to verify whether young and middle-aged adults’ 
superior performance was due to musical experience rather 
than age, and also to investigate whether musical training could 
be  a neuroprotective factor in aged people.

Up until now, all studies we  discussed here described 
paradigms in which people synchronized their movements to 
an isochronous sequence of repeating single beats. And in 
fact, while a large part of those studies discussed their results 
in terms of their relevance for music perception and cognition, 
one could argue that their stimuli were not strictly musical. 
People move spontaneously to a musical beat (Leman et  al., 
2017), even though this beat is a perceptual construct that 
does not have a clear physical correlate. Beats sometimes 
co-occur with musical notes, but not necessarily: A beat can 
occur on a silent event (McAuley, 2010). Extracting a beat 
from a complex auditory signal, such as music, while automatic, 
might be  a quite different process than merely synchronizing 
to an explicit beat. And therefore, this process might be differently 
affected by aging and NCDs. Indeed, rhythm difficulties might 
be more easily identified with music than with simple, repeating 
tones (Sowiński and Dalla Bella, 2013; Falk et al., 2015). Another 
reason to look at music in addition to metronomic sequences 
is that generally, people tend to tap with a higher asynchrony 
(that is, their taps precede the corresponding stimulus onset) 
when synchronizing with a metronome compared to music 
(Thaut et  al., 1997; Aschersleben, 2002), a result that has 
recently been confirmed in elderly people (Ghilain et  al., 
2020a,b), but still lacks a definitive explanation. It has been 
suggested that subdivision of intervals between beats leads to 
a reduction of negative asynchronies and their variability, and 
that synchronization may be  facilitated by the recurrence of 
different pitches, event duration, or intensities (Repp, 2003). 
In this way, music could be  seen as an extreme case of 
subdivision, and the observed pattern of reduced asynchronies 
in tapping to music might be  no different from what has been 
observed in tapping to a subdivided metronomic sequence. In 
either case, however, no studies exist to the best of our knowledge 
that compare old and young participants on an SMS task 
requiring participants to tap along with an auditory complex, 
that is, musical, stimulus.

Synchronization–Continuation
In synchronization–continuation tasks, participants first 
synchronize with a metronome and then continue tapping at 
the same rate when the sound has stopped. Generally, only 
the performance in the continuation phase is analyzed (Wing 
and Kristofferson, 1973). Regarding the question of how older 
adults perform in this paradigm, the results are somewhat 
mixed (see Table 2). Turgeon et al. (2011) used a synchronization–
continuation paradigm in which the target tempi per individual 
were determined based on one’s SMT in the preceding 
spontaneous tapping task (see Section “Spontaneous Motor 
Tempo”). At the intervals IOI = 600 ms and IOI = 900 ms, age 
did not significantly predict variability or accuracy.

Other studies also did not find any differences in ITI or 
variability on synchronization–continuation tasks using tempi 
between 300 and 700 ms (Duchek et  al., 1994; Vanneste et  al., 

2001). One study found intact performance in old subjects 
even at intervals as short as 150 and 225 ms (McAuley et  al., 
2006), but a higher asynchrony (speeding up) at the slowest 
target interval (1,709 ms) in their oldest group (75 years and 
above), but not in the group of 60–74-year-olds. Conversely, 
Carment et al. (2018) reported an increase in variability among 
older subjects at the IOI of 333 ms, but not at 500 and 1,000 ms. 
Another study found differences in both variability and accuracy 
among older participants at a target interval of 1,500 ms, but 
not at 500 ms or 1,000 ms (Bangert and Balota, 2012). These 
results lend support to the purported existence of two systems 
involved in temporal perception, an automatic and a cognitively 
controlled one, the latter of which is particularly implicated 
in the processing of slow intervals and presumably used less 
efficiently by older people.

Krampe et  al. (2010) conducted a study with a dual-task 
design in which participants were required to tap to a faster 
(IOI = 550 ms) or slower (IOI = 2,100) tempo, while performing 
variants of the NBack WM task (Dobbs and Rule, 1989). In 
this task, participants were exposed to a sequence of visual 
stimuli and were asked to indicate when the current stimulus 
matched the one presented two steps earlier in the sequence. 
While this paradigm falls a bit outside the order of simple 
synchronization–continuation paradigms presented here, it is 
relevant for two reasons. First, the authors also report 
performance under single-task conditions, that is, while 
performing synchronization–continuation without a concurrent 
second task. In this case, there was no difference in variability 
or accuracy among age groups, even at the slow tempo of 
IOI = 2,100 ms, which is in contrast to the speeding up among 
oldest subjects in study of McAuley et  al. (2006) study and 
the lower consistency and accuracy observed in oldest participants 
of Bangert and Balota (2012). This discrepancy might in part 
be  explained by age differences: While older participants of 
Krampe et al. (2010) had a MAge of 67, healthy old participants 
of Bangert and Balota (2012) were on average 75 years old 
and McAuley et  al. (2006) included only people aged 75 or 
older in their oldest group. Therefore, it indeed appears to 
be difficult at least for very old people to synchronize successfully 
with a fading stimulus presented at a slow tempo (of at least 
an IOI = 1,200 or more).

The second reason for which study of Krampe et  al. (2010) 
study is relevant to this review is that the dual-task nature 
of the paradigm might provide relevant information regarding 
the cognitive mechanisms involved in tapping at slow frequencies. 
Dual-tasking caused people regardless of age to speed up at 
the slow tempo, but additionally caused old participants to 
speed up at the fast tempo. Similarly, variability was significantly 
higher in older adults (at fast and slow tempi), but only in 
the dual-task condition. The authors’ interpretation is that 
maintaining temporal precision and stability, even at a tempo 
of IOI = 550 ms, might be a quite automatic process in younger 
people, but might cost older people more attention and WM 
resources, in line with the compensation hypotheses mentioned 
above. Without any cognitive load, they can deploy that attention 
and WM resources to perform the task as well as their young 
counterparts. However, with fewer of these resources available, 
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their performance will drop. Indeed, as we discussed in Section 
“Brain and Cognitive Correlates of Healthy Aging and 
Neurocognitive Disorders,” it may be  the cumulative effect of 
slow tempo, cognitive load, and age-related competition for 
prefrontal resources due to compensatory rewiring of the motor 
system that is expressed in the lower performance of older people.

Conclusion: Sensorimotor Synchronization in 
Healthy Aging
Perhaps the clearest finding regarding aging and SMS is a 
lower SMT in older people, which has been demonstrated in 
people in their 60 s and above but may be  most apparent 
from the age of around 75 years onward. Similarly, preferred 
perceptual tempo appears to slow with age and to correlate 
with SMT. In contrast, variability appears to be  intact in old 
participants tapping at a self-chosen speed. Moreover, the range 
of rates at which aged participants can tap regularly is narrower 
than for young participants, with a slower fastest tempo and 
a faster slowest tempo.

Paced tapping tasks have not tended to reveal differences 
in variability or accuracy between old and young subjects. 
Exceptions are synchronization–continuation tasks where 
participants had to maintain a relatively slow rate beyond 1 s, 
in which older people tended to speed up and tap less consistently, 
especially very old people from around 75 years old. Higher 
variability has also been reported at fast intervals of 333 ms 
and below and some research points to an interaction between 
age and cognitive load even at intervals that are close to people’s 
natural pace.

SENSORIMOTOR SYNCHRONIZATION IN 
NEUROCOGNITIVE DISORDERS

Unpaced Tapping
Spontaneous Motor Tempo
Having discussed the relative slowing of SMT with age, we now 
discuss how this variable is affected by NCD. A few sources 
have suggested that unpaced tapping may become more 
variable and SMT may slow in NCDs, especially in advanced 

stages (see Table  3). Roalf et  al. (2018) found people with 
AD and MCI to tap with a higher variability compared to 
age-matched healthy controls, and variability was negatively 
associated with their score on the Mini-Mental State 
Examination (MMSE; Folstein et  al., 1983), a widely used 
test for screening cognitive function among the elderly. People 
with AD produced significantly fewer taps during 1 min of 
tapping at a comfortable rate compared to healthy participants, 
whereas the speed of participants with MCI did not significantly 
differ from either of the other groups. The difference in 
produced ITI between the AD group and healthy older adults 
was significant, albeit not very large (469 and 441 ms, 
respectively). Similarly, Rabinowitz and Lavner (2014) found 
that in a group composed of patients with MCI and patients 
with a diagnosis of dementia, variability was higher in that 
group than in healthy controls. Moreover, patients tapped at 
a slower speed (747 ms) than their healthy counterparts 
(581 ms). Additionally, MMSE score was found to be correlated 
with mean ITI, suggesting a slowing of SMT with disease 
progression. In contrast, some other studies compared people 
with and without NCD on a spontaneous motor tapping task 
and did not find any differences in ITI or variability (Martin 
et  al., 2017; Ghilain et  al., 2020a). In these studies, subjects 
tapped at a comfortable speed for 30 s or for 30 ITIs, respectively. 
The apparent disagreement in the literature may be explained 
by different instructions that were given. The durations in 
which people performed the SMT task were shorter in Roalf 
et  al. (2018; six blocks of 10 s) and Rabinowitz and Lavner 
(2014; one block of 15 s). In just 10 or 15 s, even when told 
to tap at a comfortable speed, people might feel pressure to 
produce as many taps as possible. Indeed, the produced ITIs 
were relatively low, even compared to the ITIs found in the 
studies on SMT in healthy aging (see Table  1). Although 
speculative, it may be  that people with NCD react to this 
pressure differently than healthy older adults. Additionally, 
cognitively impaired people might potentially have had more 
problems understanding the task instructions. If, due to lack 
of clarity of the task requirements, people with NCD tapped 
more hesitantly (slower and more variably) in the beginning 
of a task, this would be  reflected in their overall scores more 
heavily if the whole trial was just 10 or 15 s long.

TABLE 3 | Studies investigating spontaneous motor tempo and spontaneous tapping in people with and without neurocognitive disorders.

Study Healthy Mild NCD Major NCD

Ghilain et al. (2020a) SMT in ms (SD) Between-group difference in SMT: n.s.
Consistency Between-group difference in CV: n.s.

