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The Compensation Related Utilization of Neural Circuits Hypothesis (CRUNCH) proposes a framework for understanding task-related
brain activity changes as a function of healthy aging and task complexity. Specifically, it affords the following predictions: (i) all adult
age groups display more brain activation with increases in task complexity, (ii) older adults show more brain activation compared with
younger adults at low task complexity levels, and (iii) disproportionately increase brain activation with increased task complexity, but
(iv) show smaller (or no) increases in brain activation at the highest complexity levels. To test these hypotheses, performance on a
bimanual tracking task at 4 complexity levels and associated brain activation were assessed in 3 age groups (20-40, 40-60, and 60-
80 years, n=99). All age groups showed decreased tracking accuracy and increased brain activation with increased task complexity,
with larger performance decrements and activation increases in the older age groups. Older adults exhibited increased brain activation
at a lower complexity level, but not the predicted failure to further increase brain activity at the highest complexity level. We conclude
that older adults show more brain activation than younger adults and preserve the capacity to deploy increased neural resources as a
function of task demand.

Key words: aging; brain activation; CRUNCH; sensori-motor control.

Introduction associated with decrements in musculoskeletal as well as brain

architectural and/or functional integrity, including loss of gray
(e.g. van Ruitenbeek et al. 2017; Chalavi et al. 2018) and white

The world population is becoming increasingly aged; in Europe,
the share of adults over 65 years of age will rise from 26.3%

in 2019 to 43.5% in 2070 (European Commission 2019). Aging
has been associated with behavioral deficits, and in particular
motor deficits, which have a significant impact on functional
independence and well-being (Wiesmann et al. 2004) whereby
older adults require additional care (Nilsson 2003; Seidler et al.
2010). Understanding the aging brain may ultimately contribute to
designing effective strategies to optimize motor control function
in older adults, aimed at increasing quality of life (Scherder et al.
2008). Within this context, understanding how the aging brain
copes with increased demands is of high societal interest. As
demands can be considered relative to the brain’s capacity to
perform, increased demands may be due to both the anticipated
technological evolution of society and/or age-related decline of
the brain’s capacity. We focussed on differences in brain activa-
tion across the adult lifespan in response to increased demands
during execution of a sensori-motor task with varying complexity
levels.

A commonly held view of normal aging is that the widely
reported decreases in motor performance (Bangert et al. 2010) are

matter (e.g. Serbruyns et al. 2015; Zivari Adab et al. 2020), alter-
ations in functional interactions among brain regions (King et al.
2018) and neurotransmitter system functioning (Minati et al. 2007;
Hermans et al. 2018; Levin et al. 2019). In addition, brain research
has convincingly demonstrated that older adults present over-
activation of relevant brain areas (e.g. Angel et al. 2016; Hakun
and Johnson 2017). Two principal hypotheses have been put for-
ward to account for such over-activation. On the one hand, over-
activation reflects inefficient activation as a result of reduced
input from neuromodulatory transmitter systems, i.e. a sign of
sub-optimal brain functioning (dedifferentiation hypothesis: Li
and Lindenberger 1999; Koen and Rugg 2019). On the other hand,
a more optimistic perspective suggests that the aged brain is able
to compensate for the structural deficits (compensation hypoth-
esis). Consistent with this perspective, some studies (including
those on motor function e.g. Heuninckx et al. 2005; Goble et al.
2010) have demonstrated that increased brain activity in older
adults correlates with better performance (Reuter-Lorenz and
Cappell 2008). In the cognitive task domain, performance in high
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performing older adults is aided by recruiting additional (i.e.
bilateral) areas, whereas low performing older adults and younger
adults appear to not show such additional recruitment (Cabeza
et al. 2002). However, patterns of increased activation in older
adults are not unequivocal; brain under-activation can also occur
(Santos Monteiro et al. 2017) and not all age-related brain over-
activation is accompanied by better performance. Moreover, pat-
terns of brain over- and under-activation seem to depend on the
type of process or task and specifically on the complexity of that
task, i.e. task demands (Madden et al. 2004; Persson et al. 2004),
suggesting that a view in which up- and/or downregulation of
brain activity is solely a sign of sub-optimal brain functioning is
too simplistic.

The Compensation Related Utilization of Neural Circuits
Hypothesis (CRUNCH: Reuter-Lorenz and Cappell 2008) provides
a framework within which brain activation increases and
decreases associated with compensation and resource limits
can be predicted. In brief, this hypothesis states that, in order
to meet higher demands, resources are utilized by older adults
by increasing brain activation as compared with younger adults
when task demands are relatively low (e.g. Heuninckx et al. 2005).
When task demands increase, in both age groups, activation
increases (e.g. Goble et al. 2010) until resource limits are reached
(e.g. Mattay et al. 2006), upon which it may decrease. In older
adults, these limits may be reached at a lower level of task
demands as compared with younger adults (Mattay et al. 2006;
Cappell et al. 2010).

In more detail, upregulation of activation can occur in brain
areas directly involved in the task (Jonides et al. 1997; Mattay
et al. 2002; Ward and Frackowiak 2003; Heuninckx et al. 2005,
2008; Goble et al. 2010), can occur bilaterally (e.g. Cabeza et al.
1997; Klingberg et al. 1997; Rypma et al. 1999; Cabeza et al. 2002;
Maguire and Frith 2003) and/or in additional supportive areas
(Grady et al. 1998; McIntosh et al. 1999; DiGirolamo et al. 2001;
Cabeza et al. 2002; Heuninckx et al. 2005, 2008), such as generic
(e.g. pre-frontal) regions that become particularly activated in
older adults when performing complex motor control tasks.

Despite the clear predictions that can be made for the sensori-
motor domain in accordance with the model, and which only
partially have been tested (e.g. Heuninckx et al. 2005, 2008;
Zapparoli et al. 2022), some crucial characterizations remain
unknown as the main focus of this type of research has been
on cognitive functions (Zapparoli et al. 2022). First, it is unclear
if older adults upregulate activation in the same brain areas
as younger adults do. Second, it is unclear if upregulation in
older adults occurs to the same extent as in younger adults
when demands increase. Assuming that both age-related decline
in brain function/structure and increase in task complexity
increase resource demands, it may be predicted that older adults
upregulate brain activation disproportionately with increased
task complexity. Third, it is unclear how the brain responds
when resource limits are reached. In this respect, 2 opposing
hypotheses can be proposed: (i) brain activation is decreased, (ii)
activation is upregulated and reaches a plateau or not. In other
words, either the hypothesized compensatory increased resource
recruitment has reached its limits and resource recruitment
appears to fail (i) or it remains fully engaged (ii).

The current study aimed to address these outstanding ques-
tions by assessing characteristics of brain activation upregulation
in older adults when meeting increased demands. A bimanual
coordination task with 4 levels of complexity was used for this
purpose. In addition, as previous motor fMRI studies primarily
assessed age-related brain activation differences by comparing 2
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groups (young vs. older adults) at the extremes of the lifespan
spectrum, we compared brain activation patterns in younger,
middle-aged, and older adults. This enabled us to assess whether
the anticipated brain activation differences are already present
at an earlier age, providing a closer view on the timeline of age-
related brain activation changes.

Multiple specific patterns of brain activation associated with
age and motor task complexity were predicted based on the
CRUNCH framework. It was hypothesized that: (i) Brain acti-
vation will increase in all 3 age groups as a function of task
demands, indicating ability to recruit additional resources in all
age groups; (i) Older adults will show higher brain activation
levels at lower levels of task complexity, suggesting the need
for increased resource recruitment by the older brain; (iii) Older
adults will show more activation increases towards higher levels
of task complexity than younger adults, reflecting the increased
resource recruitment due to both task- and age-related demands;
and (iv) Older adults reach their limits before younger adults do, as
reflected by a reduction of brain activation at the highest levels
of task complexity (failing compensation) while performance is
reduced. In addition, the anticipated age-related increase in brain
activation becomes already evident in the middle-aged group.

