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Abstract (max 200) 

Episodic memories are established and maintained by close interplay between hippocampus and 

other cortical regions, but degradation of a fronto-striatal network has been suggested to be a 

driving force of memory decline in aging. We wanted to directly address how changes in 

hippocampal-cortical versus striatal-cortical networks over time impact episodic memory in aging. 

We followed 119 healthy participants (20-83 years) for 3.5 years with repeated tests of episodic 

verbal memory and magnetic resonance imaging for quantification of functional and structural 

connectivity and regional brain atrophy. While hippocampal-cortical functional connectivity 

predicted memory change in young, changes in cortico-striatal functional connectivity were related 

to change in recall in older adults. Within each age group, effects of functional and structural 

connectivity were anatomically closely aligned. Interestingly, the relationship between functional  

connectivity and memory was strongest in the age ranges where rate of reduction of the relevant 

brain structure was lowest, implying selective impacts of the different brain events on memory. 

Together, these findings suggest a partly sequential and partly simultaneous model of brain events 

underlying cognitive changes in aging, where different functional and structural events are more or 

less important in various time windows, dismissing a simple uni-factorial view on neurocognitive 

aging.  
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After the discovery of the critical role of the hippocampus for episodic memory more than 50 years 

ago (Scoville and Milner, 1957), it has been clear that episodic memories are established and 

maintained by repeated replays through a hippocampal-cortical dialogue (Buzsaki, 1996, Moscovitch 

et al., 2006, Vilberg and Davachi, 2013). Hence, lesions and atrophy to the hippocampus, as seen in 

e.g. age-related neurodegenerative conditions such as Alzheimer’s disease, cause dramatic 

reductions in memory performance. Episodic memory function tends to decline also in normal aging, 

related to volumetric reductions of the hippocampus and other medial temporal lobe structures 

(Rodrigue and Raz, 2004, Murphy et al., 2010, Persson et al., 2011, Fjell et al., 2012, Nyberg et al., 

2012b). However, due to substantial atrophy also in prefrontal cortex in healthy aging (Raz et al., 

2005, Fjell et al., 2009a), with accompanying reductions of specific cognitive functions (Rabbitt et al., 

2001), it has been suggested that decline in efficiency of fronto-striatal networks may be responsible 

for memory decline in aging (Buckner, 2004, Head et al., 2005). The striatum and hippocampus are 

conventionally viewed as complementary learning and memory systems (DeCoteau et al., 2007), with 

extensive evidence indicating an important role for especially the dorsal or “associative” striatum 

(Parent and Hazrati, 1995), i.e. caudate and putamen, for learning and memory (Packard and 

Knowlton, 2002, Helie et al., 2015). Impact on memory from striatum may be indirect, through is 

critical involvement in executive functioning (Ward et al., 2013, Leunissen et al., 2014, Niemann et al., 

2014, Rae et al., 2015), or by affection of memory processes directly. Contributions from 

hippocampal and striatal networks to memory function have been partly disentangled, with fronto-

striatal functional connectivity (FC), especially with the caudate, playing an important role during 

learning of different kinds of information, from acquisition of single associations to generalized, 

categorical representations (Helie et al., 2010, Antzoulatos and Miller, 2014), and hippocampal-

cortical FC being critical for memory consolidation (Vilberg and Davachi, 2013). Hence, we wanted to 

directly address how changes in functional and structural connectivity of hippocampal-cortical versus 

striatal-cortical networks over time impact episodic learning and memory in aging.  
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FC is a promising metric for investigating memory decline in aging, as lower functional connectivity 

(FC) of large-scale brain systems in older adults has been related to declining cognitive function, 

including memory ((Andrews-Hanna et al., 2007, Wang et al., 2010, He et al., 2012, Onoda et al., 

2012, Mevel et al., 2013, Geerligs et al., 2014), but see (Ystad et al., 2010, Adamczuk et al., In press) 

for reports of inverse relationships). In accordance with the classical dedifferentiation theory of aging 

(Lindenberger and Baltes, 1994), it has also been suggested that higher intra-network connections, 

i.e. efficiency of communications within networks, and lower inter-network connections, reflecting 

specificity and selectivity of the network, may be positively related to  cognitive function in aging 

(Salami et al., 2012, Spreng and Schacter, 2012, Antonenko and Floel, 2014). However, higher 

functional segregation has also been negatively related to memory in aging (Sala-Llonch et al., 2014), 

and a recent study found elevated FC between left and right hippocampus to be related to declining 

memory over 20 years (Salami et al., 2014). So far, most studies of FC-memory relationships have 

been cross-sectional. A longitudinal design allows investigating whether individual changes in FC over 

time can be responsible for the commonly observed decline in episodic memory from about 60 years 

(Nyberg et al., 2012a). This is especially interesting in a multi-modal perspective, taking into account 

changes both in functional and structural connectivity, as well as brain atrophy. In line with this, one 

rare longitudinal study found that resting-state FC change over six years within the default mode 

network (DMN) correlated with memory change in middle-aged and older adults, independently of 

gray matter atrophy (Persson et al., In press).  

 

Targeting FC change in hippocampal-cortical and fronto-striatal networks, we aimed to test to what 

extent FC could explain change in episodic memory function measured longitudinally, and the 

relationship to structural connectivity changes and atrophy. Specifically, we tested the following 

main hypotheses: 
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H1: Fronto-striatal FC change will be more strongly related to memory change in older adults than in 

young, in accordance with the theory of a partly frontal basis for episodic memory decline in aging 

(Buckner, 2004, Head et al., 2005).  

H2: Hippocampal-based functional networks will be more strongly related to long-term recall than to 

learning, with the opposite pattern for striatal-based networks.  

H3: Structural and functional connectivity changes will be related to memory change partly 

independently of ongoing atrophy, as previous cross-sectional studies have shown FC to be at least 

partly independent of brain volumetric measures (Damoiseaux et al., 2008, Mowinckel et al., 2012, 

Onoda et al., 2012).  