Martin et al. (2017) SMT in ms (SD) 820.33 (237.68) – 935.88 (381.72)

Consistency Not computed
Rabinowitz and Lavner (2014) SMT in ms (SD) 581*** 747***

Consistency Not computed
Roalf et al. (2018) n 131 46 62

SMT in ms (SD) 438*a (67) 468*a (102) 468*a (91)
Consistency (IIV) 0.72*a 0.83*a 0.82*a

NCD, neurocognitive disorder; SMT, spontaneous motor tempo; SD, standard deviation; IIV, intra-individual variability; CV, coefficient of variation; n.s., not significant.  aMajor and 
mild NCD groups significantly different than healthy group; no difference between major and mild NCD.
*p < 0.05;  ***p < 0.001.
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Therefore, the SMT tasks used in Ghilain et  al. (2020a) 
and Martin et  al. (2017), affording their participants more 
time to establish a regular tapping pattern reflective of their 
internal speed, might be  a better representation of their real 
SMT. Indeed, the rates observed in their studies, which lay 
roughly between 700 and 950 ms, are close to SMT values 
that have been observed in physiological aging (see Table  1). 
It therefore does not appear that during spontaneous tapping, 
ITI and consistency deteriorate in NCD, at least not in the 
mild to moderate stages of NCD that participants in all the 
studies quoted above tended to be in. More research, particularly 
including people with more severe NCD, is needed to establish 
an effect or absence of effect of NCD on SMT.

Fastest Unpaced Tapping
As with healthy aging, some studies have looked into the 
variability and speed at which people with major and mild 
NCD tap when asked to tap regularly as fast as possible.

Under these conditions, Kluger et  al. (1997) identified no 
difference in terms of produced tempo between patients with 
MCI and age-matched healthy participants, but found people 
with mild AD to tap at a lower speed. In contrast, Goldman 
et  al. (1999) did not find an effect of AD on produced fastest 
tempo. Variability was not taken into account in these studies. 
Colella et  al. (2021) did find tapping variability to increase 
in people with MCI, but they did not find a difference in 
tempo between the groups. Taken together, these studies suggest 
that while a decrease in fastest tempo at which people can 
tap is only seen in advanced stages of NCD, regularity of fast 
tapping already appears to decrease in people with mild 
NCD. This is an interesting parallel to the results found by 
Roalf et  al. (2018), who also observed decreased variability in 
people with MCI but decreased absolute tempo only with a 
diagnosis of AD in their SMT task.

To the best of our knowledge, there do not exist any studies 
comparing people with and without NCD on the ability to 
tap in a regular fashion as slowly as possible. Since paced 
tapping at a slow tempo might rely more heavily on WM and 
attention, we  might infer that people with NCD, who tend to 
be  impaired in these domains, might speed up and/or tap 
with a higher variability when instructed to keep a regular 
pace as slowly as possible, a prediction that remains to be tested.

Paced Tapping
Synchronization Without Continuation
The performance of tapping along with an auditory metronome 
has been investigated in people with NCDs in few studies. 
There might be  several reasons for this, but we  presume that 
many of the tasks described in the last few sections could 
not have been conducted in the same fashion with people 
with NCDs, especially in groups of patients with major NCD. In 
this group, particular attention must be paid to avoid stressful, 
unpleasant, artificial, and invasive laboratory situations. The 
listening and movement production tasks described in the 
previous sections might not be  suitable for this patient group, 
and instead research with multimodal stimuli that creates a 

social or quasi-social situation might be conducive here (Desmet 
et  al., 2017; Lesaffre et  al., 2017). An example of this is the 
paradigm we described in Ghilain et al. (2020a,b), and Hobeika 
et al. (2021) in which participants were instructed to tap along 
with music or a regular metronome (IOI = 800 ms) while a 
musician, either seated across from the participant or projected 
onto a life-sized screen, vocalized and tapped along with the 
same stimulus. Under these conditions, benefitting from the 
presence of a musician, no differences in asynchrony or variability 
were found between people with and without NCD (see Table 4). 
It must be  mentioned that the patients in this study were 
recruited from a day hospital rather than an inpatient care 
facility, so they might reflect a relatively independent and mildly 
impaired NCD group. Their average MMSE score of 20 was 
just on the fringe between mild and moderate cognitive 
impairment (Folstein et  al., 1983), so we  cannot exclude the 
possibility that a sample of more heavily cognitively impaired 
patients would show deficits in tapping performance compared 
to healthy older adults. The lack of effect of NCD might also 
be  explained by other methodological variables, such as the 
use of only one tempo (close to elderly people’s SMT, see 
Table  1) or the impact of social entrainment related to the 
presence of a partner during the task. Since this paradigm is 
adapted to people with major NCD, it would be  interesting 
to have a group of more cognitively impaired people perform 
this task.

Besides this, there do not exist many studies evaluating 
SMS with complex auditory (musical) stimuli, although, as 
we argued in Section “Synchronization Without Continuation,” 
it is not only interesting to directly compare SMS to metronomic 
sequences and SMS to music, due to the presumably different 
mechanisms involved in beat extraction, but providing musical 
stimuli can also be of particular value in creating an experimental 
situation that will make people with NCDs feel comfortable 
and that has some ecological validity.

One study that did uncover NCD-related differences in SMS 
was that by Henley et  al. (2014). In this study, participants 
with different variants of frontotemporal dementia and AD 
synchronized with a metronome at an IOI of 1,500 ms. This 
study did not find differences in accuracy but higher variability 
in participants with behavioral variant frontotemporal dementia, 
but not in participants with other variants of frontotemporal 
dementia or AD, compared to healthy age-matched adults.

Synchronization–Continuation
Bangert and Balota (2012), whose study was mentioned in 
Section “Synchronization–Continuation” about healthy aging, 
had their participants tap at a rate of 500, 1,000, and 1,500 ms, 
after the metronome stopped. Besides comparing the performance 
of young and healthy old participants, they also compared the 
latter group’s performance to that of people with very mild 
(mean MMSE = 27) and mild dementia (mean MMSE = 24). At 
the interval of 500 ms, they identified no group differences in 
terms of variability or accuracy (see Table  4). At 1,000 ms, 
people with dementia tapped with a greater variability but at 
the same accuracy as their healthy counterparts, whereas at 
1,500 ms both consistency and accuracy were reduced in 
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cognitively impaired people. These effects were stronger in 
people with mild compared to very mild dementia. 
Complementing these findings, Carment et  al. (2018) found 
unimpaired performance with MCI and AD (mean MMSE = 22) 
at tapping rates of 500 ms and 1,000 ms, but increased variability 
at the most rapid tempo of 333 ms. Duchek et  al. (1994) 
employed an IOI of 550 ms and found merely a non-significant 
trend toward higher variability. Nichelli et  al. (1993) did not 
test their participants at shorter intervals, but found AD patients’ 
variability to be  larger than healthy participants’ at an interval 
of 1,000 ms, corroborating findings of Bangert and Balota (2012). 
Along similar lines, Henley et al. (2014), in a synchronization–
continuation task at 1,500 ms, found lower accuracy (speeding 
up) and greater variability in people with behavioral variant 
frontotemporal dementia, and greater variability in people with 
AD compared to healthy participants. Based on these studies, 
it appears that ITI and/or variability in people with NCD are 
only impacted at relatively long or relatively short intervals, 
presumably due to an impacted cognitively controlled timing 
system. However, it is important to point out that the participants 
in all these studies had on average very mild or mild NCDs.

In contrast, the patients in the study by Martin et al. (2017) 
tapped with a higher variability than healthy controls, even 
at a comfortable rate (in this study, the synchronization–
continuation task was performed at a rate that depended on 
their SMT in the preceding spontaneous tapping task; see 
Section “Spontaneous Motor Tempo”). The apparent discrepancy 
between this study and the ones mentioned before might 
be  explained by degree of impairment: The patients in study 
of Martin et  al. (2017) had an average MMSE of 19, which 
indicates moderate cognitive impairment and which was lower 
than the MMSE scores reported in any of the studies mentioned 

above. Taken together, these results suggest that SMS performance 
in people with mild NCD might decline only at relatively long 
or short tempi, whereas in more severe cognitive impairment, 
people might tap less precisely even at tempi that are close 
to their natural speed. Nonetheless, more research about timing 
abilities in people with moderate or even severe cognitive 
impairment is needed.

Conclusion: Sensorimotor Synchronization in 
Neurocognitive Disorders
Overall, there is not a lot of evidence suggesting that tapping 
at a comfortable rate reveals differences between people with 
and without NCD. On the other hand, tasks requiring regular 
tapping as fast as possible have demonstrated increased variability 
even for people with mild NCD and increased variability as 
well as slower tapping in people with major NCD. The fact 
that changes in variability during unpaced tapping are visible 
even in people with mild NCD are relevant in terms of using 
motor tasks as a diagnostic tool: While motor speed might 
only reliably identify people with major NCD, tapping variability 
could be used to identify people who are at a risk for developing 
a more serious impairment. Indeed, in MCI, motor impairments 
are predictive of developing AD (Aggarwal et al., 2006; Ghilain 
et  al., 2020a).

Presently, there is little research studying the effect of cognitive 
impairment on performance in simple tapping (synchronization 
without continuation) tasks, but the extant literature suggests 
that people with frontotemporal NCD might tap less precisely 
than AD patients and healthy controls at a tempo of 1,500 ms. 
More research is needed with more different tempi and different 
levels of cognitive impairment. More commonly, synchronization–
continuation studies have been used, and suggested that people 

TABLE 4 | Studies investigating paced tapping in people with and without neurocognitive disorders.

Study
Fast tempo (<350 ms) Comfortable tempo Slow tempo (>1,000 ms)

IOI NCD effect IOI NCD effect IOI NCD effect

Bangert and Balota (2012) Consistency – 500 ms/1,000 ms NCD < healthy**b 1,500 ms NCD < healthy*
Accuracy No diff. NCD < healthy**

Carment et al. (2018) Consistency 333 ms NCD < healthy*** 500 ms/1,000 ms No diff. –

Accuracy No diff. No diff.
Duchek et al. (1994) Consistency – 550 ms No diff. –

Accuracy No diff.
Ghilain et al. (2020a) Consistency – 800 ms No diff. –

Accuracy No diff.
Henley et al. (2014) synchronization 
without continuation

Consistency – 1,500 ms NCD < healthy*a

Accuracy No diff.
Synchronization–continuation Consistency NCD < healthy*

Accuracy NCD < healthy*a

Martin et al. (2017) Consistency – Determined by 
SMT task

NCD < healthy* –
Accuracy No diff.

