
The role of memory network topology in predicting the effect of exogenous 

brain stimulation 

 

Simon W. Davis1, 2, 3, Bruce Luber2, David L.K. Murphy2, 

Sarah H. Lisanby2, and Roberto Cabeza1 

 

1Center for Cognitive Neuroscience, Duke University, 27708; 2Division of Brain 

Stimulation, Department of Psychiatry and Behavioral Sciences, Duke University School 

of Medicine, 27708; 3Department of Neurology, Duke University School of Medicine, 

27708. 

 

Abbreviated title: Causal Network Dynamics in Aging 

 

Corresponding author:   Simon W Davis 
Department of Neurology 
Box 2900, DUMC, Duke University 
Durham, NC 27708 
simon.davis@duke.edu 

 

Pages: 34; Tables: 1; Figures: 8 
Words: Abstract: 200; Introduction: 647; Discussion: 1455. 
COI: No COI. 
 

Acknowledgements: This work was supported by National Institutes of Health Grant 

R01 AG19731. 
  

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted October 19, 2016. ; https://doi.org/10.1101/061267doi: bioRxiv preprint 

mailto:simon.davis@duke.edu
https://doi.org/10.1101/061267


1 
 
 

1 
 
 

Abstract (141/150 words) 

Lesion and functional neuroimaging evidence suggest that local network deficits can be 

compensated by global network over-recruitment during a cognitive task. However, the 

neural mechanisms linking local and global network changes remain uncertain. To 

investigate this issue, we manipulated local function using repetitive transcranial 

magnetic stimulation (rTMS) and measured structural and task-based functional network 

organization during memory encoding. The study yielded two main findings. First, 

consistent with the compensation hypothesis, 1-Hz rTMS attenuated local activity in the 

stimulated left prefrontal cortex (PFC) but increased the connectivity of this region with 

other brain areas, including contralateral PFC. Second, this 1-Hz-related increase in 

global connectivity effects was associated with the volume of more global connections, 

suggesting white-matter constraints adaptive changes in functional connectivity. Taken 

together, these results clarify the neural mechanisms linking local and global network 

changes and the role of structural connectivity. 
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Introduction  

Over the past few decades, transcranial magnetic stimulation (TMS) has developed into 

a powerful tool to establish causal brain-behavior relationships (Hanslmayr et al., 2014; 

Luber and Lisanby, 2014). TMS has local effects in the cortical region stimulated, as well 

as global effects in other regions of the network (Nahas et al., 2001; Hoogendam et al., 

2010).  Studies combining TMS with fMRI or EEG have shown that TMS effects spread 

through white-matter connections to distant brain regions (Bestmann et al., 2004; Wang 

et al., 2014). However, the neural mechanisms linking local and global TMS effects 

remain uncertain. We investigated this question by combining repetitive TMS (rTMS) 

with activity and functional connectivity measures provided by functional MRI (fMRI) and 

with white-matter integrity measures supplied by diffusion tensor imaging (DTI). 

The current study had two main goals. The first goal was to investigate the 

impact of TMS-related local dysfunction on global brain function. Computational models 

have shown that neural networks are relatively resistant to local damage because 

processing demands are often shifted from impaired nodes to intact nodes (Fornito et 

al., 2015). In other words, local dysfunction can be compensated by global over-

recruitment. Consistent with this compensation hypothesis, there is abundant 

neuropsychological evidence that focal brain damage can be partially counteracted by 

the over-recruitment of spared brain regions (Seeley et al., 2009). For example, the 

recovery of motor (Zemke et al., 2003) or language (Saur et al., 2010) functions 

following damage of critical regions in one hemisphere has been associated with over-

recruitment of regions in the unaffected hemisphere. TMS provides a method to 

investigate the link between local dysfunction and global over-recruitment in healthy 

humans. 
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We investigated link between local vs. global function by combining rTMS with 

fMRI-based functional connectivity measures, quantified using graph-based modularity 

analyses (Chang et al., 2012). Modularity refers to a network architecture where groups 

of nodes communicate more intimately with each other than with other nodes in the 

network. A modular network requires both within-module connectivity or degree (WMD) 

and between-module connectivity or degree (BMD). In general, lower TMS frequencies 

(e.g., 1-Hz) tend to reduce brain activity in the stimulated region (de Vries et al., 2012) 

whereas higher rTMS frequencies (>5 Hz) tend to increase it (Schneider et al., 2010). 

Thus, we predicted that 1-Hz rTMS would reduce activity in the stimulated region (local 

activity) but increase its BMD (global connectivity)—consistent with the compensation 

hypothesis, whereas 5-Hz rTMS would increase both activity and WMD in the stimulated 

region (Prediction 1). 

Our second goal was to relate the effects of rTMS on WMD and BMD to integrity 

of white-matter tracts connecting the stimulated region to the rest of the network. There 

is abundant evidence that functional connectivity depends on quality of white-matter 

tracts connecting different regions (Gong et al., 2009; Horn et al., 2014). Thus, it follows 

that global TMS effects should be moderated by integrity of white-matter tracts. 

Assuming that our first prediction would be confirmed and 1-Hz rTMS, but not 5-Hz 

rTMS, would increase BMD, we expected white-matter to moderate functional 

connectivity specifically in the 1-Hz condition. Thus, we predicted that the global 

connectivity of the stimulated region should be correlated with white-matter integrity in 

the 1-Hz but not the 5-Hz rTMS condition (Prediction 2).  

We chose to investigate our two predictions in older adults for two main reasons. 

