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Abstract

Associations between cognitive and motor timing performance are documented in hundreds of studies. A core finding is a
correlation of about —0.3 to — 0.5 between psychometric intelligence and time interval production variability and reaction
time, but the nature of the relationship remains unclear. Here, we investigated whether this relation is subject to near and
far transfer across a battery of cognitive and timing tasks. These tasks were administered pre- and post-five daily 30 min
sessions of sensorimotor synchronization training with feedback for every interval. The training group exhibited increased
sustained attention performance in Conners’ Continuous Performance Test II, but no change in the block design and figure
weights subtests from the WAIS-IV. A passive control group exhibited no change in performance on any of the timing or
cognitive tests. These findings provide evidence for a direct involvement of sustained attention in motor timing as well as
near transfer from synchronization to unpaced serial interval production. Implications for the timing—cognition relationship
are discussed in light of various putative timing mechanisms.

Keywords Motor timing - Transfer - Near transfer - Intelligence - WAIS - Learning - Tapping - Sensorimotor
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Introduction

Motor timing of brief intervals is a fundamental aspect of
everyday activities such as walking, talking, and taking turns
in a conversation. Yet, the nature of the mechanisms that
achieve adaptive timed behaviour is largely uncharted. A
vast number of studies have shown associations of about
the same magnitude (r=0.3-0.5) for a range of timed and
speeded motor tasks, including reaction time (for recent
studies of intelligence and timed behaviours see Der and
Deary 2017; Holm et al. 2011; Johnson and Deary 2011;
Madison et al. 2009; Ullén et al. 2015; Rammsayer and Tro-
che 2010; Ullén et al. 2008; for reviews see Deary 2000;
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Doebler and Scheffler 2015; Jensen 2006; Sheppard and
Vernon 2008).

The nature of this relationship remains poorly under-
stood, in spite of it being one of the oldest phenomena in
academic psychology, first documented by Francis Galton
(1883). Empirically, the ability to accurately estimate and
produce the duration of a stimulus has been associated
with sustained attention and working memory capacity. For
example, several timing tasks exhibit an interference effect
when non-temporal tasks disrupt timing performance (e.g.
Brown 1997; B&ath et al. 2016; Holm et al. 2013; Holm
et al. 2017). Therefore, many researchers attribute the inter-
ference effect to competition for attentional resources (e.g.
Brown 1985; Brown and Benette 2002; Thomas and Weaver
1975; Zakay 1989) which leads to a mutual deterioration of
timing performance. This is in line with what attentional
models for time perception and estimation would predict,
such as the attentional gate model (Zakay and Block 1995).
Specifically, this model suggests that when more attention
is given to non-temporal information processing, less atten-
tional resources are allocated to temporal processing which
results in misperceptions of time.
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In the present study, we will employ the sensorimotor
synchronization (SMS) and isochronous serial interval pro-
duction (ISIP) tasks, which form the two phases of the clas-
sic synchronization—continuation paradigm. Functional brain
imaging studies tend to locate synchronization and continua-
tion tapping processing to brain regions not associated with
cognitive processes, such as the basal ganglia, sensorimotor
cortex, temporal gyrus, and cerebellum, but are rather incon-
sistent with regard to other regions (e.g. Chauvigné et al.
2014; Lewis et al. 2004; Lutz et al. 2000; Rao et al. 1997).
Structural imaging has however shown that the volume of
certain regions in the prefrontal cortex is correlated with
both intelligence and ISIP performance (Ullén et al. 2008).

Genetic studies provide another line of evidence for com-
mon mechanisms. It is well established that intelligence is
strongly heritable (for a summary see Plomin et al. 2016).
Twin studies show that also ISIP and reaction time have
a heritable component, and that intelligence is genetically
correlated with ISIP (Mosing et al. 2016; Ullén et al. 2015)
and reaction time (Madison et al. 2016; Sheppard and Ver-
non 2008).

Yet another source of the associations could be individual
differences in specific cognitive abilities, such as sustained
attention. Indeed, reaction time (RT) performance has been
shown to depend on attention, which is in turn correlated
with intelligence (Schweizer et al. 2005; Schweizer and
Moosbrugger 2004). Further support for the role of attention
on the relationships between intelligence and timing tasks
comes from the Worst Performance Rule, which states that
performance on the worst trials in reaction timing tasks is
most strongly correlated with intelligence (Coyle 2003). The
reason could be that those trials reflect attentional lapses, the
frequency and magnitude of which is greatest amongst those
with lower intelligence.

Evidence from clinical populations also supports the role
of attention in time perception and motor timing. It has been
shown, for example, that children diagnosed with attentional
deficit hyperactivity disorder (ADHD) exhibit problems in
both motor timing and cognitive capacities such as atten-
tion (Kaplan et al. 1998; Piek et al. 1999). Timing deficits
have been consistently reported also in specific neurode-
generative disorders (i.e. Parkinson’s and Huntington dis-
order), patients with damage in the frontal lobes (Nichelli
et al. 2006) as well as depressed patients (Gualtieri et al.
2006). These deficits in the processing of interval durations
are attributed to their limited attentional resources or limited
working memory capacity—which is well documented in
these clinical populations—and leads to more variability in
the timing tasks.

