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Abstract: Although cognitive training usually improves cognitive test performance, the capability to
transfer these training gains into respective or functionally related cognitive domains varies signifi-
cantly. Since most studies demonstrate rather limited transfer effects in older adults, aging might be
an important factor in transfer capability differences. This study investigated the transfer capability of
logical reasoning training gains to a measure of Fluid Intelligence (Gf) in relation to age, general intelli-
gence, and brain structural integrity as measured by diffusion tensor imaging. In a group of 41 highly
educated healthy elderly, 71% demonstrated successful transfer immediately after a 4-week training
session (i.e. short-term transfer). In a subgroup of 22% of subjects transfer maintained over a 3-month
follow-up period (i.e. long-term transfer). While short-term transfer was not related to structural integ-
rity, long-term transfer was associated with increased structural integrity in corpus and genu of the
corpus callosum. Since callosal structural integrity was also related to age (in the present and foregoing
studies), previously observed associations between age and transfer might be moderated by the struc-
tural integrity. Surprisingly, age was not directly associated with transfer in this study which could be
explained by the multi-dependency of the structural integrity (modulating factors beside age, e.g.
genetics). In this highly educated sample, general intelligence was not related to transfer suggesting
that high intelligence is not sufficient for transfer in normal aging. Further studies are needed to reveal
the interaction of transfer, age, and structural integrity and delineate mechanisms of age-dependent
transfer capabilities. Hum Brain Mapp 35:309–318, 2014. VC 2012 Wiley Periodicals, Inc.
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INTRODUCTION

A long history of cognitive training research on human
subjects has shown an increase in task performance after
training in the trained task [Dahlin et al., 2008b; Yang et al.,
2006]. These training gains occur throughout the life span,
even in old age. In addition, task-limited training gains are
not restricted to a certain cognitive domain, but manifest in
many different cognitive tasks [Baltes et al., 1982; Bherer
et al., 2006; Brehmer et al., 2007; Jones et al., 2006].
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Specific cognitive training tasks normally require that
putative improvements are not limited to the training task
itself. Cognitive training should enhance the performance
of other tasks of the same or a different cognitive domain,
which leads to improved function of the trained skills in
different situations and surroundings (i.e. transfer of train-
ing). The nature of transfer has been the subject of consid-
erable empirical and theoretical research for the past 100
years [Blume et al., 2010]. Previous findings are heteroge-
neous in their results. Some of them demonstrated limited
or nonexistent transfer effects [e.g. Ericsson and Delaney,
1998; Healy et al., 2006; Owen et al., 2010; Singley and
Anderson, 1989], whereas others provide evidence for suc-
cessful transfer [e.g. Dahlin et al., 2008a,b; Jaeggi et al.,
2008]. Barnett and Ceci [2002] suggest that the controver-
sial results are a consequence of an arbitrary operationali-
zation of transfer across studies. The majority of research
demonstrating successful transfer investigated near trans-
fer effects in a temporal context [Barnett and Ceci, 2002].
In addition, Blume et al. [2010] could show stronger pre-
dictor and transfer relationships when transfer measures
are taken immediately after training. However, if it is to
justify the effort invested in training, ideally one would
hope for transfer to last for months or years. Despite the
relevance of an improved understanding of the mecha-
nisms of transfer capabilities, current explanations lack co-
herence regarding the necessary conditions under which
transfer occurs and persists.

Normal aging is associated with a progressive functional
loss in many cognitive domains [Craik and Salthouse,
2000]. Although recent literature provides evidence for
successful transfer of training gains even in old age [Ball
and Owsley, 2000; Borella et al., 2010; Jennings et al., 2005;
Karbach and Kray, 2009; Richmond et al., 2011] most
research further indicates rather limited transfer effects in
older adults [Ball et al., 2002; Dahlin et al., 2008a,b; Der-
winger et al., 2003; Edwards et al., 2002; Rebok et al.,
2007]. Therefore, aging or aging-related decreases in neu-
roplasticity might be important factors in transfer capabil-
ity differences. In addition to age, general intelligence
commonly impacts transfer of learning and training. Cog-
nitive abilities are strongly related to transfer of training
gains, and they are robust predictors of training outcomes
[Colquitt et al., 2000].

