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Abstract 

Age-related behavioral declines may be the result of deterioration of white matter tracts, 

affecting brain structural (SC) and functional connectivity (FC) during resting state. To date, 

it is not clear if the combination of SC and FC data could better predict cognitive/motor 

performance than each measure separately. We probed these relationships in the cingulum 

bundle, a major white matter pathway of the default mode network. We aimed to attain deeper 

knowledge about: (a) the relationship between age and the cingulum’s SC and FC strength, 

(b) the association between SC and FC, and particularly (c) how the cingulum’s SC and FC 

are related to cognitive/motor performance separately and combined. We examined these 

associations in a healthy and well-educated sample of 165 older participants (aged 64-85). SC 

and FC were acquired using probabilistic tractography to derive measures to capture white 

matter integrity within the cingulum bundle (fractional anisotropy, mean, axial and radial 

diffusivity) and a seed-based resting-state functional MRI correlation approach, respectively. 

Participants performed cognitive tests measuring processing speed, memory and executive 

functions, and motor tests measuring motor speed and grip force. Our data revealed that only 

SC but not resting state FC was significantly associated with age. Further, the cingulum’s SC 

and FC showed no relation. Different relationships between cognitive/motor performance and 

SC/FC separately were found, but no additive effect of the combined analysis of cingulum’s 

SC and FC for predicting cognitive/motor performance was apparent.  
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Introduction 

It is well established that healthy aging is associated with changes in behavior, 

neuroanatomical and functional brain metrics [Bennett and Madden, 2013; Ferreira and 

Busatto, 2013; Fjell and Walhovd, 2010]. However, if or how the age-related decline in 

behavioral measures can be explained by neuroanatomical and/or functional intra-individual 

differences is still not fully understood. One underlying mechanism for behavioral 

deterioration as well as for loss of functional connectivity could be described by the 

disconnection hypothesis [O'Sullivan et al., 2001]. The hypothesis is based on Geschwind’s 

proposal of disconnection syndromes [Geschwind, 1965], which suggests the importance of 

white matter networks for higher order function. Within this framework the decline in 

cognitive abilities could be related to deterioration of white matter (WM) tract integrity due to 

its impact on communication between brain regions.  

Indeed, there is evidence for microstructural deterioration of WM tracts in old age that seems 

to be more pronounced in frontal than in posterior brain regions [Bennett and Madden, 2013]. 

In addition, processing speed as well as higher-order cognitive abilities such as, executive 

functions and episodic memory are reported to be associated with WM integrity in normal 

healthy aging [Madden et al., 2012], supporting the disconnection hypothesis. 

With the fairly recent development of resting-state functional connectivity (rs-fMRI) it has 

become possible to study intrinsic functional connectivity between different brain regions 

when participants are at rest, thus removing the confound of strategic task performance effects. 

Several networks, each consisting of multiple brain regions, have been identified reliably 

[Fox and Raichle, 2007]. The default mode network (DMN) is one of the intrinsic resting-

state networks that has been most studied with respect to aging. The DMN includes the 

medial prefrontal cortex, posterior cingulate/retrospinal cortex, inferior parietal lobule and the 

hippocampus [Buckner et al., 2008]. These regions are important for cognitive and motor 
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functioning and therefore age-related changes in DMN functional connectivity strength could 

potentially explain part of the variation in behavioral performance with age [Ferreira and 

Busatto, 2013]. Indeed, several studies have reported decreases in DMN connectivity strength 

in group comparisons between young and older participants [Dennis and Thompson, 2014] 

but also a cross-sectional analysis over a larger age range depicted a linear decline of 

functional connectivity strength over the life span [Onoda et al., 2012]. However, a recent 

longitudinal study investigating participants with a mean age of 65.2 (range 49-79 years) at 

baseline did not detect any changes in DMN functional connectivity strength after 6 years 

follow-up [Persson et al., 2014], although they did show that a decrease in default mode 

connectivity strength was associated with a decline in memory performance. 

Considering that WM tracts reflect, to a considerable degree, the anatomical connections for 

functional connectivity it can be argued that investigating solely structural or functional 

connectivity provides a limited view of the complexity of the human brain and combined 

analysis could reveal more information about brain-behavior relationships. Nonetheless, 

studies investigating the association between structural and functional connectivity are still 

scant in the field of healthy aging. So far, one study found that integrity of the WM tract 

connecting the posterior cingulate cortex (PCC) and hippocampus was associated with 

functional connectivity strength between the two regions [Teipel et al., 2010]. In addition, 

functional connectivity strength between the PCC and the medial prefrontal cortex (mPFC) 

was related with WM integrity in a larger ROI containing the cingulum bundle [Andrews-

Hanna et al., 2007]. Further, after controlling for age, connectivity strength was associated 

with performance in three domains: memory, executive functioning, and processing speed 

[Andrews-Hanna et al., 2007]. Unfortunately, the association between the underlying WM 

integrity and cognitive performance was not analyzed.  
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To date, it is not clear if the combination of functional and structural connectivity can explain 

unique variance in cognitive performance in addition to that explained by structural 

connectivity alone. To answer this question, we analyzed structural and functional 

connectivity of the cingulum bundle. We chose this specific tract because: (a) it anatomically 

connects two major hubs of the DMN (i.e., PCC and mPFC) and is a DMN connection that is 

most robustly affected by age [Andrews-Hanna et al., 2007]; (b) it is reliably traceable 

[Greicius et al., 2009; Khalsa et al., 2013; van den Heuvel et al., 2008]; and (c) WM integrity 

within the cingulum is associated with several cognitive outcome measures (psychomotor 

performance, inhibition and semantic memory) [Metzler-Baddeley et al., 2012]. To gain 

insight about structural connectivity differences based on white matter integrity measures, we 

derived mean fractional anisotropy (FA), mean diffusivity (MD), radial diffusivity (RD) and 

axial diffusivity (AD) within a tractography based cingulum mask. To describe functional 

connectivity strength we conducted a seed-based resting-state functional MRI correlation 

approach between two major hubs of the default mode network. All associations were 

investigated within a healthy, well-educated sample of older participants. We hypothesize that 

there is a relationship between structural and functional connectivity strength since structural 

connectivity of the cingulum bundle describes the underlying anatomical connection between 

the PCC-mPFC functional connectivity [Greicius et al., 2009]. Further we hypothesize that 

cognitive and motor performance is associated with structural connectivity since tests 

employed in this study were previously related to white matter integrity in healthy aging 

samples [Bartzokis et al., 2010; Fjell and Walhovd, 2010; Metzler-Baddeley et al., 2012; Zahr 

et al., 2009]. Consequently, we suggest that functional connectivity strength is positively 

related to behavioral performance. Lastly, as white matter tracts are the fibers that connect 

brain regions, thus, representing a basis for a brain-behavior relationship, the overarching aim 

of this study was to examine if functional connectivity explains unique variance in behavior 
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in addition to that explained by structural connectivity. We hypothesize that the combination 

of structural and functional connectivity data will serve as a better predictor for behavioral 

measures than each connectivity measure separately. By combining structural and functional 

connectivity measures from a large sample we aim to gain further insight into the relationship 

between brain and cognition in healthy aging.  

Materials and Methods 

Participants 

We sampled 201 subjects from the first time point of the longitudinal healthy aging brain 

(LHAB) database project conducted at the International Normal Aging and Plasticity Imaging 

Center (INAPIC) at the University of Zurich, Switzerland [Zöllig et al., 2011] who had 

available data for DTI, fMRI, education and blood pressure. Participants were all older than 

64, had a Mini Mental State Examination [MMSE; Folstein et al., 1975] score higher than 26, 

had no history of neurological or psychiatric diseases, were right handed and passed MRI 

safety requirements. All participants gave voluntary informed consent, in accordance with 

guidelines from the Helsinki declaration, prior to participation.  

MR Acquisition  

All scans were performed using a 3.0 T Philips Ingenia scanner (Philips Medical Systems, 

Best, The Netherlands). For each participant, the following images were acquired: 

Two high-resolution T1-weighted (T1w) anatomical images using a 3D Turbo-Field-Echo 

(TFE) sequence with echo time (TE)=3.799ms, repetition time (TR)=8.18ms, field of view 

(FOV)=240×240mm, acquisition matrix=240×240mm, 160 slices, isotropic voxel size=1 mm
3
, 

flip angle=8°, number of signal average (NSA)=1, duration~7:30 minutes. 
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Diffusion-weighted single-shot spin echo EPI sequence scans with the following 

specifications: TE=55ms, TR=23983ms, flip-angle=90°, SENSE factor R=2.0, 

FOV=224x224mm, voxel size 2x2x2mm, 75 slices, no gap. Diffusion-weighted scans were 

performed along 32 non-collinear directions with a maximum b-factor of 1000 s/mm
2
, 

complemented by a single b=0 s/mm
2
 scan. Acquisition time was ~15 minutes. 

T2*-weighted BOLD image parameters were: TR=2s, TE=21ms, flip angle=76˚, 

FOV=220×220mm, voxel size 3.43×3.43×3.5mm, 43 axial slices. For resting state fMRI 225 

volumes were collected within ~8 minutes. Prior to the functional scan, participants were 

instructed to lay still, relax and to look, but not stare at the fixation cross during data 

acquisition.  

MRI data analysis 

T1w image preprocessing  

T1w images were averaged using the AnatomicalAverage script from the FMRIB Software 

Library (FSL) toolbox (http://fsl.fmrib.ox.ac.uk/fsl/fslwiki). The averaged images were 

corrected for field inhomogeneity using N4ITK [Tustison et al., 2010] within an intracranial 

mask that was obtained using FSL’s brain extraction tool (BET). The bias field corrected 

averaged image was skull stripped using FSL’s BET. For further analysis we refer to this 

image as the averaged T1w image. 

Analysis of DTI data 

DTI image preprocessing 

FSL version 5.0.4 was used for eddy current correction and correction of head motion of the 

diffusion weighted images. FSL’s diffusion toolbox was used for tensor fitting to obtain 
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fractional anisotropy (FA), and mean/axial/radial diffusivity (MD/AD/RD) maps [Smith et al., 

2004]. 