Here, we study transfer effects between timing and cogni-
tive functions to further explore these relationships. Trans-
fer occurs when learning in one context enhances (posi-
tive transfer) or undermines (negative transfer) a related
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performance in another context. It is also distinguished
between near transfer to closely related contexts and per-
formances, and far transfer to rather different contexts and
performances (Perkins and Salomon 1992). Specifically,
we examine the extent to which gains from a motor timing
training task transfers to a sustained attention task and to
fluid intelligence. To this end, we employed a sensorimotor
synchronization task for the training sessions, augmented
by interval-by-interval auditory and visual feedback. The
transfer from the synchronization task to a post-training ISIP
task provided a manipulation check for close transfer.

Previous studies have shown that synchronization train-
ing improves several aspects of motor and cognitive skills,
such as motor coordination and attention (Shaffer et al. 2001;
Bartscherer and Dole 2005; Ritter et al. 2013). These studies
included children with ADHD and did not include control
groups. Here, we therefore extend on previous research by
using typically developing adults and employing a passive
control group. In addition, we are interested in transfer from
training on the synchronization task to the ISIP task. Both
these tasks require continuous monitoring of elapsed time,
but pose slightly different demands. As follows from the
above, synchronization implies feedback-based error cor-
rection, whereas ISIP is assumed to constitute an open-loop
process, at least at shorter intervals below 700-800 ms
(Madison 2006; Madison and Delignieres 2009). However,
feedback error correction can reduce asynchronies, and have
a substantial impact on tempo drift (ibid; Madison 2001;
Semjen et al. 2000). Furthermore, participants are required
to maintain the target interval in working memory during
ISIP, the performance of which should reasonably involve
sustained attention. Based on the close similarity of the two
tasks, we therefore expect a decrease in ISIP variability post-
synchronization training.

The hypotheses were that, compared to the control group,
(1) the training group would improve more on the motor tim-
ing tasks, (2) the training group would improve more on the
sustained attention task, if higher order components such as
attention are involved in repetitive motor timing, and that (3)
the training group would improve more on the intelligence
tasks, if basic neural properties that influence both temporal
accuracy and cognitive processes are involved in motor tim-
ing. Moreover, we expected (4) to see more reduced ISIP
variability in the training group compared to the control
group, as 2.5 h of training has been found to decrease vari-
ability by about 25% Madison et al. 2013).
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Method
Participants

Forty students (16 men, 24 women, M=24. 1, SD=2.45)
were recruited via flyers at the Umea University campus and
through an Internet Facebook group. All participants were
right-handed and none of them was a professional musician.
Inclusion criteria were that the participants were students
and between 18 and 35 years old. Exclusion criteria were
impaired sight, hearing, and a history of neurological prob-
lems. Participants were randomly assigned into a training
and a control group. Participants assigned to the training
group were paid SEK 500 (~EUR 50) and those to the con-
trol group SEK 300 (~30 Euro). The study was approved by
the local ethics committee (2012-259-31 O).

Material and tasks
Cognitive tasks

Block design In the block design task, participants were
required to reproduce a visually presented pattern using red
and white coloured blocks. Scores were calculated based
on speed and accuracy according to the WAIS-IV manual,
yielding a maximum score of 51. The test is primarily a
measure of visual-spatial and organizational processing
abilities, as well as nonverbal problem-solving skills.

Figure weights In the figure weights, the participant viewed
scales with missing weights and selected the weights out of
several options to balance a scale. This test is primarily a
measurement of quantitative and analogical reasoning. It is
also unaffected by language.

Sustained attention test Conners’ Continuous Performance
Test IT (CPT II) was run as a computerized task on a PC run-
ning the Windows 7 operating system. The task consisted of
pressing the space bar or clicking the mouse button when
any letter except the target letter ’X’’ was presented on the
screen. The inter-stimulus intervals (ISI) between letters
were 1, 2, and 4 s in the same block. There were six blocks
with 60 trials each. There were 54 targets consisting of any
letter except X (90%) and 6 non-targets (i.e. ‘X”) per block
(10%), the order of which was randomly permuted within
each block. The CPT II took 14 min to complete. Discrimi-
nability (d)" was used as a measure of sustained attention
performance. Each subject practised the task until the exper-
imenter was confident that the participants had understood
the instructions. This test is cited as the most frequently
used measure of sustained attention (Riccio et al. 2002). It

has been identified as a task sensitive to decrements in per-
formance over time and resistant to training effects.

Timing tasks
Isochronous serial interval production (ISIP)

This task consists of “beating at a regular tempo”, and cor-
responds to the continuation part of the synchronizing—con-
tinuation tapping task (Stevens 1886; Wing and Kristof-
ferson 1973; Madison 2001, 2006). Each trial began with
40 sounds that the participant had to synchronize with to
induce the inter-stimulus interval for the ISIP task, and data
from the synchronization part were not used. A PC running a
real-time operating system (FreeDOS) controlled all aspects
of the task. It issued all the sound signals from an Alesis
DMS5 sound module, connected via a MIDI interface. The
sound with which to synchronize was Prc/Claves, presented
through Peltor HTB7A headphones at 84 dBA SPL.