 

Materials and Methods 

Sample 

The longitudinal sample was drawn from the ongoing project Cognition and Plasticity through the 

Lifespan (Storsve et al., 2014, Walhovd et al., 2014) at the Research Group for Lifespan Changes in 

Brain and Cognition (LCBC), Department of Psychology, University of Oslo. All procedures were 

approved by the Regional Ethical Committee of Southern Norway (REK-Sør), and written consent was 

obtained from all participants. For the first wave of data collection, participants were recruited 

through newspaper ads. Recruitment for the second wave was by written invitation to the original 

participants. At both time points, participants were screened with a health interview. Participants 

were required to be right handed, fluent Norwegian speakers, and have normal or corrected to 

normal vision and hearing. At both time points, exclusion criteria were history of injury or disease 

known to affect central nervous system (CNS) function, including neurological or psychiatric illness or 

serious head trauma, being under psychiatric treatment, use of psychoactive drugs known to affect 

CNS functioning, and MRI contraindications. Moreover, participants were required to score ≥26 on 

the Mini Mental State Examination (MMSE) (Folstein et al., 1975), have a Beck Depression Inventory 
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(BDI; (Beck and Steer, 1987) score ≤16, and obtain a normal IQ or above (IQ > 85) on the Wechsler 

Abbreviated Scale of Intelligence (WASI; (Wechsler, 1999). At both time points all scans were 

evaluated by a neuroradiologist and were required to be deemed free of significant injuries or 

conditions. At follow-up, an additional set of inclusion criteria was employed: MMSE change from 

time point one to time point two < 10%; California Verbal Learning Test II – Alternative Version (CVLT 

II; (Delis et al., 2000) immediate and long delay T-score > 30; CVLT II immediate and long delay 

change from time point one to time point two < 60%.  

 

Two hundred and eighty-one participants completed Tp1 assessment. For the follow-up study, 42 

opted out, 18 could not be located, 3 did not participate due to health reasons (the nature of these 

were not disclosed), and 3 had MRI contraindications, yielding a total of 66 dropouts (35 females, 

mean (SD) age = 47.3 (20.0) years). Independent samples t- tests revealed that dropouts had 

significantly lower FSIQ (t = -3.92, p < 0.001) and BDI (t = -2.02, p = 0.046) scores but comparable 

CVLT and MMSE scores (p’s > .05). More detailed dropout characteristics are published elsewhere 

(Storsve et al., 2014). Of the 215 participants that completed MRI and neuropsychological testing at 

both time points, 8 failed to meet one or more of the additional inclusion criteria for the follow-up 

study described above, 4 did not have adequately processed diffusion MRI data, and two were 

outliers (four or more tracts showing change values >6 SD from mean). This resulted in a follow-up 

sample of 201 participants (118 females) aged 20 – 84 years at Tp1, see (Storsve et al., 2014, 

Walhovd et al., 2014). Of these, rsBOLD was not acquired for the first 81, yielding a complete sample 

of 120 with quality checked cognitive and functional and anatomical MRI data for both time points. 

Tp1 rsBOLD data was lacking for all participants between 52 and 63 years, and we therefore formed 

two age-groups: a young group of 23-52 years and one group of older adults of 63-86 years.  One 

participant lacked complete memory testing at Tp2 due to technical problems, and only 117 had 

usable DTI scans. Further, in rare cases, Tracula would fail in identifying a tract for a given person. 



7 

 

This was the case for one participant where right SLFP and for one where right Uncinate was not 

identified by Tracula. Since mean value across hemispheres were used for statistical analyses, left 

hemisphere values were used for these to avoid excluding them from the sample. Sample 

descriptives are provided in Table 1.  

 

[Insert Table 1 about here] 

Memory testing 

CVLT II was used to assess memory at Tp1 and CVLT II – Alternative Version (Delis et al., 2000) at Tp2. 

A list of 16 concrete words was read five times consecutively, and each time, the participants were 

immediately instructed to recall as many of the items as possible. After these five trials, another 16-

item list was read, with instructions of immediate recall, whereupon the participants were asked to 

recall the first list again (immediate, 5 min, recall). This was followed by a cued recall test. After a 30-

min delay, the participants were asked, without having been forewarned, to recall this list again. 

Variables of interest were learning (sum of correctly recalled words from trial 1 to 5), immediate (5 

minutes) recall and delayed recall (30 minutes). As these measures are derived from the same test, 

correlations between them were expected. A more powerful approach could be to include multiple 

tests of the same underlying psychological construct, but longitudinal data from similar tests besides 

CVLT were unfortunately not available.   

 

MRI acquisition 

Imaging data was collected using a 12- channel head coil on a 1.5 T Siemens Avanto scanner (Siemens 

Medical Solutions; Erlagen, Germany) at Rikshospitalet, Oslo University Hospital. The same scanner 

and sequences were used at both time-points.  

For morphometry: The pulse sequence used for morphometric analyses included two repetitions of a 

160 slices sagittal T1-weighted magnetization prepared rapid gradient echo (MPRAGE) sequences 
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with the following parameters: repetition time(TR)/echo time(TE)/time to inversion(TI)/flip 

angle(FA)= 2400 ms/3.61 ms/1000 ms/8°, matrix = 192 × 192, field of view (FOV) = 240, voxel size = 

1.25 × 1.25 × 1.20 mm, scan time 4min 42s.  

For functional connectivity: The resting-state BOLD sequence included 28 transversally oriented slices 

(no gap), measured using a BOLD-sensitive T2*-weighted EPI sequence  (TR = 3000 msec, TE = 

70msec, FA = 90°, voxel size = 3.44×3.44x4 mm, FOV = 220, descending acquisition, GRAPPA 

acceleration factor = 2), producing 100 volumes and lasting for ~5 min. Three dummy volumes were 

collected at the start to avoid T1 saturation effects.  

For structural connectivity: Diffusion-weighted MRI (dMRI) was performed using a single-shot twice-

refocused spin-echo echo planar imaging pulse sequence optimized to minimize eddy current-

induced distortions (Reese et al., 2003) (primary slice direction, axial; phase encoding direction, 

columns; repetition time, 8200ms; echo time, 82ms; voxel size, 2.0 mm isotropic; number of slices, 

64; FOV, 256; matric size, 128 x 128 x 64; b value, 700 s/mm2; number of diffusion encoding gradients 

directions, 30; number of b=0 images, 10; number of acquisitions, 2). Acquisition time was 11 

minutes 21 seconds. 

 

MRI analysis 

Image processing and analyses of FC and atrophy were performed at the Neuroimaging Analysis 

Laboratory, Research Group for Lifespan Changes in Brain and Cognition, Department of Psychology, 

University of Oslo, while DTI analyses were run at the Martinos Center for Biomedical Imaging, 

Harvard Medical School, Boston.  

Morphometry: Morphometric analyses were performed by use of FreeSurfer v. 5.1 

(http://surfer.nmr.mgh.harvard.edu/) (Dale et al., 1999, Fischl et al., 1999, Fischl and Dale, 2000, 

Fischl et al., 2002b, a), please see a detailed account elsewhere (Storsve et al., 2014, Walhovd et al., 

2014). In short, hippocampus, caudate and putamen were segmented through automatically 

http://surfer.nmr.mgh.harvard.edu/
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assigning a neuroanatomical label to each voxel in an MRI volume based on probabilistic information 

automatically estimated from a manually labelled training set (Fischl et al., 2002a). The training set 

included both healthy persons in the age range 18-87 years and a group of Alzheimer's disease 

patients in the age range 60-87 years, and the classification technique employs a registration 

procedure that is robust to anatomical variability, including the ventricular enlargement typically 

associated with aging. The technique has previously been shown to be comparable in accuracy to 

manual labelling (Fischl et al., 2002a, Fischl et al., 2004a). An atlas-based normalization procedure 

was also used, which has been shown to increase the robustness and accuracy of the segmentations 

across scanner platforms (Smith et al., 2007). All volumes were inspected for accuracy and minor 

manual edits were performed when needed by a trained operator on the baseline images, usually 

restricted to removal of non-brain tissue included within the cortical boundary. The cross-sectionally 

processed images were subsequently run through the longitudinal stream in FreeSurfer (Reuter et al., 

2012), with high sensitivity and robustness as well as inverse consistency (Reuter et al., 2010, Reuter 

and Fischl, 2011). In addition, probabilistic methods (temporal fusion) were applied to further reduce 

the variability across time points. This yielded estimates of atrophy between time points for the 

hippocampus, caudate and putamen. 

