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Abstract: A growing body of research indicates benefits of cognitive training in older adults, but the
neuronal mechanisms underlying the effect of cognitive intervention remains largely unexplored.
Neuroimaging methods are sensitive to subtle changes in brain structure and show potential for
enhancing our understanding of both aging- and training-related neuronal plasticity. Specifically,
studies using diffusion tensor imaging (DTI) suggest substantial changes in white matter (WM) in
aging, but it is not known whether cognitive training might modulate these structural alterations.
We used tract-based spatial statistics (TBSS) optimized for longitudinal analysis to delineate the
effects of 8 weeks intensive memory training on WM microstructure. 41 participants (mean age 61
years) matched for age, sex and education were randomly assigned to an intervention or control
group. All participants underwent MRI-scanning and neuropsychological assessments at the begin-
ning and end of the study. Longitudinal analysis across groups revealed significant increase in fron-
tal mean diffusivity (MD), indicating that DTI is sensitive to WM structural alterations over a 10-
week interval. Further, group analysis demonstrated positive effects of training on the short-term
changes. Participants in the training group showed a relative increase in fractional anisotropy (FA)
compared with controls. Further, a significant relationship between memory improvement and
change in FA was found, suggesting a possible functional significance of the reported changes. The
training effect on FA seemed to be driven by a relative decrease in radial diffusivity, which might
indicate a role for myelin-related processes in WM plasticity. Hum Brain Mapp 33:2390–2406,
2012. VC 2011 Wiley Periodicals, Inc.
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INTRODUCTION

Numerous studies show behavioral benefits of cognitive
training in both healthy and pathological aging [see
Buschert et al., 2010; Reichman et al., 2010, for recent
reviews]. However, the neuronal substrates of the
observed behavioral improvements are largely unknown.
Neuroimaging is a promising tool for elucidating the
underlying neurobiological mechanisms of training [Lustig
et al., 2009]. Recent studies of cognitive interventions in
older adults have pointed to prefrontal functional [Mozolic
et al., 2010] and structural [Engvig et al., 2010] reorganiza-
tion of the cortical gray matter (GM). Studies using other
imaging modalities might enhance our understanding of
these observed changes.

One promising modality is diffusion tensor imaging
(DTI) enabling characterization of white matter (WM)
microstructure in vivo [Le Bihan, 2003]. DTI-indices of
WM show considerable age-related differences throughout
life [Burzynska et al., 2010; Giorgio et al., 2010; Madden
et al., 2004; Pfefferbaum and Sullivan, 2003; Pfefferbaum
et al., 2005]. Putative DTI markers of WM aging include
increasing mean diffusivity (MD) and decreasing fractional
anisotropy (FA) [see Chanraud et al., 2010, for a review].

Life-span studies have shown that FA decreases and
MD increases are apparent in most regions by the end of
the third decade of life [Kennedy and Raz, 2009b]. In a
study of 430 subjects aged 8–85 years, estimated age of
maximum FA was 29.1 years for whole-brain WM [West-
lye et al., 2010]. Regional analyses have shown an anterior-
posterior gradient [Davis et al., 2009; Salat et al., 2005],
with stronger age effects observed in anterior as compared
to posterior regions [Bennett et al., 2010; Head et al., 2004].

The observed WM differences are likely related to aging
of specific cognitive skills [see Johansen-Berg, 2010, for a
review]. Kennedy and Raz [2009a] reported that age-
related WM degradation, as indexed by FA and MD, was
related to multiple measures of cognitive performance.
Moreover, some studies indicate that learning cognitive
skills is reflected in FA variability. For instance, Flöel et al.
[2009] demonstrated that higher FA scores in WM adjacent
to Broca’s area predicted grammar-learning success. DTI-
studies of expertise have shown that training-related dif-
ferences in FA [Hanggi et al., 2010], and MD [Imfeld et al.,
2009] correlates with amount of time spent practicing,
pointing to experience-related WM reorganization trace-
able in vivo [see Jäncke, 2009, for a review].

Recently, longitudinal studies of younger adults have
confirmed experience-related WM changes over short
intervals after motor [Scholz et al., 2009] and cognitive
[Takeuchi et al., 2010] training, respectively. Keller and
Just [2009] showed that remediation reading training in
children is followed by significant FA increases associated
with successful training. Finally, Lövdén et al. [2010]
reported that age-related WM changes in the anterior cor-
pus callosum were influenced by an intensive 100-days
cognitive intervention scheme, indicating intact WM plas-

ticity in elderly. The four longitudinal studies reviewed
above consistently reported FA-increases following inter-
vention. The study by Lövdén also reported training-
related decreases in MD. Interestingly, these patterns con-
trast the observed age-related trajectories described above,
with decreasing FA and increasing MD.

Age-related changes in WM diffusivity are likely to
reflect increase in brain water content, demyelination, dis-
ruption of axon structure, and overall rarefaction of nerve
fibers [for a review, see Minati et al., 2007]. In one study,
age-related decreases in FA were mainly driven by
increases in radial diffusivity (RD) [Giorgio et al., 2010].
RD, together with FA and MD, was shown to be a robust
predictor of myelin content in post-mortem human brains
[Schmierer et al., 2008]. Increased RD has also been related
to myelin damage in animal models of multiple sclerosis
[Sun et al., 2007] and dysmyelination [Song et al., 2002].
On the contrary, increased CNS myelination has been
reported after neuronal activity [Ishibashi et al., 2006; Ste-
vens et al., 2002] and is suggested to play a role in learn-
ing and cognition [see Fields, 2008, for a review].
Inferences such as linking RD and myelination are, how-
ever, currently limited by the challenges of interpreting
changes in diffusion MRI measures in biological terms
[Beaulieu, 2009].

Despite the limitations of current DTI-interpretation, ini-
tial studies reviewed above have demonstrated potential
for experience-related cerebral WM reorganization in
humans. Studies of training-related WM effects in older
individuals are, nevertheless, rare. Besides the need for
replication of such studies, unanswered questions include
the temporal aspects of WM changes in response to train-
ing and the relationship between WM and behavioral
change. A more precise understanding of plasticity-related
mechanisms in aging is important because of the poten-
tially broad implications for guiding development of inter-
vention programs aimed at halting or reversing age-
related cognitive decline and neurodegeneration.

In the present study we assessed short-term WM
changes using a tract-based spatial statistics (TBSS) [Smith
et al., 2006] protocol optimized for longitudinal analysis.
There were three main aims:

First, we tested whether changes in DTI-indices of WM
were detectable after 10-weeks in 41 middle-aged and
older individuals. As reviewed above, a highly consistent
finding in previous studies is FA decreases and MD
increases distributed with an anterior-posterior gradient.
We therefore hypothesized that if changes were detectable;
they were likely to be manifested as frontally distributed
decreases in FA and/or increases in MD.

Second, we investigated the hypothesis of WM plasticity
in response to memory intervention by randomly assign-
ing the participants to either an intervention group, partic-
ipating in 8 weeks of intensive verbal memory training or
a control group. On the basis of the previous studies of
cognitive training effects on cerebral WM [Lövdén et al.,
2010], we hypothesized group � time interactions in
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regions showing age-related changes, effectively demon-
strating that the training regimen influenced the rate of
short-term WM deterioration.