Probabilistic tractography 

We used a seed-based probabilistic approach to track the cingulum bundle. The tractography 

was therefore conducted between a posterior and anterior ROI. Because the same posterior 

ROI coordinates were used for the functional and structural analysis, the posterior ROI was 

placed at the posterior cingulum PCC (MNI coordinate 0, -53, 26) based on a previous rs-

fMRI connectivity study [Van Dijk et al., 2010]. However, to ensure that the ROI reached 

into the WM, which is essential for tractography, we created a spherical ROI with 12mm 

radius to track the cingulum bundle (vs. 6mm see below). The anterior ROIs for the 

tractography and resting state analysis differed. The anterior ROI to track the cingulum was 

placed in accordance with Wakana et al. [2007]. This ROI is situated just above the middle of 

the genu of the corpus callosum in the coronal plane, a location within WM, which is not 

suitable for rs-fMRI analysis. To find the middle of the corpus callosum’s genu we first 

selected the mid-sagittal plane from the genu mask (obtained from the JHU ICBM-DTI-81 

White-Matter Labels Atlas). Using fslstats the center of gravity was determined indicating the 

middle of the genu. A box was created with the following dimensions 31x5x30mm. To track 

the cingulum bundle in the right hemisphere, the left lower corner of the ROI cuboid was 

placed at 30, 22, 12 (MNI space); for the left cingulum bundle, the left lower corner of the 

ROI was placed at 0, 22, 12 (MNI space). Both ROIs were used as seed and waypoint masks. 

Posterior and frontal ROIs are depicted in Figure 1. 

For further analyses we transformed the ROIs from MNI into native diffusion space with the 

following steps: 
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First, the averaged T1w image was rigidly registered to the DTI images using FSL's Linear 

Image Registration Tool (FLIRT) with mutual information used as a cost function. The co-

registered average T1w image was then normalized into MNI space using linear (FLIRT) and 

nonlinear registration FNIRT (FSL's Non-linear Image Registration Tool). The obtained 

warp-fields were inverted using the invwarp command and subsequently applied to the ROI to 

obtain the PCC and anterior ROI in native diffusion space. 

 

*** Insert Figure 1 about here *** 

 

FSL’s diffusion toolbox was used to determine the probabilistic tractography. First, we used 

the BEDPOSTX (Bayesian Estimation of Diffusion Parameters Obtained using Sampling 

Techniques) command to calculate the distribution of fiber orientations at each brain voxel. 

Second, the probtrackx2 command was used to initiate probabilistic tractography from each 

voxel within the seed ROI. We applied the following parameters: streamlines=25’000; step 

length=0.5mm; curvature threshold=0.2. To ensure that only the cinglum bundle was tracked, 

tractography for each hemisphere was conducted twice, once using the PCC ROI as a seed 

mask and the anterior ROI as a waypoint mask (PCC-tract), and vice versa (i.e., anterior 

ROI=seed mask; PCC=waypoint mask; anterior-tract). All tracts were further thresholded 

based on the individual maximum connectivity value within a tract. The maximum 

connectivity value was obtained with fslstats and voxels which had values of more than 5% of 

the maximum connectivity value were kept in the analysis [Bennett et al., 2011]. Furthermore, 

tracts were binarized and combined by masking the PCC with the anterior-tract (final-tract; 

see Figure 2). Finally, we masked diffusion maps with the binarized final-tract to compute the 

mean value of FA/MD/AD and RD within the final-tract mask. We did not trace the entire 
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cingulum bundle but just the posterior part. This procedure was applied to obtain more robust 

tract length and to ensure that only the cingulum bundle was traced. All tracts were visually 

inspected by SH. Subjects were excluded if tractography failed or a tract was touching the 

edge of the ROI (leading to 25 exclusions). In addition, participants were excluded if the 

transformation for the ROI into diffusion space failed (e.g., ROI depicted a hole). ROI 

transformation failed for 17 participants. The excluded participants did not differ in age, 

education, MMSE and gender (t-test, for all p>.07). 

*** Insert Figure 2 about here *** 

 

Analysis of Resting-State Data 

Rs-fMRI Data Preprocessing 

The first 10 volumes of the time-series were discarded. Images were corrected for slice-timing 

using sinc interpolation to the median reference slice and realigned for head motion correction 

using the Statistical Parametric Mapping software (SPM8, Welcome Department of Imaging 

Neuroscience, Institute of Neurology, London, United Kingdom). Whole brain rs-fMRI 

images were normalized to MNI space using a multi-step approach. First the averaged T1w 

image was co-registered to the mean rs-fMRI echo planar image (EPI) using SPM8. The co-

registered averaged T1w image was smoothed with a Gaussian kernel of 0.9 mm and 

normalized to MNI152 space using non-linear transformation with symmetric normalization 

(SyN) using Advanced Normalization Tools (ANTs; http://picsl.upenn.edu/software/ants/). 

The resulting warp parameters were applied to the 4D EPI images, which were subsequently 

smoothed using FSL with a Gaussian kernel of 4 mm. Four participants were excluded 

because of excessive head motion (> 3 mm, mean for included participants: 0.35 mm). 
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Rs-fMRI connectivity 

The Data Processing Assistant for Resting-State fMRI (DPARSF) software package [Chao-

Gan and Yu-Feng, 2010] and the Resting-State fMRI Data Analysis Toolkit (REST, 

http://www.restfmri.net) [Song et al., 2011] were used for calculation of the functional 

connectivity maps. After normalization and pre-processing of the functional images the linear 

drift was removed using DPARSF’s detrend. A temporal bandpass filter (0.01–0.08 Hz) was 

applied to reduce low-frequency drifts and physiological high-frequency noise. To generate 

functional connectivity maps, we created a 6mm spherical seed in the medial PCC cortex 

(MNI coordinate 0, -53, 26) based on [Van Dijk et al., 2010]. Head motion realignment 

parameters (3 rotations and 3 translations) and signals from the WM and CSF were regressed 

out during the calculation of functional connectivity maps. For whole brain analysis WM and 

CSF signals were extracted based on the mask provided by the REST toolkit. Pearson’s 

correlation coefficient between the averaged time course at the seed ROI and each brain 

voxel’s time course were computed. The correlation maps were converted to z-scores using 

Fisher’s r-to-z transformation. The individual z-maps were then entered into a random effects 

analysis. In order to determine the peak correlation between the PCC ROI and the medial 

prefrontal cortex (mPFC) region, a one-sample t-test was performed on the z-maps that were 

created from the PCC ROI in a voxel-wise manner. Because of the relatively large number of 

subjects in our analysis, we chose a rather conservative statistical threshold, (p<0.01x10
-8

, 

FWE corrected) for the initial voxel-wise connectivity maps. We then created a second 6mm 

spherical ROI in the mPFC (MNI coordinate 0, 62, -6) and subsequently reran the analysis 

(Figure 1). This time we concentrated our analysis on the correlation strengths between the 

PCC and mPFC seed ROIs. Again, the resulting Pearson correlation coefficient between two 

regions was converted to z values using Fisher’s r-to-z transformation. 
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Behavioral assessment 

All participants completed an extensive cognitive and sensory-motor test battery.  

Cognitive performance 

The following cognitive outcome measures were assessed: (a) processing speed, (b) memory 

and (c) executive functions. 

(a) Processing speed (PS): PS was measured with the Digit Symbol-Coding Test of the 

Wechsler Adult Intelligence Scale [WAIS; Aster et al., 2006] In this test, numbers from 1-9 

are presented, each with a corresponding symbol. The aim is to fill in the blanks under 

additional rows of numbers by drawing the corresponding symbol below the number as fast as 

possible. The number of correct symbols drawn in 120 seconds was recorded. The second PS 

measure was time to task completion of the Trail Making Test (TMT) part A [Reitan and 

Wolfson, 1985]. The third PS measure was assessed using the Regensburger word fluency test 

[Regensburger Wortflüssigkeits-Test; RWT; Aschenbrenner, Tucha, and Lange, 2000]. 

Participants were asked to name as many animals as possible within two minutes. 

(b) Memory: Immediate and delayed episodic memory was measured using the 

German version of the Ray Auditory Verbal Learning Task [RAVLT; Rey 1964] [Verbaler 

Lern- und Merkfähigkeitstest (VLMT); Helmstaedter et al., 2001]. In the immediate verbal 

recall phase, participants had to recall a list of 20 words immediately after an examiner 

presented the list verbally. This procedure was repeated 5 times. The score for immediate 

verbal recall was the sum of words recalled per session. Delayed verbal recall score was the 

number of words that participants remembered after an unexpected retrieval after a 20 minute 

break; Figural memory capacity was assessed using the DCS (Diagnosticum für 

Cerebralschädigung a diagnostic method for cerebral impairment). Participants were shown 
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consecutively and without time constraints 9 figures printed on cards. Each figure consisted 

of 5 lines. Participants were instructed to look at the figures carefully and to remember them 

as accurately as possible. After the last card was shown, participants were encouraged to 

reconstruct all previously presented figures using 5 12cm long, wooden sticks. The test 

consisted of 6 runs and was either finished after 6 trials or when all 9 figures were 

reconstructed. All remaining runs were then scored as 9. The maximum score for the DCS 

was 54. There was no constraint concerning the order in which participants reproduced the 

figures.  

(c) Executive functions (EF): Two sub-components of executive functioning, 

inhibition and task-switching, were assessed. Inhibition was measured using a computerized 

version of the Stroop task (Vienna Test System, Schuhfried). In the Stroop task, participants 

are asked to name the color in which the words are displayed as fast as possible. The 

inhibition score is the ratio between the median reaction time for congruent and incongruent 

stimuli. Task-switching was measured using the TMT. The task-switching score is the 

difference between time required to complete TMT part B minus time required for TMT part 

A.  

Motor behavior 

We obtained the following motor outcome measures (a) motor speed and (b) grip force. 

(a) Motor speed: Motor speed was measured using the grooved pegboard (Lafayette 

Instrument Company, Lafayette, IN 47903 USA; model 32025) and a tapping task. The 

grooved pegboard test consists of a board with 25 holes, which have randomly aligned slots 

and pegs with a key along the side, which fit into the holes when rotated accordingly. 

Participants were asked to fill all of the holes with pegs as fast as possible. Pegs were placed 

from left to right with the right hand and from right to left with the left hand. Time was 
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measured from the moment participants picked up the first peg until all the holes of the board 

were filled. The amount of motor taps executed in 32 seconds was measured using the tapping 

test from the motor performance series (MLS, Vienna Test System, Schuhfried). Participants 

were asked to tap as many times as possible on a 4×4 cm metal plate with a pen-like device. 

Both hands were tested.  

 (b) Grip force was measured using a hydraulic hand dynamometer (Model SH5001, 

Saehan Corporation, Korea). Participants were asked to sit upright, with the shoulder in a 

neutral position, elbow in 90° flexion, the forearm in a neutral position and with a 0°–30° 

wrist extension. Data was collected alternately for the right and left hand with a break of 30 

seconds between measurements. Participants were asked to keep the force stable for 4 seconds 

for each trial. Three measurements per hand were collected. If the third measurement was the 

highest, data collection continued until performance dropped under a previous measurement. 

Grip force score represents the mean of the three highest measurements for each participant in 

kilograms.  