First, older adults are an ideal group to test the prediction that local dysfunction is 
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compensated by global over-recruitment. There is abundant functional neuroimaging 

evidence that, consistent with the compensation hypothesis, older adults show weaker 

activity than younger adults in the main components of the task network but over-

recruitment of distant regions of the network (Cabeza, 2002; Spreng et al., 2010). These 

changes have been found not only for brain activity but also for functional connectivity, 

with evidence that older adults show stronger long-range functionally connectivity than 

younger adults outside of local cortical communities (Dennis et al., 2008; Spaniol and 

Grady, 2012; Geerligs et al., 2015). Second, older adults are an ideal group to 

investigate how functional connectivity is modulated by white-matter integrity. To link 

functional connectivity and white-matter it is critical to investigate a group with 

substantial individual differences in white-matter integrity and older adults display show 

them. Also, we have previously demonstrated in older adults that functional connectivity 

between specific pairs of brain regions is significantly correlated with DTI measures of 

white-matter tracts connecting them (Davis et al., 2012; Daselaar et al., 2014). 

In sum, we investigated in older adults (1) the relationship between local and 

global rTMS effects, and (2) the link between global rTMS effects and white-matter 

integrity. Because we used rTMS as a physiological probe (Clapp et al., 2010; Feredoes 

et al., 2011) and the rTMS dosing was constrained by MRI scanning context, we did not 

expect significant behavioral effects on the scanned memory task. Instead, we focused 

on the physiological effects of rTMS on memory-related activity and functional 

connectivity, as measured by the difference between subsequently remembered vs. 

forgotten trials or subsequent memory effect—SME (Paller and Wagner, 2002). Thus, 

we investigated differential effects of 1-Hz and 5-Hz rTMS on the SME and then relate 

them to white-matter measures. 
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Methods 

Participants 

Fourteen healthy older adults were originally recruited for the study (all native 

English speakers; 7 females; age mean +/- SD, 66.7 +/- 3.9 years; range 61-74 years), 

but subject who did not tolerate rTMS was removed from the analyses. Each older adult 

was screened for exclusion criteria for TMS (history of seizure, brain/head injuries) as 

well as psychiatric condition (MINI International Neuropsychiatric Interview, English 

Version 5.0.0 DSM-IV, Sheehan et al., 2006). None of the older participants reported 

subjective memory complaints in everyday life or had MMSE score below 27 (mean +/- 

SD = 29.1 +/- 0.8). 

Procedures 

Study structure and TMS setup 

The study consisted of two sessions, 1-4 days apart (see Figure 1). During 

Session 1, participants were fMRI-scanned during a sentence learning task, and brain 

activity associated with successful encoding was identified by comparing activity for 

subsequently remembered vs. forgotten sentences (subsequent memory effect—SME). 

The region showing the largest SME within the left middle frontal gyrus (LMFG) was 

identified as the TMS target. In addition of identifying the TMS target, fMRI activity during 

Session 1 provided a TMS-independent baseline level of SME. During Session 2, the 

subject-specific LMFG target was stimulated with 1-Hz and 5-Hz rTMS (order 

counterbalanced) and the effects on functional connectivity were immediately measured 

with fMRI. Session 2 also included a block in which single-pulse TMS was delivered 

during fMRI (concurrent TMS-fMRI). 
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Figure 1. Data acquisition schedule. 

Between Session 1 and 2, fMRI data from Session 1 was used to identify the 

LMFG region showing the greatest difference in activity between subsequently 

remembered vs. forgotten sentences. At the beginning of Session 2, co-registered fMRI 

and structural MRI images were used to identify using Brainsight (Rogue Research, 

Montreal) the ideal scalp location for stimulating the LMFG target, which was marked in 

a tight-fitting swim cap. After acclimating each participant to TMS at different 

frequencies, the motor threshold (MT) was determined using MagVenture R30M (MRI-

compatible TMS system). MTs were determined using electromyography of the right first 

dorsal interosseous (FDI) muscle and defined as the lowest setting of TMS device 

intensity at which ≥ 5 out of 10 motor evoked potentials of at least 50µV peak to peak 

amplitude could be elicited.   

Task-based fMRI preceded by rTMS 

After the two concurrent TMS-fMRI runs, participants underwent two fMRI runs  

in which they performed the same sentence learning task used to identify the subject-

specific LMFG target in Session 1.  In each run, participants encoded 60 sentences 

(e.g., “A SURFBOARD was on top of the TRUCK.”) trying to imagine the situation 

described in each sentence, and then performed an associative recognition test in which 
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they distinguished between identical (e.g., surfboard-truck) and recombined (e.g., 

surfboard-table) word-pairs.  

Coplanar functional images were acquired with an 8-channel head coil using an 

inverse spiral sequence with the following imaging parameters: flip angle = 77o, TR = 

2000ms, TE = 31ms, FOV = 24.0 mm2, and a slice thickness of 3.8mm, for 37 slices. 

The position of the TMS coil was reset to the same target site before the beginning of 

each rTMS session, and monitored continuously during the run. 

Critically, each task-based fMRI run was preceded by 10 minutes of rTMS at 

120% MT. rTMS did not have a significant effect on memory performance, which is not 

reported. Before one run, 1-Hz rTMS was delivered in a continuous train, and before the 

other run, 5-Hz rTMS was delivered in intermittent 6 sec trains with a 24 sec inter-train 

interval. Thus, dosage was equivalent between 1Hz and 5Hz rTMS conditions (600 total 

pulses). The order of the two frequency conditions was counterbalanced across 

participants.  

