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Abstract 

The default-mode network (DMN) is affected by advancing age, where particularly long-range 

connectivity has been consistently reported to be reduced as compared to young individuals. 

We examined whether there were any differences in the effects of intermittent theta-burst 

stimulation (iTBS) in DMN connectivity between younger and older adults, its associations with 

cognition and brain integrity, as well as with long-term cognitive status. Twenty-four younger 
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and 27 cognitively normal older adults were randomly assigned to receive real or sham iTBS 

over the left inferior parietal lobule between two resting-state functional magnetic resonance 

imaging (rs-fMRI) acquisitions. Three years later, those older adults who had received real iTBS 

underwent a cognitive follow-up assessment. Among the younger adults, functional 

connectivity increased following iTBS in distal DMN areas from the stimulation site. In contrast, 

older adults exhibited increases in connectivity following iTBS in proximal DMN regions. 

Moreover, older adults with functional responses to iTBS resembling those of the younger 

participants exhibited greater brain integrity and higher cognitive performance at baseline and 

at the 3-year follow-up, along with less cognitive decline. Finally, we observed that ‘young-like’ 

functional responses to iTBS were also related to the educational background attained 

amongst older adults. The present study reveals that functional responses of the DMN to iTBS 

are modulated by age. Furthermore, combining iTBS and rs-fMRI in older adults may allow 

characterizing distinctive cognitive profiles in aging and its progression, probably reflecting 

network plasticity systems that may entail a neurobiological substrate of cognitive reserve. 

 

Key words 

Aging, cognitive reserve, default-mode network, intermittent theta-burst stimulation, resting-

state functional magnetic resonance imaging. 

 

1. Introduction 

Resting-state functional connectivity (rs-FC), studied through functional magnetic resonance 

imaging (fMRI), has revealed that the brain is organized into distinct networks (Smith et al., 

2009) that are relevant to cognition (Bressler & Menon, 2010). Advancing age affects rs-FC 

(Damoiseaux, 2017; Ferreira & Busatto, 2013; Grady et al., 2016; Jockwitz et al., 2017; Nashiro 
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et al., 2017; Sala-Llonch et al., 2014, 2015; Schultz et al., 2017; Siman-Tov et al., 2017; 

Staffaroni et al., 2018; Tomasi & Volkow, 2012; Vidal-Piñeiro et al., 2014; Viviano et al., 2017), 

and most studies have focused on its impact on the default-mode network (DMN; i.e., Sala-

Llonch et al., 2015; Siman-Tov et al., 2017).  The most important and robust effect of aging on 

the DMN seems to involve the coupling of the medial frontal and posterior midline structures 

(Andrews-Hanna et al., 2007; Mevel et al., 2013; Tomasi & Volkow, 2012; Vidal-Piñeiro et al., 

2014). Moreover, functional connectivity between cortical and subcortical nodes of the DMN, 

like the hippocampal areas, is also affected in aging, possibly underlying deficient mnemonic 

processing (Salami et al., 2014). Indeed, functional adjustments in these components seems to 

appear at very early stages of Alzheimer’s disease (AD; Chen et al., 2016).  

Within the DMN, the changes in connectivity between medial frontal and posterior midline 

structures are consistent with the hypothesis that in the elderly, resting-state connectivity 

shows decreases in long-range functional connectivity (Andrews-Hanna et al., 2007; Cao et al., 

2014; Ferreira & Busatto, 2013; Sala-Llonch et al., 2014; Tomasi & Volkow, 2012; Vidal-Piñeiro 

et al., 2014), but increases in the strength of short-distance functional connections (Cao et al., 

2014; Sala-Llonch et al., 2014). This age-related neurophysiological process appears to reverse 

functional brain maturation, characterized by the weakening of short-range connections and 

the integration of distant regions into functional networks (Dosenbach et al., 2011; Fair et al., 

2009; Supekar et al., 2009). The balance between long and short distance connectivity is 

relevant for individual cognitive profiles in healthy aging, since weakening of long-distance 

connections correlates with lower memory performance and reduced gray (GM) and white 

matter (WM) integrity (Andrews-Hanna et al., 2007; Vidal-Piñeiro et al., 2014), while the 

strengthening of short-distance connections has been associated with poorer memory 

performance (Sala-Llonch et al., 2014). Importantly, in AD, rs-FC disruption also affects long-

distance connections to hub nodes, subsequently leading to loss of network efficiency (Liu et 
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al., 2014). Furthermore, the weakening of long-distance connections is linked to higher 

cognitive impairment along the AD continuum (Liu et al., 2014).  

Non-invasive brain stimulation (NIBS), such as repetitive transcranial magnetic stimulation 

(rTMS; for review see Rossini et al., 2015), can be used to induce and assess local and network 

plasticity in humans across the lifespan (Freitas et al., 2011; 2013; Pascual-Leone et al., 2011). 

Patterned rTMS protocols, like theta-burst stimulation (TBS; Huang et al., 2005), can modulate 

cortical excitability by inducing long-term potentiation (LTP)- and long-term depression (LTD)-

like plasticity (Huang et al., 2005). Proxy metrics revealing plasticity mechanisms and network 

dynamics in response to TMS can be obtained coupling TMS with fMRI or 

electroencephalography (EEG; Fox et al., 2012; Pascual-Leone et al., 2011; Shafi et al., 2012). 

TMS can precisely modulate resting-state networks, such as the DMN, by targeting its 

accessible nodes including the dorsolateral prefrontal cortex (Van Der Werf et al., 2010), the 

inferior parietal lobule (IPL; Eldaief et al., 2011) and the lateral cerebellum (Halko et al., 2014). 

Although these studies reached different conclusions, probably due to applying different rTMS 

protocols (Di Lazzaro & Rothwell, 2014), intermittent TBS (iTBS) seems to increase the DMN 

connectivity when is applied to one of its hubs in young subjects (Halko et al., 2014). However, 

the expected effects of iTBS over the IPL amongst young individuals cannot be precisely 

predicted, as iTBS has been only used previously to target a cerebellar DMN node (Halko et al., 

2014). Furthermore, differences in the effects of iTBS in DMN connectivity between younger 

and older subjects and its association with their cognitive status and brain integrity are 

unknown to date. 

In the present study, we investigated the effects of iTBS in DMN connectivity in younger and 

older participants. We hypothesized that older adults who presented similar functional 

responses to iTBS as the younger subjects would display higher and sustained levels of 

cognitive performance over time. If so, TMS-induced modulation of the DMN might be a useful 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

7 

 

surrogate marker to help distinguish between older adults who will maintain cognitive function 

from those who are likely to show decline.  