Each participant was tested individually, sitting upright
on a chair with the feet on the floor. A computer screen was
positioned at eye height and slightly to the left of the partici-
pant. An electronic drum pad was placed to the participant’s
right front side at a comfortable position, at which to beat
a drumstick with the right hand. After the participant had
synchronized with 40 sounds, the sounds ceased, and the
participant continued to produce 200 responses without any
interruption and with the same interval, until a stop signal
sounded. There were two such trials for each of the four pre-
scribed inter-response intervals (IRI): 524, 733, 1024, and
1431 ms. If the mean IRI across the last six responses was
shorter than 66% of the ISI or if more than three times the
IST had elapsed since the last response, the computer gener-
ated a warning signal. This signal consisted of a bongo drum
presented with a sound pressure of 78 dB SPL, repeated
with random intervals in the range of 40-100 ms, which
was thought to constitute minimal temporal information and
thus distraction of the timing behaviour. Together with the
instructions, the eight trials took about 35 min to complete.

Sensorimotor synchronization training

This task setup involved the same headphones and drum
pad as was used in the ISIP task. The two setups differed
in that the software was run on a PC with the Windows 7
operating system and an LCD screen with a resolution of
1920 x 1080 pixels was used for visual feedback. Stimulus
sounds were produced by an Arduino Uno 1.6.3 microcom-
puter and consisted of a 262 Hz sine tone lasting 50 ms,
presented at 1024 ms ISI. Participants used a drumstick and
their beats were recorded and time-stamped by the Arduino
in real time and sent to the Windows PC for processing in
an in-house developed Matlab code running in the Matlab
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Fig. 1 Display of the visual feedback when the response was within
5% of the metronome beep

2014b environment. The participant feedback based on the
beat records (explained below) was supplied via the Matlab
code on the PC.

The participants produced 200 synchronization intervals
per trial. There were five trials per session and short breaks
between each trial. Participants received visual and auditory
feedback on each interval production. Computation of asyn-
chrony and presentation of feedback was done via in-house
developed Matlab code, using the PsychToolbox-3 methods
library (Brainard 1997; Pelli 1997).

Throughout the synchronization task, the screen displayed
a horizontal line intersected by a vertical line at the central
meridian of the screen, as illustrated in Fig. 1. The visual
feedback was presented as a vertical bar moving proportion-
ally with the participant’s asynchrony along the meridian: to
the left if ahead of the metronome, and to the right if behind
in time. If participants were within 5% of the metronome
beep, a green box was displayed around the vertical bar.

The auditory feedback was presented via loudspeakers in
front of the participant and consisted of different frequencies
for the feedback sound. This sound was a sine tone with a
duration of 100 ms, which started simultaneously with the
response. The frequency of the feedback sound was 523 Hz
when the response was within 51 ms of the stimulus, corre-
sponding to 5 percent of the ISI, 740 Hz if the response was
too early (between 51 and 512 ms before the stimulus sound)
and 370 Hz if it was too late (between 51 and 512 ms after
the metronome) (Fig. 2). Each training session lasted around
30 min. At the end of each session, participants were shown
their results depicted in a graph on the computer screen.

@ Springer

Dependent measures computation

Performance in the synchronization training and ISIP tasks
was defined as the standard deviation of the mean inter-
response interval. The ISIP variability was also gauged by
the so-called local variability, which eliminates the influ-
ence of the gradual drift in IRI that occurs when intervals
are produced without any external guiding signal (Madison
20006). It is computed according to Eq. 1:

2
Local = \/Z iz = ) s ()

2(N -2)

where x; is the duration of the temporal interval between
response i and response i+ 1, x is the mean of all intervals
of the trial and N is the number of intervals in a trial. In
other words, the expression inside the square root is a vari-
ance measure based on lag 2 local differences between data
points.

Discriminability d' is a measure of the difference between
the signal plus noise (non-X) and noise (X) distributions.
As such, d' provides a means for assessing an individual’s
discriminative sensitivity, since, in general, the greater the
difference between the signal plus noise and noise distri-
butions, the better is the ability to distinguish between the
stimuli. We computed d' as Z(hit rate) — Z(false alarm rate),
where a hit refers to responding in the presence of a non-X
and a false alarm refers to responding in the presence of
an X. Under the assumption of normality, then, the differ-
ence between the z scores indicates the distance between the
means of signal + noise and noise distributions.

Fig.2 Display of the visual feedback when the response was more
than 5% after the metronome beep
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Procedure

Participants in both the training and control group were
informed that they would partake in a series of cognitive
and motor tasks, and gave written informed consent prior to
the study. All participants were tested in pre- and post-test
sessions, each with four tasks that occurred in the follow-
ing order: block design and figure weights subtests from the
Wechsler Adult Intelligent Scale (WAIS IV) battery, Con-
ner’s Continuous Performance Test II, and the ISIP task. The
order of the tasks was the same for all participants both in
the pre- and post-sessions, to minimize variability. Between
the pre- and post-tests, the training group trained synchro-
nization for a total of 150 min, in 30 min sessions on five
separate days.

