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We know how age affects the brain during lab-based tasks, but what about situations truer to everyday
life, such as watching movies? We measured functional magnetic resonance imaging activity while
participants (N ¼ 577) from the Cambridge Centre for Ageing and Neuroscience (www.cam-can.com)
watched a movie. Watching the same movie induces significant intersubject synchronization of brain
activity across participants. These cross-subject correlations suggest that viewers are processing
incoming information in a similar (or shared) way. We show that with advancing age, synchrony is
preserved in some areas, including the language network, but decreased in others, including the medial
prefrontal cortex, medial temporal lobe, and fronto-parietal network. Synchrony declines were driven by
more idiosyncratic responding in older adults and were associated with regionally distinct temporal
profiles and functional connectivity patterns, as well as declines in white matter integrity. These findings
suggest that areas involved in language processing remain intact with age, while regions involved in
attentional control and memory may show age-related declines, even in situations similar to daily life.

� 2018 Published by Elsevier Inc.
1. Introduction

The seeming contradiction of neurocognitive aging research is
that age is associated with decreased performance on a number of
lab-based tasks, and yet in daily life, most healthy older adults are
able to function quite well (Zimmerman et al., 2011). They read
books, watch movies, socialize with friends and familydrarely
complaining that they are unable to understand language, process
meaning, or experience emotions. This raises the question of how
age-related declines in functions like attentional control and
memory observed in the lab affect the processing of more natu-
ralistic stimuli, such as movies. Movies offer rich and complex
stimulation, which more closely approximate everyday life relative
to the highly constrained visual and auditory stimuli that are used
in most experiments; this is why they are referred to as naturalistic
stimuli (Hasson et al., 2004). On the one hand, we might expect
minimal age differences in the processing of these stimuli, in that
narrative comprehension taps into one’s existing body of
in, Cognition and Behaviour,
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knowledge which is, if anything, more extensive in older adults (for
a recent review, see Umanath and Marsh, 2014). Moreover, most
movies tend to be rich with emotion, and previous work has shown
that increasing the emotional meaningfulness of stimuli can reduce
age differences in attention and memory (Mather and Carstensen,
2005; May et al., 2005). On the other hand, movie watching re-
quires sustained attentional control (Naci et al., 2014) and ongoing
retrieval from and encoding to memory (Hasson et al., 2015), pro-
cesses which are known to decline with age (Craik and Byrd, 1982).
These processes depend on networks (such as the frontoparietal
control and default network) that are negatively affected by age
(e.g., Campbell et al., 2012; Damoiseaux et al., 2008; Grady et al.,
2010; Turner and Spreng, 2015). Thus, we might expect age to
affect the processing of movies and this has been shown in some
behavioral work (Kurby and Zacks, 2011; Zacks et al., 2006), how-
ever also see Kurby et al. (2014).

At a neural level, movies have been shown to drive activation in
a similar way across participants. In young adults, these cross-
subject correlations (or synchronous responses) in the functional
magnetic resonance imaging (fMRI) blood oxygenation level
dependent (BOLD) signal have been associated with intact pro-
cessing (Hasson et al., 2009) and more similarity in information
processing across individuals (Naci et al., 2014). Cross-subject
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correlations not only tend to be strongest in primary auditory and
visual regions but also extend to association cortex (including
frontoparietal andmedial frontal regions). Synchrony in these latter
regions tends to be greatest when the stimulus itself is particularly
captivating, presumably because viewers are attending to the same
thing in each scene (Dmochowski et al., 2012; Dorr et al., 2010).
Furthermore, synchrony in higher-order regions is observed when
movies are presented in temporal order and at longer timescales
(e.g., sentences, paragraphs) rather than cut up into constituent
parts (e.g., words, syllables; Hasson et al., 2008). Presumably, this
occurs because mental models of the narrative are built up gradu-
ally over time, primarily within a core network of regions including
the medial prefrontal cortex (mPFC) and hippocampus (Simony
et al., 2016; Van Kesteren et al., 2012).

In a recent preliminary study, we showed that neural syn-
chrony declines with age during naturalistic viewing (Campbell
et al., 2015). Using a subset of participants (N ¼ 218) from the
Cambridge Centre for Ageing and Neuroscience (Cam-CAN) proj-
ect, we used independent components analysis to identify net-
works active during movie watching (i.e., while participants
watched an 8-minute long Alfred Hitchcock movie in the fMRI
scanner). We showed that cross-subject network synchrony de-
clines with age and relates to measures of attentional control
obtained outside the scanner, suggesting that older adults do
process naturalistic stimuli in a different way to younger adults.
However, a number of questions remain. For instance, which brain
regions show preserved information processing with age and
which show the most pronounced differences, and what kind of
processes do these regions subserve? Does the decline in syn-
chrony relate to specific elements of the movie? And can we
identify potential causes of this effect, such as age-related declines
in functional or structural connectivity?

In the present article, we aim to investigate these questions in
the larger Cam-CAN sample (N ¼ 577). The richness of movie
stimuli allows us to investigate many functional systems in the
brain simultaneously, which would not have been possible if we
had used simpler, well-controlled stimuli. To preface our results,
synchrony was preserved with age in some regions, including parts
of the language network, dorsal precuneus, and right tempor-
oparietal junction (TPJ), suggesting that in these areas, information
processing remains intact across the lifespan. Other regions showed
significant age-related declines in synchrony, including the fron-
toparietal control network (FPCN), medial temporal lobes (MTLs;
including the hippocampus), and mPFCdthe FPCN critical for
cognitive control (Vincent et al., 2008) and the latter regions
responsible for memory, imagination, and internal mentation more
broadly (Schacter et al., 2012).

In the remainder of the article, we combine functional, struc-
tural, and behavioral data with a number of innovative methods to
explore the nature and potential causes of the observed age-effects
in these 3 regions. First, we determine whether age differences in
these higher-order regions can be explained by concomitant dif-
ferences in primary auditory and visual processing regions (used
here as a proxy for sensory loss). Second, we determine whether
different cognitive functions (namely, fluid intelligence, explicit
memory, and processing speed) differentially predict age-related
declines in the FPCN, MTL, and mPFC. Third, we test whether
unique subgroups of participants emerge with age (i.e., people who
respond to the movie in the same way as each other but differently
to others) or whether people are simply becoming more idiosyn-
cratic with age. Fourth, we examine how synchrony in these regions
changes throughout the movie and whether there are certain time
points when age differences are most pronounced. Finally, we
examine how individual differences in synchrony relate to brain-
wide differences in functional connectivity (FC) and underlying
white matter (WM) microstructure. Together, these analyses offer
novel ways of investigating the age-related differences in brain
function during naturalistic viewing and provide insights on the
underlying mechanisms and behavioral consequences of age-
related changes in brain function.

2. Material and methods

2.1. Participants

Six hundred forty-four participants (18e88 years old, M ¼ 54.3,
standard deviation [SD] ¼ 18.46, 318 males and 326 females) were
included in this study, from the population-based sample of the Cam-
CAN.Of this initial sample, 577participantswere included in themain
analyses of this article, due to various issues with data quality or
preprocessing (for details on exclusion see Section 2.4). A subset of
this sample was also part of our initial study on age-related differ-
ences in intersubject synchrony (Campbell et al., 2015). Participants
were included if no brain abnormalities were detected and if they
completed the full (f)MRI testing session. Participants scored 25 or
higher on the mini mental state examination (Folstein et al., 1975),
had no contraindications to MRI, had normal or corrected-to-normal
vision and hearing, were native English speakers, and had no
neurological disorders (Shafto et al., 2014). More information about
the final sample is presented in Table 1. Ethical approval for the study
was obtained from the Cambridgeshire 2 (now East of
EnglandeCambridge Central) Research Ethics Committee. Partici-
pants gave written informed consent.

2.2. Movie

Participants were scanned (using fMRI) while they watched a
shortened version of a black and white television drama by Alfred
Hitchcock called “Bang! You’re Dead.” In previous studies, a longer
version of this movie has been shown to elicit robust brain activity,
synchronized across younger participants (Hasson et al., 2009).
Because of time constraints, the full 25-minute episode was
condensed to 8minutes with the narrative of the episode preserved
(Shafto et al., 2014). Participants were instructed to watch, listen,
and pay attention to the movie (they were not aware of its title, and
no participant reported having seen it before).