Covariates 

Analyses were adjusted for several potential confounders which have been demonstrated to be 

associated with age, behavioral and brain outcome measures: blood pressure [Beauchet et al., 

2013; Marcus et al., 2011], years of education [Alley et al., 2007; Noble et al., 2013] and 

gender [Hsu et al., 2008; Inano et al., 2012; Maylor et al., 2007]. 

Blood pressure was obtained using an automated blood pressure cuff (Model M6, HEM-7211-

E; Omron Corporation, Kyoto, Japan). Measurements were conducted three times at the same 

day (roughly 2.5-3 hours apart) and the average for the diastolic measurement was used for 

analysis.  
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Education depict years spend until achievement of highest degree of education based on self-

report. 

Statistical Analyses  

All statistical analyses were performed using IBM SPSS Statistics for Mac OS X, Version 19. 

To ensure that extreme cases did not drive associations, outliers of the dependent and 

independent variables (i.e., values three standard deviations above or below the mean) were 

removed.  

Raw data for all behavioral tests were z-transformed and if necessary reversed (multiplied by 

-1) so that higher numbers always represent better performance. Test parameters were 

reduced to 4 behavioral domains based on literature (PS, memory, EF and motor speed) by 

equally integrating the above-mentioned tests (see Table 1 for the correlation matrix of the 

test parameters). Brain parameter scores were additionally standardized using z-scores for 

better comparisons. 

*** Insert Table 1 about here *** 

To assess a potential association between structural and functional connectivity, correlations 

between functional connectivity and diffusion measures were calculated.  

To determine the associations between structural or functional connectivity with behavioral 

outcome measures we created general linear models (GLM) that were adjusted for age, gender, 

education and diastolic blood pressure. To explore the possibility if overall brain atrophy (one 

covariate controlling for both, gray matter (GM) and WM volume atrophy ((WM+GM 

Volume)/ICV Volume)) could confound our associations between behavioral measures and 

brain parameters we run all analyses with atrophy included as a covariate. No significant 

differences in results were found and thus, only models without atrophy are shown. As FA 
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and MD are derived from the 3 eigenvectors of the diffusion ellipsoid which also depict axial 

(first eigenvector) and radial (mean of second and third eigenvectors) diffusivity, significant 

associations in AD or RD should be reflected in significant associations in either MD or FA. 

Thus, for the association between behavioral measures and structural connectivity only GLMs 

for FA and MD are conducted in a first step. If significant relations could be found, additional 

analyses for AD and RD were conducted. Second, to test if the functional connectivity 

explains significant additional variance in our behavioral data on top of the variance 

explained by structural connectivity, we used hierarchical regression analysis. Separate 

regressions were conducted for each structural connectivity measure. All models included age, 

gender, education and diastolic blood pressure as covariates of no interest. The level of 

significance for all tests was set to p=.05, uncorrected for multiple comparisons unless 

otherwise indicated. 

Eta-squared (η
2
) was calculated as effect size by dividing the Type III Sum of Squares of the 

factor of interest by the Total Sum of Squares (“Corrected Total” in SPSS). Because we were 

interested in the dominant (right) hand performance and WM integrity of the cingulum bundle 

was significantly correlated between the left and right hemispheres (FA: r(162)=.581 p<.001; 

MD: r(162)=.798 p<.001; AD: r(160)=.575 p<.001; RD: r(163)=.740 p<.001), we decided to 

only include the left cingulum tract in our analyses. In addition, supplementary analyses, 

which included the mean of the left and the right diffusion measures for the cingulum tract, 

revealed no differences in associations between behavioral measures and structural 

connectivity.  

Results 

Sample characteristics and overview of all behavioral tasks and brain parameters can be found 

in Table 2. All behavioral measures and several structural connectivity measures (i.e., MD, 

AD and RD) showed associations with age. 
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*** Insert Table 2 about here *** 

 

There was no significant relationship between structural and functional connectivity measures 

(Table 3).  

 

*** Insert Table 3 about here *** 

None of the cognitive composite scores were significantly associated with SC measures 

whereas FC was significantly associated with PS performance (Table 4). For motor behavior, 

we observed a significant association between SC measures (i.e., FA and MD) and grip force. 

Furthermore, FC strength was positively associated with motor speed performance (Table 4). 

Additional linear regression analyses for investigating the relationship between AD and RD 

and grip force revealed significant associations between grip force and RD (β=-.130, p=.006, 

η2
=.006) whereas no relation was found for AD (β=-.021, p=.652, η

2
<.001). After 

controlling for multiple comparisons using the procedure suggested by Holm [1979] the 

association between FC and motor speed remained significant.  

 

*** Insert Table 4 about here *** 

For the hierarchical regression analyses the structural connectivity measures (FA or MD) 

were entered first, followed in the second step by the functional connectivity measure. The 

combination of SC and FC did not explain unique variance in behavioral performance, thus, 

significant increase in model fit when adding FC in a second step was only observed for PS 

and motor speed composite scores, which were significantly associated with FC in the first 
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place (as stated above). In addition, non-significant associations between PS, memory, EF and 

motor speed composite scores and SC remained after including FC in a second step, hence, 

the lack of associations between SC and these behavioral measures can not be explained by a 

masking effect of differences in FC. 

 

Discussion 

Our study showed that WM integrity within the cingulum bundle is associated with age, 

which corroborates previous findings. In general, WM integrity throughout the entire brain is 

reported to decline with age [Bennett and Madden, 2013]. Previous studies that investigated 

more specifically the relationship between WM integrity of the cingulum bundle and age also 

observed an age-related decline. Principally, FA was persistently negatively associated with 

age whereas the relationship between diffusion metrics was not consistent across studies. 

Using the tractography approach, previous work showed that older participants differ 

significantly from young participants in the cingulum’s FA and RD but not MD or AD [Davis 

et al., 2009; Zahr et al., 2009]. Interestingly, in a tract-based spatial statistics study by Salami 

et al. [2011] the MD within the cingulum was not associated with age whereas a decrease in 

MD with age on the whole brain level was apparent. However, Borghesani and colleagues 

[2013] recently observed an age-related decline in WM integrity for all diffusion metrics 

within the cingulum bundle. Whereas we found associations for MD, AD and RD, no 

relationship was apparent between FA and age. Since RD is commonly associated with 

myelin integrity, while AD is assumed to reflect axonal integrity [Song et al., 2003] we 

suggest that differences in myelin integrity and axial density arise with increasing age, 

however, the overall directionality of diffusion independent of its rate within this specific 

well-defined tract does not vary among older participants. Discrepancies between our findings 

and former studies could be attributed to large differences in sample characteristics between 

Page 18 of 68

John Wiley & Sons, Inc.

Human Brain Mapping

This article is protected by copyright. All rights reserved.



A
cc

ep
te

d
 A

rt
ic

le

Corresponding author: Sarah Hirsiger  

 19 

studies, which make it difficult to relate our results to previous findings. First, Salami and 

colleagues [2011] investigated WM integrity over a large age range, including participants as 

young as 25 which clearly leads to larger variability within the data. Even though the age 

range was smaller in the study conducted by Borghesani et al. [2013] (age range=54-89), it 

spanned 35 years while our study is restricted to an age range of 21 years (age range=64-85).  

In contrast to structural connectivity, we observed no relationship between functional 

connectivity and age. In a recent review, Dennis and Thompson [2014] concluded that DMN 

functional connectivity decreased with age. It is important to mention that most of the studies 

included in the review based their assumption on group comparisons between young and 

older participants [Andrews-Hanna et al., 2007; Damoiseaux et al., 2008; Wu et al., 2011]. 

However, in addition to a group comparison Andrews-Hanna and colleagues [2007] also 

investigated the relationship between age and functional connectivity within a group of older 

participants aged 60 to 90. They found a significant decrease in connectivity with increasing 

age. To gain a more clear-cut picture about the difference of functional connectivity strength 

over the life span Onoda and colleagues [2012] as well as Mevel and colleagues [2013] 

included a sample between 36 to 86 and 19 to 80 years of age respectively in their cross-

sectional analyses. Results from both studies delineated a linear negative association between 

age and functional connectivity strength within the DMN. More precisely, Mevel et al. [2013] 

also reported a negative linear association of the PCC–mPFC functional connectivity strength 

and increasing age. To the best of our knowledge, Persson et al. [2014] were the first to 

systematically investigate longitudinal functional connectivity changes within the DMN in a 

relatively large sample of healthy aging participants. In contrast to the aforementioned studies, 

the authors reported no relationship between age and functional connectivity change between 

the PCC and mPFC ROI within a test-retest period of six years. Thus, including our findings, 

the picture about the functional connectivity and age is not as clear-cut as previously stated.  
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The cingulum bundle was previously shown to connect the PCC and the mPFC of the DMN 

[e.g., Greicius et al., 2009]. Using a new fully automatic approach we were able to track the 

cingulum bundle for more than 100 participants using ROIs based on functional data from 

literature, thus, supporting the notion of a monosynaptic connection between the PCC and the 

mPFC. However, our main goal was to determine if there is an association between the SC 

and FC strength and if structural and functional connectivity data will serve as a better 

predictor for behavioral measures than each connectivity measure separately. In contrast to 

previous findings suggesting a relationship between SC / FC strength between the two key 

regions of the DMN (PCC-mPFC) in young adults [Khalsa et al., 2013; van den Heuvel et al., 

2008] our data did not support such a notion. Analyzing data from 45 young participants van 

den Heuvel and colleagues [2008] found a positive relationship between the mean FA value 

within the cingulum bundle and the functional connectivity strength between the PCC and 

mPFC ROI. Interestingly, a relationship between SC and FC strength within the DMN can 

also be seen when age related declines in both white matter integrity and FC strength are 

apparent [Andrews-Hanna et al., 2007]. The reported association between SC and FC in aging 

participants does also support the disconnection hypothesis according to which deterioration 

in structural connectivity between linked brain regions could lead to a decrease in functional 

connectivity within the two connected areas [Bennett and Madden, 2013]. However, we did 

not observe an association between any measure of WM integrity and functional connectivity 

in the cingulum bundle. This could be due to insufficient variation in functional connectivity 

strength with age in our sample of healthy older adults. Further reasons for the absence of a 

SC and FC relationship could be an existent compensation mechanism in healthy aging 

participants, which would also explain the differing results compared to younger adults. As 

we found significant associations between FC and behavioral outcome measures we could 

argue that the maintenance of FC strength is desirable. Thus, the preservation of FC strength 
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could be attributable to indirect white matter tracts that could compensate for any loss of 

functional connectivity through the deteriorated white matter of the cingulum bundle. As 

Andrews-Hanna and colleagues [2007] extracted SC measures from a relatively large and 

coarsely defined ROI they may have included tracts involved in such a compensation 

mechanism. As we did not find an association between FC and age we could also argue that a 

relationship between SC and FC in aging can only be established after a detectable age related 

decline in FC strength. In other words such a relationship is masked by a running 

compensation strategy and can only be detected after functional connectivity strength can no 

more be maintained. It seems that previous longitudinal studies support this idea. While the 

age-related decrease in structural connectivity seems established [Barrick et al., 2010], first 

longitudinal functional connectivity data in healthy older adults depict stability over a 6 year 

time period [Persson et al., 2014]. 