Data Analyses 

The general analytical pipeline is depicted in Figure 2. Briefly, both functional 

and structural imaging data were processed according to standard preprocessing 

heuristics (see below), and adjacency matrices comprising psychophysiological 

interaction (PPI)-based functional correlations associated with the task (fMRI data) or 

structural connections based on tractography streamline counts (DWI data) were 

evaluated. Modularity was based solely on structural connectivity, and regions within a 

high-dimensional atlas (n = 471 regions) were partitioned using conditional expected 

models (Chang et al., 2012). In order to compare functional and structural networks we 

use graph-theoretical methods to find the distance traversed by the lowest weighted path 
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in a structural network, which is constructed by connecting each cortical region with a 

weighted edge. We proceed stepwise, by relating our functional network 𝑨𝒇𝑴𝑹𝑰 to our 

structural network 𝑨𝑫𝑻𝑰, at structural paths of length 𝒍, by which we are able to 

demonstrate the value of both local (direct) and long-distance (indirect) paths in 

promoting success-related connectivity. 

 

Figure 2. Analytical pipeline. 

Structural and functional preprocessing 

Diffusion-weighted images were preprocessed using typical methods, including 

brain extraction, correction for eddy-current distortion and simple head motion, and 

correction of the b-matrix for any rigid-body coregistration completed in this step (Smith 

et al., 2006). Fractional anisotropy (FA) images were generated using the tensor model 

from dtifit (FSL, www.fmrib.ox.ac.uk/fsl/). The preprocessing of functional data for both 
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the localizer, and post-rTMS conditions was carried out using image processing tools 

from FSL 5.01 (FMRIB, Oxford, UK). Images were corrected for slice acquisition timing, 

motion, and linear trend; temporally smoothed with a high-pass filter using a 190s cutoff; 

and normalized to the Montreal Neurological Institute (MNI) stereotaxic space. Spatial 

filtering with a Gaussian kernel of full-width half-maximum (FWHM) of 6mm was applied. 

Voxel time-series analysis was carried out using general linear modeling (GLM); fixed 

effects models were carried out to examine the effects of 1) both memory success and 

stimulation frequency in the localizer and post-rTMS data. We modeled encoding trials 

that were either subsequently remembered or subsequently forgotten, in order to 

examine standard subsequent memory effects (SMEs) in the localizer, post-1Hz rTMS, 

and post-5Hz rTMS runs.  

Construction of connectivity matrices 

Before either structural or functional matrices were constructed, we first sought to 

establish a consistent parcellation scheme across all image types that reflects an 

accurate summary of full connectome effects (Bellec et al., 2015). Subjects’ T1-weighted 

images were segmented using the SPM12 (www.fil.ion.ucl.ac.uk/spm/software/spm12/), 

yielding a grey matter (GM) and white matter (WM) mask in the T1 native space for each 

subject. The entire GM was then parcellated into 471 regions of interest (ROIs), each 

representing a network node by using a subparcellated version of the Harvard-Oxford 

Atlas, (Tzourio-Mazoyer et al., 2002), defined originally in MNI space. The T1-weighted 

image was then nonlinearly normalized to the ICBM152 template in MNI space using 

fMRIB’s Non-linear Image Registration Tool (FNIRT, FSL, www.fmrib.ox.ac.uk/fsl/). The 

inverse transformations were applied to the HOA atlas in the MNI space, resulting in 

native-T1-space GM parcellations for each subject. Then, T1-weigted images were 

coregistered to native diffusion space using the subjects’ unweighted diffusion image as 
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a target; this transformation matrix was then applied to the GM parcellations above, 

resulting in a native-diffusion-space parcellation for each subject. 

For structural connection matrices, network edges were defined by the number of 

tractography streamlines between any two ROIs. We used Dipy (Garyfallidis et al., 2014) 

to fit the data with the constant solid angle (CSA) model with fourth-order spherical 

harmonics, and generating generalized FA (GFA) maps from estimated orientation 

distribution functions. Using a deterministic tracking algorithm (EuDX; Garyfallidis et al., 

2012) with standard tracking parameters (step size: 0.5mm, turning angle 45°, alpha = 

0.05). Whole-brain streamlines (~30,000 per subject) were saved for subsequent 

parcellation into structural connectivity matrices (see below). Streamlines were filtered 

out if the two terminal points were located in the two node regions. Because a larger 

region is more likely to generate a larger number of streamlines, this fiber-density 

weighted network (Zhong et al., 2015) was corrected for nodal size Mi,j = (2 x FN)/(ni + 

nj), where ni and nj denote the number of voxels in regions i and j, respectively, and FN 

denotes the fiber number linking region i and region j (Cheng et al., 2012). Lastly, we 

corrected for spurious node pairs using a correction method described previously (Gong 

et al., 2009). 

Functional connection matrices representing task-related connection strengths 

were estimated using a correlational psychophysical interaction (cPPI) analysis (Fornito 

et al., 2011). Briefly, the model relies on the calculation of a PPI regressor for each 

region, based on the product of that region’s timecourse and a task regressor of interest, 

in order to generate a term reflecting the psychophysical interaction between the seed 

region’s activity and the specified experimental manipulation. In the current study the 

task regressors based on the convolved task regressors from the univariate model 
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described above were used as the psychological regressor, which coded subsequently 

remembered and subsequently forgotten word pairs with positive and negative weights, 

respectively, of equal value. This psychological regressor was multiplied with two 

network timecourses for region i and 𝑗. We then computed the partial correlation 

𝜌𝑃𝑃𝐼𝑖,𝑃𝑃𝐼𝑗 ∙ 𝑧, removing the variance 𝑧 associated with the psychological regressor, the 

timecourses for regions i and 𝑗, and constituent noise regressors. We accounted for the 

potential effects of head motion and other confounds by assessing the 6 motion 

parameters and including these parameters in our partial correlation between regions. 