Nichelli et al. (1993) Consistency – 1,000 ms NCD < healthy*** –
Accuracy Healthy < NCD*c

For simplification, paradigms using synchronization without continuation and synchronization–continuation are reported together here. IOI, inter-onset interval; NCD, neurocognitive 
disorders; SMT, spontaneous motor tempo. 
aBehavioral variant frontotemporal dementia, but not Alzheimer’s disease (AD).
bAt 1,000 ms, but not at 500 ms.
cAD patients were slower than elderly controls, but since elderly controls tended to underestimate the target interval, AD patients’ responses were actually more accurate.
*p < 0.05;  **p < 0.01;  ***p < 0.001.
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with NCD might speed up and show increased variability at 
slow IOIs from around 1,000 ms, as well as show increased 
variability at short IOIs below 500 ms. There is some suggestive 
evidence that even at a comfortable rate, people with a moderate 
or severe NCD might tap less precisely. Etiology of the NCD 
may play a role, with a possible interaction between tempo 
and type of NCD, but more research is needed with various 
groups of patients with NCD due to different causes, and 
different levels of impairment.

In short, there is a need for more research investigating 
SMS abilities in people with moderate and severe cases of 
NCD. At the same time, however, designing tasks adapted to 
people with NCD is not trivial: a great deal of effort has to 
be  done to ensure people understand the instructions and to 
create experimental paradigms that are not stressful, invasive, 
or unpleasant to the participants. With the existing research, 
differences between people with and without NCD must 
be  evaluated critically: It is important to verify that they tap 
into the mechanisms a study claims to test, or whether observed 
differences may reflect differences in motivation, comfort, or 
having well understood the instructions. Finally, a fruitful 
avenue of research would be more studies using musical stimuli 
of different levels of rhythmic complexity, not only to test the 
ability to infer and maintain an implicit beat, but also to 
create a situation that is engaging and motivating, ideally 
involving a social or quasi-social element resembling real-life 
musical interaction (Desmet et  al., 2017; Lesaffre et  al., 2017; 
Ghilain et  al., 2020a,b; Hobeika et  al., 2021).

FUTURE DIRECTIONS

To move forward, we  suggest the following methodological 
considerations when conducting research about SMS abilities 
in healthy aging and NCDs. First, it is useful to employ designs 
that compare healthy young, healthy old, and cognitively impaired 
old participants in the same study, in order to disentangle 
effects of age and of neurodegenerative disorder. A few studies 
discussed here have done that (Bangert and Balota, 2012; 
Carment et al., 2018), but most have not. Second, the literature 
reviewed here suggests that age effects on SMS abilities may 
not be linear, so it is particularly important to include sufficient 
amounts of participants from the latest decades of life. Third, 
likewise, with regard to NCDs, etiology (AD, vascular NCD, 
frontotemporal NCD, etc.) and severity seem to play important 
roles when investigating their effects on SMS. We  are aware 
of only one study that compared people with different types 
of NCDs (Henley et al., 2014). In terms of severity, it is valuable 
to compare people with major and mild NCDs, or to define 
neurocognitive impairment as a continuous variable, measured 
by rating scales, such as the MMSE, mentioned above, the 
Montreal Cognitive Assessment (Nasreddine et  al., 2005), or 
the Mattis Dementia Rating Scale (Mattis, 1976). These scales 
need not be  mutually exclusive but can be  complementary 
instruments of evaluation of cognitive state (Freidl et  al., 1996; 
Cullen et  al., 2007; Arevalo-Rodriguez et  al., 2013). Fourth, 
when conducting research with people with NCDs, particular 

attention should be paid to creating a pleasant and stimulating 
atmosphere and to avoid stress. Otherwise, it cannot be excluded 
that observed between-group differences are reflective of 
differences in motivation, discomfort, or comprehension of the 
instructions, rather than sensorimotor abilities. Finally, musical 
training should always be  probed, to ensure that different 
participant groups are matched on this variable but also to 
test the possible rehabilitative or neuroprotective effect of music 
engagement in old age and NCD.

As we  mentioned, it will be  interesting to conduct more 
studies on SMS to music. SMS is about predicting, extracting, 
and maintaining a representation of a beat; however, this beat 
is not a physical entity but a cognitive percept that needs to 
be  extracted, a process that might be  quite different for real 
music than for isochronous metronomic stimuli. The question 
of whether aged people and/or people with NCDs have a 
particular difficulty or a particular ease synchronizing with a 
musical rhythm is at present still an open one.

Furthermore, this review discussed tasks in which participants 
produced rhythmic responses, but there also exists task assessing 
beat perception in a purely perceptual fashion, such as the 
Harvard Beat Alignment Test (Fujii and Schlaug, 2013) and 
some subtests of the BAASTA (Dalla Bella et  al., 2017b). 
Moreover, rhythm production and perception can independently 
be  impacted (Bégel et  al., 2017). It would be  interesting to 
test rhythm perception abilities specifically in elderly people 
with and without NCDs.

Since the focus of this review was SMS to simple isochronous 
or musical rhythms, we  did not touch upon the topic of error 
correction. Although error correction is an ever-present process 
in SMS without which one would eventually become out of 
sync (Vorberg and Wing, 1996), it is usually examined by 
introducing perturbations of the IOI and testing how quickly 
and efficiently participants adapt their own tempo to them. 
Generally, a difference is made between phase correction and 
period correction, The former refers to an automatic, often 
unconscious mechanism of adaptation to subtle perturbations 
that is associated with primary and secondary somatosensory 
cortical activity, whereas the latter refers to a mechanism 
correcting for more obvious changes in the temporal sequence 
that depends on attention and awareness and involves brain 
networks, such as the basal ganglia, prefrontal, medial frontal, 
and parietal regions (Thaut et  al., 1998; Repp, 2001; Praamstra 
et  al., 2003; Repp and Su, 2013; Ross et  al., 2018). It is 
conceivable that phase and period correction would be differently 
influenced by aging and NCDs. A study (Repp and Keller, 
2004) that manipulated attention by introducing a concurrent 
mentally taxing task found period correction to be  affected 
by this reduction in available attentional resources, whereas 
period correction was not. Furthermore, in a recent study 
with musicians (Versaci and Laje, 2021), attention was guided 
in a more explicit way by directing some participants’ attention 
to temporal features of the task, in turn yielding higher accuracy 
and more efficient resynchronization after a perturbation of a 
relatively large size, probably employing period correction 
mechanisms. It can be conjectured that very old and old people 
would be  especially impaired in tapping along with sequences 
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containing tempo changes, particularly those large enough to 
depend on period correction mechanisms, and, in cerebral 
terms, on frontal and parietal integrity.

GENERAL CONCLUSION

Neurocognitive disorders, as well as healthy aging, are often 
associated with a decline in memory, attention, and executive 
function. Less often, we tend to think of sensorimotor dysfunction 
as a prototypical symptom of physiological and pathological 
aging, except in the case of Parkinson’s disease. Restricting 
our review to the other etiologies of NCDs, we  have indeed 
observed many examples in this review in which no clear 
difference on SMS performance emerged between young, healthy 
old, and/or cognitively impaired old people. However, SMS 
abilities are a complex set of skills with different subcomponents 
that may be  differently affected by aging and NCDs, and 
substantial heterogeneity exists between and within different 
NCDs, as well as between aging brains in general.

In some cases, there is clear evidence for decline on SMS 
tasks for elderly people and/or people with NCDs. Specifically, 
SMS ability might be  especially impaired above the age of 
around 75 and for people with moderate and/or severe NCDs. 
People with frontotemporal NCDs might particularly struggle 
with SMS tasks, although research comparing different NCD 
etiologies is sparse. These effects might be  augmented with 
stimuli whose tempo is further away from a person’s comfortable, 
natural tempo (i.e., IOIs faster than around 300 ms and slower 
than around 1,000 ms). The exact instructions, protocol, and 
trial length might play a role, especially in spontaneous motor 
tasks. Musical background might also modulate the effect of 
aging and NCDs on SMS abilities, and cognitive load might 
have a different effect on performance for the different groups. 
More specifically, due to rewiring and compensation 
mechanisms, SMS, usually a quite spontaneous process requiring 
little cognitive resources, might become heavier in cognitive 
load and interfere with other concurrent tasks. Rhythmic 

complexity might be  relevant although our analysis was 
restricted to two ends of the extreme: simple, isochronous 
rhythms, and music, the latter of which merits more attention 
than it is currently given. To fully understand late-life 
development of sensorimotor processes, more research is 
needed that reflects the wide array of types of auditory stimuli 
as well as the diversity of aging brains.

The observation that slightly younger elderly people and 
people with mild NCDs tend to be  relatively unimpaired in 
synchronizing particularly at tempi of around 500 and 1,000 ms 
is a strong argument for the use of music-based interventions. 
Musical tempi tend to lie within this range, and capitalizing 
on this relatively preserved skill could be  a fruitful approach. 
The stimulation of motor systems in older adults across different 
levels of cognitive impairment may not only improve their 
sense of rhythm, but lead to emotional and cognitive benefits 
as well as improvements in the ability to predict the unfolding 
of events in the environment, leading to improved communication 
and reduced social isolation.

AUTHOR CONTRIBUTIONS

AS, LH, and SS: conceptualization. AS: writing the original 
draft. LH and SS: review, editing, and supervision. DH-G: 
review. All authors contributed to the article and approved 
the submitted version.

FUNDING

Funding has been received through the European Union’s 
Horizon 2020 research and innovation program under the 
Marie Skłodowska-Curie grant agreement no 847568. Moreover, 
this publication was supported by the French government 
through the Programme Investissement d’Avenir (I-SITE ULNE/
ANR-16-IDEX-0004 ULNE) managed by the Agence Nationale 
de la Recherche.

 

REFERENCES

Aggarwal, N. T., Wilson, R. S., Beck, T. L., Bienias, J. L., and Bennett, D. A. 
(2006). Motor dysfunction in mild cognitive impairment and the risk of 
incident Alzheimer disease. Arch. Neurol. 63, 1763–1769. doi: 10.1001/
archneur.63.12.1763

Agosta, F., Rocca, M. A., Pagani, E., Absinta, M., Magnani, G., Marcone, A., 
et al. (2010). Sensorimotor network rewiring in mild cognitive impairment 
and Alzheimer’s disease. Hum. Brain Mapp. 31, 515–525. doi: 10.1002/hbm.20883

American Psychiatric Association (2013). Diagnostic and Statistical Manual of 
Mental Disorders. 5th Edn. Washington: American Psychiatric Publishing.