One of the main goals of this study was to investigate if the combined information of 

structural and functional connectivity between brain areas connected through the cingulum 

tract could be a better predictor for cognitive and motor behavior outcome measures. We 

therefore investigated different cognitive domains and motor behaviors, which are 

consistently reported to be associated with age [Grady, 2012; Seidler et al., 2010]. First, we 

examined the relationship between behavioral measures and structural connectivity. Structural 

connectivity was in previous studies reported to be associated with processing speed or 

executive functions [Fjell and Walhovd, 2010; Raz and Rodrigue, 2006]. In contrast to our 

hypothesis we did not observe such a relation. However, grip force strength was significantly 

related to measures of WM integrity. An additional analysis revealed that besides FA and MD, 

grip force is significantly associated with RD whereas no association with AD was found. 

Investigating the relationship between several behavioral measures and long white matter 

tract integrity Davis and colleagues [2009] found stronger associations with RD as compared 
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to AD. Based on animal studies, RD is often interpreted as marker for myelin integrity [Song 

et al., 2002]. Thus, we could argue that demyelination of the cingulum bundle could have 

driven the association between grip force and SC rather than axonal integrity. However, the 

neuroanatomical substrates of AD and RD are poorly understood so far [Bennett and Rypma, 

2013]. In general, grip strength is associated not only with physical but also mental health 

(e.g., depression) [Rantanen et al., 2000a; Rantanen et al., 2000b; Syddall et al., 2003]. It is 

reported to be clearly associated with age [Frederiksen et al., 2006] but underlying 

mechanisms of grip strength ability still need to be clarified. There is clear evidence that not 

only muscle mass/quality but also neural control affects motor performance in older adults 

[Seidler et al., 2010]. In a functional MRI analysis Noble et al. [2011] found that with 

increased generated strength brain regions included motor cortical areas, the cingulate gyrus 

and medial frontal areas showed higher activation in older compared to younger participants. 

It could therefore be argued that grip strength decline is associated with neuroanatomical and 

functional age-related alterations. It would be interesting to focus on tracts more specifically 

related to motor control (e.g., superior longitudinal fasciculus and corticospinal tract) to see if 

degeneration of these tracts is an even better predictor of grip strength. Discrepancies between 

our findings and results from former studies could be ascribed to the fact that we investigated 

a very homogenous sample of older highly educated participants, who did not show any signs 

of cognitive impairment or dementia, whereas other studies often include less cognitive 

healthy samples in which the association between cingulum bundle integrity and function 

might be more apparent due to the larger variability in these measures. In addition, the age 

range of our participants was relatively small, which could have led to less variance in the 

variables of interest compared to other studies. 

Second, we analyzed the relationship between functional connectivity strength and behavioral 

measurements. We observed that performance on both cognitive and motor behavioral tasks 
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were related to functional connectivity strength. Interestingly, both composite scores 

associated with functional connectivity are measures for speed with which a task can be 

completed (in terms of cognition and motor behavior). Although after controlling for multiple 

comparisons only motor speed still reached significance. Nevertheless, our results show that 

maintaining higher synchronous intrinsic functional connectivity protects for age-related 

decrease in processing speed tasks or tasks with a high PS or dexterity component. This is of 

high interest since in PS ability is not only reported to be clearly associated with increasing 

age but also PS is one of the strongest predictors of cognitive performance in older adults. 

Slowed PS is assumed to be the underlying mechanism of age-related decline in many higher-

order cognitive functions, such as working memory and executive functions [Salthouse, 1996; 

Salthouse et al., 2003]. Associations between PS and functional connectivity strength have 

been reported previously. Andrews-Hanna et al. [2007] found significant associations 

between PCC-mPFC connectivity strength and processing speed ability in older adults. A 

study with a sample with a comparable age-range as the one in our study also showed an 

association between cognition and connectivity strength [Damoiseaux et al., 2008]. More 

specifically, it showed that processing speed and other cognitive measures such as attention, 

concentration, and executive functioning were related to connectivity strength in the anterior 

DMN, which comprised the superior frontal gyrus, posterior cingulate and bilateral middle 

temporal gyrus and superior parietal regions.  

Besides cognitive alterations, decreases in sensorimotor control and functioning are prevalent 

with increasing age leading among other things to slowing of movements [Aoki and Fukuoka, 

2010; Seidler et al., 2010]. Along with the association between performance and functional 

connectivity strength in the DMN, recent results from our laboratory showed that tapping 

speed (incorporated in the motor speed composite score) is associated with functional 

connectivity strength within the sensorimotor network [Seidler et al., 2015]. Our data 
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therefore support the notion of our previous findings as it shows that participants with 

stronger functional connectivity between the PCC and mPFC outperformed participants with 

lower FC strength in motor speed. 

We explored if models that incorporated both structural as well as functional connectivity 

were better predictors of cognitive and motor behavior than models who only incorporated 

structural connectivity. Contrary to our hypothesis our results demonstrated that this was not 

the case. Although hierarchical regression analysis indicated an improvement of the model, no 

significant additive effect was found and the same results were apparent when analyzing the 

influence of structural and functional connectivity separately. 

This study has some limitations. First, all findings are based on cross-sectional data and 

observed associations cannot be interpreted as causal. In addition, the associations found in 

this study were fairly small. However, we found brain-behavioral relations in a very healthy, 

highly functioning sample with a narrow age range even after controlling for several 

covariates such as age. Therefore, we believe that these observations contribute to our 

understanding of how brain structure and function and cognitive and motor performance are 

related in normal aging.  

This study stands out by applying an automatic procedure to analyze structural and functional 

connectivity measures of the cingulum tract in a large sample. Combining these multimodal 

findings with an extensive set of cognitive and motor behavioral outcome measures helps to 

gain specific insight into the neuroanatomical and physiological underpinnings of healthy 

aging. Further, by applying strict eligibility criteria the LHAB project aims to focus on the 

course of healthy aging.  
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Conclusion 

We found no relationship between structural and functional connectivity of the cingulum 

bundle in a large well-educated sample of healthy older participants. In addition we found no 

association between functional connectivity strength and age. However, functional 

connectivity strength was a predictor for individual differences in cognitive performance, 

especially in tasks of visuomotor speed and dexterity. Based on the relevance of processing 

speed for age-related cognitive decline in general [Salthouse, 1996], it seems that maintained 

functional connectivity strength with age despite white matter integrity loss may be of great 

importance for healthy cognitive aging. Our data underline the value for combining multi-

modal imaging and cognitive/motor performance measures in order to gain a better 

understanding of integrated brain functioning in healthy aging.  
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Figure Legends 

 

Figure 1. Mid-sagittal image of the MNI152 template brain. Black indicates the posterior 

cingulate cortex and white the anterior region of interest, plaid indicates the genu of corpus 

callosum and gray the medial prefrontal cortex region of interest. Crosshairs represent the 

center of gravity of the genu of the corpus callosum. 

 

Figure 2. Steps to create the final cingulum tract. Heat colors in the cingulum tract represent 

higher probability. Threshold level is set on 5%. Yellow depicts the spherical ROI used for 

the posterior cingulate cortex, the pink color indicates the anterior ROI.  
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Abstract 

Age-related behavioral declines may be the result of deterioration of white matter tracts, 

affecting brain structural (SC) and functional connectivity (FC) during resting state. To date, 

it is not clear if the combination of SC and FC data could better predict cognitive/motor 

performance than each measure separately. We probed these relationships in the cingulum 

bundle, a major white matter pathway of the default mode network. We aimed to attain deeper 

knowledge about: (a) the relationship between age and the cingulum’s SC and FC strength, 

(b) the association between SC and FC, and particularly (c) how the cingulum’s SC and FC 

are related to cognitive/motor performance separately and combined. We examined these 

associations in a healthy and well-educated sample of 165 older participants (aged 64-85). SC 

and FC were acquired using probabilistic tractography to derive measures to capture white 

matter integrity within the cingulum bundle (fractional anisotropy, mean, axial and radial 

diffusivity) and a seed-based resting-state functional MRI correlation approach, respectively. 

Participants performed cognitive tests measuring processing speed, memory and executive 

functions, and motor tests measuring motor speed and grip force. Our data revealed that only 

SC but not resting state FC was significantly associated with age. Further, the cingulum’s SC 

and FC showed no relation. Different relationships between cognitive/motor performance and 

SC/FC separately were found, but no additive effect of the combined analysis of cingulum’s 

SC and FC for predicting cognitive/motor performance was apparent.  
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Cingulum, Cognitive Aging, Functional Connectivity, Multimodal Imaging, Tractography 
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Introduction 

It is well established that healthy aging is associated with changes in behavior, 

neuroanatomical and functional brain metrics [Bennett and Madden, 2013; Ferreira and 

Busatto, 2013; Fjell and Walhovd, 2010]. However, if or how the age-related decline in 

behavioral measures can be explained by neuroanatomical and/or functional intra-individual 

differences is still not fully understood. One underlying mechanism for behavioral 

deterioration as well as for loss of functional connectivity could be described by the 

disconnection hypothesis [O'Sullivan et al., 2001]. The hypothesis is based on Geschwind’s 

proposal of disconnection syndromes [Geschwind, 1965], which suggests the importance of 

white matter networks for higher order function. Within this framework the decline in 

cognitive abilities could be related to deterioration of white matter (WM) tract integrity due to 

its impact on communication between brain regions.  

Indeed, there is evidence for microstructural deterioration of WM tracts in old age that seems 

to be more pronounced in frontal than in posterior brain regions [Bennett and Madden, 2013]. 

In addition, processing speed as well as higher-order cognitive abilities such as, executive 

functions and episodic memory are reported to be associated with WM integrity in normal 

healthy aging [Madden et al., 2012], supporting the disconnection hypothesis. 

With the fairly recent development of resting-state functional connectivity (rs-fMRI) it has 

become possible to study intrinsic functional connectivity between different brain regions 

when participants are at rest, thus removing the confound of strategic task performance effects. 