Materials and methods
Participants

Healthy participants aged between 18 and 80 years were recruited
from the general population by means of advertisements and
entered the study (n=106, 47 female). Functional network,
structural (white matter) brain, and neurochemical analyses on
this sample were reported in previous articles (King et al. 2018;
Levin et al. 2019; Monteiro et al. 2020; Zivari Adab et al. 2020). For
the purpose of the present task-related fMRI analysis, data from
7 participants were excluded due to technical/recording issues.
All remaining 99 participants were right-handed as assessed by
the Edinburgh Handedness Inventory (Oldfield 1971), resulting
in an average handedness score of 91+ 14 (mean =+ SD) out of a
maximum of 100. The resulting sample consisted of participants
aged between 20 and 75 years (mean =+ SD: 48.64 4+ 17.3), divided
into 3 age groups: 32 young adults (YA) aged 20-39 years
(mean+SD: 27.6+6.4), 33 middle-aged adults (MA) aged 40-
59 years (mean =+ SD: 49.2 +5.6), and 34 older adults (OA) aged 60—
75 years (mean =+ SD: 67.8 + 3.8). Participants took no psychoactive
medication or illegal drugs, reported no sleep disturbances,
and had normal or corrected to normal vision. Non-removable
ferromagnetic objects inside or on their bodies were absent as
assessed using a standard MR safety questionnaire. None of the
participants showed any signs of depression (Beck and Beck 1972).
All participants gave written informed consent prior to the start
of the experiment. The protocol (nr: S51615) was approved by the
local Medical Ethics Committee of KU Leuven, Belgium and was
conducted in accordance with the Declaration of Helsinki and its
amendments (World-Medical-Association 1964, 1996, 2008, 2013).

Design and procedures

For this cross-sectional study, participants visited our facilities
3 times. The first visit consisted of a comprehensive screening
of each participant’s health status and suitability for participat-
ing in the study by using the several questionnaires mentioned
above. All participants then performed eight 6-min blocks of the
bimanual tracking task (BTT; see details below) inside a dummy
scanner to become familiarized with the task procedures and
mock MRI environment. These data were not further analyzed
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other than to ensure an acceptable baseline performance. More
specifically, subjects were excluded from the study if their score
(line coverage, see below for an explanation and see Monteiro
et al. 2020) was below 50% on the trials with the highest level
of complexity as assessed over the last 2 blocks of this practice
session. Four participants did not meet the performance criteria
and thus did not enter the formal part of the study. The second
and third visits consisted of magnetic resonance imaging (MRI)
sessions, including acquisition of data for GABA and glutamate
content (MRS; MEGA-PRESS and PRESS, respectively), brain struc-
ture (MPRAGE), perfusion (pCASL), resting state brain activation
(EPI), and myelin (GRASE) on the second visit and task-related
activation (task-fMRI, EPI) and white matter (DWI) on the third
visit as part of an extensive imaging protocol. For the current
paper, only the functional MRI (task-fMRI) data collected during
the third visit are reported and the T1 weighted structural images
collected during the second visit are used during the analysis.

Bimanual tracking task

The bimanual tracking task (BTT) was used to assess bimanual
sensori-motor performance (for a more detailed description, see
Sisti et al. 2011; Beets et al. 2015). This is the same task and these
are the same behavioral data as presented in other papers by our
group, but associated with different brain metrics (King et al. 2018;
Levin et al. 2019; Monteiro et al. 2020; Zivari Adab et al. 2020). Here,
we assessed brain activation associated with increased sesnsori-
motor demands as predicted by the CRUNCH framework.

Participants were laying supine in the scanner with a cus-
tom made dual manipulandum setup over their upper legs. The
manipulandum contained 2 hand crank wheels (5-cm diame-
ter), which could be rotated by holding them between thumb
and index finger (Fig. 1A). High precision shaft encoders were
mounted on the axis of the crank to record angular displace-
ment (Avago Technologies, sampling frequency =100 Hz, accu-
racy =0.089°). This setup allowed us to address different levels of
task complexity by rotating each dial with the same or different
speeds, according to the spatial patterns provided and to be drawn
by the participants (Fig. 1B).

Each trial started with the presentation of a blue target line
with varying orientation and shape. At the origin of the blue
line, 2 s after the initial presentation of the target line, a white
target dot was presented, which began to move along the line
towards the endpoint. For each trial, the target dot moved at a
constant rate and reached the endpoint 10 s following movement
onset. Thereafter, the screen turned black and the next target
line appeared after a 3-s interval. Participants were instructed to
rotate the 2 dials in order to track the white target dot as accu-
rately as possible, generating the correct direction and velocity
and keeping the deviation from the target line as small as possible.
Participants received real-time visual feedback by means of a red
tail drawn behind the cursor and representing the actual position
of the cursor for the last 1,000 ms. Rotating the left dial clockwise
and counter-clockwise moved the cursor upward and downwards
(on the Y-axis), respectively. Rotating the right hand dial clockwise
and counter-clockwise moved the cursor to the right and left (on
the X-axis), respectively. The gain was set to 10 arbitrary units per
rotation (U*rotation™?), such that drawing the spatial pattern on
the screen consisting of 162 Us, required 16.2 complete rotations
of the left/right dial, respectively.

Four levels of task complexity were defined based on previous
experiments by our group (e.g. Beets et al. 2015; van Ruitenbeek
et al. 2017) and pilot data indicating significant performance
decline with increased complexity in younger adults. In order, the

Ratio1 Ratio2

Angle

ZigZag

Fig. 1. Panel A: Experimental setup. In the MR scanner, participants
controlled a cursor on a screen by rotating 2 discs. Left controlled move-
ment on the vertical axis and right on the horizontal axis. Panel B: Four
movement patterns along which the cursor moved and participants were
instructed to track.

following 4 levels were defined: (i) Tracking the white dot across
a straight line by rotating the hands with a 1:1 (Left:Right hand)
isofrequency ratio (Ratiol), i.e. with the same speed; (ii) Tracking
the dot across a straight line, such that the hands rotated with a
5:2- or 2:5-frequency ratio, i.e. for every 2 rotations of one hand
the other rotated 5 times (Ratio2); (iii) Tracking of a line with
1:1 isofrequency ratio, with a 90-degree angle in the middle of
the line, requiring the participants to switch movement direction
with one hand, whereas the other hand continued along the
same direction (Angle); and (iv) Tracking of a 1:1 ratio line with 4
angles forming a toothed shape, requiring the participant to make
multiple directional switches with one hand (ZigZag). All 4 levels
of complexity were presented according to 2 orientations such
that the start of the target dot varied, resulting in 8 trial types.