 

2. Materials and methods 

 

2.1 Participants 

A total of 51 healthy, right-handed adults divided into two age groups were recruited from the 

general population. Twenty-four younger adults, aged ≤ 30 years (age (mean ± SD), 23.42 ± 1.6 

years; age range: 20 - 27 years; 19 females), and 27 older adults, aged ≥ 60 years (age (mean ± 

SD), 68.15 ± 4.6 years; age range: 60 - 79 years; 22 females), naive to stimulation, participated 

in this study after giving informed consent, in accordance with the Declaration of Helsinki 

(1964, last revision 2013).  All study procedures were approved by the local Institutional 

Review Board (IRB 00003099). None of the participants reported a diagnosis of a neurological 

or psychiatric disorder or any TMS contraindication (Rossi et al., 2009). Inclusion criteria for 

the older subjects included a normal cognitive profile with mini-mental state examination 

(MMSE; Folstein et al., 1975) scores of ≥ 24 and performance scores not more than 1.5 

standard deviation (SD) below normative data (adjusted for age, gender and years of 

education) on any of the administered neuropsychological tests (i.e., they did not fulfill the 

criteria for mild cognitive impairment (MCI); Petersen & Morris, 2005. See section 2.3 for 

details of administered neuropsychological tests). 

 

2.2 Experimental design 

Participants were randomly assigned to receive sham (N younger adults = 13, N older adults = 12) or real 

iTBS (N younger adults = 11, N older adults = 15; Figure 1A). A simple randomization procedure was used 
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(Altman & Bland, 1999; Kang et al., 2008). On the first visit (baseline day), all participants 

underwent a resting-state fMRI (rs-fMRI), a high-resolution anatomical MRI, and a diffusion 

tensor imaging (DTI) scan. Participants returned for a second visit after an inter-visit interval 

that was not significantly different between the groups or conditions (the mean interval 

between the visits ± SD was 25 ± 33 days for the younger adults and 20 ± 12 days for the older 

adults; all p values > 0.05). During the second visit (the experimental day), iTBS was delivered 

over the left IPL (lIPL) using neuronavigation that was guided by the results of the baseline rs-

fMRI scan (Figure 1C) between two rs-fMRI scans (experimental design is summarized in Figure 

1B). Both rs-fMRI sessions included the acquisition of a medium-resolution anatomical image 

for co-registration purposes. No significant differences were found between the groups or 

conditions in the interval between the end of iTBS and the beginning of post-iTBS rs-fMRI 

(mean ± SD, 33 ± 3 min for the younger adults and 34 ± 5 min for the older adults; all p values > 

0.05). Head-motion changes between the pre- and post-iTBS rs-fMRI scans did not differ 

between the groups or conditions (all p values > 0.05; see Supplementary Material (SM) for 

further information). Further, conditions did not differ for major factors that may affect 

plasticity and the response to iTBS (i.e., age and education; all p values > 0.05). 

Additionally, the 15 elderly subjects who had been randomized to receive real iTBS were 

invited to participate in a follow-up (FU) cognitive assessment. Fourteen of these 15 

participants (age (mean ± SD), 71.21 ± 4.7 years; age range: 63 - 77; all female) underwent a 

cognitive FU three years later (mean ± SD, 3.1 ± 0.4 years; range: 2.4 - 3.8 years). One subject 

was not followed up as he was undergoing treatment for a non-neurological condition.  

 

Insert Figure 1 about here. 
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2.3 Neuropsychological evaluation 

The older adults were assessed using a battery of neuropsychological tests covering the major 

cognitive domains that are affected by aging, following procedures previously undertaken by 

our group (Vaqué-Alcázar et al., 2017; Vidal-Piñeiro et al., 2014). The battery included (1) a 

screening test for dementia, using the MMSE, and an evaluation of: (2) premorbid cognition 

and intelligence quotient (IQ), using the vocabulary subtest of the Wechsler Adult Intelligence 

Scale-III (WAIS-III) and National Adult Reading Test (NART); (3) verbal memory, using the Free 

and Cued Selective Reminding Test (SRT); (4) executive functions, using the phonemic fluency 

task and Trail Making Test B (TMTB); (5) language, using the semantic fluency task and Boston 

Naming Test (BNT); and (6) speed of processing, using the Symbol Digit Modalities Test 

(SDMT). Neuropsychological assessment at baseline was completed for all the older 

participants, except for one subject who missed the vocabulary subtest of the WAIS-III.  

In addition to the neuropsychological assessment conducted at the baseline, fourteen of the 

15 older adults who had received real iTBS were re-assessed using the same set of 

neuropsychological tests in the 3-year follow-up visit. The premorbid cognition tests (i.e., 

vocabulary subtest of the WAIS-III and the NART) were not re-evaluated because these are 

resistant to age-related cognitive effects. One subject missed the SRT at the follow-up visit. 

For additional details about demographics and neuropsychological data at baseline and 

follow-up see Table S1. 

 

2.4 Transcranial magnetic stimulation 

All participants underwent a single session of iTBS, using previously described protocols 

(Huang, et al., 2005). The iTBS protocol was performed with a MagPro X100 Stimulator 

(MagVenture A/S, Denmark) and a standard figure-eight coil (outer diameter: 75 mm). The 

bursts consisted of 3 pulses at 50 Hz repeated every 200 ms for 2 s. The pulse trains were 
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separated by an 8-s interstimulus interval for a total of 20 repetitions (600 pulses over 190 s). 

The intensity of stimulation was set at 80% of the individual active motor threshold (AMT) in 

the younger adults and at 90% in the older adults. This adjustment was made to avoid 

stimulation intensities that might not have been high enough to reach the brain of older 

subjects due to age-related cortical atrophy (Barker, 1991; Kozel et al., 2000; McConnell et al., 

2001; Mosimann et al., 2002; Padberg et al., 2002; see also SM). For the sham condition, a 

sham coil was used, which mimicked the clicking sound. The TMS coil was held tangentially to 

the scalp and oriented at a 45° angle relative to the mid-sagittal axis; thus, it was 

perpendicular to the dorsal part of the anterior occipital sulcus (Rademacher et al., 1992). iTBS 

was applied in a room adjacent to the MRI scanner and was neuronavigated with an MRI-

guided frameless stereotactic system (eXimia Navigated Brain Stimulation, Nexstim Plc, 

Finland).  

The stimulation target was individually determined from the baseline rs-fMRI scan as the 

coordinates within the lIPL that showed the highest correlation with the other main DMN 

nodes. This was performed as described in previous studies (Eldaief et al., 2011; Vidal-Piñeiro 

et al., 2015; see SM for additional information).  