Fig.3 Synchronization vari- 47
ability as a function of training.
Error bars indicate one standard

error of the mean (SEM)
48

Results

One participant was excluded from further analysis because
her synchronization variability was more than two standard
deviations above the mean of the rest of the training group.

Training

The variability across the remaining participants decreased
monotonically from 45.0 ms SD at the first session to
37.1 ms in the last session, as depicted in Fig. 3. A depend-
ent ¢ test indicated a significant difference between the first
and last training session, #(18)=6.27, p<0.05.

Cognitive tasks

Table 1 shows that the training and the control group per-
formed at a similar level in all the cognitive tasks except

) 41 \“’\\
= -
\\\
39 N
38
1 3 4 5
Session
Table 1 D@scriptive statist.ics Block design Figure weights Sustained attention
for the variables block design,
figure weights and sustained Pre Post Pre Post Pre Post
attention (d' prime), for the —
training and the control group Training
in the pre- and post-tests, Mean 38.1 43 20.8 23.7 0.68 1.05
respectively SD 6.05 5.4 4.1 2.20 0.42 0.45
Control
Mean 39.5 43.1 19.9 21.3 0.75 0.85
SD 7.2 5.8 39 3.14 0.35 0.32
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sustained attention, where the training group had improved
post-training. Effect size measures were computed using par-
tial eta squared (npz). For block design, a mixed 2 (group) X2
(pre—post) ANOVA indicated a main effect of pre—post,
F| 33=0.59.672, p<0.05, n,>=0.611, but not of group,
F 33= 0.203, p=0.655, np2 =0.005, or of the session X group
interaction, F| 33=0.1.247, p=0.271, np2 =0.032, suggest-
ing that both groups improved about equally across sessions.
Similarly, figure weights test ANOVA exhibited a main
effect of pre—post F'y 33=24.91 p<0.05 np2 =0.396, but not
of group, F 33=0.2.682, p=0.110, 77p2 =0.066, or of their
interaction, F; 3;3=3.177, p=0.083, ,°=0.077.

For the sustained attention task, there was a significant
main effect of session, F| ;3=24.910, p<0.05, np2 =0.396,
but not of group F| 33=2.682, p=0.110, ’1p2 =0.066. Criti-
cally, there was a significant session X group interaction,

1.1
Training
2
o
2
2 09
=
2
= Control
53
o
)
o
0.7
0.5
Pre Post
Test

Fig. 4 Performance on sustained attention (CPT II), as a function of
test session for the control and training group. Error bars express one
SEM

F, 33=5.865, p=0.0.02, npz =0.134, indicating that the
training group improved more than the control group, as
depicted in Fig. 4.

To test whether the sustained attention performance
improvement could be predicted from individual synchro-
nization training effects, we computed Pearson’s correlation
between the difference in SD between the first and last train-
ing sessions, and the d’ difference in the sustained attention
task between the pre- and post-test. This correlation was
positive but non-significant (r=0.109, p > 0.05).

The response sequences were quite long (200 inter-
vals), which allows for drift that might inflate the stand-
ard deviation, as mentioned above. We therefore focus on
the local estimates (Eq. 1), but include the raw SDs for
transparency in Table 2, which shows SD and local sepa-
rately for the control and training group and the pre- and
post-sessions. A mixed-model 2 (group) X 2 (pre—post) X 4
(IST) factorial ANOVA with Local as dependent variable
indicated a significant main effect of ISI, F; ;,=245.1,
p <0.00001, but not of group, Fi ag= 2.7, p=0.011, or
pre—post, F; 33=4.06, p=0.0.051, which was just short
of significance. Critically, the pre—post X group interaction
was statistically significant, F 33=5.92, p=0.02, showing
that the training but not the control group decreased their
variability for all IOI, as indicated by F values below 1 for
all other interactions. The massive effect of ISI is likely to
distort the much weaker interactions because of the sca-
lar timing effect (Gibbon et al. 1997; Madison 2004b).
The coefficient of variation (CV) is therefore a more
appropriate metric, that is, Local divided by the IRI for
each trial sequence, multiplied by 100 to be expressed in
percent. An identical ANOVA with CV Local as depend-
ent variable indicated significant main effects of ISI,
F3 114=6.92, p=0.00025, and pre—post, 7.66 p=0.009,
but not of group, F; 33=1.99, p=0.17. Again, the critical
pre—post X group interaction was significant, Fy 33=11.3,
p=0.0018, 17p2=0.23. All of the remaining interactions
exhibited F values below 1.5, p>0.25. The data suggest
that the difference between 1024 and 1431 ms violate the

Table 2 Timing variability for
the ISIP task for the control and

Inter-stimulus interval (ISI)

the training group in pre- and 524 ms

733 ms

1024 ms 1431 ms

post-tests
SD Local CV

SD Local CV SD

Local CV SD Local CV

Control
Pre 281 237 4.49
Post 31.1 242 4.47
Training
Pre 300 238 4.55
Post 29.1 20.8 3.90

41.8 335 452 67 49.9 4.71
447 356 472 685 507 4.75

459 3456 474 696 465 4.57
36.6 2680 3.56 622 384 353 942 64.5 441

111.1 746 491
106.6 739 5.06

1112 73.6 5.32

SD standard deviation. Local variability excludes drift (Eq. 1), and is otherwise comparable to SD. CV
coefficient of variation for local, i.e. local/IRIx 100
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scalar principle, consistent with previous studies (Madison
2001, 2004b, 2006; Grondin et al. 2015). We tested this
specifically for CV Local by comparing adjacent levels of
IST for each group and pre—post session separately, which
amounts to 12 contrasts in total. Post hoc tests showed
no significant effects for the control group. However, the
training group exhibited a significant difference between
1024 and 1431 ms, but not for any other ISI levels, both
pre-training, F| 33=7.48, p=0.0094, and post-training,
F, 33=11.82, p=0.0014.