Although positioned inside the scanner as part of the third
experimental session, eight 6-min blocks were performed by the
participant, each consisting of 24 target lines presented as sub-
blocks of 6 trials per complexity level. The order of the sub-blocks
was varied across the 6-min blocks, such that the same order
did not occur twice. The x- and y-positions of the target dot and
the subject’s cursor were sampled at 100 Hz. Performance was
defined as the percentage of the target line that was successfully
covered in space and time. Line coverage was calculated by pro-
jecting a line with shortest distance from the participant’s cursor
to the target line every 10 ms. The projection point on the target
line was “marked” when the white moving dot had passed that
point. Therefore, moving away from the line, moving too slow
or fast resulted in fewer markings and, consequently, a lower
score. Also, changing directions early (i.e. cutting corners) in the
Angle and ZigZag condition resulted in a lower score. Finally, a
percentage of the total number of points on the line that were
“marked” was calculated. In addition, a pre-recorded block of trials
was shown halfway performance of the 8 task blocks that served
as baseline for functional imaging analyses, enabling the removal
of any brain activation associated with visual information pro-
cessing. The pre-recorded trials were exactly the same as the
actual performance trials except that participants did not track
the moving dot (i.e. no actual movement took place).
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Allindividual behavioral data were recorded and pre-processed
using LabVIEW 8.5 (National Instruments, Austin, TX, United
States). The log-files generated by LabVIEW 8.5 software were
then concatenated in Matlab R2011a (The MathWorks Inc., Natick,
MA, 2011) and processed for individual means using MS Excel
2013 for windows (Microsoft Office Professional Plus 2013, version
15.0.5153.1000). From the resulting file, values for line coverage
per trial type were extracted and used as dependent variable.

Image acquisition

All images were collected using a Phillips 3T Achieva Magnetic
Resonance scanner, with a 32 channel receiver head coil located
at Academic Hospital Gasthuisberg, Leuven, Belgium. T1 weighted
anatomical images were collected with a Magnetization Prepared
Rapid Gradient Echo (MPRAGE) sequence (time repetition,
TR=9.6 ms, time echo, TE=4.6 ms, flip angle=8°). The data
consisted of 160 slices covering the brain. Slices were 1.2-
mm thick, with no gap between the slices. Voxel size was
0.98 x 0.98 x 1.2 mm arranged in a 256 x 256 matrix with a
250 mm? field of view (FOV).

Functional images were collected using an Echo Planar Imaging
sequence (TR=3,000 ms, TE=30 ms, flip angle =90°). Functional
data consisted of 120 volumes for each of the 9 runs (8 motor task;
1 baseline with no movement). The order of the runs was identical
for all participants. Each volume consisted of 54 bottom-to-top
sequentially collected slices and each slice was 2.5-mm thick with
a 0.2-mm gap between the slices. Voxels were 2.5 x 2.5 x 2.5 mm
arranged in an 84 x 84 voxel matrix resulting in a FOV of 210 mm?.

Image processing

All MR data were analyzed using FMRIB software library
(FSL 5.0.9: Smith et al. 2004; Woolrich et al. 2009; Jenkinson
et al. 2012). For the Tl1-weighted anatomical images, brain
tissue data were extracted using FSL’'s brain extraction tool
(BET?2; Smith 2002). To assist with the extraction, brain centre
coordinates (i.e. massa intermedia if present) were given as
an argument to the BET2 procedure. For pre-processing of the
functional data, FSL’s FMRI expert analysis tool (FEAT) was
used and consisted of slice time correction, brain extraction,
motion correction using FMRIB’s Linear Image Registration Tool
(MCFLIRT), applying a high pass filter with a cut-off wave length
of 60 s, and smoothing using a 5-mm full width at half maximum
(FWHM) Gaussian kernel. Average framewise displacement
(displacement from a given volume to the next) differed between
age groups (Fu96=13.2, P<0.001). As expected, OA showed a
larger displacement (M=0.284 mm, SD=0.111) compared with
MA (M=0.170 mm, SD=0.107, P <0.001) and YA (M=0.161 mm,
SD=0.109, P<0.001). Therefore, additional measures were
taken to reduce the influence of head motion on our imaging
results (using FIX, see below), particularly as head motion has
relatively large effects on the signal and conventional correction
methods perform less optimally (Power et al. 2012). Fieldmap
images were recorded per participant and used to correct for
local distortions using BO unwarping. Functional images were
coregistered with the brain extracted anatomical image and
normalized to standard space (MNI) using FMRIB'’s Linear Image
Registration Tool (FLIRT) with the Boundary Based Registration
(BBR) algorithm (Jenkinson and Smith 2001; Jenkinson et al. 2002).
Next FMRIB’s ICA-based Xnoiseifier (FIX: Salimi-Khorshidi et al.
2014) was used to automatically classify components to represent
signal or noise. To do so, independent component analysis
was performed using multivariate exploratory linear opti-
mized decomposition into independent components (MELODIC:
Beckmann and Smith 2004) to determine components of
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activation that can either represent signal, or noise due to
movement, cardiac-related factors, white matter signal, large
veins, or reconstruction artifacts. FIX classifiers were trained
using 2 runs of 16 randomly chosen participants approximately
evenly distributed across the age groups. All components were
manually classified as noise or signal by visual inspection of the
statistically thresholded spatial maps, temporal power spectra
and the time-series, as described by Salami-Khorshidi et al. (2014).
This manually classified sample was used to train a classifier
which was used to remove noise in the full data set (including the
training sample). In addition, after applying FIX, residual noise
appearing as activation in white matter (WM) and cerebrospinal
fluid (CSF) following first-level contrasts was identified. To reduce
the presence of this noise, the structural T1-weighted images
were segmented into gray matter, WM and CSF using FMRIB’s
Automated Segmentation Tool (FAST4). Next, parameter values
from the previous coregistration step using FLIRT were used to
coregister the segmented images with the functional images.
The segmented coregistered WM and CSF images were then
thresholded (WM=1, CSF=0.98) and transformed into binary
masks, which were used to extract the time-series data (averaged
across voxels) from the functional images in these areas. These
average time-series were used as a covariate to control for any
variance that may be explained by these noise components.

Statistical analyses
Behavioral data

Performance data were analyzed according to a 4 x 3 model
using repeated measures analysis of variance (ANOVA), with
Complexity (4 levels: Ratiol, Ratio2, Angle, and ZigZag) as a
factor with repeated measures and Age-group (3 levels: YA,
MA, and OA) as a between-subjects factor. Mauchly’s test for
sphericity was performed to test for equal variances between the
levels of the Complexity factor. If the assumption of sphericity
was violated (P<0.05), Greenhouse-Geisser corrections were
applied. F-tests for the main effect of Complexity, Age-group
or the Complexity x Age-group interaction were considered
significant when P <0.05. Upon a significant F-test, subsequent
hypothesis-driven post-hoc comparisons were performed using
repeated contrasts within Age-group, Complexity, and contrasts
for Complexity per level of Age-group, and contrasts for Age-group
per level of Complexity specifying the interaction.

Imaging data

Functional imaging data were analyzed on 3 levels; run-level,
participant-level, and group-level. The first-level analysis (run)
was performed to determine activation occurring during task
performance. The haemodynamic response was modeled using
a double gamma response function during task performance on
different trials. Using a random-effects analysis, the fMRI signal
was modeled with 34 regressors: 4 task complexity regressors
(Ratiol, Ratio2, Angle, and ZigZag) of interest and 10 regressors
of no interest, and their temporal derivatives, and 6 head motion
parameters (3 rotational and 3 translational). The 10 regressors of
no interest consisted of: average CSF and WM signal per volume,
and 8 regressors representing the total degrees that the hand
rotated per trial per level of complexity, as part of the motor task.
Total rotations for each hand for each condition were included
as covariates as the amount of movement may explain variance
in the blood oxygen level-dependent response and confound the
results. First, Ratiol >baseline and Ratio2 > baseline contrasts
were calculated to explore Age-group differences in brain acti-
vation associated with sensori-motor processes at a low level
of task-complexity. Baseline was defined as activation occurring
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during passively watching a pre-recorded execution of trials. Sec-
ond, the following contrasts were created to assess effects of task
complexity: Ratio2 > Ratiol, Angle > Ratiol, and ZigZag > Ratiol,
in which the Ratiol condition served as baseline for the latter
3 contrasts to restrict the analysis to brain activation changes
associated with task complexity and exclude changes associated
with movement execution. These contrasts will be referred to as
Ratio2, Angle, and ZigZag, respectively, excluding Ratiol in the
naming to avoid confusion.