Arevalo-Rodriguez, I., Smailagic, N., Ciapponi, A., Sanchez-Perez, E., 
Giannakou, A., Roqué i Figuls, M., et al. (2013). Mini-mental state examination 
(MMSE) for the detection of Alzheimer’s disease and other dementias in 
people with mild cognitive impairment (MCI). Cochrane Database Syst. Rev. 
2013:CD010783. doi: 10.1002/14651858.CD010783

Armstrong, R. A. (2009). Alzheimer’s disease and the eye. J. Optom. 2, 103–111. 
doi: 10.3921/joptom.2009.103

Aschersleben, G. (2002). Temporal control of movements in sensorimotor 
synchronization. Brain Cogn. 48, 66–79. doi: 10.1006/brcg.2001.1304

Banerjee, G., Kim, H. J., Fox, Z., Jäger, H. R., Wilson, D., Charidimou, A., 
et al. (2017). MRI-visible perivascular space location is associated with 
Alzheimer’s disease independently of amyloid burden. Brain 140, 1107–1116. 
doi: 10.1093/brain/awx003

Bangert, A. S., and Balota, D. A. (2012). Keep up the pace: declines in simple 
repetitive timing differentiate healthy aging from the earliest stages of 
Alzheimer’s disease. J. Int. Neuropsychol. Soc. 18, 1052–1063. doi: 10.1017/
S1355617712000860

Bares, M., Lungu, O., Liu, T., Waechter, T., Gomez, C. M., and Ashe, J. (2007). 
Impaired predictive motor timing in patients with cerebellar disorders. Exp. 
Brain Res. 180, 355–365. doi: 10.1007/s00221-007-0857-8

Bastian, A. J. (2006). Learning to predict the future: the cerebellum adapts 
feedforward movement control. Curr. Opin. Neurobiol. 16, 645–649. doi: 
10.1016/j.conb.2006.08.016

Baudouin, A., Vanneste, S., and Isingrini, M. (2004). Age-related cognitive 
slowing: The role of spontaneous tempo and processing speed. Exp. Aging 
Res. 30, 225–239. doi: 10.1080/03610730490447831

Bégel, V., Benoit, C. E., Correa, A., Cutanda, D., Kotz, S. A., and Dalla Bella, S. 
(2017). “Lost in time” but still moving to the beat. Neuropsychologia 94, 
129–138. doi: 10.1016/j.neuropsychologia.2016.11.022

https://www.frontiersin.org/journals/psychology
www.frontiersin.org
https://www.frontiersin.org/journals/psychology#articles
https://doi.org/10.1001/archneur.63.12.1763
https://doi.org/10.1001/archneur.63.12.1763
https://doi.org/10.1002/hbm.20883
https://doi.org/10.1002/14651858.CD010783
https://doi.org/10.3921/joptom.2009.103
https://doi.org/10.1006/brcg.2001.1304
https://doi.org/10.1093/brain/awx003
https://doi.org/10.1017/S1355617712000860
https://doi.org/10.1017/S1355617712000860
https://doi.org/10.1007/s00221-007-0857-8
https://doi.org/10.1016/j.conb.2006.08.016
https://doi.org/10.1080/03610730490447831
https://doi.org/10.1016/j.neuropsychologia.2016.11.022


von Schnehen et al. SMS in Aging and NCDs

Frontiers in Psychology | www.frontiersin.org 15 March 2022 | Volume 13 | Article 838511

Bispham, J. (2006). Rhythm in music: what is it? who has it? and why? Music. 
Percept. 24, 125–134. doi: 10.1525/mp.2006.24.2.125

Braak, H., and Braak, E. (1991). Neuropathological stageing of Alzheimer-related 
changes. Acta Neuropathol. 82, 239–259. doi: 10.1007/BF00308809

Braaten, A. J., Parsons, T. D., McCue, R., Sellers, A., and Burns, W. J. 
(2006). Neurocognitive differential diagnosis of dementing diseases: 
Alzheimer’s dementia, vascular dementia, Frontotemporal dementia, and 
major depressive disorder. Int. J. Neurosci. 116, 1271–1293. doi: 
10.1080/00207450600920928

Brenowitz, W. D., Kaup, A. R., Lin, F. R., and Yaffe, K. (2019). Multiple sensory 
impairment is associated with increased risk of dementia among black and 
white older adults. J. Gerontol. 74, 890–896. doi: 10.1093/gerona/gly264

Buhusi, C. V., and Meck, W. H. (2005). What makes us tick? Functional and 
neural mechanisms of interval timing. Nat. Rev. Neurosci. 6, 755–765. doi: 
10.1038/nrn1764

Byrd, D., and Saltzman, E. (2003). The elastic phrase: modeling the dynamics 
of boundary-adjacent lengthening. J. Phon. 31, 149–180. doi: 10.1016/
S0095-4470(02)00085-2

Carmeli, E., Patish, H., and Coleman, R. (2003). The aging hand. J. Gerontol. 
58, M146–M152. doi: 10.1093/gerona/58.2.m146

Carment, L., Abdellatif, A., Lafuente-Lafuente, C., Pariel, S., Maier, M. A., 
Belmin, J., et al. (2018). Manual dexterity and aging: a pilot study disentangling 
sensorimotor from cognitive decline. Front. Neurol. 9:910. doi: 10.3389/
fneur.2018.00910

Cason, N., Schiaratura, L., and Samson, S. (2017). “Synchronization to music 
as a tool for enhancing non-verbal communication in people with neurological 
diseases”, in The Routledge Companion to Embodied Music Interaction. New 
York: Routledge, 304–312.

Chen, J. L., Penhune, V. B., and Zatorre, R. J. (2008). Listening to musical 
rhythms recruits motor regions of the brain. Cereb. Cortex 18, 2844–2854. 
doi: 10.1093/cercor/bhn042

Chung, J. C. C. (2004). Activity participation and well-being of people with 
dementia in long-term-care settings. OTJR Occup. Particip. Heal. 24, 22–31. 
doi: 10.1177/153944920402400104

Church, R. M. (1984). Properties of the internal clock. Ann. N. Y. Acad. Sci. 
423, 566–582. doi: 10.1111/j.1749-6632.1984.tb23459.x

Cochen De Cock, V., Dotov, D. G., Ihalainen, P., Bégel, V., Galtier, F., 
Lebrun, C., et al. (2018). Rhythmic abilities and musical training in 
Parkinson’s disease: do they help? NPJ Parkinsons Dis. 4, 1–8. doi: 10.1038/
s41531-018-0043-7

Colella, D., Guerra, A., Paparella, G., Cioffi, E., Di Vita, A., Trebbastoni, A., 
et al. (2021). Motor dysfunction in mild cognitive impairment as tested by 
kinematic analysis and transcranial magnetic stimulation. Clin. Neurophysiol. 
132, 315–322. doi: 10.1016/j.clinph.2020.10.028

Colling, K. B. (2000). A taxonomy of passive behaviors in people with Alzheimer’s 
disease. J. Nurs. Scholarsh. 32, 239–244. doi: 10.1111/j.1547-5069.2000.00239.x

Correia, C., Lopez, K. J., Wroblewski, K. E., Huisingh-Scheetz, M., Kern, D. W., 
Chen, R. C., et al. (2016). Global sensory impairment in older adults in 
the United  States. J. Am. Geriatr. Soc. 64, 306–313. doi: 10.1111/jgs. 
13955

Coull, J. T., Cheng, R. K., and Meck, W. H. (2011). Neuroanatomical and 
neurochemical substrates of timing. Neuropsychopharmacology 36, 3–25. doi: 
10.1038/npp.2010.113

Coull, J. T., Davranche, K., Nazarian, B., and Vidal, F. (2013). Functional 
anatomy of timing differs for production versus prediction of time intervals. 
Neuropsychologia 51, 309–319. doi: 10.1016/j.neuropsychologia.2012.08.017

Cousins, M. S., Corrow, C., Finn, M., and Salamone, J. D. (1998). Temporal 
measures of human finger tapping: effects of age. Pharmacol. Biochem. Behav. 
59, 445–449. doi: 10.1016/S0091-3057(97)00443-7

Cullen, B., O’Neill, B., Evans, J. J., Coen, R. F., and Lawlor, B. A. (2007). A 
review of screening tests for cognitive impairment. J. Neurol. Neurosurg. 
Psychiatry 78, 790–799. doi: 10.1136/jnnp.2006.095414

Daley, M. J., and Spinks, W. L. (2000). Exercise, mobility and aging. Sports 
Med. 29, 1–12. doi: 10.2165/00007256-200029010-00001

Dalla Bella, S. (2018). Music and movement: towards a translational approach. 
Neurophysiol. Clin. 48, 377–386. doi: 10.1016/j.neucli.2018.10.067

Dalla Bella, S., Benoit, C. E., Farrugia, N., Keller, P. E., Obrig, H., Mainka, S., 
et al. (2017a). Gait improvement via rhythmic stimulation in Parkinson’s 
disease is linked to rhythmic skills. Sci. Rep. 7:42005. doi: 10.1038/srep42005

Dalla Bella, S., Farrugia, N., Benoit, C. E., Begel, V., Verga, L., Harding, E., 
et al. (2017b). BAASTA: battery for the assessment of auditory sensorimotor 
and timing abilities. Behav. Res. Methods 49, 1128–1145. doi: 10.3758/
s13428-016-0773-6

Del Olmo, M. F., Cheeran, B., Koch, G., and Rothwell, J. C. (2007). Role of 
the cerebellum in externally paced rhythmic finger movements. J. Neurophysiol. 
98, 145–152. doi: 10.1152/jn.01088.2006

Denner, B., Wapner, S., and Werner, H. (1964). Rhythmic activity and the 
discrimination of stimuli in time. Percept. Mot. Skills 19, 723–729. doi: 
10.2466/pms.1964.19.3.723

Desmet, F., Lesaffre, M., Six, J., Ehrlé, N., and Samson, S. (2017). “Multimodal 
analysis of synchronization data from patients with dementia”, in 25th 
Anniversary Conference of the European Society for the Cognitive Sciences 
of Music (ESCOM), 53–58.