Graph Theory Metrics 

The graph theoretic approach used in the current manuscript focuses on two key 

mechanistic concepts: modularity and degree. Degree is a basic graph-theoretic 

measure describing the sum of edges at a node 𝑖 in weighted networks, while modularity 

is a measure originally derived for quantifying the quality of a partition (Newman and 

Girvan, 2004). Fundamental to the definition of modularity is the computation of a proper 

null network, i.e. a null network, 𝑅, with the same number of nodes and node degrees 

but otherwise no underlying structure. If a natural division of a network exists, we should 

expect within-module connections between node 𝑖 and 𝑗 (𝐴𝑖𝑗) to be stronger than a 

random network 𝑅𝑖𝑗, and connections between modules should be weaker than the 

same random network. Thus, modularity is higher the more partitioned a network is into 

modules that are densely connected within rather than between themselves. For a given 

partition of nodes of a network into modules, the modularity 𝑄 of this partition is  

Eqn. 1. 

𝑄 =
1

2𝑚
∑(𝐴𝑖𝑗 −  𝑅𝑖𝑗)

𝑖,𝑗

𝛿(𝐶𝑖 ,𝐶𝑗) 
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where m 𝐶𝑖 indicates group membership of node 𝑖. Therefore, modularity 

increases when 𝐴𝑖𝑗 −  𝑅𝑖𝑗 (edge strength minus expected edge strength) is positive for 

within-module edges. Standard modularity analysis defines the null distribution (i.e., 𝑅𝑖𝑗) 

from a randomization of the rows of the input matrix (Newman, 2006). However, even 

random networks can exhibit high modularity because of incidental concentrations of 

edges. This method of computing the null is also problematic for our analysis because it 

ignores negative connection weights and implicitly assumes self-loops (connections from 

nodes to themselves), which are meaningless in the functional networks considered 

here. Furthermore, modularity partitions based on randomized null distributions suffer 

from inconsistency in partition assignments over repeated executions of the same 

algorithm, and rely instead on permuting the algorithm for the maximum 𝑄. We therefore 

employ a more recently developed modularity algorithm (Chang et al., 2014) that relies 

on a transformed Tracy-Widom distribution in order to more adequately model the null 

distribution in a modularity computation, linking standard module detection with random 

matrix theory.  

Generally, the sum, of edges, or connections between a node and other nodes in 

the network, defines the node’s degree. We examined whether the distribution of node 

degree values, either within or between a set of cortical modules, differed between 

successful and unsuccessfully encoded trials, following previous studies focusing on 

degree (Guimera and Nunes Amaral, 2005). Critically, we considered changes in degree 

distribution at each node either with respect to its surrounding module (within-module 

degree or WMD), or as a function of a node’s relationship with more distant cortical 

modules (between-module degree or BMD). Both WMD and BMD use the same 

underlying function to estimate degree: 
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Eqn. 2 

𝑧𝑖 =  
𝜅𝑖 − 𝜅𝑆𝑖

𝜎𝐾𝑆𝑖

 

where 𝜅𝑆𝑖
 is the average of 𝐾 over all the nodes in 𝑆𝑖, and 𝜎𝐾𝑆𝑖

 is the standard 

deviation of 𝜅. in 𝑆𝑖. This within-module degree z-score (𝑧𝑖𝑊𝑀𝐷) measures how well 

connected node 𝑖 is to other nodes within the module, while the between-module degree 

z-score (𝑧𝑖𝐵𝑀𝐷𝑚
) measures how well connected a node 𝑖 is to other nodes with another 

module 𝑀 in the cortical parcellation. As such, the calculation of 𝑧𝑖𝐵𝑀𝐷 is repeated for 

each pair of modules. In typical applications, nodes with a high 𝑧𝑊𝑀𝐷 are interpreted to 

represent local, intramodular information-processing hubs, whereas nodes with high 

𝑧𝐵𝑀𝐷 show a relatively even distribution of connectivity across all modules (Fornito et al., 

2012).  

Cross-modal comparisons 

Lastly, we sought to test the hypothesis that the regions that are most affected by 

rTMS stimulation are best predicted by the structural connectivity with the stimulation 

site. A number of recent analyses have focused on first-order correlations between a 

structural connectivity matrix 𝑨𝑫𝑻𝑰 and a functional connectivity matrix 𝑨𝒇𝑴𝑹𝑰, for a given 

region R, based on the assumption that direct structural connectivity should engender a 

corresponding modulation of functional connectivity (Zimmermann et al., 2016). The 

agreement of functional and structural connectivity between all regions was therefore 

calculated using a novel method of estimating the functional-structural relationship as a 

function of the structural path length in a structural matrix 𝑨𝑫𝑻𝑰.  