Functional connectivity: Resting-state functional imaging data was pre-processed following LCBC’s 

custom analysis stream. Images were motion corrected, slice timing corrected, and smoothed (5mm 

FWHM) in volume space using FSL’s FMRI Expert Analysis Tool (FEAT; 

http://fsl.fmrib.ox.ac.uk/fsl/fslwiki). Then, FSL’s Multivariate Exploratory Linear Optimized 

Decomposition into Independent Components (MELODIC) was used in combination with FMRIB's 

ICA-based Xnoiseifier (FIX) to auto-classify independent components into signal and noise 

components and remove the noise components from the 4D fMRI data (Salimi-Khorshidi et al., 2014). 

A prerequisite for FIX-classification is a hand-labeled training set of typical signal and noise 

components. After manually inspecting and validating that it fitted to our data, we used the default 
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classification template provided with the FIX-toolbox. Freesurfer-defined individually estimated 

anatomical masks of cerebral white matter (WM) and cerebrospinal fluid / lateral ventricles (CSF) 

were resampled to each individual’s functional space. All anatomical voxels that “constituted” a 

functional voxel had to be labeled as WM or CSF for that functional voxel to be considered a 

functional representation of non-cortical tissue. Average time series were then extracted from 

functional WM- and CSF-voxels, and were regressed out of the FIX-cleaned 4D volume together with 

a set of estimated motion parameters (rotation/translation) and their derivatives. Following recent 

recommendations about noise removal from resting-state data (Hallquist et al., 2013) we also band-

pass filtered the data (.009 - .08Hz) after regression of confound variables. In-scanner head motion 

may substantially impact measures of FC (Satterthwaite et al., 2012, Van Dijk et al., 2012), with the 

risk of causing spurious correlations, especially when comparing groups of participants where 

differences in head movement may exist. Thus, in addition to regressing out estimated motion 

parameters from the time series before they were entered into further analyses, and band-pass 

filtering the data according to current recommendations, motion was also included as a covariate in 

all statistical analyses (see Statistical analyses). 

 

FC between hippocampus, caudate and the putamen was calculated as the correlation between the 

average time series of all voxels within each structure and every voxel in the ipsilateral cerebral 

hemispheres, each correlation being variance-stabilized using the Fisher z-transformation (Silver and 

Dunlap, 1987), yielding three FC maps for each participant for each hemisphere. FC analyses were 

done ipsilaterally, so that FC from right hippocampus and right striatum was calculated for the right 

hemisphere only, and vice versa for the left hemisphere. Contralateral rsFC was also calculated, and 

presented in Supplemental material. 

Structural connectivity: For dMRI analyses, TRActs Constrained by UnderLying Anatomy (TRACULA), 

part of FreeSurfer v.5.3 were to delineate major WM tracts of interest (Yendiki et al., 2011). This is a 



11 

 

novel algorithm for automated global probabilistic tractography that estimates the posterior 

probability of each pathway given the diffusion weighted MRI data. The posterior probability is 

decomposed into a data likelihood term, which uses the “ball-and-stick” model of diffusion (Behrens 

et al., 2007), and a pathway prior term, which incorporates prior anatomical knowledge on the 

pathways from an independent set of 33 training subjects included in the tract atlas that is used by 

TRACULA, described in Yendiki et al. (2011). The segmentation labels required by TRACULA were 

obtained by processing the T1-weighted images of the study subjects with the automated cortical 

parcellation and subcortical segmentation tools in FreeSurfer (Fischl et al., 2002a, Fischl et al., 2004a, 

Fischl et al., 2004b). The pathways reconstructed for the present study were selected due to their 

possible importance for memory processing, i.e. the uncinate fasciculus (UNC), cingulum–cingulate 

gyrus bundle (CCG), cingulum–angular bundle (CAB) and the superior longitudinal fasciculus-

temporal terminations (SLFT). A note of caution should be made: although we use the term structural 

connectivity as an umbrella concept to describe the different diffusion properties we observe in the 

tracts, a caveat that is always present in diffusion MRI studies is that structural connectivity 

measures derived from water diffusion are indirect measurements of axonal bundles. Thus, we 

would like to remind the reader that this is a simplification. 

 

We also used ta novel approach to estimate motion during the dMRI scans. Since the contrast in 

dMRI arises from microscopic random motion of water, it is particularly sensitive to macroscopic 

head motion during acquisition, which can lead to observation of spurious group differences is 

proper care is not taken (Yendiki et al., 2013). To quantify head motion in each dMRI scan, we derived 

volume-by-volume translation and rotation from the affine registration between volumes that are commonly 

used to reduce misalignment between images due to head motion and eddy currents. In addition, we 

quantified slice-by-slice signal drop-out specific to dMRI (Benner et al., 2011). This way, we estimated slower, 

between-volume motion captured by the registration-based measures, as well as more rapid, within-volume 
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motion, captured by the intensity-based measures (see (Yendiki et al., 2013) for details). A sum variable 

expressing total motion during dMRI was included as covariate in all analyses (see below). 

 

Statistical analyses 

The same analyses were done for both time points, and longitudinal changes in brain measures 

derived from the three modalities (FC, morphometry, dMRI parameters) were quantified as the 

difference of each measure between time points. For all analyses, sex, movement at both time points 

and interval between scans were included as covariates of no interest. For analyses of FC, motion 

parameters during BOLD scanning were included, summarized as the mean relative displacement 

estimated by FSL’s MCFLIRT, were included for both time points. For analyses of structural 

connectivity, motion parameters during dMRI scanning were additionally included, calculated as 

described above. In analyses where age group was not a variable of interest, age was also included as 

covariate. Sex was included as a covariate since it has previously been reported effects of sex on 

change in episodic memory function (Josefsson et al., 2012), and sex is also known to profoundly 

impact brain volumes, which could be relevant for the atrophy estimations (Fjell et al., 2009b). 