Discussion

The aim of this study was to test the involvement of cogni-
tive capacities in motor timing by assessing transfer effects
from motor timing training to sustained attention as well
as the transfer from a sensorimotor synchronization train-
ing to ISIP. The hypothesis that the timing trained group
would improve more in the sustained attention task com-
pared to the control group was borne out by the results.
Furthermore, we found no evidence for timing training
improvements on measures of other types of cognitive
ability employed in the study. The small improvements in
block design task and figures weight task are likely trivial
test-taking effects and do not differ across the training and
control group. Finally, we found an improvement in the
ISIP task following sensorimotor synchronization train-
ing, indicating near transfer to a timing task conceivably
involving slightly higher working memory demand than
synchronization tapping.

Studies on working memory-training effects offer a
rather inconsistent picture. A meta-analysis (Schwaig-
hofer et al. 2015) showed that training of working memory
yielded both immediate and sustained near-transfer effects
to both short-term memory and working memory compo-
nents. Other studies have reported far transfer to untrained
abilities, such as reasoning) (Jaeggi et al. 2008), as well
as both near and far-transfer effects as a result of training
skills related to working memory (WM) (Brehmer et al.
2012). Yet other training studies report no transfer at all
(Redick et al. 2013; Thompson et al. 2013). Finally, stud-
ies with older adults have typically reported smaller or null
transfer effects, as compared to younger adults (Brehmer
et al. 2012; Buschkiihl et al. 2008; Dahlin et al. 2008a; Li
et al. 2008).

With regard to motor timing and sustained attention
transfer, this effect might be due to the close match in
response requirements between the synchronization train-
ing and the sustained attention task. Specifically, timed
behaviour appears to for the most part involve active regu-
lation in terms of error correction with respect to previ-
ous intervals or asynchronies, and to a memorized model

of the target interval (Staddon 2005). This would involve
attentive processes over time, at least for intervals longer
than about 500 ms (Madison 2004a, 2006; Madison and
Delignieres 2009). The CPT II also involves regulation
of behaviour over time. This interpretation is in line with
Dahlin et al. (2008b), who argued that transfer can occur if
the criterion and transfer tasks engage specific overlapping
processing components and brain regions. Thus, the motor
timing training improvement might reflect improved abil-
ity to maintain focus and allocate sustained attention more
efficiently in the service of regulating timed behaviour. In
other words, we might have trained sustained attention and
not motor timing ability per se through the synchronization
training. Therefore, it seems reasonable to view our results
as near transfer rather than far transfer.

Overall, this study provides support that repetitive motor
timing in the range from a few hundred milliseconds to a few
seconds range employs regulation subject to controlled cog-
nitive processes, specifically to sustained attention. Another
relevant line of research suggests that the speed and accuracy
of visual and visuo-motor processing is predicted by efficient
modulation of attentional resources (Klimesch et al. 1998;
Serences and Yantis 2006; van Dijk et al. 2008). This indi-
cates that the nervous system’s ability to modulate its repre-
sentation of time is highly influenced by the attentional state
of the observer. Accordingly, Krampe et al. (2005) proposed
that the timing and sequencing of paced movement is pro-
duced via two distinct processes: a low-level timing process
and a higher-level timing process operating within the larger
system of executive control. During the production of self-
paced interval sequences, executive functions control the
low-level timing mechanism by, for example, updating and
maintaining the temporal stimuli and supervising changes
in the movement production.

With regard to the transfer from the synchronization train-
ing task to the ISIP task, one explanation could be that the
feedback-based error correction led to a better calibrated
internal model of error correction. Such an improved model
should then affect the local interval-to-interval ISIP accu-
racy. In other words, training reduced the motor implemen-
tation error expressed as reduced timing variability both in
the synchronization and ISIP tasks. Another explanation
could be that training in the sensorimotor synchronization
task increased predictive control. Given the fact that the
sensorimotor synchronization task is a form of referential
behaviour (Pressing 1999) in which an action is coordinated
with an external predictable event, it seems possible that
predictive control had been increased during the sensorimo-
tor synchronization, affecting also the internally generated
intervals during the ISIP.