The two first hypotheses were tested voxel-wise for FA
and MD. To further examine the hypothesis of training-
related effects, follow-up analyses were performed for RD
and AD within regions showing group � time interactions.
This approach reduces the number of statistical compari-
sons, and allows for more specific interpretation of
changes in FA and MD as opposed to considering the dif-
ferent metrics in four independent voxel-wise analyses.
Since evidence reviewed above suggests a possible role for
myelination in both aging and cognition, we hypothesized
that training would primarily impact RD changes in these
regions.

Third, on the basis of our previous finding of a correla-
tion between frontal cortical thickness changes and train-
ing-related memory improvements [Engvig et al., 2010],
we hypothesized that the intervention-related WM effects
would be largest for the subjects showing the most benefi-
cial effects on memory performance.

MATERIALS AND METHODS

To assess the effects of cognitive intervention on age-
related trajectories in WM, we used a randomized con-
trolled design in the present study. The study sample is
the same as in a previous article focusing on cortical thick-
ness [Engvig et al., 2010], and a comprehensive description
of the intervention and behavioral improvements are
reported there.

Sample

Forty eight volunteers were recruited through a local
newspaper ad and assessed for eligibility and screened
using a structured health interview before inclusion. All
included participants were required to be right-handed
(‘‘are you right-handed?’’ yes/no-dichotomy, confirmed
for hand writing and drawing by observation) native Nor-
wegian speakers not concerned about their own memory
function not using medications known to interfere with
cognitive function (including benzodiazepines, antidepres-
sants or other central nervous agents) and having no dis-
eases known to affect the central nervous system (CNS),
including thyroid disease, multiple sclerosis, Parkinson’s
disease, stroke, severe hypertension or diabetes.

Cognitive assessments and the memory training pro-
gram were conducted at the Center for the Study of
Human Cognition at the Department of Psychology, Uni-
versity of Oslo. All participants gave informed consent,
and the study was approved by the Regional Ethical

Committee of South Norway (REK-Sør). To minimize
the influence of subclinical degenerative conditions, the
following exclusion criteria were employed: Mini Mental
Status Exam (MMSE) <26 [Folstein et al., 1975], Geriatric

Depression Scale (GDS) >11 [Yesavage et al., 1983] and IQ
< 85, derived from the vocabulary and matrices sub tests
of the Wechsler Abbreviated Scale of Intelligence (WASI)
[Wechsler, 1999]. One participant filled out the GDS form
after completion of the program, but the score (5.33) was
below the exclusion criterion. Further, participants with a
total learning and/or recall score on the California Verbal
Learning Test (CVLT-II) [Delis et al., 2000] of two standard
deviations (SD) or more below population norm were also
excluded. One participant was excluded on the basis of
the CVLT score. Table I presents demographic and neuro-
psychological measures for each group at baseline. Briefly,
there were no significant baseline differences between
groups in any of the demographic or neuropsychological
variables. Mean age and sex-adjusted T-scores for CVLT
learning and long delay was 59.3 (9.0) and 57.7 (8.7),
respectively. This indicates that the sample mean was
about 1 SD above population norms with regards to both
IQ (see Table I) and verbal memory functioning.

Design

At the start of the project - time point one (tp1)—all par-
ticipants were tested on a series of neuropsychological and
behavioral tests, and underwent an MRI scan. Next, partic-
ipants were randomly assigned to either of two groups: (1)

TABLE I. Characteristics of completing participants at

baseline (n 5 41)

Intervention
(11F/10M)

Control
(11F/9M)

M SD M SD P-value*

Age 61.7 9.4 60.3 9.1 0.64
Education 15.1 1.9 15.6 1.8 0.45
IQ 117.8 9.0 118.8 9.2 0.74
MMSE 29.0 1.0 29.1 0.9 0.63
GDS 1.7 1.9 1.5 2.2 0.75
TMT A 37.1 16.1 33.0 13.8 0.39
TMT B 81.6 35.3 70.7 32.7 0.31
Digit-symbol 65.2 15.6 67.7 14.1 0.61
Rey-O, recall 19.5 6.5 21.1 5.7 0.42
CVLT, 1–5 total 50.4 9.1 52.3 10.7 0.54
CVLT, long delay 11.8 2.3 11.9 3.6 0.93
Re-test interval 65.4 6.8 65.3 9.5 0.95

Note: IQ from derived from WASI matrices and vocabulary sub
tests. MMSE, Mini Mental State Exam. GDS, Geriatric Depression
Scale. TMT A and B, trail making test part A and B, seconds;
Digit-symbol from WAIS-R; Rey-O, 30 min delayed recall of the
Rey-Osterreith complex figure test; CVLT 1-5 total, score with
intrusions subtracted; CVLT long delay, score on 20 min delay
recall with intrusions subtracted. Re-test interval denotes days
between 1st and 2nd MRI scanning session.
*P-values are two-tailed and based on independent samples t test
with intervention or control as grouping variable.
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an intervention group (ages 42–76 years, n ¼ 21) partici-
pating in an 8-week intensive verbal memory training pro-
gram, or (2) a control group (ages 42–77 years, n ¼ 20).
The groups were carefully matched by sex, age, and edu-
cation level. The following week, the intervention group
started the training scheme, while the controls were
instructed to continue living as usual. At time point two
(tp2), the week after completion of the intervention, all
participants were reexamined on selected behavioral tests
and underwent a second MRI scan. Because of practical
and logistic reasons, all individuals were reassessed in the
week after the end of the intervention. Mean interval
between the two scanning sessions was 65.3 days (SD ¼
8.1). There were no differences in interval between groups
(t ¼ 0.07, P ¼ 0.95). After group allocation, one participant
in the training group was excluded due to inadequate
MRI data quality, and one was excluded due to missing
MRI data. Two participants in the control group withdrew
consent. Thus, 41 participants (21 training; 20 control)
were included in the final analysis.

Intervention

For the present study we developed a memory training
program aimed at improving serial verbal recollection
memory by implementing the mnemonic technique
Method of loci (MoL) [Bower, 1970]. MoL involves learn-
ing to visualize a series of mental landmarks or loci (e.g.,
various rooms in one’s house). These loci make up a
route—the loci route. After acquisition of a loci route, the
to-be-remembered information is linked to the various loci
at the time of encoding. At test, the landmarks are men-
tally revisited in serial order, and the information associ-
ated with each locus is retrieved. This method is shown to
substantially improve serial recall in older adults [Kliegl
et al., 1990]. In the current intervention, each training
week consisted of a 1-h classroom session and 4 days of
homework exercises. The classroom sessions consisted of
small groups lead by an instructor. Each session followed
a basic structure: Review of homework and positive feed-
back; focus on weekly and overall course goals; presenta-
tion of new didactic information; individual in-class
memory training; and homework assignments. In total,
participants finished 40 exercises (in-class þ homework),
comprising roughly 25 min of training 5-days a week for
8 weeks. An extensive description of the intervention,
including examples of in-class and homework exercises
used in the memory training program has been published
in [Engvig et al., 2010].