 

2.5 Classification of the subjects based on their functional response to iTBS 

In addition to examining how different responses to iTBS in the older participants correlated 

with cognition and brain integrity, older adults who had received real iTBS were subdivided in 

two different ways. Initially, we conducted a ‘hypothesis-driven’ classification, separating older 

subjects based on the iTBS-induced changes in their rs-FC. Older adults were classified as 

‘young-like’ responders if their functional responses to iTBS were equal or greater than 0 (i.e., 

had any positive value) in the fMRI cluster where younger subjects exhibited a greater increase 

in their rs-FC after iTBS compared to sham (Figure 3C). Otherwise, they were classified as ‘non-
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young-like’ responders. Following this approach, 7 older participants were classified as ‘young-

like’ responders and 8 as ‘non-young-like’ responders (Figure S1A; see SM for further 

information). No differences in head motion or stimulation intensity were found between 

these subgroups (all p values > 0.05). In addition, a ‘data-driven’ classification was performed 

using a complete-linkage cluster analysis of all the subjects who had received real iTBS, 

regardless of age, as done previously to classify rTMS (Gangitano et al., 2002) and continuous 

TBS (cTBS; Jannati et al., 2017) responses in healthy adults. Two main clusters were found: one 

contained 9 out of the 11 younger adults (81.8%) and 4 out of the 15 older adults (26.7%), 

whereas the other cluster contained 2 out of the 11 younger adults (18.2%) and 11 out of the 

15 older adults (73.3%; Figure S1B; see SM for further details and control analyses). 

Interestingly, the 4 older adults who were clustered together with most of the younger adults 

were previously classified in the ‘hypothesis-driven’ classification as ‘young-like’ responders. 

These 4 subjects did not display any significant differences in head motion or stimulation 

intensity compared to the other older adults who had received real iTBS (all p values > 0.05).  

 

2.6 MRI acquisition  

All participants were scanned with a Siemens Magnetom Trio Tim Syngo 3 Tesla system at the 

Unitat d’Imatge per Ressonància Magnètica IDIBAPS (Institut d’Investigacions Biomèdiques 

August Pi i Sunyer) at Hospital Clínic i Provincial de Barcelona, Barcelona, Spain. The imaging 

sequences were acquired with the following parameters. 

 

2.6.1 Rs-fMRI 

Three 5-min rs-fMRI datasets were acquired (T2*-weighted GE-EPI sequence; repetition time 

[TR] = 2,000 ms; echo time [TE] = 16 ms; 40 slices per volume; slice thickness = 3.0 mm; voxel 
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size = 1.7 x 1.7 x 3.0 mm; field of view [FOV] = 220 mm; 150 volumes) for each subject, one on 

the baseline day and two during the experimental day before and after iTBS. 

 

2.6.2 Structural MRI 

Three 3D structural datasets were acquired for each subject. One high-resolution (hr-3D) 

sequence (T1-weighted magnetization-prepared rapid gradient-echo [T1-weighted MPRAGE]; 

sagittal plane acquisition; TR = 2,300 ms; TE = 2.98 ms; slice thickness = 1.0 mm; voxel size = 

1.0 x 1.0 x 1.0 mm; FOV = 256 mm; 240 slices) was obtained on the baseline day, while two 

medium-resolution (mr-3D) datasets (T1-weighted MPRAGE; sagittal plane acquisition; TR = 

1,390 ms; TE = 2.86 ms; slice thickness = 1.25 mm; voxel size = 1.3 x 1.3 x 1.3; FOV = 240 mm; 

144 slices) were acquired during the experimental day before and after iTBS. 

 

2.6.3 Diffusion MRI 

Diffusion-weighted images were sensitized in 30 non-collinear directions with a b value of 

1,000 s/mm
2
 in an echo-planar imaging sequence (TR = 7,700 ms; TE = 89 ms; section thickness 

= 2.0 mm; voxel size = 2.0 × 2.0 × 2.0 mm; FOV = 250 mm).  

All images were inspected visually before analysis to ensure that they did not contain MRI 

artifacts or excessive movement.  

 

2.7 Image analyses 

The FMRIB Software Library (FSL; version 5.0.10; http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/) and the 

Analysis of Functional NeuroImages (AFNI; https://afni.nimh.nih.gov/) were used for 

preprocessing and analyzing neuroimaging data.  
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2.7.1 Functional connectivity analyses  

Resting-state functional connectivity analyses were conducted to explore the functional 

connectivity between the stimulation site (Stim; lIPL) and the DMN by means of seed-to-DMN 

and DMN-centered seed-to-seed procedures.  

 

2.7.1.1 Functional preprocessing 

Rs-fMRI data preprocessing included the removal of the first five volumes, motion correction, 

skull stripping, spatial smoothing (Full Width at Half Maximum (FWHM) = 7 mm), grand mean 

scaling and filtering with both high-pass and low-pass filters (0.1- and 0.01-Hz thresholds, 

respectively). The data were then regressed with six rigid-body realignment motion 

parameters, mean WM, and mean cerebrospinal fluid (CSF) signal. No global signal regression 

was used. Registration to Montreal Neurological Institute (MNI) standard space was performed 

through a two-step linear transformation. Moreover, as head movement may affect rs-fMRI 

results (Power et al., 2012; 2015; Van Dijk et al., 2012), in-scanner head motion was calculated 

for every subject for additional control analyses (see SM for further information).   

 

2.7.1.2 Seed-to-DMN 

The concatenated fMRI dataset containing both pre- and post-iTBS rs-fMRI acquisitions from 

the entire sample obtained on the experimental day was decomposed through independent 

component analysis (ICA) into 15 components using the Multivariate Exploratory Linear 

Optimized Decomposition into Independent Components (MELODIC; version 3.14) part of the 

FSL (Beckmann et al., 2005; Jenkinson et al., 2012; Smith et al., 2004). The DMN component 

was identified using spatial correlations with previously defined maps (Smith et al., 2009). 

Then, a mask covering the most important regions of this network was created (thresholded at 
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50%; Figure 2A). Furthermore, a hippocampal component was selected and masked for 

additional analyses (Figure S2; see SM for further details). To conduct the seed-to-DMN 

analysis, a spherical seed with a 6-mm radius was placed over the stimulation site, following 

the individualized coordinates used to guide the stimulation (see section 2.4). Subsequently, 

functional connectivity between this individualized region of interest (ROI) and the DMN mask 

was analyzed, using the seed-based correlation analysis (SBCA) of the FSL (Johnen et al., 2015; 

O’Reilly et al., 2010; Oldehinkel et al., 2016). 

 

2.7.1.3 Long-range and local connectivity in the DMN 

Since long- and short-range functional connections are differentially affected in aging (Sala-

Llonch et al., 2014; Vidal-Piñeiro et al., 2014), two seed-to-seed functional couplings involving 

DMN connectivity were considered in a similar manner as previously used by our group (Vidal-

Piñeiro et al., 2014; 2015). First, to obtain a long-range DMN connectivity measure, two 

spherical seeds with a 6-mm radius each were placed over the peak voxels of the core DMN 

areas (Figure 2B, in orange): medial prefrontal cortex [mPFC; x, y, z = 0, 58, - 6] and posterior 

cingulate cortex [PCC; x, y, z = - 2, - 58, 32]. Second, a measure reflecting local DMN 

connectivity was derived from the functional connectivity metrics between the individualized 

stimulation site (see section 2.4) and the PCC ROI (Figure 2B, in yellow), which was the main 

DMN node and the nearest hub to the lIPL.  