Several networks, each consisting of multiple brain regions, have been identified reliably 

[Fox and Raichle, 2007]. The default mode network (DMN) is one of the intrinsic resting-

state networks that has been most studied with respect to aging. The DMN includes the 

medial prefrontal cortex, posterior cingulate/retrospinal cortex, inferior parietal lobule and the 

hippocampus [Buckner et al., 2008]. These regions are important for cognitive and motor 
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functioning and therefore age-related changes in DMN functional connectivity strength could 

potentially explain part of the variation in behavioral performance with age [Ferreira and 

Busatto, 2013]. Indeed, several studies have reported decreases in DMN connectivity strength 

in group comparisons between young and older participants [Dennis and Thompson, 2014] 

but also a cross-sectional analysis over a larger age range depicted a linear decline of 

functional connectivity strength over the life span [Onoda et al., 2012]. However, a recent 

longitudinal study investigating participants with a mean age of 65.2 (range 49-79 years) at 

baseline did not detect any changes in DMN functional connectivity strength after 6 years 

follow-up [Persson et al., 2014], although they did show that a decrease in default mode 

connectivity strength was associated with a decline in memory performance. 

Considering that WM tracts reflect, to a considerable degree, the anatomical connections for 

functional connectivity it can be argued that investigating solely structural or functional 

connectivity provides a limited view of the complexity of the human brain and combined 

analysis could reveal more information about brain-behavior relationships. Nonetheless, 

studies investigating the association between structural and functional connectivity are still 

scant in the field of healthy aging. So far, one study found that integrity of the WM tract 

connecting the posterior cingulate cortex (PCC) and hippocampus was associated with 

functional connectivity strength between the two regions [Teipel et al., 2010]. In addition, 

functional connectivity strength between the PCC and the medial prefrontal cortex (mPFC) 

was related with WM integrity in a larger ROI containing the cingulum bundle [Andrews-

Hanna et al., 2007]. Further, after controlling for age, connectivity strength was associated 

with performance in three domains: memory, executive functioning, and processing speed 

[Andrews-Hanna et al., 2007]. Unfortunately, the association between the underlying WM 

integrity and cognitive performance was not analyzed.  
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To date, it is not clear if the combination of functional and structural connectivity can explain 

unique variance in cognitive performance in addition to that explained by structural 

connectivity alone. To answer this question, we analyzed structural and functional 

connectivity of the cingulum bundle. We chose this specific tract because: (a) it anatomically 

connects two major hubs of the DMN (i.e., PCC and mPFC) and is a DMN connection that is 

most robustly affected by age [Andrews-Hanna et al., 2007]; (b) it is reliably traceable 

[Greicius et al., 2009; Khalsa et al., 2013; van den Heuvel et al., 2008]; and (c) WM integrity 

within the cingulum is associated with several cognitive outcome measures (psychomotor 

performance, inhibition and semantic memory) [Metzler-Baddeley et al., 2012]. To gain 

insight about structural connectivity differences based on white matter integrity measures, we 

derived mean fractional anisotropy (FA), mean diffusivity (MD), radial diffusivity (RD) and 

axial diffusivity (AD) within a tractography based cingulum mask. To describe functional 

connectivity strength we conducted a seed-based resting-state functional MRI correlation 

approach between two major hubs of the default mode network. All associations were 

investigated within a healthy, well-educated sample of older participants. We hypothesize that 

there is a relationship between structural and functional connectivity strength since structural 

connectivity of the cingulum bundle describes the underlying anatomical connection between 

the PCC-mPFC functional connectivity [Greicius et al., 2009]. Further we hypothesize that 

cognitive and motor performance is associated with structural connectivity since tests 

employed in this study were previously related to white matter integrity in healthy aging 

samples [Bartzokis et al., 2010; Fjell and Walhovd, 2010; Metzler-Baddeley et al., 2012; Zahr 

et al., 2009]. Consequently, we suggest that functional connectivity strength is positively 

related to behavioral performance. Lastly, as white matter tracts are the fibers that connect 

brain regions, thus, representing a basis for a brain-behavior relationship, the overarching aim 

of this study was to examine if functional connectivity explains unique variance in behavior 
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in addition to that explained by structural connectivity. We hypothesize that the combination 

of structural and functional connectivity data will serve as a better predictor for behavioral 

measures than each connectivity measure separately. By combining structural and functional 

connectivity measures from a large sample we aim to gain further insight into the relationship 

between brain and cognition in healthy aging.  

Materials and Methods 

Participants 

We sampled 201 subjects from the first time point of the longitudinal healthy aging brain 

(LHAB) database project conducted at the International Normal Aging and Plasticity Imaging 

Center (INAPIC) at the University of Zurich, Switzerland [Zöllig et al., 2011] who had 

available data for DTI, fMRI, education and blood pressure. Participants were all older than 

64, had a Mini Mental State Examination [MMSE; Folstein et al., 1975] score higher than 26, 

had no history of neurological or psychiatric diseases, were right handed and passed MRI 

safety requirements. All participants gave voluntary informed consent, in accordance with 

guidelines from the Helsinki declaration, prior to participation.  

MR Acquisition  

All scans were performed using a 3.0 T Philips Ingenia scanner (Philips Medical Systems, 

Best, The Netherlands). For each participant, the following images were acquired: 

Two high-resolution T1-weighted (T1w) anatomical images using a 3D Turbo-Field-Echo 

(TFE) sequence with echo time (TE)=3.799ms, repetition time (TR)=8.18ms, field of view 

(FOV)=240×240mm, acquisition matrix=240×240mm, 160 slices, isotropic voxel size=1 mm
3
, 

flip angle=8°, number of signal average (NSA)=1, duration~7:30 minutes. 
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Diffusion-weighted single-shot spin echo EPI sequence scans with the following 

specifications: TE=55ms, TR=23983ms, flip-angle=90°, SENSE factor R=2.0, 

FOV=224x224mm, voxel size 2x2x2mm, 75 slices, no gap. Diffusion-weighted scans were 

performed along 32 non-collinear directions with a maximum b-factor of 1000 s/mm
2
, 

complemented by a single b=0 s/mm
2
 scan. Acquisition time was ~15 minutes. 

T2*-weighted BOLD image parameters were: TR=2s, TE=21ms, flip angle=76˚, 

FOV=220×220mm, voxel size 3.43×3.43×3.5mm, 43 axial slices. For resting state fMRI 225 

volumes were collected within ~8 minutes. Prior to the functional scan, participants were 

instructed to lay still, relax and to look, but not stare at the fixation cross during data 

acquisition.  

MRI data analysis 

T1w image preprocessing  

T1w images were averaged using the AnatomicalAverage script from the FMRIB Software 

Library (FSL) toolbox (http://fsl.fmrib.ox.ac.uk/fsl/fslwiki). The averaged images were 

corrected for field inhomogeneity using N4ITK [Tustison et al., 2010] within an intracranial 

mask that was obtained using FSL’s brain extraction tool (BET). The bias field corrected 

averaged image was skull stripped using FSL’s BET. For further analysis we refer to this 

image as the averaged T1w image. 

Analysis of DTI data 

DTI image preprocessing 

FSL version 5.0.4 was used for eddy current correction and correction of head motion of the 

diffusion weighted images. FSL’s diffusion toolbox was used for tensor fitting to obtain 
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fractional anisotropy (FA), and mean/axial/radial diffusivity (MD/AD/RD) maps [Smith et al., 

2004]. 

Probabilistic tractography 

We used a seed-based probabilistic approach to track the cingulum bundle. The tractography 

was therefore conducted between a posterior and anterior ROI. Because the same posterior 

ROI coordinates were used for the functional and structural analysis, the posterior ROI was 

placed at the posterior cingulum PCC (MNI coordinate 0, -53, 26) based on a previous rs-

fMRI connectivity study [Van Dijk et al., 2010]. However, to ensure that the ROI reached 

into the WM, which is essential for tractography, we created a spherical ROI with 12mm 

radius to track the cingulum bundle (vs. 6mm see below). The anterior ROIs for the 

tractography and resting state analysis differed. The anterior ROI to track the cingulum was 

placed in accordance with Wakana et al. [2007]. This ROI is situated just above the middle of 

the genu of the corpus callosum in the coronal plane, a location within WM, which is not 

suitable for rs-fMRI analysis. To find the middle of the corpus callosum’s genu we first 

selected the mid-sagittal plane from the genu mask (obtained from the JHU ICBM-DTI-81 

White-Matter Labels Atlas). Using fslstats the center of gravity was determined indicating the 

middle of the genu. A box was created with the following dimensions 31x5x30mm. To track 

the cingulum bundle in the right hemisphere, the left lower corner of the ROI cuboid was 

placed at 30, 22, 12 (MNI space); for the left cingulum bundle, the left lower corner of the 

ROI was placed at 0, 22, 12 (MNI space). Both ROIs were used as seed and waypoint masks. 

Posterior and frontal ROIs are depicted in Figure 1. 

For further analyses we transformed the ROIs from MNI into native diffusion space with the 

following steps: 
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First, the averaged T1w image was rigidly registered to the DTI images using FSL's Linear 

Image Registration Tool (FLIRT) with mutual information used as a cost function. The co-

registered average T1w image was then normalized into MNI space using linear (FLIRT) and 

nonlinear registration FNIRT (FSL's Non-linear Image Registration Tool). The obtained 

warp-fields were inverted using the invwarp command and subsequently applied to the ROI to 

obtain the PCC and anterior ROI in native diffusion space. 

 

*** Insert Figure 1 about here *** 

 

FSL’s diffusion toolbox was used to determine the probabilistic tractography. First, we used 

the BEDPOSTX (Bayesian Estimation of Diffusion Parameters Obtained using Sampling 

Techniques) command to calculate the distribution of fiber orientations at each brain voxel. 

Second, the probtrackx2 command was used to initiate probabilistic tractography from each 

voxel within the seed ROI. We applied the following parameters: streamlines=25’000; step 

length=0.5mm; curvature threshold=0.2. To ensure that only the cinglum bundle was tracked, 

tractography for each hemisphere was conducted twice, once using the PCC ROI as a seed 

mask and the anterior ROI as a waypoint mask (PCC-tract), and vice versa (i.e., anterior 

ROI=seed mask; PCC=waypoint mask; anterior-tract). All tracts were further thresholded 

based on the individual maximum connectivity value within a tract. The maximum 

connectivity value was obtained with fslstats and voxels which had values of more than 5% of 

the maximum connectivity value were kept in the analysis [Bennett et al., 2011]. Furthermore, 

tracts were binarized and combined by masking the PCC with the anterior-tract (final-tract; 

see Figure 2). Finally, we masked diffusion maps with the binarized final-tract to compute the 

mean value of FA/MD/AD and RD within the final-tract mask. We did not trace the entire 
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cingulum bundle but just the posterior part. This procedure was applied to obtain more robust 

tract length and to ensure that only the cingulum bundle was traced. All tracts were visually 

inspected by SH. Subjects were excluded if tractography failed or a tract was touching the 

edge of the ROI (leading to 25 exclusions). In addition, participants were excluded if the 

transformation for the ROI into diffusion space failed (e.g., ROI depicted a hole). ROI 

transformation failed for 17 participants. The excluded participants did not differ in age, 

education, MMSE and gender (t-test, for all p>.07). 