Memory Assessment

Word recognition and source memory function was
assessed at both time-points using two versions of a com-
puterized test developed for the current study. Briefly, the
test consisted of one practice block and four experimental

blocks. Prior to each block participants were instructed to
try to remember the words that would be presented on
the screen, as well as the sequential order in which they
were presented. In each experimental block a series of
15 consecutive words were presented on screen, each for 1
s, with 4-s intervals of blank screen between each word.
Immediately after the presentation of the word list, partici-
pants were informed on screen that they would again be
presented a series of words (a semi-randomized mix of
15 previously presented and 15 new words). They were
instructed to indicate by button presses within 5 s after
each word presentation whether the word was part of the
list they had just seen (recognition task). If the word was
rejected as new, the next word was presented. If the par-
ticipants indicated that they had previously seen the word,
they were prompted to indicate at self pace whether it
was among the first 5, the middle 5, or the last 5 words on
the list (source memory task). The practice blocks were
identical to the experimental blocks with the exception
that only six words were presented (these data were not
used in the analysis). With four experimental blocks of 15
words each, maximum recognition and source-memory
score for each time-point was 60. Word lists used in the
pre- and post-test were matched with regard to word fre-
quency and number of letters. MoL training is shown to
improve one’s ability to recall the order of concrete words
(as a proxy of source memory) [Verhaeghen et al., 1992],
while recognition memory is not considered to be
improved by recollection training [Jennings et al., 2005].
Thus, we used the difference in proportion of correct
source memory hits (correct source memory judgments/
recognition hits, for each tp) between tp1 and tp2 as a
measure of memory improvement specifically targeted by
MoL. A ratio of 1 at either tp implies that a participant
correctly recalled the order of all correctly recognized
words. One participant in the control group did not
perform the post-test and was thus excluded from the
behavioral analyses.

MRI Data Acquisition

Imaging data were collected using a 12 channel head coil
on the same 1.5 Tesla Siemens Avanto scanner (Siemens
Medical Solutions, Erlangen, Germany) at Oslo University
Hospital, Rikshospitalet. The same scanner software and
software version were used at both time-points. For DTI a
single-shot twice-refocused spin echo echo planar imaging
(EPI) pulse sequence with 30 diffusion sensitized gradient
directions and the following parameters was used: repeti-
tion time (TR)/echo time (TE) ¼ 8,200 ms/82 ms, b-value
¼ 700 s mm�2, voxel size ¼ 2.0 � 2.0 � 2.0 mm3. This
sequence is optimized to minimize eddy-current-induced
image distortions [Reese et al., 2003]. The sequence was
repeated in two successive runs with 10 non-diffusion-
weighted images (b ¼ 0) in addition to 30 diffusion
weighted images collected per acquisition. Each volume
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consisted of 64 axial slices. Total scanning time was 11
min, 21 s. All acquisitions were visually inspected for
imaging artifacts (e.g., movement, susceptibility artifacts).
In addition, a T2-weighted fluid-attenuated inversion
recovery (FLAIR) sequence was used to aid the neuroradio-
logical examination. All MRI scans were subjected to a ra-
diological evaluation by an experienced neuroradiologist,
and were required to be deemed free of significant injuries
or conditions (e.g., signs of brain tumors or stroke). None
of the participants were excluded on the basis of this.

DTI Analysis

All datasets were processed and analyzed at the Center
for the Study of Human Cognition, University of Oslo,
with additional use of computing resources from the Titan
High Performance Computing facilities (http://hpc.
uio.no/index.php/Titan). Image analyses and tensor calcu-
lations were done using FSL (http://www.fmrib.ox.ac.uk/
fsl/index.html) [Smith et al., 2004]. First, the raw 4D data-
sets were corrected for distortions due to eddy currents
and head motion between volumes by using an affine
registration to the first b ¼ 0 volume by means of FLIRT
[Jenkinson and Smith, 2001]. The b matrix was rotated
accordingly to preserve the orientational information in the
data. Next, the diffusion tensor was fitted to the data to cal-
culate the FA, eigenvector and eigenvalue maps. MD was
defined as the mean of all three eigenvalues ((k1 þ k2 þ
k3)/3), radial diffusion (RD) as the mean of the second and
third eigenvalues ((k1 þ k2)/2), and axial diffusion (AD) as
the principal diffusion eigenvalue (k1).

Longitudinal TBSS-Protocol

We performed voxel-wise analyses of FA and MD maps
across subjects and time-points using TBSS [Smith et al.,
2006], a method aimed to solve issues of cross-subject data
alignment. In addition to cross-subject alignment, studies
of longitudinal brain change need to account for residual
variation due to multiple time-points. Because of possible
variations in imaging geometry over time due to gradient
calibration drift, local field distortions, or varying head
placement in the scanner, subtle changes in brain structure
cannot be measured before the images for the two time-
points have been properly aligned. Thus, we modified the
TBSS default scheme to optimize anatomical longitudinal
alignment in the present study.

The longitudinal processing scheme consisted of several
steps (see Fig. 1 for a schematic overview). The initial
registration involves a robust and accurate automated lin-
ear registration using FLIRT [Jenkinson and Smith, 2001]
with a special optimization schedule validated for accurate
longitudinal studies of brain atrophy [Smith et al., 2007].
For each subject, we used the brain extraction tool (BET)
[Smith, 2002] to extract brain and skull images from the b
¼ 0 volumes at each time-point. The initial alignment

between the two time-points is informed by the extracted
skull representation (which is not assumed to change dur-
ing the course of the intervention) to constrain the registra-
tion scaling. Next, both volumes are resampled into the
space halfway between the two [Smith et al., 2001], which
only requires a single registration per volume and thus
minimizes registration bias towards one of the time-points.

Next, we averaged the two halfway registered FA-maps
to generate a subject-wise mid-space template (base FA
template). Then, TBSS automatically aligned each subject’s
base FA template to every other one and identified a
study-specific target image (the best target of all FA tem-
plates in sample). The chosen target image was then
affine-aligned into standard space (1 � 1 � 1 mm3). Next,
all base FA templates were transformed into standard
space by combining (1) a non-linear transform to the
study-specific target image with (2) the affine transform
from the study-specific target image to standard space. We
averaged the transformed base FA templates across partic-
ipants to generate a study-specific mean FA map. The
mean FA map was ‘thinned’ and thresholded at FA > 0.2
to generate a WM tract skeleton representing the center of
the tracts common to all subjects. FA values from the base
FA template for each individual were warped onto this
mean skeleton by searching perpendicular from the center
of the skeleton for maximum FA. Next, the same skeletoni-
zation procedure was applied to the properly aligned DTI
maps from the two time-points after applying a small
smoothing kernel (sigma ¼ 2). The statistical analyses per-
formed are inherently voxel-wise, and small registration
errors may decrease the sensitivity to regional effects.
Therefore, the smoothing step was performed to further
account for residual variation between time points.

Statistical Analyses

The voxel-wise DTI analyses were carried out using per-
mutation-based cross-subject statistics [Nichols and
Holmes, 2002] implemented in randomise in FSL. 10,000
permutations were performed for each contrast and statis-
tical inference was made using threshold-free cluster
enhancement (TFCE) [Smith and Nichols, 2009].

Our first hypothesis was that short-term changes are de-
tectable across groups as decreases in FA and/or increases
in MD. We tested for this in a whole-brain voxel-wise
analysis by applying appropriate contrasts within the
framework of the General Linear Model (GLM). Effects
were considered significant at P < 0.05, after correction for
multiple comparisons across space. To test for age effects
on the longitudinal alterations in the DTI measures, we
extracted individual mean values from significant clusters
generated in the voxel-wise analysis and tested for effects
of age using Spearman’s nonparametric correlation analy-
sis. Previous literature did not provide clear-cut indica-
tions of what to expect in terms of RD and AD changes.
We therefore selected the more established MD and
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FA-metrics for voxel-wise analyses in the present study.
This reduced the number of statistical analyses run.