2.3. fMRI data and image acquisition

These data were collected as part of a more extensive scanning
session in a 3T Siemens TIM Trio, with a 32-channel head coil. This
scanning session consisted of structural scans, a resting state scan,
an audio-visual task, and ended with movie watching, more details
about the data collection can be found in Shafto et al. (2014). During
themovie watching, 193 volumes were acquired, using a multiecho,
T2*-weighted echo-planar imaging (EPI) sequence. Each volume
contained 32 axial slices (acquired in descending order), with slice
thickness of 3.7 mm and interslice gap of 20% (repetition time
(TR) ¼ 2470 ms; 5 echoes [echo time (TE) ¼ 9.4 ms, 21.2 ms, 33 ms,
45 ms, 57 ms]; flip angle ¼ 78�; field-of-view (FOV) ¼ 192 mm �
192 mm; voxel size ¼ 3 mm � 3 mm � 4.44 mm), the acquisition
time was 8 minutes and 13 seconds.

A high-resolution (1 mm � 1 mm � 1 mm) T1-weighted
Magnetization Prepared Rapid Gradient Echo image was also ac-
quired, in addition to a T2-weighted structural image (voxel size
1 mm � 1 mm � 1 mm) using a sampling perfection with
application-optimized contrasts using different flip angle evolution
sequence. Diffusion-weighted images (DWIs) were acquired with a
twice-refocused spin-echo sequence. Thirty diffusion gradient di-
rections were obtained for each of 2 b-values: 1000 and 2000 s/mm2,



Table 1
Participant demographics and mean cognitive performance per age decile

Decile 1 2 3 4 5 6 7

Age range 18e27 28e37 38e47 48e57 58e67 68e77 78e88
N 47 98 94 90 86 83 79
Male/female 21/26 48/50 46/48 43/47 43/43 45/38 38/41
Left/right handed 4/43 7/90 11/83 8/82 9/77 7/76 4/75
Education
University 25 61 63 59 61 45 47
A0 Levels 11 16 12 17 16 18 14
GCSE grade 8 11 13 11 8 14 14
None over 16 3 9 5 3 1 6 4

MMSE 29.2 (1.2) 29.5 (0.9) 29.1 (1.2) 29.3 (1.0) 29.1 (1.1) 28.7 (1.2) 28.2 (1.5)
Cattell 37.6 (4.0) 37.2 (4.3) 35.2 (4.3) 33.7 (4.5) 30.9 (5.6) 27.3 (5.6) 24.3 (5.5)
M-RT 467.5 (58.5) 477.9 (75.8) 537.6 (90.3) 554.4 (85.9) 611.1 (109.1) 669.0 (131.5) 767.3 (166.0)
SD-RT 78.5 (26.2) 78.1 (22.7) 95.1 (30.4) 96.1 (29.3) 122.4 (45.0) 143.4 (57.0) 174.4 (73.7)
Story recall 14.7 (3.8) 15.2 (3.6) 14.1 (3.8) 13.8 (3.7) 12.7 (4.1) 11.1 (4.1) 10.3 (4.1)

Values in parentheses are standard deviations.
Key: Cattell, Cattell culture fair test of fluid intelligence; MMSE, mini mental status examination; M-RT, mean response time on the choice response time task (in milliseconds);
SD-RT, intraindividual response time variability on the choice response time task (in milliseconds); story recall, story recall from the Wechsler Memory Scale.
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plus 3 images acquired with a b-value of 0. These parameters were
optimized for estimation of the diffusion kurtosis tensor and
associated scalar metrics. Other DWI parameters were TR ¼ 9100,
TE ¼ 104 ms, FOV ¼ 192 mm � 192 mm, voxel size 2 mm � 2 mm �
2mm, 66 axial slices, and acquisition time 10minutes and 2 seconds.

2.4. Functional data preprocessing

The data were preprocessed using both analysis of functional
neuroimages (AFNI; version AFNI_17.1.01; https://afni.nimh.nih.
gov) and the statistical parametric mapping (SPM12) software
(http://www.fil.ion.ucl.ac.uk/spm), as called by the automatic anal-
ysis (AA) batching system (http://imaging.mrc-cbu.cam.ac.uk/
imaging/AA). This was done to combine the advantages of multi-
echo independent component analysis (ME-ICA) denoising (AFNI)
with DARTEL interparticipant alignment in SPM, which allows for
the transformation to an age-representative template that is sub-
sequently transformed to Montreal Neurological Institute (MNI)
space. ME-ICA seems to be a very promising method for removal of
non-BOLDelike components from the fMRI data, including effects of
head motion. It has been shown to improve sensitivity and reduce
false positives in both rest (Kundu et al., 2012) and task data
(Gonzalez-Castillo et al., 2016). The AFNI parts of the pipeline used
the default AFNI preprocessing settings, using the meica.py algo-
rithm (Kundu et al., 2012). This includeddeobliquingof each TE, slice
time correction, and realignment of each TE to the first TE in the run.
Then ME-ICAwas used to denoise the data for each participant. The
details of this procedure are described in (Kundu et al., 2012) and
briefly summarized here. For each participant, principal component
analysis was used to reduce the dimensionality of the data. This
procedure selects all signals resembling correlated phenomena or
MR signal for ICA decomposition while excluding thermal noise.
Next, FastICA was used to identify spatially independent compo-
nents, which were characterized as high-kappa, BOLD-like compo-
nents (signal) and low-kappa, not-BOLDelike components (noise).
The ME-ICAedenoised data were reconstructed from the high-
kappa components that did not localize to venous structures.

Coregistration and interparticipant alignment of these ME-ICA
denoised data were done using the transformations obtained in
the previously described AA pipelines that were used to analyze all
the Cam-CAN data (see Taylor et al., 2017) and the data of our
previous study on the same topic (Campbell et al., 2015). The ana-
lyses in the AA pipeline were performed on an optimally combined
image, which is the average of the 5 echo times, weighted by their
estimated T2* contrast. These optimally combined images were
only used to obtain the DARTEL flowfields and MNI
transformations. Before the normalization step, the optimally
combined images were slice timeecorrected, realigned to the first
image in the run, and coregistered to the T1 image. The T1 and T2
images were combined to segment various tissue classes, including
gray matter (GM), WM, and cerebrospinal fluid (CSF). Next, a
sample-specific anatomical template was created for each session,
based on the GM and WM segments for each participant, using the
DARTEL procedure to optimize interparticipant alignment. The
template was then transformed into MNI space, using a 12-
parameter affine mapping. Finally, the ME-ICA denoised data
were aligned to the optimally combined images, using rigid body
alignment. Then the DARTEL flowfields and MNI transformations
were applied to the ME-ICA denoised data. The success of this
coregistration and normalization procedure was verified by corre-
lating local image intensity values across participants and visually
inspecting the data. For 30 participants, there was either a problem
with running the ME-ICA denoising or a problem with the
normalization; these participants were not included in further
analyses. The segmented images were also used to create WM and
CSF masks for each participant by selecting only voxels with less
than 1% of GM and more than 80% of WM/CSF. After normalization,
the data were smoothed with an 8-mm full width at half maximum
(FWHM) kernel, and signals were extracted from 748 of the 840
regions defined by Craddock et al. (2012). Only 748 regions were
included because they had sufficient coverage in our recent article
(Geerligs et al., 2015b), which allowed us to use existing network
labels defined in our previous study. To quantify the head motion
for each participant, the root mean square volume-to-volume
displacement was computed using the approach of Jenkinson
et al. (2002). We found that the mean level of head motion was
correlated with participant age (r¼ 0.5, p< 0.001), and the number
of components removed by the ME-ICA denoising was higher for
older participants (r ¼ 0.51, p < 0.001). Participants who had a high
level of mean head motion (2 SDs above the mean, 32 participants)
and participants for whom nearly all components were removed
during the ME-ICA denoising (>88% of all components, 2 partici-
pants) were not included in the analyses. Participants excluded in
this step tended to be older than the participants who were
included (mean age included ¼ 53 years, mean age excluded ¼ 68
years, t (609) ¼ �4.51, p < 0.001). This left a final sample of 577
participants.