Based on our previous argument that cognitive control
expressed via sustained attention seems to be involved in
the sensorimotor synchronization timing task, it might be
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possible that the same relationship holds for the ISIP task.
It seems likely that an ISIP task involves cognitive control,
because regular motor output must be maintained and suc-
cessfully represented in working memory in the absence of
any external cues (Jones et al. 2011). In concert with the
argumentation above, Witt and Stevens (2013) provided
direct evidence for the contribution of top-down control
during different phases of a unimanual, auditory-paced
synchronization task. By investigating changes in dynamic
causal modelling (DCM) they measured top-down control
of sensorimotor timing between putatively higher-level
cognitive (e.g. prefrontal) and lower-level sensory and
motor areas. They found that subjects who performed bet-
ter in keeping the interval constant in the absence of the
auditory cue relied more on top-down control of the motor
and sensory regions, while those with less accurate perfor-
mance relied more on sensory driven, bottom-up control
of the motor cortex (Witt and Stevens 2013).

Finally, the present results bear on the established
relationship between timing and intelligence (Madison
et al. 2009), suggesting that top-down influences might
also contribute to correlations between intelligence and
motor timing. Such influence could operate in several dif-
ferent ways. For example, more intelligent people could
perform better in timed tasks due to better cognitive con-
trol mechanisms that are used both in timing tasks and in
problem solving. For example, they might perform better
in timing tasks because they have better focus and not so
many lapses of attention (Ullén et al. 2008). That is also
in line with several studies which have shown an associa-
tion between intelligence and sustained attention (Buehner
et al. 2006; Ren et al. 2013; Schweizer 2000) as well as
with studies which propose that that fluctuations or lapses
in sustained attention are related to executive control and
fluid intelligence (Unsworth et al. 2010).

While the present study strongly implicates sustained
attention in regulating motor timing, the precise operation
of that regulation is still unclear. One avenue of future
investigation would therefore be to make closer analyses
and modelling of motor timing under divided attention or
through the course of motor timing training.

Acknowledgements Open access funding provided by Umea Univer-
sity. This study was funded by the Swedish Research Council (Grant
421-2011-1917, PI Linus Holm and HS-2011-1971, PI Guy Madison).

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not

@ Springer

permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Baéath R, Tjostheim TA, Lingonblad M (2016) The role of executive
control in rhythmic timing at different tempi. Psychon Bull Rev
23:1954-1960

Bartscherer ML, Dole RL (2005) Interactive Metronome training for
a 9-year-old boy with attention and motor coordination difficul-
ties. Physiother Theory Pract 21:257

Brainard DH (1997) The psychophysics toolbox. Spat Vis
10:433-436

Brehmer Y, Westerberg H, Backman L (2012) Working memory train-
ing in younger and older adults: training gains, transfer, and main-
tenance. Front Hum Neurosci 6:63. https://doi.org/10.3389/fnhum
.2012.00063

Brown SW (1985) Time perception and attention: the effects of pro-
spective versus retrospective paradigms and task demands on per-
ceived duration. Percept Psychophys 38:115-124

Brown SW (1997) Attentional resources in timing: Interference effects
in concurrent temporal and nontemporal working memory tasks.
Percept Psychophys 59:1118-1140

Brown SW, Benette E (2002) The role of practice and automaticity in
temporal and non temporal dual-task performance. Psychol Res
66:80-89

Buehner M, Krumm S, Ziegler M, Pluecken T (2006) Cognitive abili-
ties and their interplay: reasoning, crystallized intelligence, work-
ing memory components, and sustained attention. J Individ Differ
27:57-72

Chauvigné LAS, Gitau KM, Brown SW (2014) The neural basis of
audiomotor entrainment: an ALE meta-analysis. Front Hum Neu-
rosci 8:776

Coyle TR (2003) A review of the worst performance rule: evidence,
theory, and alternative hypotheses. Intelligence 31:567-587

Dahlin E, Nyberg L, Backman L, Neely AS (2008a) Plasticity of
executive functioning in young and older adults: immediate train-
ing gains, transfer, and long-term maintenance. Psychol Aging
23(4):720-730

Dahlin E, Stigsdotter-Neely A, Bickman L, Nyberg L (2008b) Transfer
of learning after updating training mediated by the striatum. Sci-
ence 5882:1510-1512

Deary 1J (2000) Looking down on human intelligence: from psycho-
metrics to the brain. Oxford University Press, Oxford

Der G, Deary 1J (2017) The relationship between intelligence and reac-
tion time varies with age: results from three representative narrow-
age age cohorts at 30, 50 and 69 years. Intelligence 64:89-97

Doebler P, Scheffler B (2015) The relationship of choice reaction time
variability and intelligence: a meta-analysis. Learn Individ Differ
52:157-166

Galton F (1883) Inquiries into human faculty and its development.
Macmillan, London

Gibbon J, Malapani C, Dale CL, Gallistel CR (1997) Toward a neu-
robiology of temporal cognition: advances and challenges. Curr
Opin Neurobiol 7:170-184

Grondin S, Laflamme V, Mioni G (2015) Do not count too slowly:
evidence for a temporal limitation in short-term memory. Psychon
Bull Rev 22:863-868

Gualtieri TC, Johnson LG, Benedict KB (2006) Neurocognition in
depression: patients on and off medication versus healthy com-
parison subjects. J] Neuropsychiatry Clin Neurosci 18:217-225


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fnhum.2012.00063
https://doi.org/10.3389/fnhum.2012.00063