To assess the notion of an effect-gradient from posterior
to anterior segments, we evaluated the distribution of
effects from the longitudinal analyses along the y-axis.
Specifically, mean statistical t values for each y coordinate
within the WM skeleton was fitted by means of robust
locally weighted polynomial regression (rLOESS) as a
function of MNI y-coordinate integer [Cleveland and Dev-
lin, 1988]. The coordinate-wise rLOESS fitting was done
using custom Matlab routines. Since rLOESS function does

not represent a specific model expression, no formal tests
of significance were implemented.

Second, we hypothesized that memory training would
impact longitudinal changes in frontal regions. Thus, instead
of assessing training-related effect across the entire WM
skeleton, we selected frontal regions showing significant
longitudinal effects across groups for the following analyses
of training-related effects. This reduced the number of
statistical comparisons and the likelihood of Type I errors.

To investigate if there was an effect of training, we
tested for group � time interaction effects. Specifically, we

Figure 1.

Flow chart of steps used to process longitudinal DTI data. FA-

volumes for each time-point for each subject are linearly regis-

tered to a space halfway between tp1 and tp2 using FLIRT and

the extracted skull representation. From these halfway regis-

tered FA volumes base FA templates are calculated for each

subject by averaging the two time-points. TBSS automatically

identifies the best (most representative) of these templates and

selects this as a target image for transformation of all base FA

templates into a standard 1 � 1 � 1 space. The warped FA

templates are used to generate a mean FA map of all subjects.

The mean FA map is thinned to create the mean FA skeleton,

common to all subjects. The skeleton is thresholded and binar-

ized at FA > 0.20 to reduce the likelihood of partial voluming

effects. To further account for residual variation, each partici-

pant’s halfway FA volumes are applied a small smoothing kernel

(sigma ¼ 2), to further account for residual variation. After

warping individual FA-volumes to standard space, the mean FA

skeleton is projected to the individual volumes for each time-

point for use in the statistical analyses. The halfway registration

step, smoothing, warping and projection are subsequently per-

formed for MD, RD and AD using the mean FA skeleton.

r Training-Related WM Changes in Aging r

r 2395 r



tested voxel-wise if group membership influenced changes
in FA and MD. To exclude the possibility that baseline dif-
ferences between groups influenced the longitudinal
effects, we first performed a whole-brain analysis compar-
ing MD and FA at tp1 between groups, and also included
baseline values as voxel-wise regressors in the statistical
models. Significant group � time interaction effects (P <
0.05, corrected) were further examined by running sepa-
rate analyses on mean change in radial (RD) and axial
(AD) diffusivity.

Third, we tested for relationships between rate of WM
microstructural changes and training-related memory
improvement. Specifically, we used Spearman’s nonpara-

metric correlation analysis to test for an association
between change in FA and improvement in verbal source
memory performance.

Evaluation of the Spatial Alignment Between

Time-Points

To evaluate the alignment of the DTI data between
time-points, we de-projected voxels from the statistical
t-maps onto each individual’s FA map for each time-point.
Figure 2 shows an example of the accuracy of the
alignment. The figure shows one de-projected cluster (left
anterior external capsule) for eight participants for each
time-point, indicating excellent spatial correspondence
between the two time-points.

Anatomical Labeling of DTI Effects

In order to characterize the spatial distribution of effects,
we created binary masks of white matter regions repre-
senting the corpus callosum (genu, body, splenium), inter-
nal capsule (anterior limb, posterior limb), external capsule
and anterior, superior and posterior aspects of corona
radiata based on the JHU ICBM-DTI-81 WM labels atlas
[Mori et al., 2008] provided with FSL. Further, binary
masks of select white matter tracts were generated using a
probabilistic tractography atlas (JHU WM tractography
atlas) [Hua et al., 2008; Mori et al., 2005; Wakana et al.,
2004] with a probability threshold of 5% chosen to accom-
modate inter-subject variation in gross fiber architecture.
Eight major WM tracts in each hemisphere (anterior
thalamic radiation, cingulum-cingulate gyrus, cingulum-
hippocampal gyrus, cortico-spinal tract, inferior and
superior longitudinal fasciculus, inferior occipito-frontal
fasciculus, and uncinate fasciculus) and two commissural
tracts (forceps minor and forceps major) were chosen.
Intersections between the WM tract skeleton and the
anatomical masks (WM regions and tracts) were used for
anatomical labeling of effects from TBSS.

RESULTS

Longitudinal Changes Across Groups

Figure 3 shows the results from the whole-brain voxel-
wise analysis of MD changes across groups. Significant
(P < 0.05, corrected) longitudinal increases in MD were
seen in 27.7% of the voxels in the WM skeleton. The effects
were distributed in four clusters. The largest cluster exhib-
ited a bilateral frontal distribution (peak-voxel in left ante-
rior external capsule, in proximity to the left uncinate
fasiculus). In the right hemisphere, the cluster extended
posteriorly along the corona radiata projecting to right
parietal and occipital lobules. The three smaller clusters
were located in posterior regions of the brain. The largest
of these was located in proximity to the precuneus with

Figure 2.

Anatomical position of de-projected voxels at each tp for eight

participants (Horizontal section, radiological convention, Z-coor-

dinate (mm) ¼ 20.34). The figure shows a small random cluster in

the left anterior external capsule found using a t-map from

the across-group longitudinal analysis de-projected to individual

FA volumes. These example volumes comprise subjects showing

the most positive change (n ¼ 4, top four) and the least

positive change (n ¼ 4, bottom four) in diffusivity in this area. The

figure shows that the registration and alignment procedure

applied in the present study assures excellent anatomical overlap

across scans.
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the peak-voxel overlapping with posterior portions of the
probabilistic left anterior thalamic radiation. Additional
clusters were near the right occipital pole and the left lat-
eral occipital lobe, respectively.

A quantitative evaluation of the statistical t-map sug-
gested that the effects displayed in Figure 3 followed a
gradient along the y-axis with the strongest effects located
in frontal regions of the WM-skeleton (see Fig. 4).

Because of the wide extent of the clusters in Figure 3,
we applied a more conservative P threshold (P < 0.025,
corrected) to detect more localized effects. This resulted in
one frontal cluster in the left hemisphere (cluster size:
4,284 voxels, MNI-coordinates of peak-voxel [X ¼ �26, Y
¼ 19, Z ¼ 3], located in proximity to the left uncinate fasi-
culus, see Fig. 5).

Mean MD change in this frontal cluster was 1.3 � 10�5

mm2 s�1 (SD ¼ 1.5 � 10�5 mm2 s�1) or 1.6 (2.0)% increase
across groups. The rate of change in MD showed a posi-
tive correlation with age; suggesting larger MD increases
with advancing age (Spearman’s q ¼ 0.382, P ¼ 0.014). No
significant decreases in FA across groups, or within sub-
groups, were found in the whole-brain analysis.

Memory Performance

Table II shows group means and standard deviations for
the recognition and source memory scores at each time-
point. Repeated measures ANOVA revealed a significant
group � time interaction (Greenhouse-Geisser corrected, F

Figure 4.