Because of the association between age and head motion, we
look extra care to remove head motion confounds from the data.
Therefore, in addition to ME-ICA denoising, we reduced any resid-
ual effects of motion and other noise confounds on FC results by
applying a general linear model (GLM), as it has previously been
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shown that ME-ICA denoising can leave some residual motion
confounds (Power et al., 2015). This model included expansions of
the 6 original motion parameters, as well as of average signals in the
WM and CSF from the timecourses of each voxel within each re-
gions of interest (ROI). The WM and CSF signals were created by
averaging across voxels in the associated mask image, after
normalization but before smoothing. The expansions included the
first-order temporal derivative, as well as their squares and squared
derivatives, which reduces the effects of motion (Satterthwaite
et al., 2013). In total, there were 32 confound and noise re-
gressors. A high-pass filter (0.008 Hz) was implemented by
including a discrete cosine transform set in the GLM, ensuring that
nuisance regression and filtering were performed simultaneously.
To prewhiten the data, the autocorrelation in the GLM error was
modeled by a family of 8 exponentials with half-lives from 0.5 to
64 TRs (Geerligs et al., 2017). The autocorrelation hyperparameters
were estimated using Restricted Maximum Likelihood Estimation.
Efficiency of estimating the autocorrelation hyperparameters was
increased by pooling across voxels within each ROI, but done
separately for each ROI, to allow for true differences in autocorre-
lation between functional regions. The autocorrelation model was
inverted to prewhiten the data. The whitened residuals of this
model were used to estimate the intersubject synchrony and FC.

2.5. Intersubject synchronization

For each participant, we extracted the mean timecourse across all
voxels within each ROI. Next, we measured synchronization by
correlating each participant’s timecourse with a timecourse that was
the result of averaging across all other participants. Positive corre-
lation values indicate the presence of a shared signal between 1
participant and all other participants. Correlation values close to zero
reflect asynchronous responses across participants.While in analyses
of FC, negative correlations or anticorrelations reflect a phenomenon
of interest; this is not the case in the current context. Because the
synchronization analysis starts with computing a shared signal
across participants, anticorrelations cannot be detected. Moreover, it
is highly unlikely that there are brain regions with consistent anti-
correlations across participants, in which a particular brain region
consistently responds in the opposite way in different participants.

The ROI correlation (or synchrony) values were converted to z-
scores, using the Fisher r-z transformation, to obtain a more normal
distribution. Subsequently, we correlated the synchrony values in
each ROI with age. Because of the association between age and head
motion, we used the following covariates of no interest in all of our
analyses relating intersubject synchronization or connectivity values
to other measures: the mean and the maximum of the volume-to-
volume displacement values and proportion of independent com-
ponents removed in the ME-ICA denoising (number of components
removed/total number of components). We used regression analyses
and Pearson correlations to investigate associations between syn-
chrony, connectivity, age, and other outcome measures. When we
identified significant interaction effects (e.g., age by cognition effects),
we split the group by age into 3 equally sized subgroups (young,
middle, and old) to better understand the nature of the interaction.

Following the analyses relating age to intersubject synchroniza-
tion, we grouped the ROIs showing a significant age-related decline
in synchrony based on the functional brain networks theywere in (as
identified in Geerligs et al., 2015a,b). In the remainder of the analyses
in this article, we focused on those brain networks that had the
greatest number of ROIs with significant age-related declines (see
results and supplementary results for more details). Three clusters
were identified that encompassed ROIs from the FPCN, mPFC, and
the MTL. For further analyses, we created average synchrony scores
per cluster by averaging across all the ROIs within a cluster.
To determine how intersubject synchronization varied over
time, we used a sliding window analysis. We used a tapered-cosine
(Tukey) window of width w ¼ 20 TRs with a total taper section of
length 10 TRs. We slid the windows 1 TR (or time point) at each
step. This gave us a measure of intersubject synchronization for
each of 177 time windows. To check how the results were affected
by the window length, the analyses were repeated for different
window lengths (15 and 30 TRs). To be able to relate changes in
intersubject synchronization over time, to frames in the movie, we
computed a mean intersubject synchronization value for each TR.
For each time point, we computed a weighted average of the syn-
chronization values in all the sliding windows that took this time
point into account (weights were based on the original cosine
window). Then we investigated variations over time in mean
intersubject synchronization and in the association between age
and intersubject synchronization. Finally, to identify those times in
the movie that were particularly affected by age, for each time
point, we investigated whether the association between age and
synchronization was significantly different from the mean corre-
lation between age and synchronization across all time points. To
this end, we phase randomized the intersubject synchronization
time series for each participant. This was done by computing a
Fourier transform of the time series and replacing the actual phase
of the different frequencies by random phases. Different random
phases were used for different participants. This way we could
compare the actual age effect at each time point to the age effect
that would be expected if there were no real differences over time.
We indicated time points that were significantly different from the
mean age effect after Bonferroni correction for multiple compari-
sons. To relate the synchronization timecourse to events in the
movie, we converted the TRs to seconds (multiply by 2.47) and
subtracted 5 seconds from the BOLD timing to account for the delay
in the hemodynamic response. We also used the phase randomized
data to investigate whether the synchronization timecourses were
more similar across the 3 brain clusters than expected by chance.
For this analysis, we used the same random phases for different
participants, but different random phases for each of the 3 clusters.

2.6. Cognitive measures

Participants performed several cognitive tasks outside the
scanner as part of a larger test battery (Shafto et al., 2014). Here, we
focus on measures of general cognitive function. Fluid intelligence
was measured by the Cattell Culture Fair, a timed pen-and-paper
test in which participants perform a series of nonverbal puzzles
(Cattell and Cattell, 1960). Verbal memory was measured using
delayed recall performance on the logical memory test from the
Wechsler Memory Scale Third UK edition, in which participants
listen to 2 brief stories and recall them 25e30 minutes later
(Wechsler, 1999). Participants also performed a choice response
time (CRT) task. In the CRT task, participants used a 4-button
response box to respond as quickly as possible to 1 of 4 possible
cued fingers (67 trials). There was a variable intertrial interval with
a mean of 3.7 seconds. Participants responded correctly to 93.1 % of
the trials in CRT. Only these correct trials were used to compute the
response time measures. In addition, outlier RTs that were >3 SDs
away from an individual’s mean were removed (CRT 1.3% of correct
trials on average). The mean (M-RT) and the response time vari-
ability (SD of RT values, SD-RT) were computed from remaining
trials, and inverted (y¼ x�1) to obtain a more Gaussian distribution
across participants. Due to this inversion, higher scores are related
to better performance for each of the cognitive measures. Because
response time variability is strongly related to M-RT, we included
M-RT as an additional covariate in analyses relating synchrony to
SD-RT (Campbell et al., 2015). Participants with less than 50%
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correct on the CRT task were excluded from the analysis; in addi-
tion, some participants had missing data for one or more cognitive
tests. The final number of participants was 562 for the Cattell test of
fluid intelligence, 576 for verbal memory, and 527 for the CRT task.

2.7. Community structure

We investigated whether there were subgroups of participants
(or older adults) who consistently responded to the movie in a
different way from others, leading to the observed decline in syn-
chronization. To answer this question, we used a weighted sto-
chastic block model (WSBM) to identify participant communities
(Aicher et al., 2013). As the input to the algorithm, we computed a
mean timecourse for each subject across all ROIs within each of the
3 clusters of brain regions that were defined previously (see Section
2.5) and then computed a correlation matrix representing the
similarity between each pair of participants in each cluster. WSBMs
are uniquely able to identify relevant types of community struc-
tures, because they group connections with similar structural roles
in the network. A modular community structure would reveal that
evoked responses of participants in one community are more
similar to each other than to those of participants in another
community. A core-periphery community structure would show a
grouping of participants with different levels of synchrony: par-
ticipants with the most representative or strongest evoked re-
sponses form the core, while the other participants represent the
periphery. We varied the number of communities (k) from 2 to 8
and for each k, we repeated the community detection 250 times
with a random initialization. The WSBM can be driven by both the
absence or presence of connections and by the connection weights.
The parameter a determines the trade-off between the two.
Because we used the unthresholded correlation matrix between
participants as the input to the algorithm, we based the community
detection only on these weights and not on the absence or presence
of certain correlations (fixing the parameter a to 1). The algorithm
was implemented in MATLAB using code made available at the
author’s personal website (http://tuvalu.santafe.edu/waaronc/
wsbm/).

2.8. Functional connectivity

Next, we investigated how individual differences in synchroni-
zationwere related to differences in FC. FC estimates were obtained
for each participant by computing the correlation between the
timecourses of each ROI pair. In previous work (Geerligs et al.,
2017), we have demonstrated that differences in mean FC be-
tween participants can stem from differences related to heart rate
variability and that mean regression is an effective way to correct
for this. Therefore, we applied mean regression to our FC estimates.
For each ROI pair, the mean connectivity was regressed onto the
connectivity estimates of that pair and the residuals of that
regressionwere retained for further analysis. This was done using a
regression model with an intercept term, which modeled the
average connectivity across all participants. The mean connectivity
across participants was added back onto the connectivity estimates
of each participant after mean connectivity had been regressed out.