Experimental Brain Research (2020) 238:1051-1060

1059

Holm L, Ullén F, Madison G (2011) Intelligence and temporal accuracy
of behavior: unique and shared associations between intelligence,
reaction time and motor timing. Exp Brain Res 214(2):175-183

Holm L, Ullén F, Madison G (2013) Motor and executive control in
repetitive timing of brief intervals. J Exp Psychol Hum Percept
Perform 39(2):365-380

Holm L, Karampela O, Ullén F, Madison G (2017) Executive control
and working memory are involved in sub-second repetitive motor
timing. Exp Brain Res 235:787-798

Jaeggi SM, Buschkuehl M, Jonides J, Perrig WJ (2008) Improving fluid
intelligence with training on working memory. Proc Natl Acad Sci
USA 19:6829-6833

Jensen AR (2006) Clocking the mind: mental chronometry and indi-
vidual differences. Elsevier, Oxford

Johnson W, Deary 1J (2011) Placing inspection time, reaction time,
and perceptual speed in the broader context of cognitive ability:
the VPR model in the Lothian Birth Cohort 1936. Intelligence
39:405-417

Kaplan BJ, Wilson BN, Dewey D, Crawford SG (1998) DCD may not
be a discrete disorder. Hum Mov Sci 17:471-490

Klimesch W, Doppelmayr M, Russegger H, Pachinger T, Schwaiger J
(1998) Induced alpha band power changes in the human EEG and
attention. Neurosci Lett 244:73-76

Krampe RT, Mayr U, Kliegl R (2005) Timing, sequencing, and execu-
tive control in repetitive movement production. J Exp Psychol
Hum Percept Perform 3:379-397

Lewis PA, Wing AM, Pope PA, Praamstra P, Miall RC (2004) Brain
activity correlates differentially with increasing temporal com-
plexity of rhythms during initialisation, synchronisation, and
continuation phases of paced finger tapping. Neuropsychologia
42:1301-1312

Li SC, Schmiedek F, Huxhold O, Rocke C, Smith J, Lindenberger
U (2008) Working memory plasticity in old age: practice gain,
transfer, and maintenance. Psychol Aging 23(4):731-742

Lutz K, Specht K, Shah NJ, Jancke L (2000) Tapping movements
according to regular and irregular visual timing signals investi-
gated with fMRI. NeuroReport 11:1301-1306

Madison G (2001) Variability in isochronous tapping: higher order
dependencies as a function of interval. J Exp Psychol Hum Per-
cept Perform 27:411-422

Madison G (2004a) Fractal modeling of human isochronous serial
interval production. Biol Cybern 90:105-112

Madison G (2004b) Detection of linear temporal drift in sound
sequences: principles and empirical evaluation. Acta Physiol
(Oxf) 117:95-118

Madison G (2006) Duration specificity in the long-range correla-
tion of human serial interval production. Phys D (Nonlinear
Phenomena) 216:301-306

Madison G, Delignieres D (2009) Auditory feedback affects the long-
range correlation of isochronous serial interval production. Sup-
port for a closed-loop or memory model of timing. Exp Brain
Res 193:519-527

Madison G, Forsman L, Blom O, Karabanov A, Ullén F (2009) Cor-
relations between general intelligence and components of serial
timing variability. Intelligence 37:68-75

Madison G, Karampela O, Ullen F, Holm L (2013) Effects of practice
on variability in an isochronous serial interval production task:
asymptotical levels of tapping variability after training are simi-
lar to those of musicians. Acta Physiol (Oxf) 143(1):119-128

Madison G, Mosing MA, Verweij KJH, Pedersen NL, Ullén F
(2016) Common genetic influences on intelligence and auditory
simple reaction time in a large Swedish sample. Intelligence
59:157-162

Mosing MA, Verweij KJH, Madison G, Ullén F (2016a) The genetic
architecture of correlations between perceptual timing, motor

timing, and intelligence. Intelligence 57:33—40. https://doi.
org/10.1016/j.intell.2016.04.002

Nichelli P, Always D, Grafman J (2006) Perceptual timing in cerebel-
lar degeneration. Neuropsychologia 34:863—-871

Panizzon MS, Vuoksimaa E, Spoon KM, Jacobson KC, Lyons MJ,
Franz CE (2014) Genetic and environmental influences on gen-
eral cognitive ability: is g a valid latent construct? Intelligence
43:65-76

Pelli DG (1997) The VideoToolbox software for visual psychophys-
ics: transforming numbers into movies. Spat Vis 10(4):437-442

Perkins DN, Salomon G (1992) Transfer of learning. International
encyclopedia of education, 2nd edn. Pergamon Press, Oxford
(Retrieved March 31)

Piek JP, Pitcher TM, Hay DA (1999) Motor coordination and kinaes-
thesis in boys with attention deficit hyperactivity disorder. Dev
Med Child Neurol 41(3):159-165

Plomin R, DeFries JC, Knopik V, Neiderhiser JM (2016) Top 10
replicated findings from behavioral genetics. Perspect Psychol
Sci 11:3-23

Pressing J (1999) The referential dynamics of cognition and action.
Psychol Rev 106:714-747

Rammsayer TH, Troche S (2010) Effects of age and the relationship
between response time measures and psychometric intelligence
in younger adults. Personal Individ Differ 48:49-53