Anterior–posterior effect gradient. The figure shows an

rLOESS curve fit (red) for mean t-values at each integer MNI

y-coordinate. The distribution of mean t-values after testing

for longitudinal changes in MD suggests an increasing gradient

from posterior to anterior segments. All WM-skeleton t-val-

ues were first extracted from the raw statistical t-map output

testing for MD increases over time across all participants.

T-values at each y-coordinate were averaged and analyzed

using rLOESS curve fitting in Matlab. A sagittal section of the

MNI-template T1-brain is used as background and aligned

so that the anatomy corresponds to the respective MNI

y-coordinates on the x-axis of the diagram. Note that neither

the y-axis nor the x-axis of the diagram starts at the conven-

tional 0 levels.

Figure 3.

Longitudinal increase in MD (tp2 – tp1) across groups (n ¼ 41). Significant effects (P < 0.05, cor-

rected for multiple comparisons) are inflated and displayed in red-green as they appear in the

WM skeleton shown in blue. The horizontal background images are corresponding sections of

the T1-weighted MNI template brain shown in radiological convention. Numbers denote the

Montreal Neurological Institute Z-coordinates.
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(1, 39) ¼ 14.9, P < 0.001). Follow-up longitudinal analyses
for each group separately confirmed that participants in
the training program (mean difference ¼ 0.21, SD ¼ 0.14)
showed a significant improvement in the source memory
task as measured by the source/recognition ratio (paired t
test, t ¼ 6.90, df ¼ 20, P < 0.0001), while a small improve-
ment (mean difference ¼ 0.05, SD ¼ 0.12) in the control
group failed to reach statistical significance (paired t test, t
¼ 1.73, df ¼ 18, P ¼ 0.10). An independent samples t test
on the difference in source memory improvement showed
a significant difference in improvement between groups (t
¼ 3.87, P < 0.001). While no changes were found for num-
ber of correct recognitions, the training group also exhib-
ited a decreased number of false alarms after the training
regimen (P ¼ 0.008).

Impact of Memory Training on Frontal WM

We hypothesized that memory training would impact
the rate of change in DTI-indices of frontal WM. Specifi-
cally, we tested for group � time interactions on FA and

MD in the frontal cluster showing increase in MD (see Fig.
5). However, we first performed a voxel-wise analysis test-
ing for group differences in MD and FA at tp1. This analy-
sis revealed regions with higher baseline MD in the
training group in the left hemisphere, partly overlapping
the frontal cluster showing effects of time across groups
(Supporting Information Fig. 1, corrected P < 0.05), but no
differences in FA.

To exclude that baseline differences between groups
influenced longitudinal group effects, we included base-
line FA and MD skeleton maps as additional voxel-wise
regressors in the interaction analysis. When controlling for
baseline values, no significant group � time interactions
on MD were found. However, the analysis yielded
increased FA in the training group compared with controls
(corrected P < 0.05, cluster size ¼ 410 voxels, Fig. 6a).
MNI coordinates at peak voxel were [X ¼ �21, Y ¼ 15, Z
¼ 12], corresponding to the left anterior thalamic radiation
(74% probability). Mean FA in this voxel is plotted for
each group per time point in Figure 6b. Paired samples t
tests indicated that the effect was driven by a significant

TABLE II. Group means and standard deviations for memory performance at tp1 and tp2

Baseline (tp1) Retest (tp2)

P-value*M SD M SD

Memory training (11F/10M)

Recognition, correct hits 54.0 4.08 53.7 3.89 0.832
Recognition, false alarms 3.24 5.34 1.33 3.14 0.008
Correct source memory judgements 28.0 9.22 39.2 10.0 <0.001
Source/recognition, ratio 0.515 0.149 0.728 0.164 <0.001
Controls (10F/9M)

Recognition, correct hits 52.3 5.53 54.2 3.49 0.097
Recognition, false alarms 2.21 2.49 2.00 1.89 0.736
Correct source memory judgments 29.8 6.88 33.5 6.62 0.063
Source/recognition, ratio 0.568 0.106 0.618 0.115 0.101

Note: ‘‘Recognition, false alarms’’ denotes new words that are categorized as previously displayed.
*P-values are based on paired samples t tests.

Figure 5.

Cluster used for group � time interaction analysis. After

applying a more conservative P-threshold to the results indi-

cating longitudinal increase in MD across groups, a cluster in

the left anterior hemisphere remained. Significant effects (P <
0.025, corrected) are inflated and displayed in redgreen as

they appear in the WM skeleton shown in blue. The horizon-

tal background images are corresponding sections of the

T1-weighted MNI template brain shown in radiological con-

vention. Numbers denote the Montreal Neurological Institute

Z-coordinates.

r Engvig et al. r

r 2398 r



decrease in FA in the control group (t ¼ �3.6, P ¼ 0.0019,
df ¼ 19). A trend FA increase was found in the training
group, but the result failed to reach statistical significance
(t ¼ 1.4, P ¼ 0.17, df ¼ 20). An independent samples t test
on mean FA within the cluster yielded no significant
group differences at tp1 (t ¼ 1.3, P ¼ 0.21, df ¼ 39). No
correlations between age and change in FA were found.

The 410 voxels in the cluster showing a significant
group � time interaction on FA encompassed four proba-
bilistic association tracts: Left anterior thalamic radiation
(216 voxels, 52.7% of total voxels in cluster), inferior
fronto-occipito fasciculus (195 voxels, 47.6%), uncinate fas-
ciculus (164 voxels, 40.0%), and superior longitudinal fasci-
culus (30 voxels, 7.3%), respectively. Note that overlaps
exist between the various probabilistic tracts, thus result-
ing in a sum of more than 100%.

We further examined the cluster showing a significant
group � time interaction effect on FA by follow-up analy-
ses on RD and AD in the peak voxel within the cluster.
Mean RD for the training and control group was 0.533
10�3 mm2 s�1 (standard error (SE) ¼ 0.011 � 10�3 mm2

s�1) and 0.514 (SE ¼ 0.010), respectively, at tp1, and 0.533
(SE ¼ 0.010) and 0.536 (SE ¼ 0.008), respectively, at tp2.

Repeated measures ANOVA on RD and group, testing
whether mean change in RD differed between groups,
revealed a significant group � time interaction (Green-
house-Geisser corrected, F (1, 39) ¼ 7.11, P ¼ 0.011), sug-
gesting larger RD increase in the control group. The same
analysis revealed a significant main effect of time (Green-
house-Geisser corrected, F (1, 39) ¼ 6.86, P ¼ 0.012), but
no significant main effect of group (Greenhouse-Geisser
corrected, F (1, 39) ¼ 0.33, P ¼ 0.57). Paired samples t tests
revealed a significant increase in RD in controls (t ¼ 3.90,

Figure 7.

FA change predicts memory change in the training, but not in

the control group, respectively. Scatter plot showing verbal

source memory change (Z-scores) as a function of FA change at

the peak voxel in Figure 6a. Blue and green lines represent linear

fit-lines for the training and control groups, respectively.

Figure 6.