 

Insert Figure 2 about here. 

 

2.7.2 Structural connectivity analyses 
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Diffusion MRI images were analyzed with the FMRIB’s Diffusion Toolbox (FDT) software from 

the FSL. Before analysis, we applied eddy current and motion correction and brain 

extraction (Smith, 2002). Then, individual fractional anisotropy (FA) maps were obtained with a 

diffusion tensor model fit (DTIFIT) and used for group analysis performed with the tract-based 

spatial statistics (TBSS) protocol (Smith et al., 2006). TBSS was applied to perform a nonlinear 

registration (FNIRT) of the FA images to the MNI standard space, generating a mean FA 

skeleton that represented the center of all the tracts common to the entire group. The aligned 

FA image for each subject was then projected onto the skeleton by filling the skeleton with FA 

values from the nearest relevant tract center. One subject was excluded from DTI analyses due 

to poor-quality data.  

2.8 Statistical analyses 

The first level of analysis was performed with imaging data. These analyses were conducted 

within different general linear model (GLM) matrices (randomized with 5,000 iterations). To 

investigate the effects of iTBS on rs-FC between the stimulation site and DMN, a univariate 

analysis of variance (ANOVA) was conducted with group (younger vs. older adults) and 

condition (sham vs. real iTBS) as between-subject factors and time (post- vs. pre-iTBS) as a 

within-subject factor. Following this ANOVA, two pairwise analyses were conducted. First, 

independent-samples t-tests were conducted to compare the iTBS-induced change in Stim-to-

DMN rs-FC between the conditions in each group and amongst the groups in each condition. 

Second, paired-samples t-tests were conducted to assess differences in Stim-to-DMN rs-FC 

over time in each group and condition. Additionally, direct comparisons with independent-

samples t-tests were conducted to explore differences in connectivity between the younger 

and older groups before stimulation. GLM matrices with head motion and stimulation intensity 

as covariates were created when statistical models included between-group comparisons that 

exhibited differences in these factors. Finally, time series of the different seeds (i.e., 
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stimulation site, mPFC, and PCC) were extracted from the preprocessed and regressed images 

to conduct further non-imaging analyses. 

For imaging data analyses, statistical significance was set at p ≤ 0.05 (corrected for family-wise 

error (FWE)). The threshold-free cluster enhancement (TFCE) method (Smith & Nichols, 2009) 

was used to define the clusters. Neuroimaging results were considered significant only when 

they persisted after controlling for relevant covariates in each model. BrainNet Viewer (Xia et 

al., 2013; http://www.nitrc.org/projects/bnv/) and Surf Ice 

(https://www.nitrc.org/projects/surfice/) were used for visualizing the neuroimaging data.  

The second level of analysis was carried out with non-imaging data. These analyses were 

performed using IBM SPSS Statistics (version 23.0; IBM Corp., Armonk, NY, USA), MATLAB 

(version 7.12.0.635 R2011a; The MathWorks Inc., Natick, MA, USA), STATA (version 14.0; 

StataCorp, College Station, TX, USA) and GraphPad Prism (version 6.00 for Windows, 

GraphPad Software, La Jolla, CA, USA).  

To obtain an rs-FC measure for each seed-to-seed coupling in each subject, previously 

obtained time series were correlated using Pearson’s correlation coefficients. To assess iTBS-

induced modulation in both DMN seed-to-seed connections, two univariate ANOVAs were 

conducted with group (younger vs. older adults) and condition (sham vs. real iTBS) as 

between-subject factors and time (post- vs. pre-iTBS) as a within-subject factor. These 

statistical models were additionally controlled for head motion and stimulation intensity as 

they included between-group comparisons exhibiting differences in these factors, and the 

results were only considered when persisted significant after controlling for these covariates. 

Furthermore, four univariate ANOVAs with condition (sham vs. real iTBS) as a between-subject 

factor and time (post- vs. pre-iTBS) as a within-subject factor were conducted to assess the 

iTBS-induced modulation of functional connectivity for each group in both DMN seed-to-seed 

couplings. Following these ANOVAs, two different pairwise analyses were performed. First, 
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independent-samples t-tests were used to explore differences in the changes in rs-FC between 

the two conditions in each group in both DMN seed-to-seed connections. Paired-samples t-

tests were used to detect differences in the changes in rs-FC over time within each group and 

condition in both DMN seed-to-seed couplings. Furthermore, pre-iTBS long-range and local 

DMN connectivity measures adjusted for head motion were compared between the two 

groups using independent-samples t-tests. Finally, differences in the means and variability of 

local connectivity were explored before and after stimulation between the two conditions in 

the older group using independent-samples t-test and Levene’s test, respectively.  

Relationships between the iTBS-induced modulation of functional connectivity and cognition, 

years of education and brain integrity were assessed for the older subjects. The iTBS-induced 

change in functional connectivity was obtained from the neuroimaging cluster where younger 

subjects exhibited a greater increase in Stim-to-DMN connectivity after real iTBS compared to 

sham (Figure 3C). In addition, the iTBS-induced change in the local DMN seed-to-seed 

connectivity was assessed. Individual results from the neuropsychological assessments and 

MRI analyses were extracted to obtain the following: scores in each cognitive test (both at 

baseline and at FU along with a subtraction between them to measure age-related cognitive 

change), the rs-FC in both DMN seed-to-seed measures (i.e., long-range and local couplings) 

and the rs-FC within the hippocampal network (HN) before stimulation adjusted for head 

motion, and the mean FA from the skeleton mask. Data from both sets of analyses were 

normalized to z scores and their relationships were assessed using Pearson’s partial 

correlations, adjusted for age (at baseline or at FU) and the time interval between stimulation 

and the post-iTBS rs-fMRI scan. Furthermore, ANOVAs with both DMN seed-to-seed measures 

(i.e., long-range and local connections) and the rs-FC within the HN before stimulation 

adjusted for head motion, and the baseline FA integrity, were performed considering three 

subgroups (i.e., younger adults, as well as ‘young-like’ responders and ‘non-young-like’ 

responders among the older adults). All post-hoc pairwise comparisons were subjected to 
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Bonferroni corrections. Finally, additional analyses were conducted to examine whether the 

type of functional response to iTBS could be predicted by the pre-iTBS DMN rs-FC (considering 

the long-range and local measures) or the pre-iTBS HN rs-FC. Specifically, three logistic 

regression analyses were performed on all the subjects who received real iTBS, with Response 

(1 for younger adults / older adults with ‘young-like’ responses and 0 for older adults with 

‘non-young-like’ responses) as dependent variable, the pre-iTBS long-range DMN rs-FC, the 

pre-iTBS local DMN rs-FC, or the pre-iTBS rs-FC within the HN as a predictor, and controlling for 

head motion as a covariate. Standard sensitivity and specificity analyses, including receiver 

operating characteristic (ROC) curves, were performed for the logistic regression analyses. 