To relate connectivity to synchrony, we used Pearson correlations.
For each cluster of brain regions, we quantified synchrony as the
mean synchrony score across all ROIs within that cluster. Because the
synchrony scores in theMTL, FPCN, andmPFCwere highly correlated,
we looked at connectivity patterns that were uniquely related to the
cluster of interest, by partialing out the synchrony scores in the other
2 clusters (in addition to the standard covariates of no interest; the
mean and the maximum volume-to-volume displacement values
and proportion of components removed in the ME-ICA denoising).
The false discovery rate for these correlations was controlled using
the Benjamini and Yekutieli (2011) procedure (at p< 0.05).We found
a large number of ROI pairs where connectivity was related to syn-
chrony. To obtain a summary connectivity score for further analyses,
we used a leave-one-out approach. For each participant, we
computed the correlation between synchrony and connectivity
across all other participants in the sample. We then computed an
average connectivity score for the left-out participant for the con-
nections that were significantly (pFDR < 0.05) positively related to
synchrony in the rest of the group and (separately) for the connec-
tions that were negatively related to synchrony in the rest of the
group. This gave us two connectivity estimates per participant
(similar to Shen et al., 2017). We could then use these connectivity
scores to investigate (among other things) if differences in FC
mediate age-related differences in intersubject synchrony.

2.9. WM microstructure

To look at how FC differences relate to differences in the WM
microstructure, we computed mean kurtosis (MK) from the diffusion
data. Thediffusiondatawereoptimized forestimationof theMKof the
tissue’s water diffusion (Shafto et al., 2014). MK is believed to offer a
sensitivemetric of age-related changes ofWMmicrostructure, suchas
changes of cell membranes, organelles, and the ratio of intracellular
and extracellular water compartments (Falangola et al., 2008).

All preprocessing and modeling of the DWI data was performed
using a combination of functions from FSL version 5.0.8, SPM12, and
custom scripts written in C and MATLAB, integrated in AA. The DWI
data were coregistered to the T1 image, using the average of the 3
b ¼ 0 images for each subject, next the data were skull-stripped
using the BET utility in FSL. Linear fitting of a higher-order tensor
was used to estimate MK. Finally, images of the diffusion metrics
were normalized to MNI space using the DARTEL affine trans-
formations from the T1-T2 pipeline described previously. The
resulting MK images in MNI space were smoothed with a 1-mm
FWHM Gaussian kernel to reduce residual interpolation errors, and
the mean MK values in various ROIs was computed (these ROIs are
presented below). Traditionally, DWI data are motion corrected at
the postacquisition level by using image registration techniques to
coregister each DWI to the first acquired b¼ 0 image. However, this
technique will fail to correct for distortions and motion when high
b-values are used and may introduce other artifacts (Ben-Amitay
et al., 2012). For this reason, we did not apply registration-based
motion correction to the DWI data in this study. Detection and
exclusion of outliers were performed at the analysis level to avoid
including data sets affected by other artifacts and distortions. Par-
ticipants with severe head motion during the DWI scan, as revealed
by striping in the diffusion data (Neto Henriques and Correia, 2015),
were excluded and participants with MK values in a given ROI of 3
SDs above or below the group average were also excluded. The final
sample varied between 498 and 505 participants in each of the
ROIs.

The ROIs that we used to compute the mean MK values were
defined by the Johns Hopkins University WM tractography atlas (Hua
et al., 2008). These included the uncinate fasciculus, superior longitu-
dinal fasciculus, inferior fronto-occipital fasciculus, anterior thalamic
radiations, forceps minor, forceps major, cerebrospinal tract, the infe-
rior longitudinal fasciculus (ILF), ventral cingulate gyrus (CINGHipp),
and the dorsal cingulate gyrus (CING). Total intracranial volume was
used as a covariate in all analyses that included MKmeasures.

3. Results

Participants in the studywatched a shortened version of amovie
by Alfred Hitchcock, “Bang! You’re Dead” (Shafto et al., 2014). This

http://tuvalu.santafe.edu/%7Eaaronc/wsbm/
http://tuvalu.santafe.edu/%7Eaaronc/wsbm/
http://tuvalu.santafe.edu/%7Eaaronc/wsbm/
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movie is about a young boy who mistakes his uncle’s revolver for a
toy gun. He plays with the partially loaded revolver at home and in
public, resulting in a number of moments where it appears as if he
might shoot someone. The movie elicited synchronized brain ac-
tivity over participants in all of the 748 ROIs that were distributed
across the whole brain. The strongest synchronization was found
over the visual and auditory cortices, while subcortical and more
frontal regions of the brain were less synchronized (see Fig. 1A). In
line with our previous work (Campbell et al., 2015), we observed
that the synchronization between each participant and the mean
timecourse of the group declined with age (Fig. 1B). Age-related
reductions in synchronization were most apparent over left and
right inferior parietal regions, the right middle frontal gyrus, and
the medial prefrontal gyrus. We also observed significant differ-
ences in the hippocampus and parahippocampal areas (bilateral),
the left and right caudate and the thalamus, bilateral postcentral
and supramarginal gyri, the insula (bilaterally), lingual gyrus, the
cingulum, and dorsal parts of the cerebellum. We did not observe
any significant positive correlations between age and synchrony.
Additional analyses suggest that these effects of age cannot be
Fig. 1. (A) Significant intersubject correlations were seen in all cortical and subcortical region
Analyses in A and B were Bonferroni corrected for multiple comparisons. (C) Evidence for de
on the Bayes factor categories (Jeffreys, 1961). One region (not visible on the surface projectio
that were used in further analyses. Results in AeC were adjusted for covariates of n
multiechoeindependent component analysis.
explained by age-related changes in the amount of noise in the data
or by the amplitude of evoked responses (see supplementary
results and Fig. S1); therefore, they most likely reflect an age-
related increase in the idiosyncrasy of neural responses to the
events in the movie.

Interestingly, synchrony appears to be preserved with age in a
number of regions (Fig. 1B). To test the evidence in favor of this
apparent lack of difference, we computed Bayes factors by
comparing regression models with and without effects of age on
synchrony (Wetzels and Wagenmakers, 2012). Bayes factors were
grouped into categories (Jeffreys, 1961) to give an indication of the
strength of the evidence for preserved synchrony with age or for a
decline in synchrony with age (see Fig. 1C). Regions that showed
strong evidence for preservation of synchrony with age included
the language network bilaterally (inferior frontal gyrus [IFG],
particularly on the left, and bilateral middle temporal gyrus), the
right TPJ, dorsal parts of the precuneus, the supplementary motor
area, left and right precentral gyrus, and the left and right putamen.
Regions with decisive evidence for age-related synchrony decline
largely overlapped with the areas showing significant age-related
s of interest. (B) Synchronization was negatively correlated with age in several regions.
cline or preservation of synchrony based on Bayes factors. Regions were colored based
n) showed anecdotal evidence for an age-related increase in synchrony. (D) The clusters
o interest related to head motion and ME-ICA denoising. Abbreviations: ME-ICA,



Fig. 2. Scatter plot for the association between performance on the Cattell test and response speed in the choice RT task and synchrony in the FPCN. The scores were adjusted for the
covariates of no interest related to head motion and ME-ICA denoising. Abbreviations: FPCN, frontoparietal control network; ME-ICA, multiecho independent component analysis.
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decline in Fig. 1B (these were described previously). Other areas
that showed very strong/strong evidence for age-related decline
included the lingual gyrus and ventral parts of the precuneus.