Impact of memory training on left anterior WM. (a) Changes in

FA in the left anterior hemisphere in response to cognitive inter-

vention. The effects were estimated by comparing the training

and control groups by means of voxel-wise general linear mod-

els (group � time interaction). The results are shown on the

mean FA image of all participants. The sections are displayed in

radiological convention and numbers denote the Montreal Neu-

rological Institute XYZ-coordinates. Red-yellow areas indicate

voxels with significant (P < 0.05, corrected) relative FA

increases in trainers compared with controls. (b) Bar plots

show mean FA (� 1 SEM) for the peak voxel at scan 1 and 2

for the control and training group. Asterisk (*) indicates P <
0.05 based on two-tailed paired samples t tests comparing FA at

baseline and at the end of the study phase.

Figure 8.

The anatomical relationship between (1) the probabilistic left unci-

nate fasciculus, (2) the group � time interaction effects on FA, and

(3) the effect in cortical grey matter reported previously [Engvig

et al., 2010]. The effects are overlaid left hemisphere sagittal

sections of the mean FA image made from all participants.
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P ¼ 0.001, df ¼ 19), whereas no change was found in the
training group (t ¼ 0.31, P ¼ 0.98, df ¼ 20).

Mean AD for the training and control group was 1.176
� 10�3 mm2 s�1 (SE ¼ 0.017 10�3 � mm2 s�1), and 1.134
(SE ¼ 0.012), respectively, at tp1, and 1.192 (SE ¼ 0.019)
and 1.140 (SE ¼ 0.013), respectively, at tp2. Repeated
measures ANOVA on AD and group revealed a significant
main effect of time (Greenhouse-Geisser corrected, F (1,39)
¼ 4.22, P < 0.047), but no group � time interaction (Green-
house-Geisser corrected, F (1,39) ¼ 0.84, P ¼ 0.37), indicat-
ing that AD increased from tp1 to tp2 across groups.

Associations Between Memory and DTI Changes

We assessed relationships between longitudinal DTI
changes and memory performance changes by extracting
DTI-values from the peak voxel in the cluster showing a
group � time interaction effect on FA.

In the training group, FA change correlated positively
with change in the memory score targeted by the interven-
tion (correct source judgments at tp2 - correct source judg-
ments at tp1/recognition at tp2 - recognition at tp1)
(Spearman’s q ¼ 0.496, P ¼ 0.022, n ¼ 21). This indicates
larger FA increases with increasing memory improvement.
Follow-up analysis revealed a significant negative relation-
ship with RD (Spearman’s q ¼ �0.547, P ¼ 0.010), indicat-
ing decreasing RD with increasing memory improvement.
No relationship was found for AD (Spearman’s q ¼
�0.026, P ¼ 0.910).

No significant correlations were found in the control
group (all P-values >0.42), suggesting that the association
was specific to the training group. To illustrate the rela-
tionship between FA change and behavior, we plotted the
difference in memory performance for each participant as
a function of longitudinal FA change at the peak voxel in
the left hemisphere (see Fig. 7).

DISCUSSION

We have demonstrated short-term longitudinal changes
in WM microstructure as revealed by DTI in middle-aged
and elderly healthy volunteers, and further that these
alterations were modulated by an intensive memory-train-
ing regimen. There were three novel findings: (1) Signifi-
cant short-term increases in MD with larger effects in
anterior compared to posterior regions, (2) the trajectory of
anterior FA was influenced by the memory training regi-
men, and (3) rate of change in anterior FA was positively
correlated with verbal memory improvement, suggesting a
relationship between behavioral change and microstruc-
tural alterations.

Our findings suggest that DTI can be used to detect
WM alterations after a period of less than 3 months, dem-
onstrating sensitivity of DTI as an imaging biomarker for
microstructural short-term changes in aging. To the best of
our knowledge, this is the first study demonstrating an

impact of memory training on WM-microstructure. FA,
previously reported to be sensitive to alterations in WM in
response to motor, sensory and cognitive learning [Hanggi
et al., 2010; Keller and Just, 2009; Lövdén et al., 2010;
Scholz et al., 2009; Takeuchi et al., 2010; Taubert et al.,
2010], showed a significant group � time interaction. The
memory-training group showed less negative changes in
FA compared with controls. The positive relationship
between FA change and change in memory performance
supports the neurocognitive significance of the observed
effects. The link between brain and behavioral change is
important, as cognitive intervention has been proposed as
a useful remediation tool in clinical settings [Buschert
et al., 2010].

Short-Term Alterations in WM Microstructure

in Aging

Our findings indicate that alterations in aging WM, as
reflected by the mean diffusivity metric, can be detected
not only over years, but also in a matter of months. The
direction and extent of changes are in line with the longi-
tudinal MD increases observed in older adults over 2 years
in a recent trial [Charlton et al., 2010], and with cross-sec-
tional estimates [Burzynska et al., 2010; Westlye et al.,
2010]. The spatial distribution of effects (see Fig. 4) is con-
sistent with an anterior-posterior gradient of WM degrada-
tion in aging [Bennett et al., 2010; Davis et al., 2009; Head
et al., 2004; Salat et al., 2005]; [but see Barrick et al., 2010;
Giorgio et al., 2010]. Further, advancing age was modestly
associated with larger MD increases, supporting previous
cross-sectional reports of accelerating changes in diffusiv-
ity with advancing age [Hasan et al., 2009; Kennedy and
Raz, 2009b; Westlye et al., 2010].

We found no significant decreases in FA in the whole
brain analysis across groups, in line with a recent 3-month
longitudinal study of 25 healthy controls [Mielke et al.,
2009]. An alternative interpretation of the lack of FA
decrease in the whole-brain analysis in the current study
is that the intervention influenced the FA trajectory in the
training group, thus in part reducing the overall slope of
FA decrease across groups. However, a separate whole-
brain analysis on FA decrease in the control group only
revealed no significant effects.

This suggests that MD might be more sensitive to short-
term changes in aging. In a recent study [Zhang et al.,
2010, see Fig. 2 on page 1994], the authors reported wide-
spread regions of age-related MD increase, without signifi-
cant effects on FA, and pointed out that one interpretation
of this is that degenerative brain changes in aging other
than demyelination increases the overall water diffusivity
while maintaining the underlying directional structure.
The reported diffusivity increases give new insight into
the short-term dynamics of aging WM in vivo, but the
mechanisms underlying these findings are unknown. Post-
mortem data suggests that cerebral WM is the structure of
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the brain that declines most with age [Marner et al., 2003],
with association areas being particularly vulnerable [Bart-
zokis, 2004]. In addition to demyelination and oligoden-
drocyte breakdown, expansion of extracellular space
[Meier-Ruge et al., 1992] and axon degradation [Marner
et al., 2003] accompany normal aging. Future studies in
animal models of aging, in which imaging and histological
measures can be taken in the same individuals, will be
useful to probe the biological basis of the reported
changes.

The Impact of Memory Training on Longitudinal

Changes

We investigated the impact of memory training on
short-term changes in MD and FA. A group � time inter-
action analysis revealed frontal areas of FA reduction in
the control group where a training group showed no
changes. This might suggest a positive impact of the inter-
vention in line with previous reports. It was recently
shown that about half an hour working memory training a
day for two months was associated with increased FA in
frontal regions in young adults [Takeuchi et al., 2010].
Moreover, up to 5% increase in FA after a 6-week motor
training intervention has been documented [Scholz et al.
2009].