We then calculated the Pearson’s product moment correlation between a vector 

describing the structural connectivity for both within-module connections (𝑣𝐷𝑊𝐼𝑊𝑀𝐷
) and 
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between module connections (𝑣𝐷𝑊𝐼𝐵𝑀𝐷
), and vectors describing the corresponding 

vectors for functional connectivity 𝑣𝑓𝑀𝑅𝐼; given the role of negative correlations described 

above, we used the absolute value of the functional connectivity information for each 

condition. This cross-modal correlation was then repeated for both 1Hz and 5Hz 

functional matrices, using only the vector describing connectivity from the site of 

stimulation (as quantified by in-scanner fiducial markers). Statistical significance in both 

global and region-specific relationships were obtained by Fisher-transforming the r-

values obtained for each subject and calculating paired-sample t-tests between 1Hz and 

5Hz conditions; WMD and BMD were not compared directly, as these measures 

represent distinct distributions of connectivity values, with different numbers of 

contributing connections, and are thus not directly comparable conditions.   

Results 

As explained in the Introduction, our goals were to investigate (1) the effects of TMS on 

local activity and global connectivity, and (2) how these effects are modulated by white-

matter integrity. Consistent with our intended use of TMS as a physiological probe 

(Clapp et al., 2010; Feredoes et al., 2011), memory performance did not differ between 

rTMS conditions (d’ was 2.35 and 2.46 in the 1-Hz and 5-Hz rTMS conditions, 

respectively; t13 = 0.65, p = 0.6), nor did reaction times to correct trials (t13 = 1.14, p = 

0.3). As expected, however, rTMS did significantly modulate memory-related activity and 

functional connectivity, as isolated by the subsequently remembered vs. forgotten 

contrast (subsequent memory effect—SME). Analyses on the effects of TMS and links to 

DTI measures focus on memory-related activity and connectivity (SMEs). 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted October 19, 2016. ; https://doi.org/10.1101/061267doi: bioRxiv preprint 

https://doi.org/10.1101/061267


15 
 
 

15 
 
 

Effects of TMS on memory-related activity and connectivity 

Our first prediction was that 1-Hz rTMS would reduce activity in the stimulated 

region (local activity) but increase its BMD (global connectivity)—consistent with the 

compensation hypothesis, whereas 5-Hz rTMS would increase both activity and WMD in 

the stimulated region.  We first investigated the effects of rTMS on activity in the 

stimulated brain region (LMFG) and then turned to rTMS effects on BMD and WMD. 

rTMS effects on memory-related activity. Before focusing on the stimulated 

region, we performed a whole-brain analysis, whose results are displayed in Figure 3. 

Compared to a localizer (no rTMS) condition, 1-Hz rTMS reduced SMEs in several brain 

regions, whereas 5-Hz rTMS enhanced SMEs in multiple areas. Critically, consistent 

with our first prediction, the SME in the stimulated LMFG region, shown in red in Figure 

3B, was reduced by 1-Hz rTMS but increased by 5-Hz rTMS; pairwise comparisons 

between 1Hz and 5Hz activity for successfully remembered trials was highly significant 

(t13 = 3.43, p < 0.001). Having confirmed that rTMS modulated memory-related activity, 

we then turned to the effects of rTMS on BMD and WMD. 
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Figure 3. Effects of rTMS on subsequent memory effects (SMEs=remember-forgotten). (A) Effects on 471 

cortical ROIs, during Localizer memory test. (B) The left PFC Stimulation Site within LMFG is shown in red, 

with standard effects for subsequently Remembered and Forgotten trials during Localizer, 1Hz, and 5Hz. 

rTMS conditions within this ROI. 

Effects of rTMS on between-module degree (BMD). The modularity analysis 

based on diffusion tractography connectivity (adjusted streamlines) strong modularity (Q 

= 0.71 across 100 permutations), with 16 distinct, symmetrical communities formed from 

the averaged structural connectome in our sample; community assignments are 

depicted in Figure 4. Each module comprises between 68 and 120 individual nodes. 

Within-module degree (WMD) quantifies functional connectivity among the nodes within 

each module, whereas between-module degree (BMD) assesses functional connectivity 

between different modules. We first considered the effects of rTMS on between-module 

degree (BMD). 
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Figure 4. Structural module assignment. 

On the basis of the compensation hypothesis, we predicted that a 1-Hz rTMS 

condition that reduced local activity, which we confirmed, would tend to increase BMD. 

Consistent with this prediction, the 1-Hz rTMS yielded large memory-related BMD 

increases in bilateral PFC regions. In contrast with 1-Hz rTMS, 5-Hz rTMS produced 

limited effects in two small regions, the left anterior superior temporal gyrus (t12 = 3.15, p 

< 0.01) and right Heschel’s gyrus (t12 = 3.45, p < 0.01).  

To clarify the source of BMD increases in left PFC in the 1-Hz rTMS condition, 

we calculated the proportion of BMD connections from left PFC to other modules, which 

are shown in Figure 5. Although parietal regions make important contributions, the BMD 

increase in left PFC was primarily driven by its connections with right PFC, which 

accounted for 49% of all significant BMD connections and also showed a memory-

related BMD increases (Figure 6). Post-hoc tests indicated that the WMD increases in 

left PFC were significantly due to enhanced connectivity with right MFG (mean 𝑧𝐵𝑀𝐷 to 

right PFC module = 3.35; to all other modules < 1.0). It is worth noting that although right 

MFG was not directly stimulated with rTMS, it has strong white-matter connections with 

the stimulated LMFG ROI, which can explain the BMD effects. In sum, consistent with 
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our first prediction, 1-Hz rTMS on LMFG reduced its activity but enhanced its 

connectivity with the rest of the brain, and particularly with contralateral right PFC 

regions. These findings provide direct support to the compensation hypothesis. 