Dobbs, A. R., and Rule, B. G. (1989). Adult age differences in working memory. 
Psychol. Aging 4, 500–503. doi: 10.1037/0882-7974.4.4.500

Drewing, K., Aschersleben, G., and Li, S. C. (2006). Sensorimotor synchronization 
across the life span. Int. J. Behav. Dev. 30, 280–287. doi: 
10.1177/0165025406066764

Dubois, B., Slachevsky, A., Litvan, I., and Pillon, B. (2000). The FAB: A frontal 
assessment battery at bedside. Neurology 55, 1621–1626. doi: 10.1212/
WNL.55.11.1621

Duchek, J. M., Balota, D. A., and Ferraro, F. R. (1994). Component analysis 
of a rhythmic finger tapping task in individuals With senile dementia of 
the Alzheimer type and in individuals With Parkinson’s disease. Neuropsychology 
8, 218–226. doi: 10.1037/0894-4105.8.2.218

Falk, S., Müller, T., and Dalla Bella, S. (2015). Non-verbal sensorimotor timing 
deficits in children and adolescents who stutter. Front. Psychol. 6:847. doi: 
10.3389/fpsyg.2015.00847

Ferreri, F., Vecchio, F., Vollero, L., Guerra, A., Petrichella, S., Ponzo, D., et al. 
(2016). Sensorimotor cortex excitability and connectivity in Alzheimer’s 
disease: a TMS-EEG co-registration study. Hum. Brain Mapp. 37, 2083–2096. 
doi: 10.1002/hbm.23158

Folstein, M. F., Robins, L. N., and Helzer, J. E. (1983). The mini-mental state 
examination. Arch. Gen. Psychiatry 40:812. doi: 10.1001/
archpsyc.1983.01790060110016

Freidl, W., Schmidt, R., Stronegger, W. J., Fazekas, F., and Reinhart, B. (1996). 
Sociodemographic predictors and concurrent validity of the mini mental 
state examination and the Mattis dementia rating scale. Eur. Arch. Psychiatry 
Clin. Neurosci. 246, 317–319. doi: 10.1007/BF02189025

Fujii, S., and Schlaug, G. (2013). The Harvard beat assessment test (H-BAT): 
A battery for assessing beat perception and production and their dissociation. 
Front. Hum. Neurosci. 7:771. doi: 10.3389/fnhum.2013.00771

Gates, G. A., and Mills, J. H. (2005). Presbycusis. Lancet 366, 1111–1120. doi: 
10.1016/S0140-6736(05)67423-5

Gerloff, C., Richard, J., Hadley, J., Schulman, A. E., Honda, M., and Hallett, M. 
(1998). Functional coupling and regional activation of human cortical motor 
areas during simple, internally paced and externally paced finger movements. 
Brain 121, 1513–1531. doi: 10.1093/brain/121.8.1513

Ghilain, M., Hobeika, L., Lesaffre, M., Schiaratura, L., Singh, A., Six, J., et al. 
(2020a). Does a live performance impact synchronization to musical rhythm in 
cognitively impaired elderly? J. Alzheimers Dis. 78, 939–949. doi: 10.3233/JAD-200521

Ghilain, M., Hobeika, L., Schiaratura, L., Lesaffre, M., Six, J., Desmet, F., et al. 
(2020b). Sensorimotor synchronization and non-verbal behaviors in Alzheimer’s 
disease: The influence of social and musical context. Geriatr. Psychol. 
Neuropsychiatr. Vieil. 18, 213–222. doi: 10.1684/pnv.2020.0861

Ghilain, M., Schiaratura, L., Singh, A., Lesaffre, M., and Samson, S. (2019). 
“Is music special for people with dementia?” in Music and Dementia: From 
Cognition to Therapy eds. A. Baird, S. Garrido and J. Tamplin  (Oxford 
University Press), 24–40.

Golaz, J., Bouras, C., and Hof, P. R. (1992). Motor cortex involvement in 
Presenile dementia: report of a case. J. Geriatr. Psychiatry Neurol. 5, 85–92. 
doi: 10.1177/002383099200500205

Goldman, W. P., Baty, J. D., Buckles, V. D., Sahrmann, S., and Morris, J. C. 
(1999). Motor dysfunction in mildly demented AD individuals without 
extrapyramidal signs. Neurology 53, 956–962. doi: 10.1212/wnl.53. 
5.956

Grabli, D., Karachi, C., Welter, M. L., Lau, B., Hirsch, E. C., Vidailhet, M., 
et al. (2012). Normal and pathological gait: what we  learn from Parkinson’s 

https://www.frontiersin.org/journals/psychology
www.frontiersin.org
https://www.frontiersin.org/journals/psychology#articles
https://doi.org/10.1525/mp.2006.24.2.125
https://doi.org/10.1007/BF00308809
https://doi.org/10.1080/00207450600920928
https://doi.org/10.1093/gerona/gly264
https://doi.org/10.1038/nrn1764
https://doi.org/10.1016/S0095-4470(02)00085-2
https://doi.org/10.1016/S0095-4470(02)00085-2
https://doi.org/10.1093/gerona/58.2.m146
https://doi.org/10.3389/fneur.2018.00910
https://doi.org/10.3389/fneur.2018.00910
https://doi.org/10.1093/cercor/bhn042
https://doi.org/10.1177/153944920402400104
https://doi.org/10.1111/j.1749-6632.1984.tb23459.x
https://doi.org/10.1038/s41531-018-0043-7
https://doi.org/10.1038/s41531-018-0043-7
https://doi.org/10.1016/j.clinph.2020.10.028
https://doi.org/10.1111/j.1547-5069.2000.00239.x
https://doi.org/10.1111/jgs.13955
https://doi.org/10.1111/jgs.13955
https://doi.org/10.1038/npp.2010.113
https://doi.org/10.1016/j.neuropsychologia.2012.08.017
https://doi.org/10.1016/S0091-3057(97)00443-7
https://doi.org/10.1136/jnnp.2006.095414
https://doi.org/10.2165/00007256-200029010-00001
https://doi.org/10.1016/j.neucli.2018.10.067
https://doi.org/10.1038/srep42005
https://doi.org/10.3758/s13428-016-0773-6
https://doi.org/10.3758/s13428-016-0773-6
https://doi.org/10.1152/jn.01088.2006
https://doi.org/10.2466/pms.1964.19.3.723
https://doi.org/10.1037/0882-7974.4.4.500
https://doi.org/10.1177/0165025406066764
https://doi.org/10.1212/WNL.55.11.1621
https://doi.org/10.1212/WNL.55.11.1621
https://doi.org/10.1037/0894-4105.8.2.218
https://doi.org/10.3389/fpsyg.2015.00847
https://doi.org/10.1002/hbm.23158
https://doi.org/10.1001/archpsyc.1983.01790060110016
https://doi.org/10.1001/archpsyc.1983.01790060110016
https://doi.org/10.1007/BF02189025
https://doi.org/10.3389/fnhum.2013.00771
https://doi.org/10.1016/S0140-6736(05)67423-5
https://doi.org/10.1093/brain/121.8.1513
https://doi.org/10.3233/JAD-200521
https://doi.org/10.1684/pnv.2020.0861
https://doi.org/10.1177/002383099200500205
https://doi.org/10.1212/wnl.53.5.956
https://doi.org/10.1212/wnl.53.5.956


von Schnehen et al. SMS in Aging and NCDs

Frontiers in Psychology | www.frontiersin.org 16 March 2022 | Volume 13 | Article 838511

disease. J. Neurol. Neurosurg. Psychiatry 83, 979–985. doi: 10.1136/
jnnp-2012-302263

Grady, C. (2012). The cognitive neuroscience of ageing. Nat. Rev. Neurosci. 
13, 491–505. doi: 10.1038/nrn3256

Grahn, J. A. (2009). The role of the basal ganglia in beat perception: neuroimaging 
and neuropsychological investigations. Ann. N. Y. Acad. Sci., 35, 1169–45. 
doi:10.1111/j.1749-6632.2009.04553.x.

Grahn, J. A., and Brett, M. (2009). Impairment of beat-based rhythm 
discrimination in Parkinson’s disease. Cortex 45, 54–61. doi: 10.1016/j.
cortex.2008.01.005

Grondin, S., Meilleur-Wells, G., and Lachance, R. (1999). When to start explicit 
counting in a time-intervals discrimination task: a critical point in the 
timing process of humans. J. Exp. Psychol. Hum. Percept. Perform. 25, 
993–1004. doi: 10.1037/0096-1523.25.4.993

Guideline Adaptation Committee (2016). Clinical Practice Guidelines and 
Principles of Care for People with Dementia. Sydney: Guideline 
Adaptation Committee.

Hansen, T. P., Cain, J., Thomas, O., and Jackson, A. (2015). Dilated perivascular 
spaces in the basal ganglia are a biomarker of small-vessel disease in a 
very elderly population with dementia. AJNR Am. J. Neuroradiol. 36, 893–898. 
doi: 10.3174/ajnr.A4237

Harada, C. N., Natelson Love, M. C., and Triebel, K. L. (2013). Normal cognitive 
aging. Clin. Geriatr. Med. 29, 737–752. doi: 10.1016/j.cger.2013.07.002

Hardy, C. J. D., Marshall, C. R., Golden, H. L., Clark, C. N., Mummery, C. J., 
Griffiths, T. D., et al. (2016). Hearing and dementia. J. Neurol. 263, 2339–2354. 
doi: 10.1007/s00415-016-8208-y

Henley, S. M. D., Downey, L. E., Nicholas, J. M., Kinnunen, K. M., Golden, H. L., 
Buckley, A., et al. (2014). Degradation of cognitive timing mechanisms in 
behavioural variant frontotemporal dementia. Neuropsychologia 65, 88–101. 
doi: 10.1016/j.neuropsychologia.2014.10.009

Heuninckx, S., Wenderoth, N., Debaere, F., Peeters, R., and Swinnen, S. P. 
(2005). Neural basis of aging: The penetration of cognition into action 
control. J. Neurosci. 25, 6787–6796. doi: 10.1523/JNEUROSCI.1263-05.2005

Heuninckx, S., Wenderoth, N., and Swinnen, S. P. (2008). Systems neuroplasticity 
in the aging brain: recruiting additional neural resources for successful 
motor performance in elderly persons. J. Neurosci. 28, 91–99. doi: 10.1523/
JNEUROSCI.3300-07.2008

Hobeika, L., Ghilain, M., Schiaratura, L., Lesaffre, M., Huvent-Grelle, D., 
Puisieux, F., et al. (2021). Socio-emotional and motor engagement during 
musical activities in older adults with major neurocognitive impairment. 
Sci. Rep. 11, 15291–15299. doi: 10.1038/s41598-021-94686-4

Hobeika, L., and Samson, S. (2020). “Why do music-based interventions benefit 
persons with neurodegenerative disease?” in Music and the Aging Brain. 
eds. L. Cuddy, S. Belleville and A. Moussard (Cambridge, Massachusetts: 
Academic Press), 333–349.