In the present study, follow-up analyses revealed that
the memory training group showed less RD increase in
frontal WM compared with controls, whereas changes in
AD were of similar magnitude in both groups. These find-
ings are compatible with the pattern reported in Lövdén
et al. [2010], suggesting intact WM plasticity in response to
cognitive training in adulthood.

Selective changes in RD have partly been linked to mye-
lination [Song et al., 2005], although the neurobiological
underpinnings of changes in diffusion parameters are still
not understood [see e.g. Concha et al., 2010]. The concur-
rent increases in AD in the present study also complicate
the interpretation of underlying neuronal mechanisms
[Wheeler-Kingshott and Cercignani, 2009]. Regardless of
these limitations, recent research suggest a role of myelin
in cognitive function and learning, and that the myelina-
tion process is modifiable by experience [for a review, see
Fields, 2008]. Experiments in cell cultures indicate that
neuronal activity promotes myelination [Ishibashi et al.,
2006], and blocking neuronal firing inhibits myelination
over short time-spans [Demerens et al., 1996]. A recent
study of spine formation after skill-learning in rats further
indicates that the mechanisms underlying neuronal adap-
tation to learning are rapid phenomena, happening within
days [Xu et al., 2009]. Thus, it is not unlikely that cognitive
training can have effects on myelination and myelination-
related processes, and that the observed changes in diffu-
sion parameters are related to these. However, any inter-
pretation of diffusion changes must be made with caution
at this stage due to our incomplete understanding of the

relationship between DTI and WM microstructure [Beau-
lieu, 2009].

The effect of training on FA changes in the present
study was mainly driven by a significant decrease in the
control group, which is consistent with cross-sectional
DTI-investigations of normal aging [Bennett et al., 2010;
Head et al., 2004; Westlye et al., 2010]. One recent longitu-
dinal study with a 1-year scan interval reported FA
decreases of up to 10%, including regions overlapping the
inferior fronto-occipito fasciculus and the uncinate in
healthy controls [Teipel et al., 2010].

It should be noted that the magnitude of FA decrease
(Fig. 6a) in the control group was relatively large (mean
decrease of 3.6% at peak voxel). Recruiting participants to
memory training could possibly attract volunteers seeking
ways to prevent or halt subtle symptoms of cognitive
decline and neurodegeneration. However, as reported in
the methods section, this was thoroughly screened for,
and due to the randomization procedure it should not be
different among groups.

To exert maximum control over confounding factors we
employed a randomized controlled design. There were no
baseline differences between groups in any demographic
variables or neuropsychological measures. Despite this, we
found regional baseline group differences in MD, with
higher MD-values in the training group, somewhat over-
lapping the frontal area showing effect of time. No signifi-
cant baseline differences were found for FA. This implies
that the three eigenvalues were proportionately higher in
the training group in these regions—an occurrence that,
per definition, will not be reflected by the FA metric.

We controlled for this baseline difference when assess-
ing training-related effects by using tp1-values as voxel-
wise regressors. Statistically controlling for baseline level
resulted in no significant group � time interaction for MD.
It is noteworthy that the absolute difference between
groups in MD (0.021 � 10�3 mm2 s�1) at tp1 in the frontal
cluster (see Fig. 5) is comparable to that of a previous
study [Lövdén et al., 2010] (MD group difference in corpus
callosum at baseline, segment 1: 0.031 � 10�3 mm2 s�1).
Unfortunately, this issue was not specifically addressed in
that study, and so it remains uncertain what impact statis-
tically controlling for such baseline differences might have.
In the present study, a significant effect of training on FA
changes was still found when tp1 values were accounted
for. However, even though controlled for by a conven-
tional statistical approach, it is difficult to be certain that
baseline differences did not impact the results. Caution is
warranted when interpreting neuroimaging studies of
brain plasticity, and we argue that large randomized con-
trolled trials are needed in order to better clarify the
impact of cognitive training on aging brain structure.

In the present study FA and MD yielded complemen-
tary results. MD was more sensitive to both longitudinal
across-group changes, and between group differences at
baseline. On the other hand, FA-changes within regions
showing longitudinal increases in overall diffusivity
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differed between groups. Furthermore, FA-changes corre-
lated with a measure of behavioral change. These observa-
tions exemplify how two indices of the diffusion tensor
yield complementary results that are in turn likely to
reflect different biological phenomena. FA is often
regarded as a measure of intravoxel coherence of the white
matter microstructure [e.g., Pfefferbaum et al., 2000]. Any
biological structure hindering free water diffusion dispro-
portionately with regards to the axes of the tensor model,
can impact the degree of FA [Beaulieu, 2009]. MD does
not consider orientation and instead serves as an overall
measure for barrier sparseness.

Associations Between Memory and DTI Changes

We found a relationship between changes in FA and
changes in memory performance as specifically targeted
by the MoL. This indicates more positive alterations in
subjects benefiting the most from training. Studies of the
relationship between FA and behavior have reported both
negative [Hanggi et al., 2010; Imfeld et al., 2009] and posi-
tive associations [Bengtsson et al., 2005] with behavioral
practice in young adults. However, the positive relation-
ship between FA and a cognitive outcome reported here is
in line with DTI and cognition studies in middle and late
parts of the life span [Kennedy and Raz, 2009a; O’Sullivan
et al., 2001a].

The association was specific for the intervention group,
which is in line with the notion of specific cognitive train-
ing related effects. Interestingly, the cluster showing an
effect of memory training on FA encompassed important
association fibers, particularly the anterior thalamic radia-
tion, and the inferior occipito-frontal and uncinate fasciculi
in the left hemisphere. The fact that several association
fibers overlapped with this cluster, suggest that the effect
was found in a relatively busy WM region including cross-
ing fibers. FA values were also relatively low as compared
to more coherent WM regions (see Fig. 6b).

The anterior thalamic radiation projects from nuclei in
anterior and medial regions of the thalamus suggested to
be involved in declarative memory function [Van der Werf
et al., 2003]. The inferior occipito-frontal and uncinate fas-
ciculi have putative roles in semantic processing [Duffau
et al., 2005] and memory [Papagno et al., 2011], respec-
tively. Verbal memory formation is further shown to
involve the left prefrontal hemisphere [Elmer et al., 2009;
Wagner et al., 1998]. This supports the observed training-
related changes, since the present intervention aimed at
training and improving verbal memory function through
learning and serial recall of word-lists.

The brain-behavior relationships suggest that both
changes in fractional anisotropy and also radial diffusivity
in the left frontal region predict improvement in verbal
source memory, targeted by the intervention. Given that
the observed changes in fiber tract integrity are coupled to
specific verbal memory improvement, contributions of

encoding, rehearsal and recollection-related processes
involved with practice are likely [Oberauer and Meyer,
2009]. More sophisticated behavioral paradigms could aid
future dissection of the active cognitive elements involved
in intervention-related brain and behavior changes. Future
studies could further try to link these elements with the
structural changes by investigating task-specific neuronal
activation patterns before and after training by e.g., func-
tional MRI or quantitative EEG.