Multidisciplinary research has shown that aging is asso-
ciated with many brain-related alterations that range from
genetic to neurochemical and structural neuroanatomical
factors [Masoro and Austad, 2010]. These age-related alter-
ations are accompanied by a decline in cognitive perform-
ance [Hofer and Alwin, 2008]. Higher general intelligence
is associated with better white matter integrity within the
prefrontal cortex (PFC) [Gray et al., 2003] or a higher
global network efficacy [Li et al., 2009]. Therefore, the co-
herence between age, general intelligence and transfer is
possibly moderated by the structural integrity, especially
in brain networks that underlay age-sensitive cognitive
domains, such as executive functions.

This study aims to investigate the relationship between
structural integrity measures, age as well as general intelli-
gence and transfer capabilities of training gains. Separate
analyses were conducted for immediate transfer (i.e. short-
term transfer) and maintenance of transfer (i.e. long-term
transfer) to compare and specify underlying mechanisms
of near and far transfer in a temporal context. We applied
a logical reasoning training task and a fluid intelligence
(Gf) transfer task given that both are related to executive
functions but focus on different skills. The Gf task refers
to the ability to identify patterns and relations and convey
and implement rules, independent of previous knowledge
[Horn & Cattell, 1966]. The logical reasoning task meas-
ures the ability to apply a given rule and its precondition
to make a conclusion. Beside an increase of alterations of
brain-related factors that come along with normal aging
functional imaging studies provide evidence for partial
compensation of age-related deficits [Grady et al., 2006;
Reuter-Lorenz et al., 2000]. Older adults compensate age-
related deficits in part by additional frontal activation.
This complex interplay of neurodegeneration and compen-
sation leads to an increased heterogeneity of cognitive
capabilities and trainability of cognitive functions in older
age. Therefore, separate analyses were planned for a group
of younger (60–70 years of age) and a group of older (70–
85 years of age) healthy elderly subjects in addition to the
analyses of the whole sample (60–85 years of age). We
hypothesized that transfer of training gains is associated
with the structural integrity within frontal and particularly
inferior-frontal networks in all groups, as these regions are
neural substrates of executive functions [Jurado and Ros-
selli, 2007]. We also expected a coherence between age as
well as general intelligence and transfer capabilities.

MATERIAL AND METHODS

Participants and Procedure

The data of 41 healthy elderly subjects [age range 60–85
years, mean age, 69.93 � 7.90 (SD), 18 male] were analyzed.
All participants were recruited by advertisements posted in
the Medical University Clinic Mainz and several public
institutions and via newspaper announcement. The local
Ethics Committee approved the study protocol, and all sub-
jects provided written informed consent. Subjects were
excluded if they had any psychiatric (e.g., depression, schiz-
ophrenia, alcohol abuse) or cognitive (e.g. dementia, mild
cognitive impairment) illness, a history of brain damage,
stroke or any central nervous system disorders, or if they
were taking cognitive performance-altering medications.

The study design is illustrated in Figure 1. All partici-
pants underwent diffusion tensor imaging (DTI), cognitive
training of logical reasoning and an assessment of Gf. DTI
was conducted to analyze white matter fractional anisot-
ropy (FA), which quantifies white matter integrity [Basser
and Pierpaoli, 1996; Beaulieu, 2002; Mori and Zhang,
2006]. The logical reasoning training phase consisted of 11
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sessions over a 4-week period with three sessions per
week. Each session lasted for 60 min and was supervised
by a trainer. The assessment of Gf was performed at three
time points: (1) immediately prior to the first logical rea-
soning training session (Pretest), (2) immediately following
the last logical reasoning training session (Posttest), and
(3) 3 months after the last logical reasoning training ses-
sion (Follow-Up). DTI scans were obtained immediately
prior to the first logical reasoning training session (Fig. 1).
In addition to the trained study group (41 healthy elderly
subjects), we examined a separate control group (n ¼ 25,
age range 60–76 years, 10 male), who were also assessed
longitudinally on Gf but were not trained in logical rea-
soning, to control the Gf performance alterations of the
trained group for mere retest effects.

Neuropsychological Materials

Training task

Logical reasoning was trained using a standardized
computer-based cognitive training task provided by the
Cogpack software [Marker, 2008], which is a widely used
and well-established instrument in German-speaking
countries [Rauchensteiner et al., 2011]. Twenty-four differ-
ent road signs were presented, and participants were
instructed to match the signs to a given logical expression
as quickly as possible (e.g., ‘‘Mark all signs that are not tri-
angular and red’’). In each of the 11 training sessions 20
trials were processed. The performance was rated accord-
ing to correct responses and response time.