In the remainder of the article, we explore the nature and
potential causes of the observed age-related asynchrony within
those networks (or parts of networks) (see Fig. 1D) that contained
the greatest number of ROIs with significant age-related declines
(for details of the selection approach see supplementary results
and Fig. S2). We focus on clusters in the FPCN, mPFC, and the
MTL, as these areas not only showed the strongest age-related
declines (indicated by darker blue in Fig. 1B) but are also repeat-
edly implicated in the neurocognitive aging literature (Turner and
Spreng, 2015). While the FPCN is critical for cognitive control and
working memory (Vincent et al., 2008), areas in the MTL are
associated with memory encoding and retrieval (Moscovitch et al.,
2016) and the mPFC is associated with memory, imagination, and
affective processing (Benoit et al., 2014; Van Kesteren et al., 2012;
Winecoff et al., 2013). For each cluster, average synchrony scores
were computed by averaging synchrony scores across ROIs. After
this averaging step, the association between age and synchrony
was r (575) ¼ �0.31 (p < 0.001) for the FPCN, r (575) ¼ �0.32 (p <

0.001) for mPFC, and r (575) ¼ �0.33 (p < 0.001) for MTL. Syn-
chrony scores were strongly correlated across these 3 networks
[FPCN-mPFC, r (575) ¼ 0.73, p< 0.001; FPCN-MTL, r(575)¼ 0.66, p
< 0.001; mPFC-MTL, r(575) ¼ 0.71, p < 0.001]. In the following
sections, we aim to determine the cause of age-related declines in
these clusters.
Fig. 3. Community structure for k ¼ 4, for the FPCN. The figure on the left shows the correlat
communities. Communities are ordered from the highest to the lowest intersubject synchron
communities. This figure demonstrates that less synchronous individuals did not simply show
3.1. Sensory loss

The first potential cause we examined was whether reductions in
intersubject synchrony could be due to a problemwith perceiving the
stimuli. If this was true, wewould expect themost substantial effects
of age in visual and auditory cortices andwewould expect no effect of
age in higher-order regions after accounting for effects in primary
sensory regions. However, we observed that the age-effects on syn-
chrony were not stronger in the primary visual and auditory regions
than inothernetworks.Wedidobserve strongordecisiveevidence for
age-related decline in the lingual gyrus and fusiformgyrus, extending
into the calcarine sulcus as well as some ROIs in the middle occipital
gyrus, primarily in the right hemisphere. However, many ROIs in the
cuneus, extending into the calcarine and the superior occipital gyrus
show anecdotal or weak evidence for preservation, not decline with
age. Most ROIs in medial regions in the auditory network, including
Heschl’sgyrus, showedeitherdecisiveorverystrongevidence forage-
related decline. However, more lateral regions tended to show only
weak evidence for decline (Fig. 1C).

We also tested whether age differences in synchrony in visual
and auditory regions could explain age-related synchrony differ-
ences in the mPFC, MTL, and FPCN. To this end, we constructed 2
summary scores, 1 for the visual and 1 for the auditory network,
which contained the mean synchrony across all ROIs that showed a
(Bonferroni-corrected) significant effect of age on synchrony (19
visual and 11 auditory; see Fig. 1B). We observed that age-related
synchrony differences in the mPFC, MTL, and FPCN were highly
ions between the timecourses of all participants, both within and between the different
y. The figure on the right shows the FPCN timecourse for each participant in each of the
a lower amplitude of responding. Abbreviation: FPCN, frontoparietal control network.



Fig. 4. Changes over time in intersubject synchrony for (A) the mean across the group and (B) the effect of age on intersubject synchrony. In panel A, the mean is represented by the
line and the standard error around the mean is shown by the shaded regions around the lines. In panel B, time points where the age-effects were significantly stronger or weaker
than average are shown in light (stronger than average) or dark (weaker than average) patches (after a nonparametric equivalent of Bonferroni correction accounting for de-
pendencies between time points). Numbers correspond to moments in the film discussed in the text. Dotted lines indicate associations between age and synchrony that did not
reach significance while continuous lines indicate significant associations (after an FDR correction across all time points). Abbreviations: FPCN, frontoparietal control network;
mPFC, medial prefrontal cortex; MTL, medial temporal lobe.
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significant even when we covaried out these 2 auditory and visual
synchrony summary scores [mPFC, r (575) ¼ �0.20, p < 0.001;
FPCN, r (575) ¼ �0.16, p < 0.001; MTL, r (575) ¼ �0.20, p < 0.001].
Effects of age on synchrony even remained significant when we
used the synchrony scores of each of the 30 visual and auditory ROIs
with significant age-effects as separate covariates of no interest
[mPFC, r (575)¼�0.18, p< 0.001; FPCN, r (575)¼�0.13, p¼ 0.002;
MTL, r (575) ¼ �0.20, p < 0.001]. These results suggest that the
effects in these clusters cannot be explained by the input not being
perceived by older adults.

3.2. Cognitive functioning

Second, we investigated whether age-related differences in
cognitive functioning could explain some of the age-related dif-
ferences in synchrony. To this end, we investigated the association
between intersubject synchrony and the scores on various cognitive
tests performed outside the scanner: the Cattell test of fluid intel-
ligence, the logical memory test, and M-RT and RT variability (SD-
RT) on the choice RT tasks. We found that there was a significant
(Bonferroni-corrected) age by performance interaction explaining
FPCN synchrony for the Cattell test of fluid intelligence and for M-
RT (Fig. 2 and Table 2). In older adults, there was a strong positive
association between synchrony and Cattell [r (177) ¼ 0.30, p <

0.001], which was weaker for younger adults [r (181) ¼ 0.21, p ¼
0.004] and absent in the middle-aged group [r (198) ¼ 0.07, p ¼
0.31]. Similarly, for M-RT, we observed a positive association be-
tween response speed and synchrony for older adults [r (174) ¼
0.28, p < 0.001], but no significant associations for younger [r
(172) ¼ 0.045, p ¼ 0.56] or middle-aged participants [r (175) ¼ 0.10,
p ¼ 0.31] (Fig. 2).

For the mPFC, a similar association between synchrony and M-
RT was observed, which was significant in the older [r (174) ¼ 0.32,
p < 0.001] but not the middle aged [r (175) ¼ 0.10, p ¼ 0.20] or the
younger groups [r (172) ¼ 0.045, p ¼ 0.56]. A similar trend in the
MTL did not reach significance (see Table 2).

Because synchrony scores in the MTL, FPCN, and mPFC were
highly correlated, we investigated whether these associations
remained significant after covarying out synchrony scores in the
remaining 2 regions. We found that the effects of Cattell and M-RT
on FPCN synchrony remained significant [t (553) ¼ 3.33, p < 0.001
and t (518)¼ 3.41, p< 0.001, respectively], but this was not the case
for the effect of M-RTonmPFC synchrony [t (518)¼ 1.94, p¼ 0.053].
These results suggest that reduced synchrony with age within the
cognitive control network (FPCN) may be due to concomitant de-
clines in fluid intelligence and processing speed.

3.3. Increased idiosyncrasy with age or subgroups of similar
responders?

Next, we investigated if there were subgroups of participants (or
older adults) who consistently respond to the movie in a different
way, which caused the observed decline in synchronization. This was
done by applying a WSBM to identify groups of participants, which
we will refer to as “communities.” A modular community structure
would demonstrate that evoked responses of participants in one
community are more similar to each other than to those of partici-
pants in other communities, revealing that there are subgroups of
participants who respond to the movie in a different way. Alterna-
tively, the WSBM could identify a core-periphery community struc-
ture, in which participants with different levels of synchrony are
grouped together. Participants with the most representative or
strongest evoked responses form the core of the community of par-
ticipants, while the other participants represent the periphery. This
analysis revealed a core-periphery community structure for each
cluster (mPFC, FPCN, and MTL), in that cross-subject correlations
were strongest for a core group of subjects and then gradually
decreased across participants in more peripheral communities. An
example of a community structure of the FPCNwith 4 communities is
shown in Fig. 3 and the similar results were observed for the mPFC
and the MTL and varying numbers of communities (2e8, see Fig. S3).
Thus, no evidence was observed for modular communities, sug-
gesting that there are not subgroups of participants (of any age) who
are consistently responding to the movie in a different way.

In line with our observation of a reduction in synchrony with
advancing age, we observed that participants in less synchronous



Fig. 5. (A) FC averaged across participants. (B) Functional networks definitions that were used (Geerligs et al., 2015b). (CeE) Significant correlations between intersubject synchrony
and connectivity across participants, adjusting for effects of age, for the FPCN, mPFC, and MTL clusters, respectively. (F) Significant correlations between age and FC. Results in (CeF)
were corrected for multiple comparisons using a false discovery rate (FDR) correction (Benjamini and Yekutieli, 2011). Numbers in the top right half of the matrices (CeE)
correspond to findings of interest discussed in the text. As each figure is symmetrical, the same findings can be observed without numbers on the left bottom side of the figure.
Dotted lines indicate the ROIs included in each cluster and their connections to the rest of the brain. Solid lines indicate the borders between sensorimotor networks (top)
subcortical networks (middle) and higher-order cortical networks (bottom). Abbreviations: Ant, anterior; DAN, dorsal attention network; DMN, default mode network; FC,
functional connectivity; FEN, fronto-executive network; FPCN, fronto-parietal control network; Inf., inferior; MTL, medial temporal lobe; MPFC, medial prefrontal cortex; ROIs,
regions of interest; SMN, somatomotor network; VAN, ventral attention network.
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communities tended to have a higher age. This was true for the each
of the 3 cluster and across all numbers of communities (2e8). Here
we show the results for 4 communities, where the mean age
increased from the most-to-least synchronized communities in the
FPCN (44 years, 48 years, 56 years, 68 years), the mPFC (44, 48, 56,
and 68 years), and the MTL (42, 47, 58 and 67 years). An ANOVA
revealed that these age differences between communities were
highly significant in all 3 clusters [FPCN; F (3573)¼ 46.62, p< 0.001;
mPFC F (3573) ¼ 50.23, p < 0.001; MTL F (3573) ¼ 52.14, p < 0.001].