The contrasts from the first-level analysis were used in the
second-level analysis (participant), which concatenated task acti-
vations from the 8 task runs using a fixed-effects regression
model.

Third level analyses (group) were performed to test specific pre-
dictions in line with and further specifying the general CRUNCH
hypothesis and explore differences among task conditions, age
groups, and the interaction between age groups and task condi-
tions. Statistical analyses were performed using Randomize in FSL
(10,000 permutations), a non-parametric permutation program to
model inferences, not sensitive to skewed distributions (Nichols
and Holmes 2001). Contrast of parameter estimates (COPEs) from
the second level analysis were concatenated into a 4D file. A
design matrix was created enabling comparisons between the
second level contrasts as a repeated measures analysis by mod-
eling every subject as a factor and limiting permutation to be
performed between (not within) participants. Contrast weights
were indicated in a separate file as an argument for the randomize
command, such that it enabled performing contrasts of interest
and main effects analyses of Age-group, Complexity, and the Age-
group ¥ Complexity interaction.

Hypotheses testing

Four specific hypotheses derived from the CRUNCH framework
were defined as follows:

e Hypothesis 1 (shared upregulation with task complexity)
was defined as both YA and OA age groups showing
an upregulation of activation with an increase in task
complexity (e.g. conjunction between Ratiol <Ratio2 for YA
and Ratiol < Ratio?2 for OA).

e Hypothesis 2 (greater activation at lower complexity level)
was defined as OA showing greater activation during Ratiol
and/or Ratio2. Therefore, a statistical map was generated
using OA > YA for Ratiol > baseline, and for Ratio2 > baseline
for which a separate 4D COPE file and design were created.
Only lower levels of task complexity were included as no
resource limits were expected to be reached based on the
behavioral data.

e Hypothesis 3 (greater upregulation in OA with task complex-
ity increase) states that the increase in activation with task
complexity is greater in OA as compared with YA; specifically,
greater increases for OA during Angle: (Ratio2 < Angle for
OA) > (Ratio2 < Angle for YA) and/or ZigZag: (Angle < ZigZag
for OA) > (Angle < ZigZag for YA).

e Hypothesis 4 (reaching limits) was defined as OA showing
smaller activation increase or reduced activation at higher
levels of complexity. For OA reaching limits at Angle:
(Ratio2 < Angle for OA) < (Ratio2 < Angle for YA) and for OA
reaching limits at ZigZag: (Angle < ZigZag for OA) < (Angle <
ZigZag for YA).

In addition, MA may already show increased activation that is
typically associated with OA, such that the above hypotheses also

hold true for MA. Therefore, the hypotheses were tested for OA
and MA separately.

As a statistical association between performance level and
brain activation would possibly suggest that brain activation con-
tributes to performance, the above analyses were repeated but
with task performance represented as 4 regressors, one for each
level of difficulty at the first-level analyses. These regressors
replaced the boxcar functions representing the trials within the 4
levels of task complexity. If increased brain activation, associated
with either task complexity, age group or both, is compensatory,
an overlap may be observed between these upregulated brain
areas and the brain areas showing increased statistical associa-
tion between activation and performance. Reports of any overlap
are presented in the results section. All other results displaying
the differences in the association between activation and perfor-
mance are presented in the supplementary materials.

Results are presented as brain areas constituting a motor/vi-
suospatial network and a network underlying higher cognitive
functions as determined by Ray et al. (2013) since these are of
primary interest in view of the nature of the task, comprising
both elements of explicit motor control and higher cognitive
functions (Zapparoli et al. 2022). Ray et al. (2013) determined brain
networks using independent component analysis of a database
of 8,637 task-related fMRI studies. The “motor/visuospatial net-
work” included bilateral pre- and postcentral gyri, supplementary
motor area, superior parietal lobule (anterior), lateral occipital
cortex, and supramarginal gyrus. The “higher cognitive network”
included bilateral frontal pole, superior- and middle frontal gyri,
paracingulate gyri, superior parietal lobule (posterior), anterior
and posterior supramarginal gyrus, angular gyrus, middle- and
inferior temporal gyri, and occipital pole. Based on our previous
experiments with a similar task we expected the hypothesized
activation patterns to occur particularly in pre- and postcentral
gyri, middle frontal gyri, lateral occipital cortex, and inferior
temporal gyrus (Santos Monteiro et al. 2017).

Complexity, age group and interaction effects

For completeness, we assessed the main effects of Complexity
and Age-group and the interaction between Complexity and Age-
group. Main effect of the factor Complexity was tested for sig-
nificance using an F-test for bidirectional contrasts: Ratio2 vs.
Angle, Ratio? vs. ZigZag, and Angle vs. ZigZag. Main effect of
Age-group was determined using an F-contrast in a model with
bidirectional YA vs. MA, YA vs. OA, and MA vs. OA contrasts.
Any significant F-contrast was followed by further testing the
rationale driven contrasts separately (Ratio? <Angle, Angle <
ZigZag, and YA < MA, MA < OA) to determine whole-brain differ-
ences. The interaction was explored assessing Age-group con-
trasts (YA <MA, MA <OA, and YA < OA) for Complexity contrasts
(Ratio2 < Angle, Angle < ZigZag). As these analyses did not test our
hypotheses directly, the corresponding results can be found in
the supplementary materials (Supplementary Figs. S1, S2, and S3,
see online supplementary material for a color version of the fig-
ures and Supplementary Tables S1, S2, and S3). Data are available
upon reasonable request using the acronym CRUNCH.

Results

Behavioral performance

Figure 2 shows the obtained results for the 3 age groups across
the 4 task complexity levels. A lower score is indicative of worse
performance. Performance difference among levels of Complexity
across all age groups was established by the significant main
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Fig. 2. Performance on the bimanual tracking task. Performance decline
with increased task complexity was age-group dependent. Older adults
displayed a sharper decline with increased task demands. + indicates
P <0.05 for MA <YA, and * indicates P < 0.05 for OA < MA.

effect of Complexity (F1.834,176.021 =681.8, P <0.001). Pair-wise com-
parisons showed that performance scores in the Ratio2 condi-
tion were not significantly different compared with those in the
Ratiol condition. In contrast, performance scores for Angle were
lower compared with those for Ratio2 (P < 0.001) and performance
scores in the ZigZag condition were lower compared with those in
the Angle task condition (P <0.001).

Similarly, differences in performance among age groups
were established by the significant main effect of Age-group
(F206=52.5, P<0.001). Pair-wise comparisons showed that the
groups scored poorer on the task as a function of increasing age.
MA scored significantly worse compared with YA (P <0.001), and
OA scored worse compared with MA (P < 0.001).

The decrease in performance with higher levels of complex-
ity was age-group dependent as indicated by the Complexity
(4 levels) x Age-group (3 levels) interaction (Fsee7, 176.001 =28.7,
P <0.001; see Fig.2). Further analysis per age group specifying
the interaction showed that, for each age group, performance
decreased from Ratio? to Angle, and Angle to ZigZag, but not
Ratiol to Ratio2 (see Table 1 for statistical details). Older adults
appeared to struggle more with increased task complexity com-
pared with the other age groups. Differences between age groups
were observed for the performance differences between Ratio2
and Angle (F196=15.4, P <0.001), and between Angle and ZigZag
(F1096 =20.46 P < 0.001), but not between Ratiol and Ratio2. Further
analyses of the effects of Age-group per level of Complexity
showed that for Ratiol, MA did not perform significantly worse
than YA, but OA scored worse than MA (P <0.001). For Ratio?2,
MA performed worse than YA (P<0.032), and OA scored worse
than MA (P <0.001). The same pattern was seen for the Angle and
ZigZag conditions; MA performed worse than YA (Ps < 0.002), and
OA scored worse than MA (Ps < 0.001).