Transfer task

A subtest of a major German intelligence scale [Leis-
tungsprüfsystem; Horn, 1983) that measures nonverbal

reasoning (LPS 4) was applied to assess Gf. The task con-
sisted of alternating rows of numbers or letters that were
arranged according to a logical system. Each row included
a number or letter that did not apply to this logical sys-
tem, and participants were instructed to identify this out-
lier. This conceptual formulation is comparable to the
Raven’s Progressive Advanced Matrices, which is a stand-
ard measurement of Gf, which consists of different figures
and signs arranged according to a logical system. How-
ever, subjects must provide the logical missing part in this
system. We applied parallel versions of the task at Pretest
and Posttest. Since only two versions of the test are avail-
able the ‘‘Pretest-version’’ was used again at Follow-Up.
Each measurement was timed to 8 min. The performance
was rated according to the number of correct responses.

General intelligence

A revised version of the Hamburg Wechsler Intelligence
Test [HAWIE-R; Tewes, 1991], the German version of the
Wechsler Adult Intelligence Scale revised [WAIS-R;
Wechsler, 1981], was applied to assess general intelligence.

MRI Data Acquisition

Brain imaging examinations were conducted in a Sie-
mens 3T TrioTim MRI scanner (Siemens, Erlangen, Ger-
many). Apart from the acquisition of routine T1, PD/T2
weighted, fluid attenuated inversion recovery (FLAIR)
weighted and Time-of-Flight (TOF) sequences, a diffusion-
weighted, single-shot, spin-echo, echoplanar-based
sequence (30 directions; b ¼ 1,000 s/mm2; matrix ¼ 128 �
128; section thickness: 3 mm; voxel size: 1.5 � 1.5 � 3
mm3; TR/TE 7,100 ms/102 ms) was applied. Diffusion-
weighted data were processed using FSL 4.1 (FMRIB Anal-
ysis Group, Oxford, UK, http://www.fmrib.ox.ac.uk/fsl)

Figure 1.

Illustration of the study design. Baseline measurements (Pretest) were comprised of diffusion

tensor imaging (DTI) and the assessment of fluid intelligence (Gf) performance. Gf performance

was re-evaluated after 4 weeks (Posttest). Eleven logical reasoning training sessions were applied

between Pretest and Posttest. A second re-evaluation of Gf performance was conducted three

months later (Follow-Up) to determine the maintenance of possible transfer effects.
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and the following procedures: (i) motion and eddy current
correction, (ii) adjusting Gradients accordingly by applica-
tion of the rotational part of the resulting affine transfor-
mations, and (iii) removal of the skull and nonbrain tissue
using Brain Extraction Tool [Smith, 2002].

Data Analyses

Short- and long-term transfer

To examine transfer of training gains we only included
subjects that demonstrated improvements in the training
task after training. After the exclusion of two subjects that
did not improve their performance in the training task the
study group finally included 41 subjects. We initially investi-
gated short-term transfer. Successful short-term transfer was
defined as a performance improvement in the training- and
transfer task from Pre- to Posttest (Posttest – Pretest > 0).
Transfer task improvements had to be greater than the
retest-effect of the untrained control group. We classified the
study participants in subjects that showed successful short-
term transfer (transferring subjects) and subjects that did not
show transfer of training gains (nontransferring subjects).

Subsequently, we analyzed long-term transfer. Success-
ful long-term transfer was defined as a performance
improvement in the training- and transfer task from Pre-
to Posttest (Posttest – Pretest > 0) and maintenance of per-
formance in the transfer task from Posttest to Follow-Up
(Follow-Up – Posttest � 0). Transfer task performance
alterations (Pre- to Posttest and Posttest to Follow-Up) had
to be greater than the retest-effect of the untrained control
group. We classified the study participants in subjects that
showed successful long-term transfer (transferring sub-
jects) and subjects that did not show long-term transfer
(nontransferring subjects).