The right panel of Fig. 3 shows the timecourses of participants in
different communities. This figure illustrates that the reduction in
synchrony is driven by positive and negative evoked responses to
events in the movie, which are shared between participants in the
highly synchronous communities, but less so between participants
in the low synchronized communities. In the supplementary results
and Supplementary Fig. S1, we also show that differences between
participants cannot be fully explained by differences in the ampli-
tude of the evoked responses. Together, these results suggest that
differences in synchrony with advancing age are at least partly
driven by the more idiosyncratic nature of the evoked responses in
older adults (Fig. 3).

3.4. Time-dependent changes in synchrony

The previous analyses revealed that participants’ responses to
the movie become more idiosyncratic with age. However, it is not
clear if there are specific moments in the movie that cause this
reduction in synchronization. To answer this question, we used
sliding window correlations to investigate the intersubject syn-
chrony in different sections of the movie.



Table 2
Associations between synchrony scores and performance on 4 cognitive tests

A. FPCN synchrony

Model component Statistic Cattell M-RT SD-RT Story recall

Full model R2 0.44 0.47 0.47 0.44
F 73.45a 75.65a 56.71a 73.26a

p-value <0.001 <0.001 <0.001 <0.001
Effect of performance T 2.57 0.66 0.84 2.44

p-value 0.011 0.508 0.400 0.015
Interaction between age and performance T 3.58a 5.45a �0.06 1.72

p-value <0.001 <0.001 0.955 0.085

B. mPFC synchrony

Model component Statistic Cattell M-RT SD-RT Story recall

Full model R2 0.44 0.46 0.46 0.44
F 72.52a 75.25a 56.22a 75.48a

p-value <0.001 <0.001 <0.001 <0.001
Effect of performance T 1.61 0.75 0.09 1.41

p-value 0.107 0.454 0.931 0.160
Interaction between age and performance T 1.43 4.66a 0.01 �0.16

p-value 0.153 <0.001 0.995 0.873

C. MTL synchrony

Model component Statistic Cattell M-RT SD-RT Story recall

Full model R2 0.46 0.49 0.49 0.47
F 80.24a 82.44a 61.68a 84.11a

p-value <0.001 <0.001 <0.001 <0.001
Effect of performance T 0.76 �0.50 �0.29 1.33

p-value 0.449 0.619 0.770 0.185
Interaction between age and performance T 0.80 3.06 0.41 �1.39

p-value 0.424 0.002 0.683 0.164

In each regression model, synchrony scores were predicted by age, performance on one of the 4 cognitive tests, the interaction between age and performance, and the
covariates of no interest related to headmotion andME-ICA denoising. For SD-RT, M-RT was included as an additional regressor of no interest. The final number of participants
was 562 for the Cattell test of fluid intelligence, 576 for story recall, and 527 for the choice response time task.
Key: FPCN, frontoparietal control network; mPFC, medial prefrontal cortex; MTL, medial temporal lobe; ME-ICA, multiechoeindependent component analysis; M-RT, mean
response time on the choice response time task (in milliseconds); SD-RT, intraindividual response time variability on the choice response time task (in milliseconds).

a Significant after Bonferroni correction for multiple comparisons.
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Mean synchrony increased over time in both the mPFC and the
FPCN and changes in synchrony were significantly positively
correlated between these 2 clusters (p ¼ 0.005, Fig. 4A). Although
both clusters showed an increase in synchrony over time as the
storyline built up, mPFC synchrony showed large fluctuations in
synchrony over time, while FPCN synchrony showed a more
gradual increase. In theMTL, we observed lower levels of synchrony
overall and a gradual increase in synchrony as the movie pro-
gressed. Synchrony changes in the MTL were not significantly
related to synchrony changes in the mPFC (p ¼ 0.13) or the FPCN
(p ¼ 0.34).

We investigated the change over time in the association be-
tween age and synchrony in each of the networks. Because the
sliding window analysis relies on fewer time points to compute the
synchrony measures, the associations between age and synchrony
were generally weaker than those when the whole time series is
used to compute synchrony. For each of these networks, we already
knew that older age was associated with reduced synchrony. In this
analysis, we wanted to investigate whether there were time points
that deviated significantly from this mean trend. This way, we could
identify if therewas significant variation between time points in the
associations between age and synchrony. Therefore, we identified
moments in the movie when the association between age and
synchronywas particularlyweak or pronounced in each cluster (see
Methods), compared to the average effect of age over time. For the
MTL, no significant differences from the mean were observed over
time after Bonferroni correction. However, for the mPFC and FPCN,
we found moments with relatively weak or strong associations
between age and synchrony (Fig. 4B). These moments are
numbered in Fig. 4B, and the same numbering is used in the de-
scriptions in the remainer of this section. Results were highly
similar when a different size of sliding window was used in the
analysis (see Fig. S4 and Fig. 4).

For the mPFC, age differences wereminimal (or even positive) at
points in the movie when there was low mPFC synchronization
across all participants (see Fig. 4A). The first of these moments (1 in
Fig. 4B, around TR ¼ 10e23) is at the start of the movie; the boy is
playing with his friend, then enters the house, and listens to a
conversation. The other is when the boy is listening to a conver-
sation between his parents and uncle, just before he leaves the
house and walks through town (TR ¼ 96e108; moment 3). At these
moments, there were no particularly salient events in the movie
and therefore there may have been low synchronization in both
older and younger adults.

The time point with the strongest age-related decline in mPFC
synchrony is during a scene (TR ¼ 138e157; moment 5) where the
boy puts extra bullets in the revolver and it seems like he might
shoot aman. This is also amoment where there is particularly strong
mPFC synchrony across all participants, suggesting that information
processing in the mPFC is similar across participants at this point in
the movie; however, less so for older than younger participants.

Age differences in the FPCNwereminimal at the critical moment
when the boy finds his uncle’s revolver and loads it with bullets
(TR ¼ 43e59; moment 2). Around this same time, synchrony peaks
in the mPFC and MTL (see Fig. 4A around TR ¼ 40) and the FPCN
(around TR ¼ 48).

The first moment in the movie when there is a particularly
negative association between age and FPCN synchrony (TR ¼
104e115; moment 4) overlaps with a moment when mPFC syn-
chrony is positively associated with age (TR ¼ 96e108; moment 3).
This is during a slow scene where the boy is walking through town.
The other moment when age-effects on FPCN synchrony were
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especially pronounced was during the lengthy scene (around TR ¼
157e179; moment 6) in which the boy interacts with a man and his
daughter. Interestingly, these 2moments with low levels of suspense
introduced the largest age-related changes in FPCN synchrony.

Our findings demonstrate that although synchrony differences
in mPFC and FPCN are highly correlated, they do appear to originate
from separable processes, as the age-related differences in syn-
chrony occur at different times in these 2 clusters.

3.5. Relation between FC and synchrony

To examine the role of the 3 clusters during movie watching in
their broader network architecture, we investigated the association
between FC and synchrony. Fig. 5A shows the FC between all ROIs,
averaged across participants. In a previous article, we demonstrated
that this connectivity pattern is very similar to the typical resting
state FC (Geerligs et al., 2015b). Because we were interested in a
direct association between synchrony and connectivity, we looked
at these associations over and above effects of age. Furthermore,
because the synchrony scores in the MTL, FPCN, and mPFC were
highly correlated, we looked at connectivity patterns that were
uniquely related to the cluster of interest by partialing out the
synchrony scores in the other 2 clusters.

For the FPCN (Fig. 5C), we found that higher synchrony was
associated with stronger connectivity within the FPCN (see element
1 in Fig. 5C), within the dorsal attention network (DAN, element 2)
and between the DAN and the FPCN (element 3), as well as between
the visual networks and the DAN (element 4) and the FPCN
(element 5). In addition, higher synchrony was related to lower
connectivity (or more negative connectivity) between the inferior
temporal network and the DAN (element 6) and FPCN (element 7),
between the auditory network and the DAN (element 8) and FPCN
(element 9), and between the default mode network (DMN) and the
DAN (element 10) and FPCN (element 11).