 

Statistical analyses on the cortical surface were run with general linear models (GLM) implemented in 

FreeSurfer. All results were tested against an empirical null distribution of maximum cluster size 

across 10 000 iterations using Z Monte Carlo simulations as implemented in FreeSurfer (Hayasaka 

and Nichols, 2003, Hagler et al., 2006) synthesized with a cluster-forming threshold of p < 0.05 (two-

sided), yielding clusters corrected for multiple comparisons across the surface. Effects of age on the 

relationship between FC change and memory change was tested by comparing the slopes for the FC-

memory relationships between age-groups. These analyses were conducted to address Hypothesis 1 

- that fronto-striatal FC change would be more strongly related to memory change in older adults 

than in young – and Hypothesis 2 – that Hippocampal-based functional networks would be more 
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strongly related to long-term recall than to learning, with the opposite pattern for striatal-based 

networks. 

 

The relationship between rsFC change and dMRI change was tested by partial correlations, and the 

critical p-value corrected for number of comparisons with Sidak’s correction by a factor of 16 (4 

[tract-of-interest (TOI)], 2 dMRI metrics [FA, MD], analyses performed in two age groups [young, 

elderly]), adjusted for the correlations between the dependent variables 

(http://www.quantitativeskills.com/sisa/calculations/bonfer.htm.). For multi-modal analyses, 

multiple regression analyses or partial correlation analyses were run. For multi-modal analyses, 

stepwise regressions were run to decide whether each modality yielded unique contributions in 

explaining memory change. Memory change was the dependent variable, and in the first step FC was 

entered along with all nuisance variables. In the next step, SC change from a TOI was added, and the 

change in coefficients inspected. In a third step, atrophy was added as a third variable of interest, 

and the coefficients again inspected. The rational for these analyses was to test whether 

relationships between FC and memory change could be explained by concurrent change in diffusion 

characteristics or atrophy. In accordance with Hypothesis 3, we expected that SC and FC would be 

related to memory change partly independently of ongoing atrophy. Thus, FC was calculated 

between regions that already showed significant relationships to memory change in the initial 

analyses. The FC-memory relationships tested in these regression analyses must not be regarded as 

independent of the initial analyses, and the results must be interpreted as tests of whether rsFC-

memory relationships can occur independently of structural degeneration. 

 

Age-effects on brain change – memory change relationships were tested by introducing an age × 

brain measure interaction term as an additional covariate. Memory change was calculated as Tp2 

score / Tp1 score.  

http://www.quantitativeskills.com/sisa/calculations/bonfer.htm
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Results 

Age-effects on memory 

There were strong cross-sectional relationships between age and memory scores at each time point 

[Tp] (partial r, controlling for sex: learning -.63/ -.57 [Tp1/Tp2]; 5 min recall -.61/ -.49; 30 min recall -

.60/-.44, all p’s < .001). A quadratic age term (age × age) was not significant, and the linear model 

was therefore not rejected. Accordingly, age at Tp1 did not correlate significantly with change in any 

of the three memory scores, but a tendency for relatively worse performance over time with 

increasing age was seen for 30 min recall (r = -.17, p = .062, co-varying out sex and follow-up interval). 

Change in learning was more closely related to change in 5 min recall (r = .70) than to change in 30 

min recall (r = .54, difference between correlations Z = 3.00, p = .003), while change in 5 min recall 

was not significantly more related to either (correlation between change in 5 and change in 30 min 

recall r = .67). We also tested whether memory performance changed from baseline to follow up by 

one sample t-tests. In the young group, significant increases were found for all measures: learning 

4.2%, 5 min recall 9.1% and 30 min recall 5.2% (all p’s < .05). In the older group, no significant change 

was found. 

 

Cortico-subcortical functional connectivity patterns 

Functional connectivity between each of the subcortical structures and the cerebral cortex is shown 

in Figure 1, averaged across time points. As massive significantly positive relationships existed across 

almost the entire brain surface, the statistical maps were z-transformed and thresholded at 1 < z < -1. 

Effects were largely corresponding across hemispheres. To highlight degree of overlap between 

cortical connectivity profiles of the three structures, a right hemisphere conjunction map of all three 

seed regions was created (Figure 2). Please note that no formal statistical testing was done for these 

analyses. Unique hippocampal connectivity was seen in the entorhinal and the parahippocampal 



15 

 

cortex, as well as in the inferior temporal lobe and the fusiform gyrus. Caudate showed unique 

connectivity in regions of the superior frontal cortex. Putamen showed unique connectivity mainly in 

superior temporal gyrus, the posterior-most part of the middle temporal gyrus and the insula. 

Caudate and the hippocampus showed several regions of overlapping connectivity, and these 

coincided with the DMN, i.e. medially in posterior cingulate, medial orbitofrontal cortex extending 

into the anterior cingulate and the superior frontal cortex, and laterally in the temporo-parietal 

junction and the anterior part of the middle temporal cortex. Putamen showed very limited overlap 

in connectivity patterns with the hippocampus and the caudate. Thus, each subcortical seed region 

showed a distinct pattern of cortical FC, with more overlap between hippocampus and the caudate 

than between putamen and any of the two others. 

 

[Insert Figure 1-2] 

 

Effects of age on change on cortico-subcortical functional connectivity 

GLMs were run to test whether change in FC varied as a function of age. Results are shown in Figure 

3 (see Supplemental information for contralateral results). 

 

[Insert Figure 3] 

 

Across the cortico-subcortical networks, the young group showed reduced FC, while the older group 

showed an increase. For hippocampus, FC change, i.e. difference in FC between time points, was 

significantly different between the two age groups in the right hemisphere, especially on the lateral 

surface, encompassing posterior parts of the temporal lobe, the temporo-parietal junction and a 

large portion of the prefrontal cortex, including both inferior, middle and superior frontal gyri, as well 

as regions of in the inferior and superior parietal cortex. Somewhat weaker effects of age on FC 
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change were seen in the left hemisphere (p < .05), but these did not survive corrections (see 

Supplemental Information). The differences in FC change from Tp1 to Tp2 between the two age 

groups in striatal-cortical connectivity were considerably more widespread, covering most of the 

lateral surface and a major part of the medial in the right hemisphere, with more limited effects in 

the left. One interesting difference between the caudate and the putamen effect was that change in 

FC between putamen and the anterior part of the lateral temporal cortex did not vary with age, in 

contrast to what was observed for the caudate.  

 

As can be seen from the scatterplots for selected ROIs, there is one outlier in the older group. Thus, 

contrasts between age-groups in FC change were re-run excluding values exceeding z = 3. Significant 

differences between groups in FC change were confirmed for all ROIs by independent samples t-tests. 

 

Due to the strongly age-dependent change rates in FC, all subsequent analyses were run for each 

group separately.   