 

 

 

Figure 5. Between-Module Degree (BMD) associated with SME across rTMS conditions. Regions 

showing significant rTMS effects are outlined in black. 

 

Figure 6. Between module connections in the 1Hz condition are largely attributable to a higher proportion of 

connectivity to contralateral Right PFC module (which also shows a success-related increase in BMD See 

Figure 5).  
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To more directly test the compensation hypothesis, we investigated if the extent 

to which 1-Hz rTMS reduced activity in LMFG correlated with the extent to which it 

increased the BMD of this region. As illustrated by Figure 7, we found a reliable 

negative correlation across subjects (r12 = -0.21), across all left PFC nodes, between 

univariate fMRI activity and BMD during remembered trials but not during forgotten trials. 

This effect was selective for the 1-Hz rTMS condition, during which the local SME in 

fMRI univariate activity was attenuated (see Figure 3), and was not present in the 5-Hz 

rTMS condition, which had the opposite effect on local fMRI activity. No such 

relationships were observed in the relationship between univariate activity and WMD (all 

r < 0.05). Thus, there more 1-Hz rTMS impaired memory-related left PFC functions the 

more it increased its memory-related connections with the rest of the brain, a result 

clearly consistent with the compensation hypothesis.  

 

Figure 7. Relationship (Pearson’s r) between left PFC univariate activity for  Subsequently 

Remembered and Subsequently Forgotten trials during encoding and distant connectivity (BMD) 

between the left PFC module and all other modules. Because BMD characterizes more long range 

connections. 
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Lastly, we sought validate this relationship by testing the alternative hypothesis 

that task-related increases in distant connectivity reflects merely a nonselective 

response associated with age-related declines in brain health, and could be elicited by a 

stimulation train in absence of a cognitive task. Regional stimulation-related increases in 

univariate activity were observed in left DLPFC/IFG, as well as left temporal cortex. 

Critically, task-related BMD increases observed above after 1Hz stimulation were 

unrelated to BMD at the same site of stimulation (r = -0.08, Figure 8). 

 

Figure 8. Concurrent TMS/fMRI. Critically, task-related BMD increases observed above after 1Hz 

stimulation were unrelated to BMD at the same site of stimulation (r = -0.08). 

 

Effects of rTMS on within-module degree (WMD). The second part of our first 

prediction is that a 5-Hz rTMS condition that enhances activity in the stimulated region 

would lead to a WMD increase in this region. Consistent with this prediction, Figure 9 

clearly shows that WMD in the stimulated LMFG region was enhanced by 5-Hz rTMS but 

not in the 1-Hz rTMS (t12 = 2.28, p < 0.05). Additionally, 5-Hz rTMS also increased 

memory-related WMD in right PFC (t12 = 2.12, p < 0.05), the left angular gyrus (t12 = 

2.78, p < 0.01) and the right hippocampus (t12 = 2.36, p < 0.01). In contrast, 1-Hz yielded 

only minor WMD increases in left occipital cortex and posterior Sylvian regions (all t12 > 

2). 
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Figure 9. Within-Module Degree (WMD) associated with subsequent memory effects (SMEs) across rTMS 

conditions. 

In sum, consistent with the compensation hypothesis, we found that the 1-Hz 

rTMS (1) reduced the SME univariate activity in LMFG and (2) increased WMD in left 

PFC, particularly between left PFC and contralateral right PFC regions, and that these 

two effects were connected to each other, as indicated by (3) a negative correlation 

between the reduction in LMFG activity (local dysfunction) and the increase in WMD 

increase (global over-recruitment). The fact that this last effect occurred for remembered 

but not for forgotten trials is also consistent with the compensation hypothesis. In 

contrast, a 5-Hz rTMS condition that enhanced local activity only led to an increase in 

local connectivity (WMD).  

 

Linking rTMS-related changes on global connectivity to white-matter integrity 

We found that global connectivity (BMD) of the stimulated LMFG region was enhanced 

by a 1-Hz rTMS condition that reduced local activity but not by a 1-Hz rTMS condition 
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that increased local activity. This finding is consistent with the compensation hypothesis 

that local dysfunction is counteracted by global over-recruitment. However, global over-

recruitment depends on the integrity of white-matter tracts connecting distant brain 

regions. Thus, the effects of rTMS on functional connectivity should be correlated with 

white-matter integrity, particularly in the 1-Hz rTMS condition which is the one recruiting 

global connectivity. Thus, our second prediction was that the global connectivity of the 

stimulated region should be correlated with white-matter integrity in the 1-Hz but not the 

5-Hz rTMS condition.  

To test this second prediction, we quantified the relationships between white-

matter integrity and the effects of 5-Hz and 1-Hz rTMS on memory-related functional 

connectivity for the stimulated LMFG region (xyz center of mass: -45, 18, 40, see Figure 

10A). Pairwise t-tests revealed that the within-module connections, the correlation 

between white-matter integrity and functional connectivity was similarly correlated for 5-

Hz and 1-Hz rTMS, whereas for between-module connections, white-matter integrity was 

much more strongly correlated with functional connectivity pattern for 1-Hz than for 5-Hz 

rTMS (t13 = 2.76, p < 0.01, see Figure 10B). Outside left PFC, we did not find any 

significant difference between 1-Hz and 5-Hz rTMS on structure-function relationships. 