Synchrony in the mPFC (Fig. 5D) was associated with connec-
tivity between the mPFC and the rest of the DMN (see Fig. 5D,
element 1) as well as between the mPFC and the inferior temporal
network (element 2). It was also associated with lower (or more
negative connectivity) between the mPFC and the DAN (element 3)
and between the mPFC and the FPCN (element 4).

For the MTL (Fig. 5E), we found that higher synchrony was
associated with stronger connectivity within the MTL (see Fig. 5E,
element 1) and the inferior temporal network (element 2). Connec-
tivity between these 2 networks was also increased with higher
synchrony (element 3). In addition, connectivity between the MTL
and the DMN (element 4) and between the DMN and the inferior
temporal network (element 5) was higher with higher synchrony.
The auditory network also showed stronger connectivity to both the
MTL (element 6) and the inferior temporal network (element 7).
Higher MTL synchrony was associated with lower connectivity (or
Table 3
Mediation models testing whether changes in connectivity (M) can explain the associati

Synchrony Connectivity a b

FPCN FPCN-positive FC �0.28a 0.58a

FPCN FPCN-negative FC 0.33a �0.68a

mPFC mPFC-positive FC �0.29a 0.43a

mPFC mPFC-negative FC 0.30a �0.47a

MTL MTL-positive FC �0.30a 0.59a

MTL MTL-negative FC 0.29a �0.46a

Path a is between age and connectivity; path b is between connectivity and synchrony; p
model; path c’ is between age and synchrony, with connectivity as a mediator in the sam
mediation is the relative change of c’ compared to c. The right column shows the t-valu
Key: FC, functional connectivity; FPCN, frontoparietal control network; mPFC, medial pr

a p < 0.001.
b p < 0.005.
more negative connectivity) between the DAN and theMTL (element
8), as well as between the DAN and the inferior temporal network
(element 9). These findings support the results from the sliding-
window analysis in demonstrating that although synchrony differ-
ences in MTL, mPFC, and fronto-parietal network are highly corre-
lated, they do appear to originate from separable processes (Fig. 5).

To investigate whether these associations between synchrony
and connectivity may mediate some of the age-related differences
in synchrony, we also examined the association between age and
connectivity. In line with previous studies (Chan et al., 2014;
Geerligs et al., 2015a), we observed that with age, there was a
decrease in within-network connectivity and an increase in con-
nectivity between distinct functional networks (Fig. 5B, also see
supplementary results). To test for a mediation effect, we con-
structed an FC summary score for each participant using a leave-
one-out approach (see Methods), resulting in a positive and a
negative connectivity score for each cluster and each participant.
We can interpret these connectivity scores roughly as an average of
the negative correlations (negative connectivity scores) and an
average of positive correlations (positive connectivity scores) that
relate to synchrony in the FPCN, MTL, and mPFC (Fig. 5CeE). We
found that for each cluster and for each connectivity score (positive
and negative), connectivity differences significantly mediated the
association between age and synchrony (p < 0.001). These differ-
ences explained between 39% and 71% of the association between
age and synchrony (see Table 3). However, in each case, the residual
association between age and synchrony remained significant even
after accounting for the mediating effect of connectivity.

3.6. Relation to WM

In the previous section, we found that the effects of age on
synchrony were strongly related to differences in FC. Therefore, we
next investigated how these FC differences relate to structural
connectivity. In particular, we investigated whether the average FC
profiles that related to synchrony (dependent variable) were
significantly associated with WM integrity, as measured by MK
(independent variable). We used Bonferroni correction to account
for multiple comparisons across tracts and connectivity scores, as
well as the number of effects of interest. Here, we looked at both
main effects of MK and interactions between MK and age because
we expected higher variability inWM integrity with advancing age.

We observed a significant interaction [t (493) ¼ 3.80, p < 0.001]
between age and MK in the right ILF for the positive MTL connec-
tivity scores (Fig. 6). To further explore the nature of this interac-
tion, we examined the effect within each age subgroup (young,
middle, and old). We found that MK was not significantly related to
connectivity in the young group [r (159) ¼ �0.12, p ¼ 0.14] and
negatively related to MK in the middle-aged group [r (175)¼�0.18,
p ¼ 0.018]; however, in the older group, we observed a strong
on between age (X) and synchrony (Y)

c’ c ab % T-value

�0.15a �0.32a �0.16a 51 �5.89
�0.09b �0.32a �0.22a 71 �7.64
�0.20a �0.33a �0.13a 39 �5.69
�0.18a �0.33a �0.14a 43 �6.16
�0.15a �0.33a �0.18a 55 �6.93
�0.20a �0.33a �0.13a 40 �5.99

ath c is between age and synchrony, without connectivity as a mediator in the same
e model; path ab is the indirect effect of age on synchrony via connectivity; the %

e for the mediation effect (all corresponding p-values were below p ¼ 0.001).
efrontal cortex; MTL, medial temporal lobe.



Fig. 6. A significant interaction between age and MK in the right ILF was observed for
the positive MTL FC scores. The MK and FC scores were adjusted for the covariates of
no interest related to head motion and ME-ICA denoising as well as total intracranial
volume. Abbreviations: FC, functional connectivity; ILF, inferior longitudinal fasciculus;
ME-ICA, multiechoeindependent component analysis; MTL, medial temporal lobe;
MK, mean kurtosis.
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positive correlation between MK and MTL-related connectivity
scores [r (161) ¼ 0.35, p < 0.001]. This correlation between MK in
the right ILF and MTL-related connectivity scores in the older group
is also significant when a Spearman rank correlations is used [r
(161)¼ 0.29, p ¼ 0.002], suggesting that the outliers visible in Fig. 6
are not the cause of the observed effect.

4. Discussion

Our results demonstrate that neural processing of naturalistic
stimuli is alteredwith advancing age. Age differences in intersubject
synchrony were most pronounced in the FPCN, MTL, and mPFC,
while other areas, such as the language network, showed preserved
synchrony across the lifespan. Particularly for the FPCN, lower syn-
chronywas related to declines in cognitive functioning on lab-based
tasks. Furthermore, it appears that older adults’ response to the
movie was indeed becoming more idiosyncratic rather than more
similar to age-matched peers. We were able to identify distinct
temporal profiles and FC patterns that contributed to synchrony
declines in different brain regions. These results suggest that there
are multiple, separable mechanisms that contribute to the observed
age-related declines in synchrony and that declines in different re-
gions were at least partly driven by the content of the movie.

In line with previous studies, we observed evidence for a decline
in synchronization with advancing age (Campbell et al., 2015; Oren
et al., 2017); however, we were also able to identify a number of
regions with preserved synchrony across the lifespan. These
included the middle temporal gyri (MTG) and (predominantly left)
IFG, dorsal precuneus, and right TPJ. The right TPJ has been
associated with reorienting of attention to unattended external
stimuli, social cognition tasks, such as perspective taking or
empathy and theory of mind (Krall et al., 2015), while the dorsal
precuneus has been associated with visuospatial information pro-
cessing, spatial navigation, and imagery (Zhang et al., 2012). The
MTG and the left IFG are part of a functional network involved in
language processing (Tyler et al., 2010). It is worth noting that the
preserved MTG and left IFG regions identified in the current anal-
ysis differ from (and are more extensive than) the MTG and left IFG
ROIs that declined with age in Campbell et al. (2015; see their
Fig. 6B). Preservation of this language network during naturalistic
viewing across the lifespan is in linewith previous studies that have
emphasized the resilience of this network to the effects of age,
particularly during task-free language comprehension (Campbell
et al., 2016; Davis et al., 2014). The similarity of information pro-
cessing in this network across the lifespan suggests that even
within the context of a multimodal stimulus, language compre-
hension appears to be preserved with age.

Most brain regions that showed a significant age-related decline
were part of the FPCN, mPFC, and MTL. This is in line with previous
research suggesting that these brain regions are particularly age-
sensitive, both in terms of functional and structural declines
(Geerligs et al., 2015a; Good et al., 2001; Turner and Spreng, 2015).
In each of these brain regions, we found that synchrony increased
as themovie progressed, in linewith the view that these regions are
responsible for the creation and maintenance of event modelsdor
representations of the wider plot and story arc (Hasson et al., 2008;
Zacks et al., 2010)dthat would accumulate over time as the movie
progresses. This is also supported by a more in depth exploration of
the events in the movie that occur at moments of high synchroni-
zation. For example, the first peak in synchronization of all 3 clus-
ters co-occurs with the moment where the main storyline of the
movie is revealed (i.e., when the boy finds the uncle’s revolver).