 

FC and memory function 

GLMs were run to test the relationship between change in learning, 5 min recall and 30 min recall 

and change in cortico-subcortical FC. We first tested for age-interactions in FC – memory 

relationships, i.e. regions where change in FC was differently related to memory change across age 

groups. The results are shown in Figure 4 (bottom panel). We found widespread interactions, caused 

by reduced FC being associated with relatively better memory performance in the young adults (top 

panel), and some more limited relationships between increased FC associated with relatively better 

memory performance in the older adults (middle panel). For the hippocampus, this pattern of effects 

was seen in large areas of the cortex for recall after 5 min and 30 min, both on the lateral and the 

medial surface. For 5 min recall, effects were overlapping with, but not restricted to, hub regions of 
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the DMN both laterally and medially. For 30 min recall, the effects were most widespread in the left 

hemisphere, with effects in right being most pronounced in lateral temporal as well as posterior 

cortical regions. Effects were also found for learning, including in the lateral temporal cortex in both 

hemispheres, and around the precuneus and lateral parietal and frontal cortex in the left, but these 

were substantially less extensive. Scatterplots are shown in Figure 5 (see Supplemental information 

for contralateral results). 

 

[Insert Figure 4 and Figure 5] 

 

For caudate, age-interactions were found for learning and 5 min recall exclusively. These effects 

covered the MTL extending superiorly towards the retrosplenial cortex/ posterior cingulate in both 

hemispheres, but also parts of the middle or frontal cingulum and posterior sections of the superior 

frontal gyrus. Widespread effects were also seen on the lateral surface, both in the temporal, frontal, 

parietal and occipital cortex. These age-interactions were caused by significant FC-memory 

relationships found exclusively in the group of older adults.   

 

For putamen, age effects were found only in the right hemisphere 5 min recall condition, most widely 

distributed on the lateral surface. These were caused by significant effects in the older group only.  

 

To highlight the differential contributions from hippocampus and caudate FC change, a conjunction 

figure was created based on the age-interaction maps for the right hemisphere in Figure 4. Figure 6 

shows that age affected the effect of caudate FC change on learning across large regions of the 

cortex, overlapping with effects of hippocampal FC change in minor regions only. In contrast, for 30 

min recall, age affected the hippocampal FC effect on recall only. Thus, caudate FC change and 

hippocampal FC change impacted different aspects of memory function across age groups. 
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[Insert Figure 6] 

 

Multi-modal analyses 

Having established that changes in FC are associated with changes in memory function, we 

conducted a set of post hoc multi-modal analyses to test effects of atrophy and structural 

connectivity change on the above identified FC-memory relationship. These analyses focused on the 

hippocampus and caudate, since these showed the most extensive relationship to memory. For the 

multi-modal analyses, change in hippocampal – cortical FC and caudate – cortical FC was extracted 

for all vertices that showed a significant age-effect on 5 min recall in the right hemisphere. This was 

chosen as the basis for extracting data due to the robust relationship observed in the initial analyses, 

and it would thus yield a strong test if atrophy or structural connectivity change could explain this 

relationship. Atrophy was calculated for hippocampus and caudate (mean of right and left 

hemisphere), since the effects of age on the FC – memory change-relationships were strongest for 

these structures. In addition, change in structural connectivity in selected tracts was calculated. The 

cingulate angular bundle, superior longitudinal fasciculus temporal part, and the uncinate fasciculus 

were chosen as tracts of interests (TOIs) because they connects the medial temporal lobe to other 

cortical regions, thus being potentially important for memory, and the cingulum-cingulate bundle 

because it connects the precuneus and posterior cingulate to the prefrontal cortex, which constitute 

hub regions critical for different aspects of memory (Buckner and Carroll, 2007, Andrews-Hanna et al., 

2010)(see Figure 6 for delineation of the tracts). Fornix would have been another possible TOI, but is 

not segmented in Tracula. Other tools for tractography exist that could be used to segment the fornix. 

In this study, however, we preferred to use the longitudinal stream of TRACULA, since this is specifically 

designed to reconstruct tracts from longitudinal diffusion data by taking advantage of a subject's data from all 

time points jointly. This is a rather unique approach, designed to ensure point-to-point correspondence 

between the tracts reconstructed at different time points, while eliminating any bias towards any single time 
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point. Changes in the fractional anisotropy (FA) and the mean diffusivity (MD) between time points, 

averaged across right and left hemisphere tracts, were used in the analyses. 

 

[Insert Figure 6] 

 

First, FC was correlated with MD and FA change in the four TOIs by partial correlations. The critical α-

level after corrections for number of comparisons by Sidak’s correction was set to 0.0094, similar to p 

< .05 uncorrected and a median correlation between dependent variables of r = .39. In the young 

group, a relationship between hippocampal – cortical FC change and FA change in the uncinate was 

identified (r = -.37, p = .007). This means that more FA decrease was associated with less FC decrease. 

In the older adult group, a relationship was observed between caudate FC change and MD change in 

the cingulate bundle (r = .38, p = .009), meaning that more increase in MD was associated with more 

increase in FC. Uncinate FA was therefore included in hippocampal analyses, while cingulate MD was 

included in caudate analyses. 

 

Similar analyses were done for hippocampal and caudate atrophy, defined as difference in volume 

between time points. No relationships between atrophy and FC approached significance in either age 

group. Larger reductions of hippocampal volume from Tp1 to Tp2 were observed in the older adults 

compared to the younger, and the opposite pattern was seen for the caudate (both p’s < .05). This 

means that the effect of FC on memory seems to be strongest in the time periods when volumetric 

reductions are the lowest, as illustrated in Figure 8. In essence, changes in caudate-cortical FC are 

related to changes in memory in elderly, and caudate volume change relatively little among elderly. 

Similarly, changes in hippocampal-cortical FC are related to changes in memory in young, and 

hippocampal volume change relatively little among young. 
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[Insert Figure 8] 

 

To test whether the observed relationships between change in memory and change in FC could be 

explained by changes in tract integrity, multiple regressions were run with 5 min recall as dependent 

variable and FC change as predictor. These analyses were followed up by similar analyses where 

changes in MD and/ or FA in significant TOIs were included as additional covariates. 5 min recall was 

chosen as the dependent variable because the most extensive age effects on the FC-memory 

relationship were seen in this condition. The analyses were first run for hippocampal-cortical FC 

change. In the first model, hippocampal FC change was significantly related to 5 min recall (Young: 

standardized partial β = -.40, p = .002/ Older adults: standardized partial β = .31, p = .024), which was 

already given since the ROIs were based on the previous surface analyses. Adding FA change in the 

uncinate as an additional covariate had negligible effects on the contributions from FC change (Young: 

standardized partial β = -.40, p = .005/ Older adults: standardized partial β = .32, p = .029), while 

uncinate FA did not contribute significantly in either age group. Adding hippocampal atrophy and 

both FA and MD change in all four TOIs as additional covariates in a further expanded model still 

yielded significant contributions from FC change (Young: standardized partial β = -.37, p = .009/ Older 

adults: standardized partial β = .41, p = .019). For the young group, MD change in the uncinate also 

contributed to explain 5 min recall (standardized partial β = -.36, p = .04), meaning that relatively less 

decrease in MD was associated with more favorable recall outcome. No other variable of interest 

explained unique variance. To test whether the inclusion of the structural connectivity and atrophy 

variables could explain the effects of age on the relationship between FC change and memory change, 

an interaction term of the Z-transformed values of age × FC change was added as an additional 

covariate. This term was highly significant (standardized partial β = -.37, p < .001), showing unique 

age effects on the relationship between FC and memory, independently of ongoing atrophy and 

structural connectivity changes. 
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A similar multiple regression strategy was used for change in caudate-cortical FC. The first model 

confirmed the contribution from FC change to 5 min recall change for the older group from the 

surface analyses (standardized partial β = .50, p < .0005), with only a trend for the young group 