Lastly, the neuropsychological estimates obtained at baseline and FU in the older adults who 

had received real iTBS were entered into univariate ANOVAs, with the type of response in the 

older adults (‘young-like’ vs. ‘non-young-like’) as a between-subject factor and cognitive 

change (follow-up vs. baseline cognitive scores) as a within-subject factor. Following these 

ANOVAs, pairwise analyses as detailed before were performed. 

Data distribution considerations and sanity check analyses are detailed in SM. All statistical 

analyses were two-tailed and α was set at 0.05. 

 

3. Results 

 

3.1 Functional connectivity patterns after iTBS 

 

3.1.1 Seed-to-DMN 

There was an interaction between group and condition in the anterior regions of the DMN 

(Figure 3A). A main effect of condition was observed within the posteromedial cortex and 

frontal areas (Figure 3B). Pairwise comparisons revealed that functional connectivity in the 
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anterior DMN regions was greater after real iTBS compared to sham among the younger 

participants (Figure 3C). Moreover, functional connectivity in frontal areas was higher after 

real iTBS in the younger participants than in the older participants (Figure 3D). Post-hoc 

pairwise comparisons demonstrated that among the younger participants who had received 

real iTBS, rs-FC was increased after stimulation in the anterior regions of the DMN compared 

to the rs-FC before stimulation (Figure 3E; results are summarized in Table S2). No significant 

effects were detected for the sham condition and there were no significant differences 

between the groups before stimulation.  

 

Insert Figure 3 about here. 

 

3.1.2 Long-range and local connectivity in the DMN 

No significant interactions or main effects were found regarding long-range DMN rs-FC (all p 

values > 0.05). For local DMN rs-FC, a main effect of condition was observed (F(1,47) = 10.633, 

p = 0.002, ηp
2
 = 0.184). Analyses within each group were subsequently conducted separately, 

revealing a significant interaction between condition and time for local DMN rs-FC in the older 

participants (F(1,25) = 8.392, p = 0.008, ηp
2 

= 0.251; Figure 4A). Pairwise analyses revealed a 

significant difference in the change in local connectivity after iTBS in the older adults between 

both conditions (t = - 2.694, p = 0.017). Further pairwise comparisons indicated a significant 

difference in the change in local DMN rs-FC after real iTBS in the older adults (t = 2.814, p = 

0.014), while no significant changes were observed in the older adults who had received sham 

iTBS (t = - 1.725, p = 0.113). Before stimulation, no differences were detected in local DMN rs-

FC (p > 0.05), but there was an expected greater long-range DMN rs-FC adjusted for head 

motion in the younger participants compared to the older subjects (t =  3.255, p = 0.002; Figure 

S3). Additional analyses were conducted amongst the older adults who had received real iTBS 
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regarding local DMN rs-FC to explore if the observed findings reflected a ‘mean group change’ 

or were associated with increases or decreases in the within-group inter-individual variability. 

Before stimulation, there were no significant differences in the means (t = 0.316, p = 0.755) or 

inter-individual variability (F = 1.870, p = 0.184) for local DMN rs-FC between the two 

conditions. After stimulation, both the means and variances significantly differed between the 

conditions (mean difference: t = - 2.522, p = 0.026; variability difference: F = 13.730, p = 0.001), 

indicating small inter-individual variability after real iTBS (SD = 0.112) and large variability after 

sham iTBS (SD = 0.353). These findings imply that functional variability was reduced due to real 

iTBS compared to sham iTBS (Figure 4B). No significant effects of iTBS in local DMN rs-FC were 

found in the younger group (p > 0.05; Figure S4). 

 

Insert Figure 4 about here. 

 

3.2 Relationships between iTBS responses and cognition or brain integrity in older adults 

at baseline 

3.2.1 Cognitive performance 

Amongst older adults who had received real iTBS, higher functional responses within the same 

fMRI cluster where younger adults showed increased rs-FC after iTBS (compared to sham; 

Figure 3C) were positively correlated with verbal memory (SRT total recall: r = 0.567, p = 0.043; 

Figure 5A) and executive function (phonemic fluency: r = 0.620, p = 0.024; Figure 5B). In 

addition, there was an association in the older adults in real iTBS condition between the 

increase of connectivity within the stated fMRI cluster (Figure 3C) and the years of 

educational attainment, a common proxy of cognitive reserve (CR; r = 0.635; p = 0.020; Figure 

5C). Regarding seed-to-seed analyses, the degree of iTBS-induced change in local DMN rs-FC 
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showed a negative trend with memory performance (SRT total recall: r = - 0.513, p = 0.073). All 

the sanity checks conducted verified that none of these associations were present in the sham 

condition and were not due to greater intrinsic connectivity before stimulation (all p values > 

0.05).  

3.2.2 Functional connectivity 

Older adults who had received real iTBS and showed greater connectivity within the same fMRI 

cluster where younger adults displayed increased DMN connectivity after real iTBS (compared 

to sham; Figure 3C) presented lower pre-iTBS HN rs-FC (r = - 0.837, p < 0.001; Figure 5D). The 

sanity checks confirmed that this association was not present in the sham condition and was 

not due to higher functional connectivity before stimulation (all p values > 0.05).  

Moreover, pre-iTBS long-range DMN rs-FC differed significantly amongst the three subgroups 

(i.e., younger adults, as well as ‘young-like’ responders and ‘non-young-like’ responders among 

the older adults; F(2,36) = 5.631; p = 0.007, ηp
2 

= 0.238; Figure 5E). Bonferroni-corrected post-

hoc analyses revealed that the ‘non-young-like’ responders had significantly lower long-range 

DMN rs-FC than the younger adults (p = 0.007), while no significant difference between the 

‘young-like’ responders and the younger subjects was found (p > 0.05). Moreover, a significant 

interaction was found between the specified subgroups as regards pre-iTBS HN rs-FC (F(2,36) = 

11.503; p < 0.001, ηp
2 

= 0.390; Figure 5F). Bonferroni-corrected post-hoc comparisons indicated 

higher hippocampal rs-FC in the ‘non-young-like’ responders compared to the ‘young-like’ 

responders (p = 0.002) and the younger adults (p < 0.001). There was no significant difference 

between the ‘young-like’ responders and the younger adults (p > 0.05).  