Although FPCN, MTL, and mPFC all seem to be involved in rep-
resentations of the story arc, our results also point to separate roles
of these areas in the processing of the information in themovie. The
FPCN has previously been associated with cognitive and attentional
control (Shulman and Corbetta, 2012; Vincent et al., 2008). Age-
related declines in FPCN synchrony were maximal at moments
with low levels of suspense and minimal during very engaging
scenes. This could indicate that older adults are more prone than
young adults to lapses in attentional or cognitive control during
slow moments when there is less external capture. This is also in
line with the positive association we observed between FPCN
synchrony and performance on the Cattell test of fluid intelligence
in older participants. Performance on the Cattell test has been
associated with a range of cognitive functions including attentional
control and working memory (Friedman and Miyake, 2004). On top
of that, the FC analyses demonstrated that increased connectivity
within and between the FPCN and the DAN, involved in top-down
attentional control and eye-movement control (Shulman and
Corbetta, 2012), was strongly associated with intersubject syn-
chrony. Together, these results suggest that age-related synchrony
declines in the FPCN reflect age-related deficits in attentional or
cognitive control during less engaging parts of the movie.

The mPFC has previously been associated with affective pro-
cessing/integration of incoming information with existing knowl-
edge (Benoit et al., 2014; Van Kesteren et al., 2012). For the mPFC,
we found large fluctuations in intersubject synchronization over
time. At moments when it was not clear how the movie would
progress, there was low intersubject synchronization, while at
crucial, revealing moments in the movie (such as when the boy
exchanges his toy gun for the uncle’s revolver or when it seems the
boy might shoot someone), there were sharp increases in inter-
subject synchronization. This is in line with the proposed roles of
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the mPFC in affective processing and simulation of future scenarios
based on integration of incoming information with existing
knowledge; previous studies have found higher synchrony in this
region when participants can integrate incoming information with
existing knowledge or schemas (Oren et al., 2017; van Kesteren
et al., 2010). Age affected information processing in the mPFC
most during salient events, at times when younger adults’ re-
sponses were highly synchronized; this age-effect may be due to
older adults’ more individualistic knowledge about the world
(Freund and Baltes, 1998; Ramscar et al., 2017) or altered emotional
processing (Mather and Carstensen, 2005).

The third cluster of age-related synchrony decline we investi-
gatedwas in theMTL, a region critical to episodic memory encoding
and retrieval (Moscovitch et al., 2016; Preston and Eichenbaum,
2013). In the MTL, we did not observe significant variability in the
effect of age on intersubject synchronization over time. However,
we did observe an increase in MTL synchrony across participants at
the moment the boy exchanges his toy gun for his uncle’s revolver.
This may reflect the importance of that moment in the narrative
sequence, which is similarly encoded by all participants. This is line
with previous work showing that there is an increase in hippo-
campal activity just after an event boundary (Baldassano et al.,
2017; Ben-Yakov et al., 2013). Furthermore, the observed age-
related decline in MTL synchrony fits well with recent behavioral
work showing that older adults are less consistent with others
when indicating event boundaries in an ongoing film narrative
(Kurby and Zacks, 2011; Zacks et al., 2006), and this increased idi-
osyncrasy is related to GM volume in theMTL (Bailey et al., 2013). In
this study, MTL synchrony was associated with FC within and be-
tween the MTL, the MTG, the DMN, and the auditory cortex. This
suggests that the auditory content of the movie (including speech)
was an important driver of MTL synchrony. In older adults, loss of
FC between these regions was associated with a decline in WM
microstructure in the right ILF, a WM tract connecting the posterior
occipital lobe to the temporal lobe. This tract has been implicated
not only in memory (Fuentemilla et al., 2009) but also in object
recognition, linking objects to their lexical labels, and reading
(Catani and Dawson, 2017). These results suggest that age-related
declines in ILF structural connectivity may impair information
processing in the MTL during naturalistic viewing.

An important question is why some regions such as the lan-
guage network appear to be particularly resilient, while others,
such as the FPCN, MTL, andmPFC are more sensitive to age-related
declines in brain function. One factor could be the structural
changes that are observed in the different brain regions with age.
Although we have not looked at age-related declines in GM in this
article, we did observe that the FC profile that was associated with
reduced MTL synchrony was also related to a decline in WM
microstructure in the right ILF. The preservation of synchrony in
the language network occurs despite significant decline in GM
volume in these regions (Campbell et al., 2016). These findings
suggest that structural brain changes cannot fully explain these
regional differences in sensitivity to age-related functional
changes. We did observe a clear link between losses in synchrony
and differences in FC with advancing age. This suggests that the
reorganization of functional networks that occurs with advancing
age across a different task states could be one of the factors
contributing to the decline in synchrony. This reorganization is
characterized by a reduction in the segregation between different
functional systems, with the default mode and frontoparietal
control networks showing particularly pronounced declines in
within-network connectivity with age in previous studies
(Andrews-Hanna et al., 2007; Chan et al., 2014; Geerligs et al.,
2014, 2015a). However, we also observed that FC changes could
not fully explain the age-related changes in synchrony. Other
factors that influence the disparity between brain regions in their
resilience to age may be their unique expression patterns of
different neurotransmitter receptors (Zilles et al., 2015).

4.1. Limitations

The results of this study suggest that there are marked changes in
information processing of naturalistic stimuli over the lifespan.
While these naturalistic movie stimuli allow us to examine brain
function in a context that is closer to real life than typical fMRI ex-
periments, the downside of this approach is less experimental con-
trol. For example, we cannot exclude the possibility that there were
differences over the lifespan in, for example, the gaze position of
participants in particular scenes. However, we found that differences
in auditory and visual network synchrony were less pronounced
than differences in other regions and could not explain all of the age-
related changes in themPFC,MTL, and FPCN, suggesting that changes
in viewing behavior are not the whole story. It is also not clear how
dependent these results are on the movie stimulus that was used.
The movie we used was selected based on previous studies showing
that it yields some of the highest rates of synchrony across partici-
pants (possibly due to its captivating nature; Hasson et al., 2009).
One concernwith thismovie is that it may be cohort specific, as it is a
black and white movie, which was released in 1961. However, the
correspondence between the age-sensitive regions we identified
here and age-sensitive regions identified in task-based and resting-
state paradigms (Fryer et al., 2015; Geerligs et al., 2015a; Samu
et al., 2017) suggests that results may be robust. Given potential
stimulus-specificity of the effects and the exploratory nature of the
present study, a replication of our results is warranted.

Another important issue to consider in studies such as this is the
impact of physiological or nonphysiological noise (e.g., head mo-
tion) on the outcome measures of interest. The intersubject syn-
chronymeasure should decline with the presence of noise, while FC
measures could show increases as well as decreases depending on
whether the cause of the noise was regionally specific (e.g., head
motion) or more global (e.g., heart rate variability) (Geerligs et al.,
2017; Power et al., 2017). We have taken great care to minimize
such confounds both on the individual level and the group level,
using ME-ICA denoising (Kundu et al., 2012), nuisance regression
(Geerligs et al., 2017; Satterthwaite et al., 2013), group-level mean
regression (Geerligs et al., 2017; Yan et al., 2013), and regression of
head motion summary statistics to account for residual declines in
synchrony due to age-related increases in head motion. The fact
that we observe temporally (sliding window correlations) and
spatially (FC results) separable patterns underlying the age-related
differences synchrony in the 3 clusters of interest supports that the
age-related changes we observe are not simply due to age-related
increases in noise. Instead, they reflect age-related declines in
specific functional brain systems, which vary in their expression
based on the content of the movie.

One important caveat to note is that we did not have any direct
behavioral outcome measures during the movie watching. There-
fore, our interpretation of the age-related changes largely relies on
reverse inference.

5. Conclusion

The present findings demonstrate the vulnerabilities and
resilience of specific functional brain systems during movie
watching, which is arguably more reflective of daily life experi-
ences than standard experimental tasks. Our results suggest that
brain regions involved in language processing remain intact with
age, while areas involved in attentional control and memory show
age-related declines. This is in line with deficits observed with
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targeted behavioral experiments and suggests that these lab-
based findings may also affect performance in real-world set-
tings such as movie watching. Neural signals become increasingly
individualistic as we age, and this could be associated with indi-
vidual differences in functional brain organization and declines in
WM integrity. One intriguing speculation is that this neural idio-
syncrasy is indicative of a more individualistic experience of
particular events as people age.
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