(standardized partial β = -.23, p = .084). In the next model, MD change in the cingulate bundle was 

added as an additional covariate. In the young group, neither FC nor MD change contributed 

uniquely, while in the older group, both did (FC: standardized partial β = .59, p < .0001/ MD: 

standardized partial β = -.30, p = .026), meaning that relative increase in FC and relative reduction of 

MD was associated with better recall outcome. Adding caudate atrophy and both FA and MD change 

in all four TOIs as additional covariates in the further expanded model rendered the cingulum MD 

change no longer significant, while FC still contributed uniquely (standardized partial β = .60, p 

< .0005). Similar to the hippocampus-cortical connectivity analyses, an interaction term of the Z-

transformed values of age × FC change was added, and was found to be highly significant 

(standardized partial β = .32, p < .001). 

 

Finally, a stepwise multiple regression analysis with 5 min recall change as dependent variable was 

run. In the first block, all the covariates used in all analyses were entered (age, movement at both 

time points during BOLD and dMRI scanning, interval, sex). In the next block, FC changes for both  

hippocampus-cortex and caudate-cortex were entered, along with FA and MD change in the four 

TOIs and atrophy of hippocampus and caudate, in a stepwise pattern (p < .05 for inclusion, p > .10 for 

removal). For the young group, hippocampal-cortical FC (standardized partial β = -.42, p < .001) and 

MD change in the angular bundle explained unique variance in memory (standardized partial β = -.28, 

p < .05). In the group of older adults, caudate-cortical FC (standardized partial β = .64, p < .00005) 

and MD change in the cingulate explained unique variance in memory (standardized partial β = -.33, 

p < .05). 
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Discussion 

The present study demonstrated that cortico-subcortical FC change was related to change in memory 

function, with effects of SC anatomically closely aligned. While hippocampal-cortical FC changes 

impacted recall performance for both younger and older adults, striatal-cortical FC affected memory 

in the group of older only. This is in line with a view of episodic memory deficits in normal aging as 

caused partly by disturbance of a striatal-prefrontal network. Multi-modal analyses further showed 

that caudate functional and cingulum SC changes were related to recall performance among the 

older adults, while hippocampal functional and angular SC were predictive in the younger. The FC-

memory relationships were in opposite directions across age groups, but SC-memory relationships 

were in the same and expected directions regardless of age – less increase in MD was associated with 

more favorable memory outcome. Interestingly, FC-memory relationships were strongest when the 

specific subcortical structure showed the least volumetric reductions, suggesting a complex and age-

varying pattern of influences on memory function throughout adult life from connectivity and 

atrophy. This can be interpreted within a partly sequential and partly simultaneous model of brain 

events underlying cognitive changes in aging, with influences from different functional and structural 

events varying in strength over time. According to a sequential model, brain events can be ordered in 

time, with some being initiated before others, such as in the popular dynamic biomarker model of 

Alzheimer’s disease (Jack et al., 2010, Jack et al., 2013). Although not necessarily in conflict with the 

sequential model, a simultaneous model will put more focus on brain events ongoing in parallel (Fjell 

et al., 2013, Jagust, 2013). 

 

Discussions of the main hypotheses 

Changes in FC and memory were related in an age-dependent way. In one longitudinal study of DMN 

FC in middle-aged and older adults, no net change was observed between timepoints, but increased 
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FC still predicted better memory outcome (Persson et al., 2014). The direction of this relationship 

was similar to the present findings in the older group. Several cross-sectional studies have also 

indicated a positive relationship between FC of large-scale brain systems and cognitive function, 

including memory ((Andrews-Hanna et al., 2007, Wang et al., 2010, He et al., 2012, Onoda et al., 

2012, Mevel et al., 2013, Geerligs et al., 2014, Ward et al., 2014), but see (Ystad et al., 2010)), but the 

direction of effects has still been shown to differ as a function of network and network properties 

(Salami et al., 2012, Spreng and Schacter, 2012, Antonenko and Floel, 2014, Sala-Llonch et al., 2014). 

 

We hypothesized that fronto-striatal FC change would be more important for memory change in 

older adults than in young, and that hippocampal-based functional networks would be more related 

to long-term recall than to learning, with the opposite pattern for striatal-based networks. 

Interestingly, there were distinct anatomical patterns of connectivity- memory change relationships 

for young vs. elderly. As exemplified in Figure 6, age-interactions were prominent for caudate 

connectivity in the learning condition and for hippocampus connectivity in the 30 min recall 

condition. This was caused by the strongest relationships being observed between hippocampus FC 

and recall (5 and 30 min) for the young, and between caudate FC and learning and 5 min recall for 

the older. Supported by the correlations between the different memory scores, a rough partial 

distinction can be made between cognitive processes important for learning and processes important 

for long term storage. The 5 min recall condition depends equally on both types, while learning and 

30 min recall to a lesser degree depend on the same processes.  

 

The impact of caudate FC on learning scores in the older adults can be interpreted within a view of 

episodic memory decline in aging as partly caused by decline in fronto-striatal circuits critical for 

executive functions (Alexander et al., 1990, Buckner, 2004, Head et al., 2005). We and others have 

previously demonstrated the relevance of MTL atrophy for decline of long term memory in normal 
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aging (Rodrigue and Raz, 2004, Murphy et al., 2010, Persson et al., 2011, Fjell et al., 2012, Nyberg et 

al., 2012b). The present findings suggest that changes in striatal-cortical connectivity may be more 

important in the initial phases of learning and short-term consolidation, with change in hippocampal-

cortical connectivity being more relevant for long-term consolidation. This is interesting, as previous 

studies have shown increased FC between prefrontal cortex and striatum during category learning 

(Antzoulatos and Miller, 2014) and perirhinal-hippocampal connectivity as a marker for long-term 

memory consolidation (Vilberg and Davachi, 2013). It seems that these phenomena apply to changes 

over time in specific memory functions. The importance of hippocampal-cortical FC change for 

somewhat longer term consolidation was even more evident in the young group than the older, 

where hippocampal FC was related to recall while striatal FC was not related to any aspect of 

memory function. Previous volumetric studies have suggested that hippocampus is relatively 

preserved well into middle age, before decline accelerates (Walhovd et al., 2005, Fjell et al., 2013). In 

contrast, caudate has been found to decline the most in the first part of adult life, with only minor 

volume reductions or even increases seen after 60 years (Walhovd et al., 2005, Fjell et al., 2013). This 

pattern was confirmed in the present data, with timing of volume decrease versus FC-memory 

relationships illustrated in Figure 8. In light of this, it may seem like the influence of FC from each of 

these structures is largest in the time periods where volume is the most stable.  