In sum, consistent with our second prediction,  
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Figure 10. Structure-function relationships as a function of rTMS frequenc y and connection type. We 

represent the evolution of the correlation quality between structural and functional connectivity from a 

localized stimulation site (A) either within a local community, or between distinct modular communities. (B) 

Pairwise comparisons reveal consistently strong structure-function associations for network connections 

within the local module. In contrast, when considering between-module connections, this relationship was 

stronger for 1Hz than 5Hz memory networks, suggesting a the above increase in BMD connectivity 

associated with 1Hz rTMS is constrained by white matter connectivity. 

 

Discussion 

Our overarching goal was to investigate the neural mechanisms linking local and global 

TMS effects by combining rTMS with fMRI and DTI. The study yielded two main findings. 

First, a reduction in local activity was associated with an increase global connectivity. 

Consistent with the compensation hypothesis, the 1-Hz rTMS condition that caused 
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under-activation at the stimulation site, led to an increase in global connectivity (BMD). 

In contrast, the 5-Hz rTMS condition that caused over-activation at the stimulation site 

yielded only an increase in local connectivity (WMD). Second, the increase in global 

connectivity was modulated by white-matter integrity. In keeping with the idea that 

functional connectivity is constrained by white-matter integrity, in the 1-Hz rTMS, but not 

5-Hz rTMS condition, global connectivity of the stimulated region was correlated white-

matter integrity. The sections below discuss these two findings and then consider their 

relations with aging. 

A reduction in local activity was associated with an increase global connectivity 

A critical finding from the current analysis is that 5Hz stimulation to a memory-specific 

target was associated with greater within-module connectivity (WMD), while 1Hz rTMS 

engendered a more distributed pattern of connectivity with other modules (BMD). When 

examining the subject-wise relationship between univariate activity and BMD 

connectivity, we found a strong negative relationship for successfully remembered but 

not forgotten trials specific to the 1Hz condition, evidencing an adaptive relationship 

between local suppression of activity and more distant connectivity (Figs. 5, 6). This 

result suggests a highly responsive global network that is able to shift connectivity 

patterns in response to the depletion of local resources by relying on a more distributed 

pattern of connectivity.  

The dynamic relationship between local and distant connectivity has begun to 

have been explored in a systematic way through the use of the graph-theoretic concept 

of “communities” or modules. A number of recent analyses have demonstrated that both 

weak intramodular connections and more distant, intermodular connections play a 

crucial role in establishing modular structure and predictive cognitive outcomes (Gallos 
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et al., 2012; Santarnecchi et al., 2014). In these frameworks, as in our own, local 

interactions within a module characterize specialized functions (Sporns and Betzel, 

2016), a trend that appears to develop through adolescence and across the lifespan 

(Power et al., 2010; Geerligs et al., 2015). Furthermore, the relationship between 

modularity and cognitive performance is typically positive, especially when the cognitive 

demands of the task can be localized to a discrete, localized processing system (e.g., 

working memory, as in Stevens et al., 2012) or when behaviors become more 

specialized over the lifespan (e.g., syntax, as in Meunier et al., 2014). Conversely, task 

operations which require greater global communication (and therefore reductions in 

functional modularity) are typically associated with cognitions requiring integration from 

multiple cortical communities, including visual awareness (Godwin et al., 2015) or 

episodic memory formation (Geib et al., 2015), consistent with global workspace models 

of brain function (Dehaene et al., 2011).  

In the current study we used static community boundaries to demonstrate how 

different stimulation conditions affect task-related memory processing within and across 

those boundaries. We showed that stimulation-induced reductions in local activity after 

1Hz rTMS resulted in increased connectivity between left PFC and other ipsilateral and 

contralateral modules in prefrontal and parietal regions, suggesting a frequency-specific 

role for this type of network reorganization. As noted above, frequency-specific TMS can 

selectively alter intrinsic neural dynamics between and within functionally specialized 

large-scale brain modules. This hypothesis is supported by the results of empirical and 

simulation studies, which suggest that the functional effects of focal changes in neural 

activity may extend outside a functionally segregated network (Bestmann et al., 2004; 

Alstott et al., 2009; van Dellen et al., 2013). Because large-scale modules are positioned 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted October 19, 2016. ; https://doi.org/10.1101/061267doi: bioRxiv preprint 

https://doi.org/10.1101/061267


26 
 
 

26 
 
 

at an intermediate scale between local and global integration, they may play a critical 

role in integrating local changes without reorganizing the backbone of large-scale brain 

communication.  

The increase in global connectivity was modulated by white-matter integrity 

Turning to our cross-modal network analysis, we found that the structural networks given 

by diffusion-weighted tractography reliably constrained the functional connectivity. We 

found that while within-module connectivity correlates with functional networks derived 

from both the post-5Hz and post-1Hz rTMS fMRI, the more distant between-module 

connectivity more strongly predicted 1Hz than 5Hz success networks. This pattern of 

results mirrors our earlier WMD/BMD findings, suggesting that global, between-module 

connectivity patterns are constrained by structural connectivity. While regional 

correlations between diffusion based structural connectivity and task-based functional 

connectivity remained consistently above chance—reflecting a general trend than 

structural connectivity may help explain some, but not all of the variance in functional 

connectivity (Honey et al., 2009; Betzel et al., 2014)—this relationship was most 

pronounced in the connections emanating from the stimulation site.  