*** Insert Figure 2 about here *** 

 

Analysis of Resting-State Data 

Rs-fMRI Data Preprocessing 

The first 10 volumes of the time-series were discarded. Images were corrected for slice-timing 

using sinc interpolation to the median reference slice and realigned for head motion correction 

using the Statistical Parametric Mapping software (SPM8, Welcome Department of Imaging 

Neuroscience, Institute of Neurology, London, United Kingdom). Whole brain rs-fMRI 

images were normalized to MNI space using a multi-step approach. First the averaged T1w 

image was co-registered to the mean rs-fMRI echo planar image (EPI) using SPM8. The co-

registered averaged T1w image was smoothed with a Gaussian kernel of 0.9 mm and 

normalized to MNI152 space using non-linear transformation with symmetric normalization 

(SyN) using Advanced Normalization Tools (ANTs; http://picsl.upenn.edu/software/ants/). 

The resulting warp parameters were applied to the 4D EPI images, which were subsequently 

smoothed using FSL with a Gaussian kernel of 4 mm. Four participants were excluded 

because of excessive head motion (> 3 mm, mean for included participants: 0.35 mm). 
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Rs-fMRI connectivity 

The Data Processing Assistant for Resting-State fMRI (DPARSF) software package [Chao-

Gan and Yu-Feng, 2010] and the Resting-State fMRI Data Analysis Toolkit (REST, 

http://www.restfmri.net) [Song et al., 2011] were used for calculation of the functional 

connectivity maps. After normalization and pre-processing of the functional images the linear 

drift was removed using DPARSF’s detrend. A temporal bandpass filter (0.01–0.08 Hz) was 

applied to reduce low-frequency drifts and physiological high-frequency noise. To generate 

functional connectivity maps, we created a 6mm spherical seed in the medial PCC cortex 

(MNI coordinate 0, -53, 26) based on [Van Dijk et al., 2010]. Head motion realignment 

parameters (3 rotations and 3 translations) and signals from the WM and CSF were regressed 

out during the calculation of functional connectivity maps. For whole brain analysis WM and 

CSF signals were extracted based on the mask provided by the REST toolkit. Pearson’s 

correlation coefficient between the averaged time course at the seed ROI and each brain 

voxel’s time course were computed. The correlation maps were converted to z-scores using 

Fisher’s r-to-z transformation. The individual z-maps were then entered into a random effects 

analysis. In order to determine the peak correlation between the PCC ROI and the medial 

prefrontal cortex (mPFC) region, a one-sample t-test was performed on the z-maps that were 

created from the PCC ROI in a voxel-wise manner. Because of the relatively large number of 

subjects in our analysis, we chose a rather conservative statistical threshold, (p<0.01x10
-8

, 

FWE corrected) for the initial voxel-wise connectivity maps. We then created a second 6mm 

spherical ROI in the mPFC (MNI coordinate 0, 62, -6) and subsequently reran the analysis 

(Figure 1). This time we concentrated our analysis on the correlation strengths between the 

PCC and mPFC seed ROIs. Again, the resulting Pearson correlation coefficient between two 

regions was converted to z values using Fisher’s r-to-z transformation. 
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Behavioral assessment 

All participants completed an extensive cognitive and sensory-motor test battery.  

Cognitive performance 

The following cognitive outcome measures were assessed: (a) processing speed, (b) memory 

and (c) executive functions. 

(a) Processing speed (PS): PS was measured with the Digit Symbol-Coding Test of the 

Wechsler Adult Intelligence Scale [WAIS; Aster et al., 2006] In this test, numbers from 1-9 

are presented, each with a corresponding symbol. The aim is to fill in the blanks under 

additional rows of numbers by drawing the corresponding symbol below the number as fast as 

possible. The number of correct symbols drawn in 120 seconds was recorded. The second PS 

measure was time to task completion of the Trail Making Test (TMT) part A [Reitan and 

Wolfson, 1985]. The third PS measure was assessed using the Regensburger word fluency test 

[Regensburger Wortflüssigkeits-Test; RWT; Aschenbrenner, Tucha, and Lange, 2000]. 

Participants were asked to name as many animals as possible within two minutes. 

(b) Memory: Immediate and delayed episodic memory was measured using the 

German version of the Ray Auditory Verbal Learning Task [RAVLT; Rey 1964] [Verbaler 

Lern- und Merkfähigkeitstest (VLMT); Helmstaedter et al., 2001]. In the immediate verbal 

recall phase, participants had to recall a list of 20 words immediately after an examiner 

presented the list verbally. This procedure was repeated 5 times. The score for immediate 

verbal recall was the sum of words recalled per session. Delayed verbal recall score was the 

number of words that participants remembered after an unexpected retrieval after a 20 minute 

break; Figural memory capacity was assessed using the DCS (Diagnosticum für 

Cerebralschädigung a diagnostic method for cerebral impairment). Participants were shown 
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consecutively and without time constraints 9 figures printed on cards. Each figure consisted 

of 5 lines. Participants were instructed to look at the figures carefully and to remember them 

as accurately as possible. After the last card was shown, participants were encouraged to 

reconstruct all previously presented figures using 5 12cm long, wooden sticks. The test 

consisted of 6 runs and was either finished after 6 trials or when all 9 figures were 

reconstructed. All remaining runs were then scored as 9. The maximum score for the DCS 

was 54. There was no constraint concerning the order in which participants reproduced the 

figures.  

(c) Executive functions (EF): Two sub-components of executive functioning, 

inhibition and task-switching, were assessed. Inhibition was measured using a computerized 

version of the Stroop task (Vienna Test System, Schuhfried). In the Stroop task, participants 

are asked to name the color in which the words are displayed as fast as possible. The 

inhibition score is the ratio between the median reaction time for congruent and incongruent 

stimuli. Task-switching was measured using the TMT. The task-switching score is the 

difference between time required to complete TMT part B minus time required for TMT part 

A.  

Motor behavior 

We obtained the following motor outcome measures (a) motor speed and (b) grip force. 

(a) Motor speed: Motor speed was measured using the grooved pegboard (Lafayette 

Instrument Company, Lafayette, IN 47903 USA; model 32025) and a tapping task. The 

grooved pegboard test consists of a board with 25 holes, which have randomly aligned slots 

and pegs with a key along the side, which fit into the holes when rotated accordingly. 

Participants were asked to fill all of the holes with pegs as fast as possible. Pegs were placed 

from left to right with the right hand and from right to left with the left hand. Time was 
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measured from the moment participants picked up the first peg until all the holes of the board 

were filled. The amount of motor taps executed in 32 seconds was measured using the tapping 

test from the motor performance series (MLS, Vienna Test System, Schuhfried). Participants 

were asked to tap as many times as possible on a 4×4 cm metal plate with a pen-like device. 

Both hands were tested.  

 (b) Grip force was measured using a hydraulic hand dynamometer (Model SH5001, 

Saehan Corporation, Korea). Participants were asked to sit upright, with the shoulder in a 

neutral position, elbow in 90° flexion, the forearm in a neutral position and with a 0°–30° 

wrist extension. Data was collected alternately for the right and left hand with a break of 30 

seconds between measurements. Participants were asked to keep the force stable for 4 seconds 

for each trial. Three measurements per hand were collected. If the third measurement was the 

highest, data collection continued until performance dropped under a previous measurement. 

Grip force score represents the mean of the three highest measurements for each participant in 

kilograms.  

Covariates 

Analyses were adjusted for several potential confounders which have been demonstrated to be 

associated with age, behavioral and brain outcome measures: blood pressure [Beauchet et al., 

2013; Marcus et al., 2011], years of education [Alley et al., 2007; Noble et al., 2013] and 

gender [Hsu et al., 2008; Inano et al., 2012; Maylor et al., 2007]. 

Blood pressure was obtained using an automated blood pressure cuff (Model M6, HEM-7211-

E; Omron Corporation, Kyoto, Japan). Measurements were conducted three times at the same 

day (roughly 2.5-3 hours apart) and the average for the diastolic measurement was used for 

analysis.  
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Education depict years spend until achievement of highest degree of education based on self-

report. 

Statistical Analyses  

All statistical analyses were performed using IBM SPSS Statistics for Mac OS X, Version 19. 

To ensure that extreme cases did not drive associations, outliers of the dependent and 

independent variables (i.e., values three standard deviations above or below the mean) were 

removed.  

Raw data for all behavioral tests were z-transformed and if necessary reversed (multiplied by 

-1) so that higher numbers always represent better performance. Test parameters were 

reduced to 4 behavioral domains based on literature (PS, memory, EF and motor speed) by 

equally integrating the above-mentioned tests (see Table 1 for the correlation matrix of the 

test parameters). Brain parameter scores were additionally standardized using z-scores for 

better comparisons. 

*** Insert Table 1 about here *** 

To assess a potential association between structural and functional connectivity, correlations 

between functional connectivity and diffusion measures were calculated.  

To determine the associations between structural or functional connectivity with behavioral 

outcome measures we created general linear models (GLM) that were adjusted for age, gender, 

education and diastolic blood pressure. To explore the possibility if overall brain atrophy (one 

covariate controlling for both, gray matter (GM) and WM volume atrophy ((WM+GM 

Volume)/ICV Volume)) could confound our associations between behavioral measures and 

brain parameters we run all analyses with atrophy included as a covariate. No significant 

differences in results were found and thus, only models without atrophy are shown. As FA 
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and MD are derived from the 3 eigenvectors of the diffusion ellipsoid which also depict axial 

(first eigenvector) and radial (mean of second and third eigenvectors) diffusivity, significant 

associations in AD or RD should be reflected in significant associations in either MD or FA. 

Thus, for the association between behavioral measures and structural connectivity only GLMs 

for FA and MD are conducted in a first step. If significant relations could be found, additional 

analyses for AD and RD were conducted. Second, to test if the functional connectivity 

explains significant additional variance in our behavioral data on top of the variance 

explained by structural connectivity, we used hierarchical regression analysis. Separate 

regressions were conducted for each structural connectivity measure. All models included age, 

gender, education and diastolic blood pressure as covariates of no interest. The level of 

significance for all tests was set to p=.05, uncorrected for multiple comparisons unless 

otherwise indicated. 