In summary, all age groups decreased performance with
increased task complexity (except from Ratiol to Ratio2).
However, the performance decline was largest for OA.

Functional imaging results

Hypotheses tests

Hypothesis 1: Shared increased activation with task
complexity

YA and OA both increased brain activation during Ratio2
compared with Ratiol, in spite of a lack of behavioral differ-
ences (see Fig.3A and Table 2A for a complete overview of
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all shared activation differences). Both age groups increased
activation in the motor/visuospatial network (i.e. premotor cortex,
supplementary motor area, inferior parietal cortex, inferior
frontal gyrus, lateral occipital cortex, thalamus, putamen,
and cerebellum). In addition, both groups increased activation
in the middle frontal gyrus representing higher cognitive
functions.

Both YA and OA further increased brain activation when
performing the Angle condition in many cortical brain areas
within the motor/visuospatial network (i.e. primary- and pre-
motor cortex, supplementary motor area, superior- and middle
frontal gyri, superior parietal lobule, primary somatosensory
cortex, precuneus, and cerebellum). Both groups also activated
parts of the inferior temporal gyrus more within the network for
higher cognitive functions.

Finally, both YA and OA increased activation of the premo-
tor cortex, supplementary motor area and superior parietal
lobule in the motor/visuospatial network during the ZigZag
condition.

The activation increase during Ratio2 common to YA and MA
was very similar to the activation increase common to YA and
OA as described above. (See Fig. 3B and Table 2B for a complete
overview of all shared activation differences.) Both YA and MA
increased activation in motor/visuospatial areas (i.e. premotor
cortex, supplementary motor area, primary motor cortex, inferior
frontal gyrus, superior- and inferior parietal lobule, lateral occip-
ital cortex, and cerebellum). Only some brain areas associated
with higher cognitive functions were activated by both age groups
(i.e. frontal pole, superior- and middle frontal gyrus, and opercular
cortex).

Both YA and MA further increased activation during the Angle
condition in the premotor cortex, superior parietal lobule, lateral
occipital cortex, paracingulate, and cerebellum.

Finally, YA and MA increased activation further during ZigZag
in the motor/visuospatial network (i.e. premotor cortex, superior
frontal gyrus, supplementary motor area, and superior parietal
lobule).

Overlap between over-activation and performance-activation
association: No overlap was observed between brain areas that
showed increased activation with task complexity which was
shared by OA and YA, and by MA and YA (hypothesis 1), and brain
areas that showed increased association between performance
and activation with increased task complexity (see supplemen-
tary materials).

Hypothesis 2: Greater activation for OA and MA at lower
levels of task complexity

No differences in activation were observed between OA and YA,
and between MA and YA for contrasts between Ratiol and base-
line. Therefore, at the lowest level of task complexity MA and OA
did not exhibit greater brain activation.

Group differences between OA and YA were observed for the
contrast between Ratio2 and baseline (see Fig. 4.1 and Table 3).
Within the motor/visuospatial network, increased activation was
observed in the superior parietal lobule, lateral occipital cortex,
and cuneal cortex in OA.

Increased activation in MA compared with YA was not observed
when comparing Ratio2 over baseline.

Overlap between over-activation and performance-activation
association: No overlap was observed between brain areas
that showed increased activation in OA compared with YA at
lower levels of task complexity (hypothesis 2), and brain areas
that showed increased association between performance and
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Table 1. Main effects of task complexity within the age groups and subsequent post-hoc univariate analyses of variance comparing

performance on levels of complexity.

Age group

Contrast

Young adults

Middle-aged adults

Older adults

Main effect

Ratiol vs. Ratio2
Ratio2 vs. Angle
Angle vs. ZigZag
Main effect

Ratiol vs. Ratio2
Ratio2 vs. Angle
Angle vs. ZigZag
Main effect

Ratiol vs. Ratio2
Ratio2 vs. Angle

F df P
173.8 1.783, 55.266 <0.001
1.9 1,31 0.183
1436 1,31 <0.001
86.7 1,31 <0.001
226.3 1.549, 49.569 <0.001
28 1,32 0.103
137.7 1,32 <0.001
162.6 1,32 <0.001
2995 1.952, 64.415 <0.001
564 1,33 0458
146.7 1,33 <0.001
293.0 1,33 <0.001

Angle vs. ZigZag

Results support a decrease in performance in all age groups from Ratio2 to higher complexity levels.

Age-group shared activation increase

Ratio 1—> Ratio 2

YA and OA -1

YA and MA -1

Ratio 2—> Angle

Angle — ZigZag

Fig. 3. Shared brain activation increases between younger (YA) and older adults (OA) (panel A), and between YA and middle-aged (MA) adults (panel B).
All age groups show significantly more brain activation in motor/visuospatial and higher cognition networks in stepwise comparisons between increased
task complexity levels. Numbers refer to clusters described in Table 2. P <0.05, FWE corrected Threshold-Free Cluster Enhancement (TFCE) applied for

all significant activation differences.

activation in OA compared with YA during Ratio 2 performance
(Supplementary Fig. S4, see online supplementary material for a
color version of this figure and Supplementary Table S4).

Hypothesis 3: Greater activation increases with increased
complexity in OA and MA compared with YA

With increased task complexity (Angle >Ratio2), OA recruited
brain areas more in both the motor/visuospatial network (i.e.
precuneous, inferior/middle frontal gyrus) and the network for
higher cognitive functions (i.e. frontal pole, paracingulate, and
inferior parietal lobule) compared with YA. OA did not increase
brain activation more compared with YA during performance on
the other task complexity levels.

Compared with YA, MA only increased activation more in an
area within the frontal pole in the Angle condition compared
with Ratio2. Similar to OA, MA also did not activate brain areas
more during performance on the other task complexity levels.

See Fig. 4.2 and Table 4 for a complete overview of all activation
differences.

Overlap between over-activation and performance-activation
association: Overlap was observed in the inferior frontal gyrus
between brain areas that showed larger increases in activation
in OA compared with YA for Angle>Ratio2 (hypothesis 3),
and brain areas that showed a greater association between
performance and activation in OA compared with YA for
Angle > Ratio2. (Supplementary Fig. S5 Area A, see online sup-
plementary material for a color version of this figure and
Supplementary Table S5).

Hypothesis 4: OA and MA reach activation limits

Both OA and MA did not appear to have reached activation limits
before YA did at the Ratio2, Angle or ZigZag complexity level, as
defined by a smaller increase or a decrease in brain activation
with increased task complexity compared with YA.
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Table 2. Brain areas showing joint increases in activation with task complexity between young adults (YA) and older adults (OA) and
between YA and middle aged adults (MA; see also Fig. 3).