Nearly 40% of the voxels showing training-related
changes in FA encompassed the left uncinate fasciculus. A
recent study demonstrated associations between uncinate
FA and several indices of episodic and working memory
performance [Kennedy and Raz, 2009a]. Moreover, Flöel
et al. [2009] used probabilistic tractography to show that
FA in WM tracts arising from Broca’s area projecting to
the anterior temporal lobe via the uncinate predicted
grammar learning success. This indicates relevance of FA
with regards to functional specificity of these tracts. Inter-
estingly, the uncinate projects to the orbitofrontal cortex
[Schmahmann et al., 2007], for which we have recently
reported training-related changes in GM after the present
intervention in the same sample [Engvig et al., 2010]. Fig-
ure 8 illustrates the anatomical relationships between the
probabilistic left uncinate fasciculus, the group � time
interaction effect for FA, and the GM effect reported previ-
ously. Convergent findings across imaging modalities pro-
vide a valuable validation of the results, and might point
to a common neurobiological mechanism of cognitive
training affecting both cerebral GM and WM.

Summarized, our findings suggest that DTI indices of
WM microstructure can be directly related to behavioral
measures of cognition and thus point to the usefulness of
longitudinal DTI assessments in relation to clinical out-
comes. This is supported by accumulating evidence indi-
cating that individual differences in DTI indices are
functionally [Saur et al., 2008; Westlye et al., 2009] and
behaviorally [Bengtsson et al., 2005; Della-Maggiore et al.,
2009; Johansen-Berg et al., 2007; Oechslin et al., 2009] rele-
vant [for reviews, see Chanraud et al., 2010; Johansen-
Berg, 2010]. However, despite the recent progress in link-
ing imaging and cognitive measures, further studies delin-
eating the complex relationships between brain function,
structure and behavior are highly needed.

Methodological Considerations

The present study has several methodological strengths.
First, data were acquired using 30 diffusion directions pro-
viding higher angular resolution and thus more robust
estimations of the diffusion tensor than several previous
DTI studies of WM plasticity. Second, to account for resid-
ual variation due to cross-subject comparisons we used
TBSS, an automated technique for sensitive, robust and
unbiased voxel-wise analysis of DTI data [Smith et al.,
2006], in combination with a highly sensitive approach to
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statistical thresholding [Smith and Nichols, 2009]. Third, to
account for residual spatial variation due to multiple time-
points we used a robust longitudinal analysis protocol
employing validated spatial alignment procedures
designed for longitudinal analysis [Smith et al., 2002]. In
the present study our approach assured excellent anatomi-
cal alignment across time-points, further validating our
findings.

We employed a randomized controlled design, with
age-, sex-, and education-matched controls, which should
enable dissociation of intervention-related changes from
other factors affecting the age-related trajectories. Further,
we used strict exclusion criteria to avoid the inclusion of
subjects with conditions known to interfere with WM
microstructure. It is possible that recruiting older adults to
memory training through newspaper ads could attract
subjects with preclinical cognitive impairment searching
for ways to alleviate their memory concerns. Thus, we
carefully excluded individuals with any history of brain
diseases, neuropsychological deviations or abnormalities
on MRI as evaluated by an experienced neuroradiologist.
We paid particular attention to severe hypertension, diabe-
tes mellitus, cardiovascular diseases and stroke, since these
conditions are relatively common among older individuals
and can result in degradation of WM microstructure
[O’Sullivan et al., 2001b]. Furthermore, all participants spe-
cifically reported not to be concerned about their own
memory function. However, we did not differentiate
between normal appearing white matter and mild white
matter lesions in our DTI-analyses, although we screened
the participants for absence of major cerebrovascular dis-
ease and major lesions. Thus a limitation of the present
study is that in addition to other age-related processes,
mild white matter lesions might underlie some of the re-
gional findings of DTI-alterations. However, as the partici-
pants were randomly assigned to the training or control
group, we do not believe that this may have impacted the
results of the cognitive intervention.

In common with most studies utilizing convenience
samples, the age- and sex-adjusted IQ and CVLT scores
indicated that the current sample included participants
with relatively high cognitive abilities (see Methods). Our
results thus may not generalize to a random community
sample with lower education and poorer cognitive per-
formance. Other limitations to the present study include
the use of short-term assessments only. Further studies are
needed in order to establish the long-term cognitive and
cerebral effects of cognitive training. More observations
are needed to assess or model the temporal aspects of the
training-related impact on WM trajectories. As discussed
above, the biological underpinnings of changes in DTI
indices are unclear, even though some efforts have been
made to validate DTI with histology in patients [Concha
et al., 2010]. Future studies should incorporate DTI and
histology, for example by training rodents and examining
the short-term changes using both MRI and invasive
techniques.

Further, the use of a randomized, controlled design
should ideally include an active control condition to better
account for the psychosocial components of a group-based
training program [see Fratiglioni et al., 2004, for a review
on psychosocial effects on cognition in late life]. The fact
that we found baseline differences in MD support the
need of larger samples in order to properly delineate
effects of cognitive training in aging. In the present study
we opted to statistically control for baseline values.
Regression toward the mean is a common phenomenon in
longitudinal studies [Barnett et al., 2005] which compli-
cates the interpretations of experience-dependent plasticity
[Mozolic et al., 2010].

CONCLUSION

In conclusion, our results demonstrate that longitudinal
changes in WM microstructure can be detected over an
interval of only 10 weeks in middle-aged and older adults.
Further, WM changes differed between the intervention
and control groups, suggesting a positive impact of mem-
ory training on short-term WM-trajectories. Change in
memory performance specifically addressed by the inter-
vention correlated positively with the rate of change in
FA, adding to the accumulating evidence supporting DTI
as a behaviorally relevant imaging biomarker. Although
encouraging, great caution is warranted when making bio-
logical interpretations from imaging biomarkers, and
larger randomized controlled studies of the effects of cog-
nitive training interventions on aging brain structure are
highly needed.

ACKNOWLEDGMENTS

The authors thank Paulina Due-Tønnessen, MD, for per-
forming the neuroradiological evaluations. The authors
declare no competing financial interests.

REFERENCES

Barnett AG, van der Pols JC, Dobson AJ (2005): Regression to the
mean: What it is and how to deal with it. Int J Epidemiol
34:215–220.

Barrick TR, Charlton RA, Clark CA, Markus HS (2010): White
matter structural decline in normal ageing: A prospective lon-
gitudinal study using tract-based spatial statistics. NeuroImage
51:565–577.

Bartzokis G (2004): Age-related myelin breakdown: A develop-
mental model of cognitive decline and Alzheimer’s disease.
Neurobiol Aging 25:5–18; author reply 49–62.

Beaulieu C (2009): The biological basis of diffusion anisotropy. In:
Johansen-Berg H, Behrens TEJ, editors. Diffusion MRI: From
Quantitative Measurement to In-Vivo Neuroanatomy. London:
Elsevier. pp 105–126.

Bengtsson SL, Nagy Z, Skare S, Forsman L, Forssberg H, Ullen F
(2005): Extensive piano practicing has regionally specific effects
on white matter development. Nat Neurosci 8:1148–1150.

r Training-Related WM Changes in Aging r

r 2403 r



Bennett IJ, Madden DJ, Vaidya CJ, Howard DV, Howard JH Jr.
(2010): Age-related differences in multiple measures of white
matter integrity: A diffusion tensor imaging study of healthy
aging. Hum Brain Mapp 31:378–390.

Bower GH (1970): Analysis of a mnemonic device. Am Scientist
58:496–510.

Burzynska AZ, Preuschhof C, Bäckman L, Nyberg L, Li SC, Lin-
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