The finding that long-range connectivity (BMD) was correlated with white-matter 

integrity offers a mechanistic explanation for the anatomical basis for localizing the 

effects of changes at a proximal site at more distant locations in the aging brain, and 

suggests that will take advantage of existing structural architecture (Daselaar et al., 

2014). However, recent longitudinal studies of structural-function relationships have 

shown a very selective topological pattern of pathways showing this effect (Fjell et al., 

2016), a finding that is unsurprising when considering 1) the heterogeneity of regional 

connectivity, the sparsity of structural networks (~80%, depending on the parcellation 
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scheme (Wang et al., 2015), and 3) differences in reported age-trajectories for 

microstructural WM tract properties and FC (Walhovd et al., 2011; Bartzokis et al., 

2012). Therefore, there is sufficient evidence to suggest that these function-structure 

relationships are best characterized only by specific fiber systems during specific 

conditions. Such multimodal relationships may not emerge when the functional networks 

are at rest, but only during active cognitive operations when those structural connections 

are necessary to the cognition at hand. In the context of our finding, such flexibility is in 

keeping with the expensive nature of long-range connections, as well as the dynamic 

nature of regional brain interactions. 

Beyond increasing the ability to use combined brain imaging and stimulation to 

investigate brain function in normative populations, the present results suggest that DTI-

based TMS targeting can extend the effectiveness of TMS in therapeutic applications. 

One obstacle for using TMS for effective treatments in memory disorders is that the 

brain region most critical for memory and most affected, the hippocampus, sits deep 

inside the brain, beyond the reach of direct TMS effects. The current finding suggests 

that cortical stimulation propagates to distant cortical and subcortical sites in a manner 

predicted by the 1st-order structural connectivity of the stimulation site. However, it 

remains unclear how such relationships observed may be affected by more large-scale 

system dynamics. Future work focused on the stability and changeability of network 

connectivity in memory states in the aging brain may therefore provide new information 

on the effectiveness of brain stimulation technologies as a therapeutic measure for 

cognitive decline. 
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Both findings have implications for aging research 

The finding that a reduction in local activity was associated with an increase in global 

connectivity is consistent the functional neuroimaging evidence that older adults, who 

show deficits in specific brain regions such as PFC, tend to display a more widespread 

pattern of brain activity than younger adults (Spaniol et al., 2009; Spreng et al., 2010). 

This effect is often attributed to compensatory mechanisms (Reuter-Lorenz and Park, 

2014), which could also explain the current rTMS findings. While typical assessments of 

these patterns are made across cohorts of younger and older adults, the current results 

represent a novel means of probing aging brain function by using a frequency-specific 

changes in cognitive and network state. The impact of TMS on neural functioning in 

aging populations during memory tasks is still in its infancy. Nonetheless, new 

consensus is building towards the specific stimulation parameters that engender a 

positive effect on cognitive function in physiological and pathological aging (for review, 

see Hsu et al., 2015), and a number of studies have elicited a positive role for TMS-

induced excitability, largely utilizing excitatory 5-10Hz trains of rTMS (Luber et al., 2007; 

Eliasova et al., 2014; Brambilla et al., 2015).  

Increased functional connectivity in healthy aged populations or in risk groups 

such as Alzheimer disease patients is often interpreted as a compensatory response to 

declining brain health (Agosta et al., 2012; Sheline and Raichle, 2013; Gomez-Ramirez 

et al., 2015), despite the fact that these increases are observed during resting state 

scans. Similarly, age-related examinations of graph-theoretic measures has typically 

relied on resting brain activity, and generally describe a decline in the network cohesion 

(i.e., modularity) when compared with younger counterparts (Betzel et al., 2014; Cao et 

al., 2014). The utility of this task-free approach is limited. Growing evidence in task-
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related studies of whole-brain connectivity suggests that, despite this reduction in 

functional specificity, older adults are able to adapt the functional connectivity between 

functional networks (or modules) in order to adapt to task demands (Geerligs et al., 

2014; Meunier et al., 2014). 

A critical component of characterizing a neural response as compensatory relies 

on the nature of its relationship to successful cognition. Our dependent measure of 

global integration, BMD, selectively increased during successfully remembered trials 

when local processing was disrupted by 1Hz rTMS. The cognitive relevance of this result 

is supported by the result that BMD at the stimulation site during concurrent stimulation 

during a task-free rest period was unrelated to the above increase in BMD for 

successfully remembered than forgotten trials (Figure 8). This result helps us reject the 

hypothesis that increases in contralateral connectivity are explained by an age-related 

lack of inhibition of the contralateral hemisphere (Colcombe et al., 2005), a model of 

interhemispheric interactions which explains coordinated motor functioning (Langan et 

al., 2010; Fling et al., 2011), but does not appear to transpose to prefrontal interactions 

(Davis et al., 2012; Brambilla et al., 2015). Moreover, univariate activity and functional 

connectivity demonstrates stimulation- and topologically-selective relationship (Figure 

7), such that a negative relationship was observed between these factors after 1Hz 

rTMS. This finding helps to build a bridge between two neural levels of explanation, and 

suggests a precise mechanism by which more generalized age-related phenomena such 

as compensation may operate within specific individuals. 
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Conclusions 

The current analysis provides novel evidence that aging brains utilizes a flexible set of 

neural dynamics to accomplish the same cognitive task under different stimulation 

conditions. Whereas 5-Hz rTMS increased memory-related local connectivity (WMD), 

the application of 1Hz rTMS engendered more global connectivity (BMD) to different 

brain modules located bilaterally from the site of stimulation. These more global effects 

were strongly constrained by structural connectivity derived from diffusion-weighted 

tractography. These results provide an integrated, causal explanation of the network 

interactions associated with successful memory encoding in older adults. 
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