Finally, it was found that higher pre-iTBS long-range DMN rs-FC predicted a significantly higher 

likelihood of a young / ‘young-like’ response to iTBS (B1 = 5.41, p = 0.013; Figure 5G). The area 

under the ROC curve based on this analysis was 0.90, with 87.10% sensitivity, 87.5% specificity, 

and 87.18% of cases correctly classified. Moreover, a significant effect of pre-iTBS HN rs-FC was 
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found (B1 = - 0.18, p = 0.022; Figure 5H). The area under the ROC curve based on this analysis 

was 0.92, with 83.33% sensitivity, 87.5% specificity, and 84.6% of cases correctly classified. The 

significant, negative coefficient indicated that stronger pre-iTBS connectivity within the HN 

predicted a lower likelihood of a younger / ‘young-like’ response to iTBS. The effect of head 

motion was not significant in any of the logistic regression analyses (all p values > 0.05).  

3.2.3 Structural connectivity 

A significant interaction was found between WM integrity (as measured by whole-brain FA) 

and the three subgroups specified in the preceding section (F(2,35) = 9.555; p < 0.001, ηp
2
 = 

0.353; Figure 5I). Bonferroni-corrected post-hoc analyses revealed that the ‘non-young-like’ 

responders had significantly lower FA values than the younger adults (p < 0.001). Interestingly, 

FA integrity between the ‘young-like’ responders and the younger adults did not differ 

significantly (p > 0.05).  

Insert Figure 5 about here. 

 

3.3 Associations between iTBS responses and cognition in older adults at follow-up 

At follow-up, amongst older adults who had received real iTBS, higher functional responses 

within the same fMRI cluster where younger adults showed increased rs-FC after iTBS 

(compared to sham; Figure 3C) were correlated with better verbal memory (SRT total recall: r 

= 0.632, p = 0.037; Figure 6A), greater executive function (phonemic fluency: r = 0.748, p = 

0.005; Figure 6B, and TMTB: r = - 0.602, p = 0.039; Figure 6C), and better performance in the 

language domain (semantic fluency: r = 0.620, p = 0.031; Figure 6D, and BNT: r = 0.584, p = 

0.046; Figure 6E). The sanity checks verified that these associations were not related to 

higher connectivity before stimulation in the main experimental day (all p values > 0.05). 
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Insert Figure 6 about here. 

Finally, we investigated whether responses to iTBS were associated with age-related changes 

in cognitive performance. The latter was measured as the difference in the cognitive test 

performance between the follow-up visit and baseline. Significant results with executive 

function were found. Specifically, a significant positive correlation was found between the 

functional responses of the older adults with ‘young-like’ responses and age-related changes in 

phonemic fluency (letter M; r = 0.660, p = 0.019; Figure 7A). Furthermore, a significant 

negative association was observed for age-related changes in TMTB (r = - 0.587, p = 0.045; 

Figure 7B). The sanity checks confirmed that these associations were not related to greater 

intrinsic connectivity before stimulation in the main experimental day (all p values > 0.05). 

Moreover, a significant interaction was found between the older adults with ‘young-like’ 

responses and the older adults with ‘non-young-like’ responses in phonemic fluency at both 

visits (letter M; F(1,12) = 15.215, p = 0.002, ηp
2
 = 0.559; Figure 7C). Subsequent pairwise 

comparisons demonstrated a significant difference in the change in phonemic fluency between 

these two subgroups (t = 3.901, p = 0.002). Further pairwise analyses indicated that phonemic 

fluency was significantly lower at follow-up compared to baseline among the ‘non-young-like’ 

responders (t = - 3.307, p = 0.013), whereas ‘young-like’ responders performed marginally 

better at follow-up (t = 2.342; p = 0.066). 

 

Insert Figure 7 about here. 

 

4. Discussion 

In the present study, we investigated age-related responses to iTBS in DMN connectivity. We 

observed that younger adults exhibited clear increases in functional connectivity in distal DMN 
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areas from the stimulated lIPL region, while the older adults showed increased functional 

connectivity in proximal DMN regions (i.e., between the lIPL and PCC). Notably, older adults 

with ‘young-like’ responses to iTBS (i.e., increases in long-range connectivity between the lIPL 

and anterior DMN regions) had preserved brain integrity, more years of education, and better 

cognitive performance at baseline and the 3-year follow-up, along with greater maintenance of 

cognitive function, than those with ‘non-young-like’ responses. These associations were not 

observed in the fMRI data analyses before stimulation, indicating that iTBS-induced responses 

in functional connectivity represent a closer surrogate marker to general measures of brain 

integrity and clinical phenotype in our subjects.   

Previous studies have used rTMS to investigate specific modulations of the DMN (Eldaief et al., 

2011; Halko et al., 2014; Van Der Werf et al., 2010). However, the present study is the first to 

characterize age-related functional differences in the effects of iTBS when the lIPL is targeted. 

Our findings are consistent with those of Halko and colleagues (2014), who demonstrated that 

functional connectivity increases within the cortical hubs of the DMN when a cerebellar node 

of the DMN is stimulated with iTBS. Comparing our results with those of rTMS studies 

conducted with non-patterned rTMS protocols (i.e., Eldaief et al., 2011; Van Der Werf et al., 

2010) is less straightforward because conventional and patterned rTMS protocols are likely to 

involve different mechanisms of action modulating different neuronal populations (Di Lazzaro 

& Rothwell, 2014). Nevertheless, the converging evidence from Halko and colleagues (2014) 

and the present study suggests that applying iTBS to distinct DMN nodes modulates this 

network by increasing its functional connectivity. Furthermore, these effects appear to remain 

consistent across the ages, although the changes are primarily evident in short-distance 

connections in the older subjects. The nature of these age-related differences in the iTBS-

induced modulation of DMN connectivity may be linked to the descriptive neuroimaging 

observations indicating that the dissimilar changes in connectivity in aging depend on the 

connection path length (Cao et al., 2014; Ferreira & Busatto, 2013; Sala-Llonch et al., 2014; 
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Tomasi & Volkow, 2012). Not all the parts of a particular network display the same changes 

with age (Shaw et al., 2015), with long-range couplings appearing to be preferentially reduced 

during aging (Cao et al., 2014; Ferreira & Busatto, 2013; Sala-Llonch et al., 2014; Tomasi & 

Volkow, 2012), a fact that seems to particularly apply to the DMN (Andrews-Hanna et al., 

2007; Ferreira & Busatto, 2013; Tomasi & Volkow, 2012; Vidal-Piñeiro et al., 2014). At the 

same time, the strength of short-range connections is increased in aging (Cao et al., 2014; Sala-

Llonch et al., 2014), which can, in turn, boost between-network connectivity (Chan et al., 2014; 

Grady et al., 2016; Spreng et al., 2016).  