Area Network Sub area Lat. BA Peak t-value Peak coordinates (MNI)
Number
Figure 3 (FWE) X Y z
A
Ratiol < Ratio2 common to YA and OA
1 Motor/Visuospatial Premotor cortex L 6 4.74 -30 -6 57
Inferior parietal sulcus
2 R 6 5.82 26 -8 58
3 6 5.77 22 —4 74
4 Supplementary motor area L/R 6 5.58 0 -4 72
5 Precuneus cortex R 5 5.00 7 —54 58
6 Inferior parietal lobule L 40 4.29 -58 -34 38
7 R 2 4.95 62 —26 46
8 Inferior frontal gyrus R 48 4.48 54 10 8
9 Lateral occipital cortex L 37 4.02 -52 -72 2
Not visible R 39 2.81 36 —68 20
Not visible 7 2.18 32 —78 44
Not visible Inferior parietal sulcus L 48 2.05 —44 —42 30
10 Middle temporal R 37 3.49 52 -56 2
gyrus/Lateral occipital cortex
Not visible Thalamus L — 4.44 -16 -14 10
Not visible Putamen L — 3.08 -26 6 10
Not visible Cerebellum VI L — 5.93 —32 —54 -26
Not visible R — 6.02 36 -50 —28
11 Higher cognition Middle frontal gyrus L 9 3.92 —42 40 32
12 R 8/9 4.28 34 48 32
Not visible 10 2.06 48 50 16
Not visible — 2.33 36 54 14
Ratio2 < Angle common to YA and OA
13 Motor/Visuospatial Superior frontal gyrus L 6 5.61 —24 0 54
14 Premotor cortex L 6 6.59 —32 —6 64
Not visible 6 2.34 -2 -14 54
15 Premotor cortex L/R 6 5.97 0 10 56
16 Middle frontal gyrus R 6 4.95 34 2 66
17 Supplementary motor area L/R 6 6.06 0 6 58
Not visible Primary motor cortex R 31 2.71 2 -20 52
2.34
18 Superior parietal lobule L 7 7.71 -6 -70 62
Not visible Precuneus R 7 6.69 2 —54 56
Not visible Primary somatosensory R 3 3.11 46 -16 56
cortex
Not visible Cerebellum VIIIb R — 5.39 14 —58 —48
19 Higher cognition Superior parietal lobule R 40 4.46 36 —46 46
Not visible Inferior temporal gyrus R — 2.42 50 -50 -8
Angle < ZigZag common to YA and OA
20 Motor/Visuospatial Premotor cortex L 6 3.69 -22 -10 62
21 R 6 3.83 26 -2 56
22 Supplementary motor area L/R 6 4.08 0 -2 72
23 Superior parietal lobule L 7 4.86 -24 —58 62
24 R — 3.52 24 —56 70
B
Ratiol <Ratio2 common to YA and MA
1 Motor/Visuospatial Premotor cortex L 6 4.54 -20 -10 70
2 R 6 4.25 26 —6 58
3 Supplementary motor area L/R 6 5.87 0 0 64
4 Primary motor cortex L — 2.08 -26 —34 76
5 Inferior frontal gyrus R 44 4.44 52 10 6
6 Superior parietal lobule L 4.50 —32 -52 70
Not visible L 2.97 -12 —70 54
7 R 7 5.44 8 —62 58
8 Inferior parietal lobule R 48 4.38 60 -32 28
Not visible Lateral occipital cortex R 39 3.12 38 -70 20
Not visible R 19 1.98 30 —80 44
Not visible Cerebellum VI L — 6.67 —32 -52 -26
Not visible R — 6.00 36 -50 —28

(Continued)
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Table 2. Continued

Area Network Sub area Lat. BA Peak t-value Peak coordinates (MNI)

Number

Figure 3 (FWE) X Y z
Not visible Higher cognition Frontal pole R 45 2.04 48 42 14
9 Superior frontal gyrus R 46 4.50 36 44 30
10 Middle frontal gyrus L 46 3.74 -32 40 24
Not visible Opercular cortex R 48 2.07 42 2 16

Ratio2 < Angle common to YA and MA
11 Motor/Visuospatial Premotor cortex L 6 5.49 -24 0 56
Not visible 6 5.19 —24 -2 70

6 5.69 -30 -2 56

12 R 32 6.18 2 10 54
13 6 3.91 28 -10 58
14 Superior parietal lobule L 7 8.32 -8 -60 64
15 Lateral occipital cortex R 19 5.20 22 —82 41
Not visible Paracingulate cortex L 32 4.96 -6 14 44
Not visible Cerebellum VIIIb R — 4.72 16 —54 —48

Angle < ZigZag common to YA and MA
16 Motor/Visuospatial Premotor cortex L 6 4.47 —24 -8 74
Not visible 6 4.33 -22 -10 64
17 R 6 4.95 26 -10 56
18 Superior frontal gyrus R 6 4.05 24 0 54
19 Supplementary motor area L 6 4.60 -2 —4 64
Not visible 6 4.56 -4 -2 68
20 Superior parietal lobule L 5 4.57 —-18 —60 62
21 R 7 4.40 24 -56 72

0
Not visible 7 4.19 8 —60 74
4.05

Cognitive and sensori-motor areas are upregulated in all age groups with an increase in task complexity up until the highest complexity levels. Shared
increase in brain areas underlying higher cognitive functions is observed at only relatively low task complexity levels. Lat. = laterality, BA=Brodmann area,

FWE =family wise error, MNI=Montreal neurological institute coordinate system.

Table 3. Brain areas showing larger brain activation in older adults (OA) in motor/visuospatial networks during performance in the

Ratio2 condition compared with younger adults (YA; see also Fig. 4.1).

Area Network Sub area Lat. BA Peak t-value  Peak coordinates (MNI)

Number

Figure 4.1 (FWE) X Y z

Larger activation increases for OA compared with YA for Ratio2 > baseline
1 Motor/Visuospatial Superior parietal lobule 5L R 5 4.37 4 —48 74
2 4 3.11 16 -38 68
3 1 2.99 18 —44 78
4 7A L 7 4.21 —18 —64 60
5 7P L 7 3.76 —6 —82 50
6 Cuneal cortex R 19 4.41 8 -84 38

Lat. = laterality, BA =Brodmann area, FWE = family wise error, MNI=Montreal neurological institute coordinate system.

Discussion

Within the CRUNCH framework, we identified several predic-
tions concerning the features of brain activation at older age,
which we attempted to assess. Based on previous observations,
we predicted that (i) brain activation scales up with increases in
task demands, being evident in both younger and older adults,
(ii) older as compared to younger adults show increased brain
activation in motor/visuospatial and possibly higher cognition
related networks at lower levels of task complexity, (iii) due to
increased demands of both the aged brain and task complexity,
older as compared to younger adults show greater increases in
brain activation with increased task complexity (yet attenuated
at the highest task complexity level according to the CRUNCH
hypothesis), (iv) compared with younger adults, older adults show
smaller activation increases or even decreases at the highest

levels of task complexity, representing a deficient supply of brain
resources (consistent with the CRUNCH hypothesis). All predic-
tions were also tested for middle-aged adults to explore the
emergence of age-related differences in brain activation in this
relatively under-investigated age group.

Our results confirmed that older and younger adults, and
middle-aged and younger adults shared upregulation of brain
activation with increased task complexity. In addition, older
adults recruited motor/visuospatial brain areas more during
performance at a lower complexity level (Ratio2). This increased
activation in motor/visuospatial and higher cognitive brain areas
was even more pronounced during performance in the Angle
condition as compared with younger adults. Finally, there were
no indications of older adults reaching upregulation limits earlier
than younger adults, as defined by smaller increases or even
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Table 4. Brain areas showing age group dependent increases in activation with increases in task complexity.