Rao SM, Harrington DL, Haaland KY, Bobholz JA, Cox RC, Binder
JR (1997) Distributed neural systems underlying the timing of
movements. ] Neurosci 17:5528-5535

Redick TS, Shipstead Z, Harrison TL, Hicks KL, Fried DE, Ham-
brick DZ, Engle RW (2013) No evidence of intelligence
improvement after working-memory training: a randomized,
placebo controlled study. J Exp Psychol Gen 142:359-379

Riccio CA, Reynolds CR, Lowe P, Moore JJ (2002) The continuous
performance test: a window on the neural substrates for atten-
tion? Arch Clin Neuropsychol 17:235-272

Ritter M, Colson KA, Park J (2013) Reading intervention using
interactive metronome in children with language and reading
impairment: a preliminary investigation. Commun Disord Q
34(2):106-119

Schwaighofer M, Fischer F, Buhner M (2015) Does working memory
training transfer? A meta-analysis including training conditions
as moderators. Educ Psychol 50(2):138-166

Schweizer K (2000) Cognitive mechanisms as sources of success
and failure in intelligence testing. Psychologische Beitr7ge
42:47-57

Schweizer K, Moosbrugger H (2004) Attention and working memory
as predictors of intelligence. Intelligence 32:329-347

Schweizer K, Moosbrugger H, Goldhammer F (2005) The structure
of the relationship between attention and intelligence. Intel-
ligence 33:589-611

Semjen A, Schulze HH, Vorberg D (2000) Timing precision in con-
tinuation and synchronization tapping. Psychol Res 63:137-147

Serences JT, Yantis S (2006) Selective visual attention and percep-
tual coherence. Trends Cognit Sci 10:38-45

Shaffer RJ, Jacokes LE, Cassily JF, Greenspan SI, Tachman RF,
Stemmer PJ (2001) Effect of interactive metronome training on
children with ADHD. Am J Occup Ther 55:163-166

Sheppard LD, Vernon PA (2008) Intelligence and speed of infor-
mation-processing: a review of 50 years of research. Personal
Individ Differ 44(3):535-551

Staddon JER (2005) Interval timing: memory, not a clock. Trends
Cognit Sci 9:312-314

Stevens LT (1886) On the time-sense. Mind 11:393-404

Thomas EAC, Weaver WB (1975) Cognitive processing and time
perception. Percept Psychophys 17:363-367

Thompson TW, Waskom ML, Garel K-LA, Cardenas-Iniguez
C, Reynolds GO, Winter R, Gabrieli JDE (2013) Failure of

@ Springer


https://doi.org/10.1016/j.intell.2016.04.002
https://doi.org/10.1016/j.intell.2016.04.002

1060

Experimental Brain Research (2020) 238:1051-1060

working-memory training to enhance cognition or intelligence.
PLoS ONE 8:e63614

Ullén F, Forsman L, Blom O, KarabanovMadison AG (2008) Intel-
ligence and variability in a simple timing task share neural sub-
strates in the prefrontal white matter. J Neurosci 28:4238-4243

Ullén F, Soderlund T, Kédirid L, Madison G (2012) Bottom-up mech-
anisms are involved in the relation between accuracy in timing
tasks and intelligence—further evidence using manipulations
of state motivation. Intelligence 40(2):100-106

Ullén F, Mosing MA, Madison G (2015) Associations between motor
timing, music practice, and intelligence studied in a large sam-
ple of twins. Ann N'Y Acad Sci 1337:125-129

Unsworth N, Thomas S, Redick B, Chad E, Lakey A, Young DL
(2010) Lapses in sustained attention and their relation to execu-
tive control and fluid abilities: an individual differences inves-
tigation. Intelligence 38:111-122

van Dijk H, Schoffelen JM, Oostenveld R, Jensen O (2008) Pres-
timulus oscillatory activity in the alpha band predicts visual
discrimination ability. J Neurosci 28:1816—1823

@ Springer

Wing AM, Kiristofferson A (1973) Response delays and the timing of
discrete motor responses. Percept Psychophys 14:5-12

Witt ST, Stevens MC (2013) The role of top-down control in different
phases of a sensorimotor timing task: a DCM study of adults
and adolescents. Brain Imaging Behav 7(3):260-273

Zakay D (1989) Subjective time and attentional resource allocation:
an integrated model of time estimation. In: Levin I, Zakay D
(eds) Time and human cognition: a life-time perspective. North-
Holland, Amsterdam, pp 365-397

Zakay D, Block RA (1995) An attentional gate moded of prospec-
tive time estimation. In: Richelle M (ed) Time and the dynamic
control of behavior: IPA symposium; Liége, November 7-8,
1994. Université Liége, Liége

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.



	Motor timing training improves sustained attention performance but not fluid intelligence: near but not far transfer
	Abstract
	Introduction
	Method
	Participants
	Material and tasks
	Cognitive tasks
	Block design 
	Figure weights 
	Sustained attention test 


	Timing tasks
	Isochronous serial interval production (ISIP)
	Sensorimotor synchronization training
	Dependent measures computation

	Procedure

	Results
	Training
	Cognitive tasks

	Discussion
	Acknowledgements 
	References