Eta-squared (η
2
) was calculated as effect size by dividing the Type III Sum of Squares of the 

factor of interest by the Total Sum of Squares (“Corrected Total” in SPSS). Because we were 

interested in the dominant (right) hand performance and WM integrity of the cingulum bundle 

was significantly correlated between the left and right hemispheres (FA: r(162)=.581 p<.001; 

MD: r(162)=.798 p<.001; AD: r(160)=.575 p<.001; RD: r(163)=.740 p<.001), we decided to 

only include the left cingulum tract in our analyses. In addition, supplementary analyses, 

which included the mean of the left and the right diffusion measures for the cingulum tract, 

revealed no differences in associations between behavioral measures and structural 

connectivity.  

Results 

Sample characteristics and overview of all behavioral tasks and brain parameters can be found 

in Table 2. All behavioral measures and several structural connectivity measures (i.e., MD, 

AD and RD) showed associations with age. 
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*** Insert Table 2 about here *** 

 

There was no significant relationship between structural and functional connectivity measures 

(Table 3).  

 

*** Insert Table 3 about here *** 

None of the cognitive composite scores were significantly associated with SC measures 

whereas FC was significantly associated with PS performance (Table 4). For motor behavior, 

we observed a significant association between SC measures (i.e., FA and MD) and grip force. 

Furthermore, FC strength was positively associated with motor speed performance (Table 4). 

Additional linear regression analyses for investigating the relationship between AD and RD 

and grip force revealed significant associations between grip force and RD (β=-.130, p=.006, 

η2
=.006) whereas no relation was found for AD (β=-.021, p=.652, η

2
<.001). After 

controlling for multiple comparisons using the procedure suggested by Holm [1979] the 

association between FC and motor speed remained significant.  

 

*** Insert Table 4 about here *** 

For the hierarchical regression analyses the structural connectivity measures (FA or MD) 

were entered first, followed in the second step by the functional connectivity measure. The 

combination of SC and FC did not explain unique variance in behavioral performance, thus, 

significant increase in model fit when adding FC in a second step was only observed for PS 

and motor speed composite scores, which were significantly associated with FC in the first 
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place (as stated above). In addition, non-significant associations between PS, memory, EF and 

motor speed composite scores and SC remained after including FC in a second step, hence, 

the lack of associations between SC and these behavioral measures can not be explained by a 

masking effect of differences in FC. 

 

Discussion 

Our study showed that WM integrity within the cingulum bundle is associated with age, 

which corroborates previous findings. In general, WM integrity throughout the entire brain is 

reported to decline with age [Bennett and Madden, 2013]. Previous studies that investigated 

more specifically the relationship between WM integrity of the cingulum bundle and age also 

observed an age-related decline. Principally, FA was persistently negatively associated with 

age whereas the relationship between diffusion metrics was not consistent across studies. 

Using the tractography approach, previous work showed that older participants differ 

significantly from young participants in the cingulum’s FA and RD but not MD or AD [Davis 

et al., 2009; Zahr et al., 2009]. Interestingly, in a tract-based spatial statistics study by Salami 

et al. [2011] the MD within the cingulum was not associated with age whereas a decrease in 

MD with age on the whole brain level was apparent. However, Borghesani and colleagues 

[2013] recently observed an age-related decline in WM integrity for all diffusion metrics 

within the cingulum bundle. Whereas we found associations for MD, AD and RD, no 

relationship was apparent between FA and age. Since RD is commonly associated with 

myelin integrity, while AD is assumed to reflect axonal integrity [Song et al., 2003] we 

suggest that differences in myelin integrity and axial density arise with increasing age, 

however, the overall directionality of diffusion independent of its rate within this specific 

well-defined tract does not vary among older participants. Discrepancies between our findings 

and former studies could be attributed to large differences in sample characteristics between 
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studies, which make it difficult to relate our results to previous findings. First, Salami and 

colleagues [2011] investigated WM integrity over a large age range, including participants as 

young as 25 which clearly leads to larger variability within the data. Even though the age 

range was smaller in the study conducted by Borghesani et al. [2013] (age range=54-89), it 

spanned 35 years while our study is restricted to an age range of 21 years (age range=64-85).  

In contrast to structural connectivity, we observed no relationship between functional 

connectivity and age. In a recent review, Dennis and Thompson [2014] concluded that DMN 

functional connectivity decreased with age. It is important to mention that most of the studies 

included in the review based their assumption on group comparisons between young and 

older participants [Andrews-Hanna et al., 2007; Damoiseaux et al., 2008; Wu et al., 2011]. 

However, in addition to a group comparison Andrews-Hanna and colleagues [2007] also 

investigated the relationship between age and functional connectivity within a group of older 

participants aged 60 to 90. They found a significant decrease in connectivity with increasing 

age. To gain a more clear-cut picture about the difference of functional connectivity strength 

over the life span Onoda and colleagues [2012] as well as Mevel and colleagues [2013] 

included a sample between 36 to 86 and 19 to 80 years of age respectively in their cross-

sectional analyses. Results from both studies delineated a linear negative association between 

age and functional connectivity strength within the DMN. More precisely, Mevel et al. [2013] 

also reported a negative linear association of the PCC–mPFC functional connectivity strength 

and increasing age. To the best of our knowledge, Persson et al. [2014] were the first to 

systematically investigate longitudinal functional connectivity changes within the DMN in a 

relatively large sample of healthy aging participants. In contrast to the aforementioned studies, 

the authors reported no relationship between age and functional connectivity change between 

the PCC and mPFC ROI within a test-retest period of six years. Thus, including our findings, 

the picture about the functional connectivity and age is not as clear-cut as previously stated.  

Page 50 of 68

John Wiley & Sons, Inc.

Human Brain Mapping

This article is protected by copyright. All rights reserved.



A
cc

ep
te

d
 A

rt
ic

le

Corresponding author: Sarah Hirsiger  

 20 

The cingulum bundle was previously shown to connect the PCC and the mPFC of the DMN 

[e.g., Greicius et al., 2009]. Using a new fully automatic approach we were able to track the 

cingulum bundle for more than 100 participants using ROIs based on functional data from 

literature, thus, supporting the notion of a monosynaptic connection between the PCC and the 

mPFC. However, our main goal was to determine if there is an association between the SC 

and FC strength and if structural and functional connectivity data will serve as a better 

predictor for behavioral measures than each connectivity measure separately. In contrast to 

previous findings suggesting a relationship between SC / FC strength between the two key 

regions of the DMN (PCC-mPFC) in young adults [Khalsa et al., 2013; van den Heuvel et al., 

2008] our data did not support such a notion. Analyzing data from 45 young participants van 

den Heuvel and colleagues [2008] found a positive relationship between the mean FA value 

within the cingulum bundle and the functional connectivity strength between the PCC and 

mPFC ROI. Interestingly, a relationship between SC and FC strength within the DMN can 

also be seen when age related declines in both white matter integrity and FC strength are 

apparent [Andrews-Hanna et al., 2007]. The reported association between SC and FC in aging 

participants does also support the disconnection hypothesis according to which deterioration 

in structural connectivity between linked brain regions could lead to a decrease in functional 

connectivity within the two connected areas [Bennett and Madden, 2013]. However, we did 

not observe an association between any measure of WM integrity and functional connectivity 

in the cingulum bundle. This could be due to insufficient variation in functional connectivity 

strength with age in our sample of healthy older adults. Further reasons for the absence of a 

SC and FC relationship could be an existent compensation mechanism in healthy aging 

participants, which would also explain the differing results compared to younger adults. As 

we found significant associations between FC and behavioral outcome measures we could 

argue that the maintenance of FC strength is desirable. Thus, the preservation of FC strength 
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could be attributable to indirect white matter tracts that could compensate for any loss of 

functional connectivity through the deteriorated white matter of the cingulum bundle. As 

Andrews-Hanna and colleagues [2007] extracted SC measures from a relatively large and 

coarsely defined ROI they may have included tracts involved in such a compensation 

mechanism. As we did not find an association between FC and age we could also argue that a 

relationship between SC and FC in aging can only be established after a detectable age related 

decline in FC strength. In other words such a relationship is masked by a running 

compensation strategy and can only be detected after functional connectivity strength can no 

more be maintained. It seems that previous longitudinal studies support this idea. While the 

age-related decrease in structural connectivity seems established [Barrick et al., 2010], first 

longitudinal functional connectivity data in healthy older adults depict stability over a 6 year 

time period [Persson et al., 2014]. 

One of the main goals of this study was to investigate if the combined information of 

structural and functional connectivity between brain areas connected through the cingulum 

tract could be a better predictor for cognitive and motor behavior outcome measures. We 

therefore investigated different cognitive domains and motor behaviors, which are 

consistently reported to be associated with age [Grady, 2012; Seidler et al., 2010]. First, we 

examined the relationship between behavioral measures and structural connectivity. Structural 

connectivity was in previous studies reported to be associated with processing speed or 

executive functions [Fjell and Walhovd, 2010; Raz and Rodrigue, 2006]. In contrast to our 

hypothesis we did not observe such a relation. However, grip force strength was significantly 

related to measures of WM integrity. An additional analysis revealed that besides FA and MD, 

grip force is significantly associated with RD whereas no association with AD was found. 

Investigating the relationship between several behavioral measures and long white matter 

tract integrity Davis and colleagues [2009] found stronger associations with RD as compared 
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to AD. Based on animal studies, RD is often interpreted as marker for myelin integrity [Song 

et al., 2002]. Thus, we could argue that demyelination of the cingulum bundle could have 

driven the association between grip force and SC rather than axonal integrity. However, the 

neuroanatomical substrates of AD and RD are poorly understood so far [Bennett and Rypma, 

2013]. In general, grip strength is associated not only with physical but also mental health 

(e.g., depression) [Rantanen et al., 2000a; Rantanen et al., 2000b; Syddall et al., 2003]. It is 

reported to be clearly associated with age [Frederiksen et al., 2006] but underlying 

mechanisms of grip strength ability still need to be clarified. There is clear evidence that not 

only muscle mass/quality but also neural control affects motor performance in older adults 

[Seidler et al., 2010]. In a functional MRI analysis Noble et al. [2011] found that with 

increased generated strength brain regions included motor cortical areas, the cingulate gyrus 

and medial frontal areas showed higher activation in older compared to younger participants. 

It could therefore be argued that grip strength decline is associated with neuroanatomical and 

functional age-related alterations. It would be interesting to focus on tracts more specifically 

related to motor control (e.g., superior longitudinal fasciculus and corticospinal tract) to see if 

degeneration of these tracts is an even better predictor of grip strength. Discrepancies between 

our findings and results from former studies could be ascribed to the fact that we investigated 

a very homogenous sample of older highly educated participants, who did not show any signs 

of cognitive impairment or dementia, whereas other studies often include less cognitive 

healthy samples in which the association between cingulum bundle integrity and function 

might be more apparent due to the larger variability in these measures. In addition, the age 

range of our participants was relatively small, which could have led to less variance in the 

variables of interest compared to other studies. 