Area Network Sub area Lat. BA Peak t-value  Peak coordinates (MNI)
Number
Figure 4.2 (FWE) X Y z
A
Larger activation increases for OA compared with YA for Ratio2 < Angle
Not visible Motor/Visuospatial Precuneous R — 5.25 2 —62 30
1 Middle frontal gyrus L 6 5.06 —40 6 42
2 Inferior/middle frontal gyrus L 48 4.14 —46 24 18
3 Higher cognition Frontal pole L 11 4.49 —24 54 2
4 R 10 4.69 14 72
Not visible 11 5.25 18 50 2
5 Inferior parietal lobule R 39 5.72 44 —60 30
B
Larger activation increases for MA compared with YA for Ratio2 < Angle
1 Motor/Visuospatial Frontal pole R 10 5.52 14 72 2

Older adults (OA) show larger brain activation increases in motor/visuospatial and higher cognitive networks from Ratio2 to Angle condition performance
compared with younger adults (YA). Middle aged adults (MA) increased brain activation in the frontal pole (see also Fig. 4.2). Lat. = laterality, BA = Brodmann
area, FWE = family wise error, MNI=Montreal Neurological Institute coordinate system.

4.1 Age-group differences at low task complexity
Ratio 2
OA>YA t=196

4.2 Age-group dependent increase in activation

Ratio 2—> Angle

MA > YA

Fig. 4. 1) Older adults (OA) showing increased brain activation in senso-
rimotor/visuospatial networks at relatively low level of task complexity
(Ratio2) as compared with younger adults (YA). Numbers refer to clusters
described in Table 3. 2) Greater increases in brain activation in older-
(OA) and middle-aged (MA) adults with stepwise increase in task com-
plexity. Panel A: OA displayed greater increases in activation in areas in
motor/visuospatial and higher cognitive networks only for the complexity
increase from Ratio2 to Angle. Panel B: The enlarged increase in activation
observed in MA was also limited to the complexity increase from Ratio2
to Angle. Cluster details are presented in Table 4. P < 0.05, FWE corrected
TECE applied for all significant activation differences.

decreases in activation during the ZigZag as compared with the
Angle task level. Middle-aged adults showed a similar pattern
with a task complexity-dependent increase in brain activation, no
elevated brain activation at lower task level and no diminished
activation increase at the highestlevel of complexity, as compared
with younger adults. These results suggest similarities between all
3 age groups in coping with increased brain resource demands. In
other words, older adults showed more brain activation as a result

of increased task complexity (and up to the highest task level) in
much the same way as younger and middle-aged adults did.

A critical prerequisite to assess hypotheses within the CRUNCH
framework is to establish effective increases in task complexity
as evidenced by decreased performance across complexity levels,
thus leading to lowest performance at the highest complexity
level by older adults. When this requirement is met, as it was
in the present study, brain activation patterns can be assessed
and interpreted in the context of increased task demands as well
as the effects of aging. Here, performance decreased with task
complexity in all age groups. Older adults performed the task
more poorly at every level of complexity compared with middle-
aged adults who were worse than the younger adults. Importantly,
performance by older adults was increasingly affected at higher
task complexity levels compared with younger adults and middle-
aged adults. In addition, older adults frequently reported that they
considered the ZigZag complexity level to be extremely difficult.
Therefore, the possibility that older adults were not appropriately
challenged due to the task not being sufficiently complex appears
rather unlikely. Taken together, these results suggest successful
task manipulations that enabled determining brain activation
levels associated with CRUNCH predicted patterns.

In accordance with increases in task complexity, all age groups
increased brain activation. Moreover, younger and older adults,
and younger and middle-aged adults shared brain activation
increases in motor/visuospatial and higher cognitive networks
with gradually increased task demands, suggesting similar brain
coping properties in all age groups. Interestingly, shared activation
increases in areas supporting higher cognitive functions were
mostly present when task complexity increased from lower levels
to intermediate levels, as defined in the current study (i.e. Ratiol
to Ratio2), and not at the higher levels of complexity (e.g. Angle).
This was unexpected as it may be argued that, at lower levels of
task complexity, younger adults may not need to recruit higher
cognitive networks (as in Cabeza et al. 2002) and, therefore, the
conjunction analysis would not result in shared activation in
these brain areas. Nevertheless, the current results suggest that
all 3 groups already recruited additional brain areas that subserve
higher cognitive functions at lower complexity levels. In addition
to the shared increases, older adults showed greater increases
of pre-frontal activation during the Angle condition compared
with younger adults, which is line with previous studies.
Heuninckx et al. (2005) observed upregulated activation in
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the dorsolateral prefrontal cortex (DLPFC) comparable to the
presently observed middle frontal gyrus activation in older adults
during performance in the Ratio? condition. Several studies using
non-motor tasks (Grady et al. 1998; McIntosh et al. 1999; Cabeza
et al. 2002) also reported greater pre-frontal cortex activation in
older adults compared with younger adults. This suggests that the
PFCis recruited with increased task demands and plays a general
purpose role (e.g. implementing behavioral goals (Holroyd and
Yeung 2012)). Taken together, all age groups appeared to recruit
the DLPFC with increased task demands, and older adults did this
to a greater extent at higher levels of complexity.

The lowest level of task complexity at which we observed the
older adults to upregulate activation is Ratio2. The pattern of
upregulated brain activation is in accordance with that observed
in a recent meta-analysis (Zapparoli et al. 2022), such that the
most prominent upregulation was observed in posterior brain
areas. The latter authors argued that older adults might use
mental visual imagery to aid their performance (see also Allali
et al. 2014). Similar processes may have occurred in the present
study as well, as performance relied heavily on visual feedback,
spatiotemporal orientation, and motor planning.

As a result of age-related tissue changes, for example, changes
in gray and white matter volume (e.g. Serbruyns et al. 2015; Van
Ruitenbeek et al. 2017) or neurochemistry (Minati et al. 2007;
Levin et al. 2019), older adults may exhibit decreased information
processing and transmission capacity and this may require addi-
tional recruitment of brain areas (e.g. Ramanoel et al. 2019; Kong
et al. 2020). Our findings of larger increases in brain activation
during the Angle condition in older adults compared with younger
adults support this notion. In more detail, older adults recruited
the bilateral middle frontal gyrus and frontal pole. The activated
middle frontal gyrus closely resembles the frontal eye fields (FEF).
The FEF are well known to play a role in voluntary saccadic
eye movements, guiding attention (Schall 2004) and pursuit eye
movements (Mustari et al. 2009) and have been considered part
of the executive control network (Hermans et al. 2014). These
FEF functions fit well with the processes required to perform the
visual tracking task (BTT) in our study. Older adults may have
increased their mental efforts in trying to track the moving dot
visually. In addition, the medial frontal pole has been shown to
subserve planning and evaluation of behavioral goals (Koechlin
et al. 2002). More specifically, it has been associated with compar-
ing expected and actual sensory feedback upon which behavioral
performance is being adjusted (Bar 2007). Taken together, older
adults appeared to engage in increased top down control in the
Angle condition.

The remarkable absence of age group differences in increased
brain activation at the current highest levels of complexity
suggests that all age groups were equally capable of recruiting
brain areas as a function of task demand. Despite the fact
that older adults were less successful in performing the ZigZag
pattern, they clearly remained committed to recruit the required
brain resources to perform the task. Thus, instead of the predicted
failure to recruit additional resources (as suggested by the
CRUNCH hypothesis), older adults appeared equally able to
recruit brain areas as compared with younger adults. Compliance
with increased resource demands was apparently present in all
age groups, even though it did not enable the older adults to
match their behavioral performance with that of the other age
groups.