Hoehl, S., Fairhurst, M., and Schirmer, A. (2021). Interactional synchrony: 
signals, mechanisms and benefits. Soc. Cogn. Affect. Neurosci. 16, 5–18. doi: 
10.1093/scan/nsaa024

Jacobsen, J. H., Stelzer, J., Fritz, T. H., Chételat, G., La Joie, R., and Turner, R. 
(2015). Why musical memory can be  preserved in advanced Alzheimer’s 
disease. Brain 138, 2438–2450. doi: 10.1093/brain/awv135

Jäncke, L., Loose, R., Lutz, K., Specht, K., and Shah, N. J. (2000). Cortical 
activations during paced finger-tapping applying visual and auditory pacing 
stimuli. Cogn. Brain Res. 10, 51–66. doi: 10.1016/S0926-6410(00) 
00022-7

Jantzen, K. J., Oullier, O., Marshall, M., Steinberg, F. L., and Kelso, J. A. S. 
(2007). A parametric fMRI investigation of context effects in sensorimotor 
timing and coordination. Neuropsychologia 45, 673–684. doi: 10.1016/j.
neuropsychologia.2006.07.020

Jantzen, K. J., Steinberg, F. L., and Kelso, J. A. S. (2004). Brain networks 
underlying human timing behavior are influenced by prior context. Proc. 
Natl. Acad. Sci. U. S. A. 101, 6815–6820. doi: 10.1073/pnas.04013 
00101

Jones, M. R. (1976). Time, our lost dimension: Toward a new theory of 
perception, attention, and memory. Psychol. Rev. 83, 323–355. doi: 
10.1037/0033-295X.83.5.323

Kalpouzos, G., Persson, J., and Nyberg, L. (2012). Local brain atrophy accounts 
for functional activity differences in normal aging. Neurobiol. Aging 33, 
623.e1–623.e13. doi: 10.1016/j.neurobiolaging.2011.02.021

Kaup, A. R., Mirzakhanian, H., Jeste, D. V., and Eyler, L. T. (2011). A review 
of the brain structure correlates of successful cognitive aging. J. Neuropsychiatr. 
Clin. Neurosci. 23, 6–15. doi: 10.1176/appi.neuropsych.23.1.6

Kluger, A., Gianutsos, J. G., Golomb, J., Ferris, S. H., and Reisberg, B. (1997). 
Motor/psychomotor dysfunction in normal aging, mild cognitive decline, 
and early Alzheimer’s disease: diagnostic and differential diagnostic features. 
Int. Psychogeriatr. 9, 307–316. doi: 10.1017/S1041610297005048

Koch, G., Oliveri, M., and Caltagirone, C. (2009). Neural networks engaged 
in milliseconds and seconds time processing: evidence from transcranial 
magnetic stimulation and patients with cortical or subcortical dysfunction. 
Philos. Trans. R. Soc. Lond. B Biol. Sci. 364, 1907–1918. doi: 10.1098/
rstb.2009.0018

Kolanowski, A., Buettner, L., Litaker, M., and Yu, F. (2006). Factors that relate 
to activity engagement in nursing home residents. Am. J. Alzheimers Dis. 
Other Dement. 21, 15–22. doi: 10.1177/153331750602100109

Kornysheva, K., and Schubotz, R. I. (2011). Impairment of auditory-motor 
timing and compensatory reorganization after ventral premotor cortex 
stimulation. PLoS One 6:e21421. doi: 10.1371/journal.pone.0021421

Krampe, R. T., Doumas, M., Lavrysen, A., and Rapp, M. (2010). The costs of 
taking it slowly: fast and slow movement timing in older age. Psychol. 
Aging 25, 980–990. doi: 10.1037/a0020090

Krampe, R. T., Kliegl, R., and Mayr, U. (2005). Timing, sequencing, and executive 
control in repetitive movement production. J. Exp. Psychol. Hum. Percept. 
Perform. 31, 379–397. doi: 10.1037/0096-1523.31.3.379

Kung, S. J., Chen, J. L., Zatorre, R. J., and Penhune, V. B. (2013). Interacting 
cortical and basal ganglia networks underlying finding and tapping to the 
musical beat. J. Cogn. Neurosci. 25, 401–420. doi: 10.1162/jocn_a_00325

Lagrois, M. É., Palmer, C., and Peretz, I. (2019). Poor synchronization to 
musical beat generalizes to speechy. Brain Sci. 9:157. doi: 10.3390/
brainsci9070157

Lam, B., Masellis, M., Freedman, M., Stuss, D. T., and Black, S. E. (2013). 
Clinical, imaging, and pathological heterogeneity of the Alzheimer’s disease 
syndrome. Alzheimers Res. Ther. 5, 1–14. doi: 10.1186/alzrt155

Large, E. W., and Jones, M. R. (1999). The dynamics of attending: how people 
track time-varying events. Psychol. Rev. 106, 119–159. doi: 
10.1037/0033-295X.106.1.119

Larsson, J., Gulyás, B., and Roland, P. E. (1996). Cortical representation of 
self-paced finger movement. Neuroreport 7, 463–468. doi: 
10.1097/00001756-199601310-00021

Leman, M., Buhmann, J., and Van Dyck, E. (2017). “The empowering effects 
of being locked into the beat of the music,” in Body, Sound and Space in 
Music and Beyond: Multimodal Explorations. ed. C. Wöllner (Oxfordshire: 
Routledge), 11–28.

Lesaffre, M., Moens, B., and Desmet, F. (2017). “Monitoring music and movement 
interaction in people with dementia,” in The Routledge Companion to Embodied 
Music Interaction. eds. M. Lesaffre, P.-J. Maes and M. Leman (New York: 
Routledge), 294–303.

Lewis, P. A., and Miall, R. C. (2003). Distinct systems for automatic and 
cognitively controlled time measurement: evidence from neuroimaging. Curr. 
Opin. Neurobiol. 13, 250–255. doi: 10.1016/S0959-4388(03)00036-9

Lewis, P. A., Wing, A. M., Pope, P. A., Praamstra, P., and Miall, R. C. (2004). 
Brain activity correlates differentially with increasing temporal complexity 
of rhythms during initialisation, synchronisation, and continuation phases 
of paced finger tapping. Neuropsychologia 42, 1301–1312. doi: 10.1016/j.
neuropsychologia.2004.03.001

Li, K. Z. H., and Lindenberger, U. (2002). Relations between aging sensory/
sensorimotor and cognitive functions. Neurosci. Biobehav. Rev. 26, 777–783. 
doi: 10.1016/S0149-7634(02)00073-8

Liang, K. J., and Carlson, E. S. (2020). Resistance, vulnerability and resilience: 
A review of the cognitive cerebellum in aging and neurodegenerative diseases. 
Neurobiol. Learn. Mem. 170:106981. doi: 10.1016/j.nlm.2019.01.004

Madden, D. J., Costello, M. C., Dennis, N. A., Davis, S. W., Shepler, A. M., 
Spaniol, J., et al. (2010). Adult age differences in functional connectivity 
during executive control. NeuroImage 52, 643–657. doi: 10.1016/j.
neuroimage.2010.04.249

Martin, E., Blais, M., Albaret, J. M., Pariente, J., and Tallet, J. (2017). Alteration 
of rhythmic unimanual tapping and anti-phase bimanual coordination in 
Alzheimer’s disease: A sign of inter-hemispheric disconnection? Hum. Mov. 
Sci. 55, 43–53. doi: 10.1016/j.humov.2017.07.007

https://www.frontiersin.org/journals/psychology
www.frontiersin.org
https://www.frontiersin.org/journals/psychology#articles
https://doi.org/10.1136/jnnp-2012-302263
https://doi.org/10.1136/jnnp-2012-302263
https://doi.org/10.1038/nrn3256
https://doi.org/10.1111/j.1749-6632.2009.04553.x
https://doi.org/10.1016/j.cortex.2008.01.005
https://doi.org/10.1016/j.cortex.2008.01.005
https://doi.org/10.1037/0096-1523.25.4.993
https://doi.org/10.3174/ajnr.A4237
https://doi.org/10.1016/j.cger.2013.07.002
https://doi.org/10.1007/s00415-016-8208-y
https://doi.org/10.1016/j.neuropsychologia.2014.10.009
https://doi.org/10.1523/JNEUROSCI.1263-05.2005
https://doi.org/10.1523/JNEUROSCI.3300-07.2008
https://doi.org/10.1523/JNEUROSCI.3300-07.2008
https://doi.org/10.1038/s41598-021-94686-4
https://doi.org/10.1093/scan/nsaa024
https://doi.org/10.1093/brain/awv135
https://doi.org/10.1016/S0926-6410(00)00022-7
https://doi.org/10.1016/S0926-6410(00)00022-7
https://doi.org/10.1016/j.neuropsychologia.2006.07.020
https://doi.org/10.1016/j.neuropsychologia.2006.07.020
https://doi.org/10.1073/pnas.0401300101
https://doi.org/10.1073/pnas.0401300101
https://doi.org/10.1037/0033-295X.83.5.323
https://doi.org/10.1016/j.neurobiolaging.2011.02.021
https://doi.org/10.1176/appi.neuropsych.23.1.6
https://doi.org/10.1017/S1041610297005048
https://doi.org/10.1098/rstb.2009.0018
https://doi.org/10.1098/rstb.2009.0018
https://doi.org/10.1177/153331750602100109
https://doi.org/10.1371/journal.pone.0021421
https://doi.org/10.1037/a0020090
https://doi.org/10.1037/0096-1523.31.3.379
https://doi.org/10.1162/jocn_a_00325
https://doi.org/10.3390/brainsci9070157
https://doi.org/10.3390/brainsci9070157
https://doi.org/10.1186/alzrt155
https://doi.org/10.1037/0033-295X.106.1.119
https://doi.org/10.1097/00001756-199601310-00021
https://doi.org/10.1016/S0959-4388(03)00036-9
https://doi.org/10.1016/j.neuropsychologia.2004.03.001
https://doi.org/10.1016/j.neuropsychologia.2004.03.001
https://doi.org/10.1016/S0149-7634(02)00073-8
https://doi.org/10.1016/j.nlm.2019.01.004
https://doi.org/10.1016/j.neuroimage.2010.04.249
https://doi.org/10.1016/j.neuroimage.2010.04.249
https://doi.org/10.1016/j.humov.2017.07.007


von Schnehen et al. SMS in Aging and NCDs

Frontiers in Psychology | www.frontiersin.org 17 March 2022 | Volume 13 | Article 838511

Mathias, B., Zamm, A., Gianferrara, P. G., Ross, B., and Palmer, C. (2020). 
Rhythm complexity modulates behavioral and neural dynamics during 
auditory–motor synchronization. J. Cogn. Neurosci. 32, 1864–1880. doi: 
10.1162/jocn_a_01601

Mattis, S. (1976). “Mental status examination for organic mental syndrome in 
the elderly patients”, in Geriatric Psychiatry: A Handbook for Psychiatrists 
and Primary Care Physicians. eds. L. Bellak and T. B. Karasu (New York: 
Grune & Stratton), 77–121.