 

Multi-modal results 

FC changes impacted cognitive function independently of atrophy and reduced structural 

connectivity, in line with our hypothesis and some previous cross-sectional studies that corrected for 

gray matter volume (Damoiseaux et al., 2008, Mowinckel et al., 2012, Onoda et al., 2012). This result 

could also be expected based on the depicted patterns in Figure 8, where effects of FC on memory 

function were highest when rates of change were the lowest. Interestingly, structural and functional 

connectivity both contributed uniquely to explain change in memory function, yielding a more 
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elaborated picture of brain events underlying memory change. For the young group, hippocampal-

cortical FC change along with MD change in the angular bundle explained unique variance in memory. 

For the older adults, caudate-cortical FC and MD change in the cingulum explained unique variance. 

This pattern of effects aligned nicely with the basic connectivity profiles of hippocampus and caudate 

in Figures 1 and 2 and the age-dependent effects of FC on memory. The caudate showed high FC 

along almost the complete cingulum in the older group. Although hippocampus also showed FC with 

posterior and anterior cingulum regions, strong unique hippocampal FC was seen along the 

parahippocampal and entorhinal cortex, aligning closely with the angular bundle running through the 

MTL and connecting its posterior and anterior parts. Thus, the structural and functional effects on 

memory yielded anatomically high correspondence within each age group, but still were mostly 

independent in explaining memory change. Thus, there was unique information in structural 

connectivity measures that was not captured by FC. In line with this, Salami et al. found elevated rsFC 

in aging to be related to memory decline and partly accounted for by age-related decline in WM 

diffusion properties (Salami et al., 2014). In the present study, the direct correlation between 

changes in each measure was harder to interpret, as positive FA change was associated with negative 

FC change in the young group and the opposite pattern was found for MD in the old group. In general, 

structural connectivity is sparser than functional connectivity, and two regions that do not have a 

direct structural connection may be connected functionally through a third region. Thus, as a specific 

structural connection deteriorates, more regions could be recruited to perform a functional task as a 

means of compensation. Therefore, one cannot always expect a straightforward relationship 

between structural and functional connectivity.   

 

Relationships between FC change and age 

Changes in FC varied as a function of age, evident across extended regions of the cortex. No apparent 

differences between regions belonging to ‘task positive’ vs. ‘task negative’ networks or intra- vs. 
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inter-network effects were observed. We observed a tendency for FC to increase over time in the 

older group. Highly variable results have been reported in previous literature, with for instance one 

very large study finding positive age-correlations in somatosensory and subcortical networks and 

negative age correlations with FC density in other networks (Tomasi and Volkow, 2012). Other 

studies have found higher FC in selected networks, including DMN, in elderly with subjective memory 

complaints compared to age-matched controls (Hafkemeijer et al., 2013), genetic risk for sporadic 

Alzheimer’s disease (AD) (Filippini et al., 2009, Westlye et al., 2011), Aβ accumulation (Lim et al., 

2014, Adamczuk et al., In press) and AD diagnosis (Zhang et al., 2010, Agosta et al., 2012), although 

reduced FC is a more common finding in elderly at risk for neurodegenerative conditions, as 

reviewed in (Sheline and Raichle, 2013). 

 

 In several studies finding higher FC in the risk-groups, FC is still positively related to cognitive 

function (Agosta et al., 2012, Lim et al., 2014, Adamczuk et al., In press). Increased FC could thus be 

interpreted as a compensatory response to reduced brain integrity, e.g. due to the accelerated 

reductions in WM integrity (Sexton et al.) or hippocampal volume (Walhovd et al., 2005, Fjell et al., 

2009a), which are typically seen from about 60 years of age. However, the compensation account is 

challenging, since episodic memory function typically declines after 60 years (Josefsson et al., 2012, 

Nyberg et al., 2012a), which is difficult to reconcile with the pattern of increased FC in this age range, 

which at the same time is associated with better memory outcome. The positive relationship 

between FC and memory also renders the alternative account of disinhibition or dedifferentiation in 

aging less likely. In a previous simulation study, we found that increased FC in elderly could be 

observed in a substantial proportion of the simulations, even with no assumption of increased FC 

included in the model and replication of age-dependent FC-memory relationships (Fjell et al., 

unpublished). With the conflicting results from cross-sectional studies and the almost complete lack 

of longitudinal investigations, it is pivotal that more efforts are devoted to test how FC changes over 



27 

 

time in individuals at different ages and in different populations. Despite this, the observation of a 

positive relationship between FC and preservation of memory within this critical age period is 

reasonable and in coherence with another longitudinal FC aging study (Persson et al., in press). 

Importantly, this observation is not dependent on the direction of the net change in group mean 

connectivity among the older adults. The FC-memory relationship can be interpreted within the 

frames of the brain maintenance theory (Nyberg et al., 2012a) without making any assumptions 

about compensatory processes. The finding of reduced FC in the young group likely has complex 

causes, but could conceivably in part be caused by ongoing maturation, at least among the youngest 

participants. WM development is ongoing until 30 years or more (Westlye et al., 2010, Walhovd et al., 

2011, Grydeland et al., 2013)(Sexton et al), with the FC changes reflecting such maturational 

processes. 

 

Limitations 

The present follow up interval was a little more than 3 years. Due to the paucity of longitudinal rsFC 

studies, it is not known whether this is enough to measure reliable changes in FC, especially in young 

and healthy participants. Previous studies have shown that structural connectivity (Sexton et al., 

2014) and atrophy (Storsve et al., 2014) seem to be reliably tracked over this time interval, and even 

shorter in elderly participants (Fjell et al., 2009a). However, more longitudinal studies are needed to 

establish the optimal follow-up time for rsFC. A related issue is the practice effect commonly 

observed in longitudinal memory studies. In the present study, the young participants showed 

increased memory scores over time while the older adults did not show significant change in any 

direction. It is likely that the actual score at follow-up reflects initial ability, and time-related 

reduction and a practice effect. Thus, no change could indicate a reduction in memory function. Also, 

there are individual differences in change in rsFC and memory between time points which likely have 

significance, even though not seen as net change in memory at a group level. This is the same 
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reasoning used by Persson et al., where FC did not show longitudinal change at a group level, but 

increased FC still predicted better memory outcome (Persson et al., 2014). In any case, the lack of 

reduction in memory function on a group level complicates the interpretation of the relationships 

between memory change and connectivity in the present data, and it is possible that a longer follow-

up interval would yield a less complex picture.   