We observed that the older participants who showed a functional response in distal DMN 

regions displayed superior memory and executive function, whereas older adults with localized 

responses exhibited a marginally negative association with memory. Furthermore, older adults 

who displayed greater changes in long-range functional connectivity in response to iTBS 

maintained higher functioning in the memory, executive and language domains at the 3-year 

follow-up. The finding that some older adults maintained or slightly improved their cognitive 

function at follow-up (while others showed an expected cognitive decline) could be related to 

practice effects, defined as an improvement in cognitive test performance due to repeated 

exposure to the test materials (Duff et al., 2012; McCaffrey & Westervelt, 1995). Critically, 

practice effects has been suggested as an index of long-term cognitive function and as a 

diagnostic and prognostic marker in the AD continuum (Cooper et al., 2001; 2004; Darby et al., 

2002; Duff et al., 2007; 2008, 2017; Howieson et al., 2008; Machulda et al., 2013). Finally, a 

young-like response was characteristic of older adults with higher estimates of education, 

which is the most commonly used proxy of CR (Stern, 2009). CR is a relevant concept in aging 

because it helps explaining inter-individual differences in the adaptability and susceptibility to 

cope with age-related brain changes, pathology or insult (Stern et al., 2018). While a number 

of neuroimaging studies have been conducted in the field reflecting greater brain integrity and 

efficiency of functional brain networks amongst elders with high CR estimates, the biological 
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pathways through which reserve operates are not currently well understood. In previous 

studies, we proposed that CR could reflect an index of brain plasticity in aging (Bartrés-Faz & 

Arenaza-Urquijo, 2011; Pascual-Leone et al. 2011). Present results reinforce these previous 

interpretations and provide new evidence of the neurophysiological mechanisms subtending 

CR. 

Further, we also observed that ‘young-like’ responses over the DMN can be predicted by the 

mPFC-to-PCC connection. Although other studies have explored how certain functional 

connectivity features can predict the response to iTBS (Cárdenas-Morales et al., 2014; 

Nettekoven et al., 2015), this particular result indicates that whether the main long-range 

connectivity within the DMN is preserved, this network maintains its capability to exhibit large-

scale modulatory responses to stimulation. Moreover, HN connectivity also predicted the type 

of functional response to iTBS within the DMN. Subjects who exhibited greater long-distance 

responses to iTBS within the DMN showed lower HN rs-FC before stimulation. The relationship 

between the DMN and HN has been demonstrated to break down in aging, leading to deficient 

mnemonic processing (Salami et al., 2014). Specifically, it has been found that age-related 

decrements in the connectivity of cortical DMN nodes are accompanied by increased 

connectivity between bilateral hippocampi and decreased DMN-to-HN connectivity. Moreover, 

greater HN connectivity at rest restricts the degree to which the hippocampus interacts with 

other brain regions during memory tasks, resulting in memory deficits (Salami et al., 2014). 

Importantly, in the AD model, the first events preceding detectable CSF aβ and tau 

abnormalities were reported to be increases in the HN connectivity along with decreases 

within the DMN rs-FC (Chen et al., 2016).  

Regarding brain structural integrity, we found that the older adults with ‘young-like’ responses 

exhibited higher FA integrity. Aging is associated with decreases in WM and GM integrity 

(Burzynska et al., 2010; Driscoll et al., 2009; Fjell et al., 2009; 2014; Westlye et al., 2010). 
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Moreover, age-related changes in functional and structural connectivity are closely aligned 

(Betzel et al., 2014; Fjell et al., 2016; Zimmermann et al., 2016), while rs-FC and GM 

associations in aging remain relatively unclear (Damoiseaux et al., 2016; Fjell et al., 2016; 

Persson et al., 2014).  

Current results are in line with previous findings indicating that stronger long-distance 

connections are characteristic of older adults with preserved cognition and brain structure 

(Andrews-Hanna et al., 2007; Vidal-Piñeiro et al., 2014), whereas age-related functional 

clustering is associated with poorer cognitive performance (Sala-Llonch et al., 2014). 

Nonetheless, it is important to note that in our study, the presented associations between 

DMN functioning and cognitive and brain integrity measures were only observed when 

analyzing the brain induced responses to iTBS, but not before stimulation. This suggests that 

distinct biological underpinnings underlie these evoked connectivity changes, and due to the 

characteristics of the TBS protocol, they likely reflect the engagement of plasticity-like brain 

mechanisms (Huang et al., 2005). Therefore, in the form they were measured here, these 

responses appear to be more sensitive to identify meaningful associations between the 

expression of brain networks and cognitive status in reduced samples of participants, as 

compared to baseline fMRI assessments (i.e., before iTBS). In a similar line, measuring 

connectivity responses to iTBS could be used as an approach to enrich samples of participants 

for future interventional initiatives (i.e., cognitive training or pharmacological interventions) 

where the modulation of synaptic plasticity is thought to represent the underlying therapeutic 

mechanism. Modulating brain activity with NIBS techniques can yield a unique insight into 

network dynamics in health and disease (Eldaief et al., 2011; Fox et al., 2012; Halko et al., 

2014; Pascual-Leone et al., 2011; Shafi et al., 2012, 2014, 2015). Ultimately, disrupting 

functional connectivity with TMS-fMRI may lead to a “brain flexibility” index (Santarnecchi et 

al., 2015; Santarnecchi & Rossi, 2016), a dynamic rather than a static marker that can be used 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

28 

 

to unravel the physiological basis of different cognitive profiles in a multilayered and accurate 

manner.  

Finally, it is worth noting that large inter-individual variability has been observed in aging in 

cognitive as well as brain structural and functional phenotypes (Dickie et al., 2013; Hedden & 

Gabrieli, 2004; Hultsch et al., 2002; Mowinckel et al., 2012; Ylikoski et al., 1999). Some older 

subjects maintain cognitive function during their lifespan, while others present different levels 

of cognitive decline (Nyberg et al., 2012; Yaffe et al., 2009). Similarly, inter-individual variability 

in response to different rTMS protocols has also been described (Hamada et al., 2013; Jannati 

et al., 2017; López-Alonso et al., 2014; Müller-Dahlhaus et al., 2008; Nettekoven et al., 2015; 

Schilberg et al., 2017), with potential factors contributing to such variability, including 

differences in the activated intracortical networks (Hamada et al., 2013), functional 

connectivity within the targeted network (Nettekoven et al., 2015), differences in cortical 

excitability (Jannati et al., 2017), and single-nucleotide polymorphisms (SNPs) in the genes that 

can influence neuroplasticity, such as brain-derived neurotrophic factor (BDNF; Antal et al., 

2010; Cheeran et al., 2008; Cirillo et al., 2012; Di Lazzaro et al., 2015; Jannati et al., 2017; Lee 

et al., 2013). On the basis of these inter-individual differences, affecting both aging and the 

impact of NIBS, it is worth to consider that a better neurophysiological response to iTBS could 

have been observed in the present investigation priming iTBS with cTBS (although this 

approach has been shown to be ineffective for motor cortex stimulation in older adults; Opie 

et al., 2017), or through a co-stimulation approach of iTBS with gamma transcranial alternating 

current stimulation (ɣ-tACS; Guerra et al., 2018). Further, the uncertainty remains about how 

our subjects would respond to other TBS protocols, like cTBS (i.e., Hamada et al., 2013), as well 

as to other TMS or even transcranial direct current stimulation (tDCS) protocols (i.e., López-

Alonso et al., 2014). In any case, here we showed that variability in iTBS responses is not 

disadvantageous, but may in fact help identify individual factors that influence naturally-

occurring plasticity, thereby revealing the brain physiology underlying cognitive processes 
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(Polanía et al., 2018) and cognitive reserve (Bartrés-Faz & Arenaza-Urquijo, 2011; Pascual-

Leone et al., 2011).  