Second, we analyzed the relationship between functional connectivity strength and behavioral 

measurements. We observed that performance on both cognitive and motor behavioral tasks 

Page 53 of 68

John Wiley & Sons, Inc.

Human Brain Mapping

This article is protected by copyright. All rights reserved.



A
cc

ep
te

d
 A

rt
ic

le

Corresponding author: Sarah Hirsiger  

 23 

were related to functional connectivity strength. Interestingly, both composite scores 

associated with functional connectivity are measures for speed with which a task can be 

completed (in terms of cognition and motor behavior). Although after controlling for multiple 

comparisons only motor speed still reached significance. Nevertheless, our results show that 

maintaining higher synchronous intrinsic functional connectivity protects for age-related 

decrease in processing speed tasks or tasks with a high PS or dexterity component. This is of 

high interest since in PS ability is not only reported to be clearly associated with increasing 

age but also PS is one of the strongest predictors of cognitive performance in older adults. 

Slowed PS is assumed to be the underlying mechanism of age-related decline in many higher-

order cognitive functions, such as working memory and executive functions [Salthouse, 1996; 

Salthouse et al., 2003]. Associations between PS and functional connectivity strength have 

been reported previously. Andrews-Hanna et al. [2007] found significant associations 

between PCC-mPFC connectivity strength and processing speed ability in older adults. A 

study with a sample with a comparable age-range as the one in our study also showed an 

association between cognition and connectivity strength [Damoiseaux et al., 2008]. More 

specifically, it showed that processing speed and other cognitive measures such as attention, 

concentration, and executive functioning were related to connectivity strength in the anterior 

DMN, which comprised the superior frontal gyrus, posterior cingulate and bilateral middle 

temporal gyrus and superior parietal regions.  

Besides cognitive alterations, decreases in sensorimotor control and functioning are prevalent 

with increasing age leading among other things to slowing of movements [Aoki and Fukuoka, 

2010; Seidler et al., 2010]. Along with the association between performance and functional 

connectivity strength in the DMN, recent results from our laboratory showed that tapping 

speed (incorporated in the motor speed composite score) is associated with functional 

connectivity strength within the sensorimotor network [Seidler et al., 2015]. Our data 

Page 54 of 68

John Wiley & Sons, Inc.

Human Brain Mapping

This article is protected by copyright. All rights reserved.



A
cc

ep
te

d
 A

rt
ic

le

Corresponding author: Sarah Hirsiger  

 24 

therefore support the notion of our previous findings as it shows that participants with 

stronger functional connectivity between the PCC and mPFC outperformed participants with 

lower FC strength in motor speed. 

We explored if models that incorporated both structural as well as functional connectivity 

were better predictors of cognitive and motor behavior than models who only incorporated 

structural connectivity. Contrary to our hypothesis our results demonstrated that this was not 

the case. Although hierarchical regression analysis indicated an improvement of the model, no 

significant additive effect was found and the same results were apparent when analyzing the 

influence of structural and functional connectivity separately. 

This study has some limitations. First, all findings are based on cross-sectional data and 

observed associations cannot be interpreted as causal. In addition, the associations found in 

this study were fairly small. However, we found brain-behavioral relations in a very healthy, 

highly functioning sample with a narrow age range even after controlling for several 

covariates such as age. Therefore, we believe that these observations contribute to our 

understanding of how brain structure and function and cognitive and motor performance are 

related in normal aging.  

This study stands out by applying an automatic procedure to analyze structural and functional 

connectivity measures of the cingulum tract in a large sample. Combining these multimodal 

findings with an extensive set of cognitive and motor behavioral outcome measures helps to 

gain specific insight into the neuroanatomical and physiological underpinnings of healthy 

aging. Further, by applying strict eligibility criteria the LHAB project aims to focus on the 

course of healthy aging.  
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Conclusion 

We found no relationship between structural and functional connectivity of the cingulum 

bundle in a large well-educated sample of healthy older participants. In addition we found no 

association between functional connectivity strength and age. However, functional 

connectivity strength was a predictor for individual differences in cognitive performance, 

especially in tasks of visuomotor speed and dexterity. Based on the relevance of processing 

speed for age-related cognitive decline in general [Salthouse, 1996], it seems that maintained 

functional connectivity strength with age despite white matter integrity loss may be of great 

importance for healthy cognitive aging. Our data underline the value for combining multi-

modal imaging and cognitive/motor performance measures in order to gain a better 

understanding of integrated brain functioning in healthy aging.  
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Figure Legends 

 

Figure 1. Mid-sagittal image of the MNI152 template brain. Black indicates the posterior 

cingulate cortex and white the anterior region of interest, plaid indicates the genu of corpus 

callosum and gray the medial prefrontal cortex region of interest. Crosshairs represent the 

center of gravity of the genu of the corpus callosum. 

 

Figure 2. Steps to create the final cingulum tract. Heat colors in the cingulum tract represent 

higher probability. Threshold level is set on 5%. Yellow depicts the spherical ROI used for 

the posterior cingulate cortex, the pink color indicates the anterior ROI.  
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Table 1. Correlations between Behavioral Tasks 
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Digital 

Symbol Test 

r           

p           

TMT-A 
r .446          

p <.001          

Verbal 

Fluency 

r .478 .343         

p <.001 <.001         

Immediate 

Recall 

r .409 .244 .395        

p <.001 .002 <.001        

Delayed 

Recall 

r .378 .254 .373 .801       

p <.001 .001 <.001 <.001       

Visual 

Memory 

r .337 .241 .392 .501 .456      

p <.001 .002 <.001 <.001 <.001      

Inhibition 
r .259 .159 .172 .169 .122 .172     

p .001 .046 .031 .033 .126 .031     

Task-

Switching 

r .359 .174 .279 .223 .211 .307 .227    

p <.001 .029 <.001 .005 .008 <.001 .005    

Pegboard 
r .369 .408 .325 .236 .256 .249 .144 .207   

p <.001 <.001 <.001 .002 .001 .001 .072 .009   

Tapping 
r .342 .219 .233 .160 .129 .162 .120 .182 .260  

p <.001 .005 .003 .042 .102 .041 .135 .022 .001  

Grip force 
r .178 .129 .137 -.100 -.050 .162 .147 .182 .085 .276 

p .023 .103 .083 .205 .526 .040 .066 .022 .281 <.001 

Abbreviations: TMT-A= trail taking test part A 

r: Pearson’s correlation coefficient 
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Table 2. Demographic Characteristics of the Study Participants 

Variable N             M (SD) r
age
 p 

Age (years) 165 70.15 (4.50)   

Men (N (%)) 165 81 (49%)   

MMSE 165 28.85   

Education Years 165 14.53 (3.46)   

Blood Pressure diastolic (mmHg) 165 81.70 (9.85)   

Cognition:     

Processing Speed 161  -.28 <.001 

Memory 162  -.31 <.001 

Executive Functions 154  -.26 .001 

Motor Performance:     

Motor Speed 161  -.40 <.001 

Grip force (kg) 163  -.21  .008 

Cingulum Measures 
    

Volume (ml) 164 1992.48 (437.77) -.04 .635 

FA 164 4.7x10
-1
 (3.6x10

-2
) -.06 .484 

MD (mm
2
/s) 165 7.6x10

-4
 (3.0x10

-5
) .32 <.001 

AD (mm
2
/s) 164 1.2x10

-3
 (4.5x10

-5
) .27 .001 

RD (mm2/s) 165 5.5x10-4 (3.9x10-5) .22 .005 

rs-fMRI* 165 7.7x10
-1
 (2.7x10

-1
) -.08 .306 

Abbreviations: AD=axial diffusivity FA=fractional anisotropy; kg=kilogram; M=mean; 

MD=mean diffusivity; ml=milliliter; mmHg=millimeter of mercury; MMSE=mini-

mental state examination; RD=radial diffusivity; r
age
=Pearson’s correlation with age; 

rs-fMRI=resting-state functional connectivity; s=seconds; SD=standard deviation;  

* Mean of rs-fMRI represents the Pearson correlation coefficient (z-values) 
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Table 3. Correlations between Neuroimaging Parameters 

  rs-fMRI FA MD AD 

rs-fMRI 
r     

p     

FA 
r -.004    

p .964    

MD r -.019 -.490   

p .810 <.001   

AD r .026 .470 .486  

p .745 <.001 <.001  

RD 
r -.029 -.864 .851 -.028 

p .709 <.001 <.001 .719 

Abbreviations: AD=axial diffusivity; FA=fractional anisotropy; 

MD=mean diffusivity; RD=radial diffusivity; rs-fMRI=resting-state 

functional connectivity 

r: Pearson’s correlation coefficient 
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 Table 4. Associations between brain connectivity and behavior measures  

    95% CI   

  
N β low high η

2
 p 

        

Processing 

Speed 

FA 160 .081 -.033 .195 .010 .161 

MD 161 -.026 -.143 .092 <.001 .667 

rsfMRI 161 .154 .044 .264 .039 .006 

Memory 

FA 161 -.032 -.156 .091 .001 .606 

MD 162 .052 -.078 .181 .003 .432 

rsfMRI 162 .011 -.114 .137 <.001 .857 

Executive 

Functions 

FA 153 .074 -.046 .195 .009 .225 

MD 154 -.049 -.173 .075 .004 .435 

rsfMRI 154 -.030 -.149 .088 .002 .613 

Motor Speed 

FA 160 .084 -.031 .199 .012 .151 

MD 161 .018 -.105 .140 <.001 .777 

rsfMRI 161 .168 .058 .278 .044 .003* 

Grip Force 

FA 162 .106 .016 .196 .011 .022 

MD 163 -.116 -.212 -.020 .012 .018 

rsfMRI 163 -.051 -.143 .040 .003 .270 

Abbreviations: Cl=confidence interval; FA=fractional anisotropy; MD=mean 

diffusivity; rsfMRI=resting state functional connectivity;  

β values represent the increase in standard deviation (s.d.) in behavior performance with 

1 s.d. increase in connectivity measures. 

Adjusted for age, gender, education, diastolic blood pressure 

*Bonferroni-corrected for multiple comparisons using the procedure by Holm [1979] 
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Mid-sagittal image of the MNI152 template brain. Black indicates the posterior cingulate cortex and white 
the anterior region of interest, plaid indicates the genu of corpus callosum and gray the medial prefrontal 
cortex region of interest. Crosshairs represent the center of gravity of the genu of the corpus callosum.  
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Steps to create the final cingulum tract. Heat colors in the cingulum tract represent higher 
probability.  Threshold level is set on 5%. Yellow depicts the spherical ROI used for the posterior cingulate 

cortex, the pink color indicates the anterior ROI.  
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