Conjunction analyses among the age groups in upregulation of
activation resulted in striking similarities (Fig. 3), suggesting that
all age groups utilized large scale upregulation of activation to

meet task demands. The largest observed difference between the
results for middle-aged adults and older adults was that middle-
aged adults did not upregulate brain activation during the Angle
condition as much as older adults did (Fig. 4.2). Exploratory analy-
ses were performed providing more insight into these complexity
and age group dependent activations. Activation in many brain
areas within the motor/visuospatial network and the network
for higher cognitive functions was higher with increased age,
which is in line with previous results (Heuninckx et al. 2005,
2008; Goble et al. 2010; Berghuis et al. 2019). More specifically
and in line with the main analyses, the exploratory analyses
revealed brain activation differences between middle-aged adults
and younger adults, and not between older adults and middle-
aged adults, placing middle-aged adults more closely to older
adults (Supplementary Fig. S2B, see online supplementary mate-
rial for a color version of this figure).

As most previous studies compared older adults with younger
adults, little is known about middle-aged adults as being the
transitional age range from young adulthood to older age. The
present results suggest that over-activation of brain areas is not
limited to older adults, and in fact may start at an earlier age,
ie. between 40 and 60 years of age. In the present study, this
age group also performed worse compared with younger adults,
suggesting relatively early declines of complex motor function. On
a structural level, over-activation has often been associated with
a decline in brain structure in older adults (Seidler et al. 2010;
Berghuis et al. 2019). However, arguing against such association
in middle-aged adults is that gray matter decline appears to be
small in most cortical areas, even in the prefrontal cortex which is
known to show a decline relatively early (Pfefferbaum et al. 2013;
Storsve et al. 2014) and white matter volume peaks around the
age of 50 (Liu et al. 2016).

Besides the increased brain activation by older adults dur-
ing the Angle compared with the Ratio2 condition, diminished
deactivations (Supplementary Fig. S3, see online supplementary
material for a color version of this figure) in many subareas of
the default mode network (DMN; Buckner et al. 2008) in older
as compared with younger adults were also prominent. In fact,
most areas that showed this activation pattern were located
in the DMN. It is well known that increased age is associated
with reduced deactivation of the DMN during task execution (e.g.
Sambataro et al. 2010; Gordon et al. 2014; Berghuis et al. 2019),
which is generally interpreted as impaired switching from task-
irrelevant to task-relevant networks (Sambataro et al. 2010; Li
et al. 2015). Evidence for an indirect role of the DMN in bimanual
performance is provided by the observation that level of perfor-
mance at retention, following training of bimanual coordination
tasks, is positively associated with a decrease in DMN activation in
older adults (Pauwels et al. 2018). Other data support a functional
decline of DMN with age. Older adults show decreased functional
connectivity within DMN (Vidal-Pineiro et al. 2014; Staffaronietal.
2018) and increased functional connectivity between the DMN
and other task-relevant networks during the resting state, which
is related to decreased bimanual performance (King et al. 2018).
Taken together, next to over-activations of motor/visuospatial
and higher cognitive function networks, reduced deactivation of
the DMN may also play a prominent role in reduced bimanual
coordination performance.

Next to the DMN, additional networks as alternative possi-
bilities for interpretation are provided by Hugdahl et al. (2015)
and similarly by Duncan (2013). Hugdahl et al. (2015) suggest
the existence of an extrinsic-mode network (EMN) as a counter-
part of the DMN. EMN activation is upregulated whenever task
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demands increase and general resources are needed. Similarly,
Duncan (2013) suggested the existence of a multiple-demand
network (MD) that generates attentional episodes required for
task performance. Their observed pattern of active brain areas
during performance on multiple types of tasks is strikingly similar
to the increase in activation with increased task complexity, as
presently observed for all age groups. Therefore, besides interpret-
ing the results within motor/visuospatial and higher cognition
networks, functional interpretations can also be made from the
perspective of the more generic EMN/MD network recruitment.
The consequence is that bimanual performance is interpreted as
a function of activation of the EMN/MD networks and deactivation
of the DMN network. This aligns well with our resource-demand
notion of over-activation in older adults. Future studies could be
directed at determining such network activation patterns and
their interaction with increasing age, and associate these with
age-related behavioral decline. For example, it has been shown
that activation of the EMN/MD network is negatively correlated
with that of the DMN. A testable hypothesis is that DMN and
EMN/MD activations may be less downregulated and upregulated,
respectively, with task complexity manipulations in older as com-
pared with younger adults.

Some limitations need to be mentioned that may hamper the
interpretation of these data. In order to conclude that increases
in activation are compensatory in nature, equal performance
between the age groups at lower levels of task complexity may be
helpful. Given that our study revealed group differences in perfor-
mance, multiple interpretations (compensatory or maladaptive
activation) remain possible. This could mean that the increased
recruitment of brain areas is in line with predictions representing
dedifferentiation rather than compensation (Li and Lindenberger
1999; Koen and Rugg 2019). However, despite that equal perfor-
mance at lower complexity levels may be helpful; we do not con-
sider it a prerequisite. Hypothetically, increased activation may be
compensatory, but insufficient to preserve high performance lev-
els. To illustrate this point, Schneider-Garces et al. (2009) reported
lower levels of performance in older adults at low difficulty levels
of a working memory task and over-activation. Crucially, they
showed that with equalized subjective task difficulty by express-
ing the memory load relative to the individual digit span, both
younger and older adults showed modulation of brain activation
with task difficulty. For the present data, however, it remains
inconclusive whether increased activation should be considered
compensatory, particularly since we observed no major overlap
between areas showing increased recruitment and areas showing
associations with performance in older adults.

The task manipulations in the current study were aimed
at increasing task complexity. This was achieved by varying 2
components of motor control, namely the hand-to-hand ratio
of rotational speed (i.e. isofrequency and non-isofrequency) and
directional changes of the rotation. Future studies could identify
the separate contributions of each of these manipulations in
motor control to obtain a more detailed insight into age-related
decline.

Taken together, the critical observation is that the increase in
brain activation in motor/visuospatial and higher cognitive net-
works with increasing task demands is shared by all age groups.
The additional increase in activation by older adults starting
for Ratio2, but most clearly pronounced in the Angle condition
is in line with the notion that task complexity demands are
relatively higher and require more resources in the older adults.
However, we did not observe any overlap between areas show-
ing over-activation and areas in which the statistical association
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between activation and performance was higher in older adults,
which appears to contrast with the findings from a previous
meta-analysis suggesting compensation (Zapparoli et al. 2022).
Zapparoli et al. (2022) showed that when older and younger
adults perform equally well, older adults tend to activate pre-
/postcentral gyrus during sensori-motor tasks and an occipital-
temporal cluster during motor execution tasks. However, as Zap-
paroli et al. (2022) explicitly acknowledged, tests of the CRUNCH
hypothesis have not been consistently tested within the same
experimental context via parametric modulations of task diffi-
culty. Our paper did employ such a design and we did not find
evidence in support of CRUNCH. In addition, at the highest level
of task complexity, older and younger adults similarly upregu-
lated brain activation, indicating intact resource supply-demand
mechanisms. In other words, all age groups appeared to share the
capacity to upregulate brain activation to meet higher demands.
This is an important finding that deviates from the predictions
emerging from the CRUNCH hypothesis.

Our inclusion of a third group adds additional unique informa-
tion to the current literature. Our data show that over-activation
across all complexity levels, previously rather uniquely associated
with older adults, may already be present in middle-aged adults.
This suggests that aging is a very gradual process that sets in after
young adulthood.

Finally, brain activation patterns associated with age-related
decline in sensori-motor performance can also be expressed as
recruitment of extrinsic-mode network/multiple-demand net-
work and de-recruitment of the DMN network. This points to the
potential merit of interventions that enable the suppression of the
DMN network in association with scaling up activity in the task-
relevant networks. Therefore, alternative interpretations within
multi-purpose networks to underlie motor and/or cognitive
decline with aging may be considered as a future direction in
studying age-related changes in brain function.
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