The present study suffers from several limitations. The first constraint was the sample sizes, 

particularly the one addressed in the follow-up investigation. The second limitation was that 

our sample was mainly composed by women, raising the possibility that our results could be 

derived from a gender effect. Third, although older participants underwent a comprehensive 

cognitive assessment, the cognitive profile of the younger subjects was not formally evaluated. 

Furthermore, absence of neurological or psychiatric condition was self-reported, lacking a 

detailed clinical exploration. Finally, subjective memory complaints were not formally assessed 

in aged subjects, and further studies are needed to explore how this factor can interfere with 

the modulation of brain networks in aging.  

5. Conclusions 

The present investigation revealed that iTBS effects over DMN when the lIPL is targeted are 

modulated by age. Furthermore, the combined iTBS-fMRI approach may offer individual 

assessments of large-scale network plasticity across the lifespan, which probably reflects a 

neurobiological substrate of cognitive reserve (Bartrés-Faz & Arenaza-Urquijo, 2011; Pascual-

Leone et al., 2011). Lastly, when integrated with other factors, these plasticity measures can 

contribute to the construction of a brain health index (i.e., genetics and diet; Freitas et al., 

2013).  
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Figure captions 

 

Figure 1. Study protocol. A) Assignment of participants. Distribution of the participants 

between groups (younger vs. older adults) and conditions (sham vs. real iTBS). B) Experimental 

design. Timeline of the procedures and scans acquired on the baseline day, the experimental 

day and the follow-up. C) The DMN, with an arrow pointing to the stimulation site over the 

lIPL. Abbreviations: YA, younger adults; OA, older adults; iTBS, intermittent theta-burst 

stimulation; rs-fMRI, resting-state functional magnetic resonance imaging; hr-3D, high-

resolution three-dimensional; DTI, diffusion tensor imaging; mr-3D, medium-resolution three-

dimensional. 

 

Figure 2. A) The DMN mask covering the most important regions of this network is shown in 

yellow on the standard MNI map. B) The two functional couplings used for analyzing long-

range and local connectivity within the DMN. The long-range DMN connectivity measure 

(mPFC-to-PCC) is shown in orange, while the local DMN connectivity measure (Stim-to-PCC) is 

shown in yellow. The yellow spheres represent the selected DMN seeds. 

 

Figure 3. Seed-to-DMN analyses after iTBS. Significant results at p < 0.05 (FWE-corrected) are 

shown on the standard MNI map. A) Interaction between group and condition. B) Main effect 

of condition. C) Younger adults: sham < real iTBS. D) Real iTBS condition: younger > older 

adults. E) Younger adults in real iTBS condition: post- > pre-iTBS. Color bar indicates FWE-

corrected p values. 
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Figure 4. Local DMN connectivity in older adults. A) A significant interaction between condition 

and time was found for the local DMN rs-FC among the older adults. Post-hoc pairwise 

analyses revealed that real iTBS increased local DMN rs-FC amongst the older adults, while no 

significant changes were found in the older adults who had received sham iTBS. B) Inter-

individual variability in local DMN rs-FC before and after stimulation among the older adults is 

shown separately for sham and real iTBS conditions. Data in A) are represented as mean with 

standard error of the mean (SEM). * Significant differences (p < 0.05). Abbreviations: iTBS, 

intermittent theta-burst stimulation; DMN, default-mode network; rs-FC, resting-state 

functional connectivity. 

 

Figure 5. Scatter plots showing the relationships between iTBS-induced changes in the DMN rs-

FC observed in the main experimental day and baseline A) SRT total recall, B) phonemic 

fluency, C) years of education, and D) pre-iTBS HN rs-FC. Bar charts showing significant 

interactions and Bonferroni-corrected post-hoc analyses between the three characterized 

subgroups with regards to E) pre-iTBS long-range DMN rs-FC, F) pre-iTBS HN rs-FC, and I) mean 

FA at baseline. The ROC curves for predicting a younger / ‘young-like’ response to iTBS based 

on G) pre-iTBS long-range DMN rs-FC, and H) pre-iTBS HN rs-FC. Data in A), B), C), and D) are 

presented with adjusted z scores. Data in E), F), and I) are represented as mean with SEM. 

Data in (I) are presented adjusted to two decimals. * Significant differences (p < 0.05), ** 

Significant differences (p < 0.01). Abbreviations: Stim, stimulation site; DMN, default-mode 

network; Diff; difference; iTBS, intermittent theta-burst stimulation; SRT, Selective Reminding 

Test; BL, baseline; HN, hippocampal network; rs-FC, resting-state functional connectivity; YA, 

younger adults; OA YL-R, older adults with ‘young-like’ responses; OA non YL-R, older adults 

with ‘non-young-like’ responses; ROC, receiver operating characteristic; FA, fractional 

anisotropy. 
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Figure 6. Scatter plots showing the relationships between iTBS-induced changes in the DMN rs-

FC observed in the main experimental day and follow-up cognitive scores in A) SRT total recall, 

B) phonemic fluency, C) TMTB, D) semantic fluency, and E) BNT. Data in A), B), C), D), and E) 

are presented with adjusted z scores. Abbreviations: Stim, stimulation site; DMN, default-

mode network; Diff; difference; iTBS, intermittent theta-burst stimulation; SRT, Selective 

Reminding Test; FU, follow-up; TMTB, Trail Making Test B; BNT, Boston Naming Test.  

 

Figure 7. Scatter plots showing the relationships between iTBS-induced changes in the DMN rs-

FC observed in the main experimental day and the difference in A) phonemic fluency and B) 

TMTB scores between the follow-up and baseline. C) Bar chart showing significant interactions 

and pairwise post-hoc comparisons between the older adults with ‘young-like’ and ‘non-

young-like’ responses with regards to phonemic fluency at both timepoints. Data in A) and B) 

are presented with adjusted z scores. Data in C) are represented as mean with SEM. 
a 

Phonemic fluency for letter M. * Significant differences (p < 0.05). Abbreviations: Stim, 

stimulation site; DMN, default-mode network; Diff; difference; iTBS, intermittent theta-burst 

stimulation; FU, follow-up; BL, baseline; TMTB, Trail Making Test B; OA YL-R, older adults with 

‘young-like’ responses; OA non YL-R, older adults with ‘non-young-like’ responses.  
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