 

In the present study, we were interested in testing specific hypotheses about changes in medial-

temporal vs. striatal networks and their implications for memory function since these have been 

hypothesized to be fundamental in major theories of cognitive aging. Thus, we chose to examine 

these networks by a direct seed-based approach, targeting the structures of interest specifically. The 

rsFC profile of the hippocampus in the present study overlapped with the default mode network, 

including medial prefrontal and posterior parietal cortex, temporo-parietal junction/ angular gyrus 

and anterior lateral temporal cortex, although regions also outside DMN were included. The other 

networks did not correspond closely to any of the previously described “canonical” networks. An 

alternative approach would thus be to extract previously established “canonical” networks where 

strong functional connectivity has been demonstrated previously (Smith et al., 2009, Yeo et al., 2011), 

and test to what degree changes in these would have implications for memory function.  

  

Summary and conclusions 

In summary, this longitudinal study demonstrated that changes in functional and structural 

connectivity are both related to memory outcome over 3 years, and that each class of measure 

explains unique variance. The finding that FC has the most explanatory power in the time periods 

when the rate of volumetric reductions is lowest for the specific seed structure suggests a sequential 

model of brain events underlying cognitive changes, where different events explain more or less 

variance in various time windows. While hippocampal-cortical FC as hypothesized was important for 
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long-term recall and especially for the young adult, the results also supported the fronto-striatal 

hypothesis of aging, especially related to learning and short-term recall. The increased FC over time 

in the older adults was surprising, and, on the backdrop of a general lack of longitudinal studies 

combined with conflicting results from cross-sectional studies, demonstrated that more efforts are 

needed to understand how FC changes over time at different ages and in different populations. The 

current results suggest interesting venues for further research, and much work remains before firm 

conclusions can be reached about the combined relationship between structural and function 

connectivity and atrophy in explaining age-related deficits in episodic memory. 
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Figure legends 

Figure 1 Cortico-subcortical functional connectivity patterns 

Resting-state functional connectivity (FC) between the three seed structures and the cerebral cortex. 

FC was computed as the mean of the two time points. Massive positive relationships were observed, 

so the maps were z-transformed to allow inspections of regions of relatively higher (red-yellow) vs. 

lower (blue-cyan) FC. 

 

Figure 2 Overlapping cortico-subcortical functional connectivity patterns 

A conjunction map was created to illustrate degree of overlapping vs. unique functional connectivity 

patterns for each seed structure, for each seed structure from Figure 1 thresholded at z > 1. 

 

Figure 3 Age-change interactions 

The maps show effects of age group on functional connectivity change. Blue-cyan indicates more 

positive change in the group of older vs. younger participants, corrected for multiple comparisons by 

Monte Carlo simulations. The scatterplots illustrate mean difference in FC (z-transformed 

correlations) for each participant from selected regions shown in green (hippocampus), red (caudate) 

or yellow (putamen). Mean and 95% confidence interval of the mean are shown as solid and dotted 

lines, respectively.  

 

Figure 4 Relationship between FC change and memory change 

Maps of the significant relationships between FC change and memory change. The three main 

columns represent the hippocampus, caudate and putamen as seeds, respectively. The three main 

rows represent the young group, the older group and the age-interactions, i.e. the effect of age on 

the relationship between FC change and memory change. Within each main row, each line 
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represents learning, 5 min recall and 30 min recall, respectively. The results were corrected for 

multiple comparisons by Monte Carlo simulations. 

 

Figure 5 rsFC-memory relationships 

Scatterplots illustrating the relationship between change in memory scores between timepoints and 

change in rsFC. The rsFC data are extracted from the significant age-interaction analyses for the right 

hemisphere showed in Figure 4. Left panel: caudate-cortical rsFC change vs. learning change. Middle 

panel: Caudate-cortical rsFC change vs. 5 min recall. Right panel: Hippocampal-cortical rsFC change vs. 

30 min recall change.  

 

Figure 6 Unique and common patterns of FC-memory change relationships 

Conjunction maps of the significant right hemisphere age-interactions in Figure 4. The figure shows 

that age affected the effect of caudate FC change on learning across large regions of the cortex, 

overlapping with effects of hippocampal FC change in minor regions only. In contrast, for 30 min 

recall, age affected the hippocampal FC effect on recall only. Thus, caudate FC change and 

hippocampal FC change impacted different aspects of memory function across age groups. 

 

Figure 7 Structural connectivity tracts of interest 

Four relevant white matter tracts were delineated by use of TRActs Constrained by UnderLying 

Anatomy (TRACULA): superior longitudinal fasciculus temporal part (SLF temporal), cingulate gyrus, 

angular bundle and uncinated fasciculus. Tract endings were projected into the cortex (blue) for 

visualization purposes, while the delinated tracts in the white matter are shown in red. 

 

Figure 8 Timing of influence of FC on memory change 
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The figure illustrates that the relationship between FC change and memory is strongest in the time 

periods where rate of change of a given structure typically is the lowest. Imposed on the color scale 

depicting the strength of the relationship between FC change and memory change, the black lines 

show the typical age-trajectory of the volume of the hippocampus (left) and the caudate (right). The 

curves were obtained from a nonparametric smoothing spline fit based on cross-sectional MR scans 

from 1100 healthy participants, published in (Fjell et al., 2013). This general pattern of change was 

confirmed in the present longitudinal data. 
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 Young Older adults Sig 

n 64 561  

Age 32.9 (23-52) 71.6 (63-86) * 

Sex (females/ males) 40/ 24  29/27   

Education 15.9 (12-23) 16.5 (8-26)  

IQ 119 (101-133) 120 (90-146)  

MMSE 29.6 (27-30) 29.0 (26-30) * 

Follow-up interval 3.4 (2.7-4.0) 3.1 (2.8-3.8) * 

 

Table 1 Sample descriptives 

Age, IQ and MMSE values from Tp2, education from Tp1. Mean (range) values are provided. 

1 One participant lacked valid memory scores 

* Difference between age groups is significant (p < .05) 
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MMSE 29.6 (27-30) 29.0 (26-30) * 

Follow-up interval 3.4 (2.7-4.0) 3.1 (2.8-3.8) * 

 

Table 1 Sample characteristics 

Age, IQ and MMSE values from Tp2, education from Tp1. Mean (range) values are provided. 

1 One participant lacked valid memory scores 

* Difference between age groups is significant (p < .05) 
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