McAuley, J. D. (2010). “Tempo and rhythm,” in Music Perception. eds. M. R. 
Jones, R. R. Fay and A. N. Popper (New York: Springer), 165–199.

McAuley, J. D., Jones, M. R., Holub, S., Johnston, H. M., and Miller, N. S. 
(2006). The time of our lives: life span development of timing and event 
tracking. J. Exp. Psychol. Gen. 135, 348–367. doi: 10.1037/0096-3445.135.3.348

Molinari, M., Leggio, M. G., and Thaut, M. H. (2007). The cerebellum and 
neural networks for rhythmic sensorimotor synchronization in the human 
brain. Cerebellum 6, 18–23. doi: 10.1080/14734220601142886

Nagasaki, H., Itoh, H., Maruyama, H., and Hashizume, K. (1988). Characteristic 
difficulty in rhythmic movement with aging and its relation to parkinson’s 
disease. Exp. Aging Res. 14, 171–176. doi: 10.1080/03610738808259744

Nasreddine, Z. S., Phillips, N. A., Bédirian, V., Charbonneau, S., Whitehead, V., 
Collin, I., et al. (2005). The Montreal cognitive assessment, MoCA: a brief 
screening tool for mild cognitive impairment. J. Am. Geriatr. Soc. 53, 695–699. 
doi: 10.1111/j.1532-5415.2005.53221.x

National Institute for Health and Care Excellence (NICE) (2019). Palgrave 
Macmillan (eds) The Grants Register 2019. London: Palgrave Macmillan.

Nessler, J. A., and Gilliland, S. J. (2010). Kinematic analysis of side-by-side 
stepping with intentional and unintentional synchronization. Gait Posture 
31, 527–529. doi: 10.1016/j.gaitpost.2010.01.013

Nichelli, P., Venneri, A., Molinari, M., Tavani, F., and Grafman, J. (1993). 
Precision and accuracy of subjective time estimation in different memory 
disorders. Cogn. Brain Res. 1, 87–93. doi: 10.1016/0926-6410(93)90014-V

O’Brien, J. T., and Thomas, A. (2015). Vascular dementia. Lancet 386, 1698–1706. 
doi: 10.1016/S0140-6736(15)00463-8

Obleser, J., and Kayser, C. (2019). Neural entrainment and Attentional selection 
in the listening brain. Trends Cogn. Sci. 23, 913–926. doi: 10.1016/j.
tics.2019.08.004

Patel, A. D., and Daniele, J. R. (2003). An empirical comparison of rhythm 
in language and music. Cognition 87, B35–B45. doi: 10.1016/
S0010-0277(02)00187-7

Pecenka, N., and Keller, P. E. (2011). The role of temporal prediction abilities 
in interpersonal sensorimotor synchronization. Exp. Brain Res. 211, 505–515. 
doi: 10.1007/s00221-011-2616-0

Penhune, V. B., and Doyon, J. (2005). Cerebellum and M1 interaction during 
early learning of timed motor sequences. NeuroImage 26, 801–812. doi: 
10.1016/j.neuroimage.2005.02.041

Persson, J., Nyberg, L., Lind, J., Larsson, A., Nilsson, L. G., Ingvar, M., et al. 
(2006). Structure-function correlates of cognitive decline in aging. Cereb. 
Cortex 16, 907–915. doi: 10.1093/cercor/bhj036

Poeppel, D., and Assaneo, M. F. (2020). Speech rhythms and their neural 
foundations. Nat. Rev. Neurosci. 21, 322–334. doi: 10.1038/s41583-020-0304-4

Port, R. F. (2003). Meter and speech. J. Phon. 31, 599–611. doi: 10.1016/j.
wocn.2003.08.001

Praamstra, P., Turgeon, M., Hesse, C. W., Wing, A. M., and Perryer, L. (2003). 
Neurophysiological correlates of error correction in sensorimotor-
synchronization. NeuroImage 20, 1283–1297. doi: 10.1016/S1053-8119(03)00351-3

Rabinowitz, I., and Lavner, Y. (2014). Association between finger tapping, 
attention, memory, and cognitive diagnosis in elderly patients. Percept. Mot. 
Skills 119, 259–278. doi: 10.2466/10.22.PMS.119c12z3

Rao, S. M. (1997). Distributed neural systems underlying the timing of movements. 
J. Neurosci. 17, 5528–5535. doi: 10.1523/jneurosci.17-14-05528.1997

Rémy, F., Vayssière, N., Saint-Aubert, L., Barbeau, E., and Pariente, J. (2015). 
White matter disruption at the prodromal stage of Alzheimer’s disease: 
relationships with hippocampal atrophy and episodic memory performance. 
Neuroimage Clin. 7, 482–492. doi: 10.1016/j.nicl.2015.01.014

Repp, B. H. (2001). Processes underlying adaptation to tempo changes in 
sensorimotor synchronization. Hum. Mov. Sci. 20, 277–312. doi: 10.1016/
S0167-9457(01)00049-5

Repp, B. H. (2003). Rate limits in sensorimotor synchronization With auditory 
and visual sequences: The synchronization threshold and the benefits and 

costs of interval subdivision. J. Mot. Behav. 35, 355–370. doi: 
10.1080/00222890309603156

Repp, B. H., and Doggett, R. (2007). Tapping to a very slow beat: a comparison 
of musicians and nonmusicians. Music. Percept. 24, 367–376. doi: 10.1525/
MP.2007.24.4.367

Repp, B. H., and Keller, P. E. (2004). Adaptation to tempo changes in sensorimotor 
synchronization: effects of intention, attention, and awareness. Q. J. Exp. 
Psychol. 57, 499–521. doi: 10.1080/02724980343000369

Repp, B. H., and Su, Y. H. (2013). Sensorimotor synchronization: A review of 
recent research (2006-2012). Psychon. Bull. Rev. 20, 403–452. doi: 10.3758/
s13423-012-0371-2

Roalf, D. R., Rupert, P., Mechanic-Hamilton, D., Brennan, L., Duda, J. E., 
Weintraub, D., et al. (2018). Quantitative assessment of finger tapping 
characteristics in mild cognitive impairment, Alzheimer’s disease, and 
Parkinson’s disease. J. Neurol. 265, 1365–1375. doi: 10.1007/
s00415-018-8841-8

Ross, J. M., Iversen, J. R., and Balasubramaniam, R. (2018). The role of posterior 
parietal cortex in beat-based timing perception: a continuous theta burst 
stimulation study. J. Cogn. Neurosci. 30, 634–643. doi: 10.1162/jocn_a_01237

Sakamoto, M., Ando, H., and Tsutou, A. (2013). Comparing the effects of 
different individualized music interventions for elderly individuals with 
severe dementia. Int. Psychogeriatr. 25, 775–784. doi: 10.1017/
S1041610212002256

Salimpoor, V. N., Benovoy, M., Larcher, K., Dagher, A., and Zatorre, R. J. 
(2011). Anatomically distinct dopamine release during anticipation and 
experience of peak emotion to music. Nat. Neurosci. 14, 257–262. doi: 
10.1038/nn.2726

Särkämö, T., Tervaniemi, M., Laitinen, S., Numminen, A., Kurki, M., Johnson, J. K., 
et al. (2014). Cognitive, emotional, and social benefits of regular musical 
activities in early dementia: randomized controlled study. Gerontologist 54, 
634–650. doi: 10.1093/geront/gnt100

Scheff, S. W., Price, D. A., Schmitt, F. A., and Mufson, E. J. (2006). Hippocampal 
synaptic loss in early Alzheimer’s disease and mild cognitive impairment. 
Neurobiol. Aging 27, 1372–1384. doi: 10.1016/j.neurobiolaging.2005.09.012

Schwartze, M., Keller, P. E., Patel, A. D., and Kotz, S. A. (2011). The impact 
of basal ganglia lesions on sensorimotor synchronization, spontaneous motor 
tempo, and the detection of tempo changes. Behav. Brain Res. 216, 685–691. 
doi: 10.1016/j.bbr.2010.09.015

Sebanz, N., Bekkering, H., and Knoblich, G. (2006). Joint action: bodies and 
minds moving together. Trends Cogn. Sci. 10, 70–76. doi: 10.1016/j.
tics.2005.12.009

Seidler, R. D., Bernard, J. A., Burutolu, T. B., Fling, B. W., Gordon, M. T., 
Gwin, J. T., et al. (2010). Motor control and aging: links to age-related 
brain structural, functional, and biochemical effects. Neurosci. Biobehav. Rev. 
34, 721–733. doi: 10.1016/j.neubiorev.2009.10.005

Seidler, R. D., Erdeniz, B., Koppelmans, V., Hirsiger, S., Mérillat, S., and Jäncke, L. 
(2015). Associations between age, motor function, and resting state sensorimotor 
network connectivity in healthy older adults. NeuroImage 108, 47–59. doi: 
10.1016/j.neuroimage.2014.12.023

Serrien, D. J. (2008). The neural dynamics of timed motor tasks: evidence 
from a synchronization-continuation paradigm. Eur. J. Neurosci. 27, 1553–1560. 
doi: 10.1111/j.1460-9568.2008.06110.x

Shockley, K., Santana, M. V., and Fowler, C. A. (2003). Mutual interpersonal 
postural constraints are involved in cooperative conversation. J. Exp. Psychol. 
Hum. Percept. Perform. 29, 326–332. doi: 10.1037/0096-1523.29.2.326

Sowiński, J., and Dalla Bella, S. (2013). Poor synchronization to the beat may 
result from deficient auditory-motor mapping. Neuropsychologia 51, 1952–1963. 
doi: 10.1016/j.neuropsychologia.2013.06.027

Stevens, W. D., Hasher, L., Chiew, K. S., and Grady, C. L. (2008). A neural 
mechanism underlying memory failure in older adults. J. Neurosci. 28, 
12820–12824. doi: 10.1523/JNEUROSCI.2622-08.2008

Suva, D., Favre, I., Kraftsik, R., Esteban, M., Lobrinus, A., and Miklossy, J. 
(1999). Primary motor cortex involvement in Alzheimer disease. J. Neuropathol. 
Exp. Neurol. 58, 1125–1134. doi: 10.1097/00005072-199911000-00002

Thaut, M. H., Miller, R. A., and Schauer, L. M. (1998). Multiple synchronization 
strategies in rhythmic sensorimotor tasks: phase vs period correction. Biol. 
Cybern. 79, 241–250. doi: 10.1007/s004220050474

Thaut, M. H., Rathbun, J. A., and Miller, R. A. (1997). Music versus metronome 
timekeeper in a rhythmic motor task. Int. J. Arts Med. 5, 4–12.

https://www.frontiersin.org/journals/psychology
www.frontiersin.org
https://www.frontiersin.org/journals/psychology#articles
https://doi.org/10.1162/jocn_a_01601
https://doi.org/10.1037/0096-3445.135.3.348
https://doi.org/10.1080/14734220601142886
https://doi.org/10.1080/03610738808259744
https://doi.org/10.1111/j.1532-5415.2005.53221.x
https://doi.org/10.1016/j.gaitpost.2010.01.013
https://doi.org/10.1016/0926-6410(93)90014-V
https://doi.org/10.1016/S0140-6736(15)00463-8
https://doi.org/10.1016/j.tics.2019.08.004
https://doi.org/10.1016/j.tics.2019.08.004
https://doi.org/10.1016/S0010-0277(02)00187-7
https://doi.org/10.1016/S0010-0277(02)00187-7
https://doi.org/10.1007/s00221-011-2616-0
https://doi.org/10.1016/j.neuroimage.2005.02.041
https://doi.org/10.1093/cercor/bhj036
https://doi.org/10.1038/s41583-020-0304-4
https://doi.org/10.1016/j.wocn.2003.08.001
https://doi.org/10.1016/j.wocn.2003.08.001
https://doi.org/10.1016/S1053-8119(03)00351-3
https://doi.org/10.2466/10.22.PMS.119c12z3
https://doi.org/10.1523/jneurosci.17-14-05528.1997
https://doi.org/10.1016/j.nicl.2015.01.014
https://doi.org/10.1016/S0167-9457(01)00049-5
https://doi.org/10.1016/S0167-9457(01)00049-5
https://doi.org/10.1080/00222890309603156
https://doi.org/10.1525/MP.2007.24.4.367
https://doi.org/10.1525/MP.2007.24.4.367
https://doi.org/10.1080/02724980343000369
https://doi.org/10.3758/s13423-012-0371-2
https://doi.org/10.3758/s13423-012-0371-2
https://doi.org/10.1007/s00415-018-8841-8
https://doi.org/10.1007/s00415-018-8841-8
https://doi.org/10.1162/jocn_a_01237
https://doi.org/10.1017/S1041610212002256
https://doi.org/10.1017/S1041610212002256
https://doi.org/10.1038/nn.2726
https://doi.org/10.1093/geront/gnt100
https://doi.org/10.1016/j.neurobiolaging.2005.09.012
https://doi.org/10.1016/j.bbr.2010.09.015
https://doi.org/10.1016/j.tics.2005.12.009
https://doi.org/10.1016/j.tics.2005.12.009
https://doi.org/10.1016/j.neubiorev.2009.10.005
https://doi.org/10.1016/j.neuroimage.2014.12.023
https://doi.org/10.1111/j.1460-9568.2008.06110.x
https://doi.org/10.1037/0096-1523.29.2.326
https://doi.org/10.1016/j.neuropsychologia.2013.06.027
https://doi.org/10.1523/JNEUROSCI.2622-08.2008
https://doi.org/10.1097/00005072-199911000-00002
https://doi.org/10.1007/s004220050474


von Schnehen et al. SMS in Aging and NCDs

Frontiers in Psychology | www.frontiersin.org 18 March 2022 | Volume 13 | Article 838511

Thompson, E. C., White-Schwoch, T., Tierney, A., and Kraus, N. (2015). Beat 
synchronization across the lifespan: intersection of development and  
musical experience. PLoS One 10:e0128839. doi: 10.1371/journal.pone. 
0128839

Turgeon, M., and Wing, A. M. (2012). Late onset of age-related difference in 
unpaced tapping with no age-related difference in phase-shift error detection 
and correction. Psychol. Aging 27, 1152–1163. doi: 10.1037/a0029925

Turgeon, M., Wing, A. M., and Taylor, L. W. (2011). Timing and aging: slowing 
of fastest regular tapping rate With preserved timing error detection and 
correction. Psychol. Aging 26, 150–161. doi: 10.1037/a0020606

Ullén, F., Forsman, L., Blom, Ö., Karabanov, A., and Madison, G. (2008). Intelligence 
and variability in a simple timing task share neural substrates in the prefrontal 
white matter. J. Neurosci. 28, 4238–4243. doi: 10.1523/JNEUROSCI.0825-08. 
2008

van Ulzen, N. R., Lamoth, C. J. C., Daffertshofer, A., Semin, G. R., and 
Beek, P. J. (2008). Characteristics of instructed and uninstructed interpersonal 
coordination while walking side-by-side. Neurosci. Lett. 432, 88–93. doi: 
10.1016/j.neulet.2007.11.070

Vanneste, S., Pouthas, V., and Wearden, J. H. (2001). Temporal control of 
rhythmic performance: a comparison between young and old adults. Exp. 
Aging Res. 27, 83–102. doi: 10.1080/03610730125798

Versaci, L., and Laje, R. (2021). Time-oriented attention improves accuracy in a 
paced finger-tapping task. Eur. J. Neurosci. 54, 4212–4229. doi: 10.1111/ejn. 
15245

Vorberg, D., and Wing, A. (1996). “Modeling variability and dependence in 
timing,” in Handbook of Perception and Action. eds. H. Heuer and S. W. 
Keele (London: Academic Press), 181–262.

Wechsler, D. (1981). WAIS-R, Wechsler Adult Intelligence Scale- Revised, manual. 
Contemp. Educ. Psychol. 6, 82–85. doi: 10.1016/0361-476X(81)90035-7

Wiltermuth, S. S., and Heath, C. (2009). Synchrony and cooperation. Psychol. 
Sci. 20, 1–5. doi: 10.1111/j.1467-9280.2008.02253.x

Wing, A. M., and Kristofferson, A. B. (1973). The timing of interresponse 
intervals. Percept. Psychophys. 13, 455–460. doi: 10.3758/BF03205802

Witt, S. T., Laird, A. R., and Meyerand, M. E. (2008). Functional neuroimaging 
correlates of finger-tapping task variations: an ALE meta-analysis. NeuroImage 
42, 343–356. doi: 10.1016/j.neuroimage.2008.04.025

Conflict of Interest: The authors declare that the research was conducted in 
the absence of any commercial or financial relationships that could be  construed 
as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the 
authors and do not necessarily represent those of their affiliated organizations, 
or those of the publisher, the editors and the reviewers. Any product that may 
be evaluated in this article, or claim that may be made by its manufacturer, is 
not guaranteed or endorsed by the publisher.

Copyright © 2022 von Schnehen, Hobeika, Huvent-Grelle and Samson. This is an 
open-access article distributed under the terms of the Creative Commons Attribution 
License (CC BY). The use, distribution or reproduction in other forums is permitted, 
provided the original author(s) and the copyright owner(s) are credited and that 
the original publication in this journal is cited, in accordance with accepted academic 
practice. No use, distribution or reproduction is permitted which does not comply 
with these terms.

https://www.frontiersin.org/journals/psychology
www.frontiersin.org
https://www.frontiersin.org/journals/psychology#articles
https://doi.org/10.1371/journal.pone.0128839
https://doi.org/10.1371/journal.pone.0128839
https://doi.org/10.1037/a0029925
https://doi.org/10.1037/a0020606
https://doi.org/10.1523/JNEUROSCI.0825-08.2008
https://doi.org/10.1523/JNEUROSCI.0825-08.2008
https://doi.org/10.1016/j.neulet.2007.11.070
https://doi.org/10.1080/03610730125798
https://doi.org/10.1111/ejn.15245
https://doi.org/10.1111/ejn.15245
https://doi.org/10.1016/0361-476X(81)90035-7
https://doi.org/10.1111/j.1467-9280.2008.02253.x
https://doi.org/10.3758/BF03205802
https://doi.org/10.1016/j.neuroimage.2008.04.025
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Sensorimotor Synchronization in Healthy Aging and Neurocognitive Disorders
	Introduction
	Sensorimotor Synchronization: Common Paradigms and Ways of Assessing Performance

	Brain and Cognitive Mechanisms Involved in Sensorimotor Synchronization
	Unpaced Tapping
	Paced Tapping

	Brain and Cognitive Correlates of Healthy Aging and Neurocognitive Disorders
	Healthy Aging
	Neurocognitive Disorders

	Sensorimotor Synchronization in Healthy Aging
	Unpaced Tapping
	Spontaneous Motor Tempo
	Fastest and Slowest Unpaced Tapping
	Paced Tapping
	Synchronization Without Continuation
	Synchronization–Continuation
	Conclusion: Sensorimotor Synchronization in Healthy Aging

	Sensorimotor Synchronization in Neurocognitive Disorders
	Unpaced Tapping
	Spontaneous Motor Tempo
	Fastest Unpaced Tapping
	Paced Tapping
	Synchronization Without Continuation
	Synchronization–Continuation
	Conclusion: Sensorimotor Synchronization in Neurocognitive Disorders

	Future Directions
	General Conclusion
	Author Contributions

	References