The examinations of short- and long-term transfer
included: (i) an explorative voxel-wise statistical group
comparison of the FA data with Tract-Based Spatial Statis-
tics [TBSS; Smith et al., 2006], and (ii) subsequent region of
interest (ROI)-based group comparisons of regions, that
showed significant group differences in the explorative
voxel-wise analyses. Separate explorative TBSS analyses
were conducted for a young-old subgroup (n ¼ 24, age
range: 60–70 years), an old-old subgroup (n ¼ 17,
age range: 70–85 years) and the entire group (n ¼ 41, age
range: 60–85 years). However, explorative long-term trans-
fer examinations were restricted to the young-old group
and the entire group due to the small number of subjects
with successful long-term transfer in the old-old group
(n ¼ 3). Statistical ROI-analyses were principally restricted
to the whole sample to achieve adequate statistical power.

TBSS

Tract-based spatial statistic [TBSS; Smith et al., 2006] anal-
yses included: (i) nonlinear registration to the FMRIB58_FA
template of all subjects’ FA data using FMRIB’s Non-linear

Image Registration Tool [Ruckert et al., 1999], (ii) the crea-
tion and thinning of a mean FA image with a threshold of
0.2 to obtain a mean FA skeleton that represented the cen-
ters of white matter trajectories, and (iii) projections of each
subjects’ aligned FA data onto the skeleton. Group-wise t-
test comparisons between transferring subjects and non-
transferring subjects were calculated using the randomize
tool, which tested the t-value at each voxel against a null
distribution that was obtained from 5,000 random permuta-
tions of group membership. The significant threshold for
between-group differences was set at P < 0.05, corrected
for multiple comparisons across voxels, using the thresh-
old-free cluster-enhancement option.

ROI-extraction

ROIs were defined based on the JHU ICBM white mat-
ter label atlas [JHU ICBM-DTI-81; Mori et al., 2008], which
contains hand-segmented white matter parcellation maps.
We selected those labels of the atlas that corresponded to
anatomical regions that showed significant differences in
voxel-wise TBSS group comparisons. Subsequently, we
registered each subjects FA image to the ICBM-DTI-81
template and calculated mean FA-values of the selected
labels for each subject.

Statistical procedures

Neuropsychological performances were evaluated with
the Wilcoxon test (in case of two group comparisons) and
repeated measures analyses of variance (ANOVAs, in case
of multiple comparisons). Post-hoc analyses were per-
formed with Bonferroni post-hoc-tests.

ROI-based group comparisons to analyze the relation-
ship between structural integrity, age as well as general
intelligence and transfer comprised Mann–Whitney U-tests
and analyses of covariance (ANCOVAs). ANCOVAs were
used to control statistics for age, general intelligence, gen-
der, and white matter lesion (WML) volume. A linear
regression analysis was performed to describe the associa-
tion between FA values and age, general intelligence, gen-
der, and WML-volume.

WML-volumes were defined as bright lesions (>2 mm) of
the white matter or basal ganglia and were measured within
the FLAIR weighted images using AnalyzeVR Software (Ver-
sion 8.0; Biomedical-Imaging-Software-System, MayoFoun-
dation for medical education and research, Rochester) by a
manually slice-by-slice tracing of the WML-boundaries [Fell-
giebel et al., 2009]. WML volume was log-transformed
because the data were not normally distributed.

RESULTS

Short-term Transfer Analyses

Demographic characteristics of the study group are
listed in Table I. Group-wise age, general intelligence,
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education level, gender, and WML volume comparisons
demonstrated no significant differences between transfer-
ring and nontransferring subjects in the short-term transfer
analyses.

Performance data of the logical reasoning training task
and the Gf transfer task of the short-term analyses are
given in Table II (entire group). Transferring subjects (n ¼
29) demonstrated significant improvements in the logical
reasoning training task (P < 0.001, Wilcoxon test) and the
Gf transfer task (P < 0.001, Wilcoxon test) between Pre-
and Posttest indicating successful short-term transfer of
training gains. Nontransferring subjects (n ¼ 12) showed
significant improvements in the training task (P ¼ 0.002,
Wilcoxon test); however, significant decreases in the trans-
fer task (P ¼ 0.027, Wilcoxon test). Controls (n ¼ 25) did
not differ in their Gf performance.

Explorative voxel-wise TBSS analyses of short-term
transfer demonstrated no significant differences in the FA
between transferring- and nontransferring subjects, neither
in the young–old or old–old subgroup nor in the entire
sample. Thus, no further ROI analyses were performed.

Long-term Transfer Analyses

Group-wise comparisons of the demographic variables
age, general intelligence, education level, gender, and
WML volume demonstrated no significant differences
between transferring and nontransferring subjects in the
long-term transfer analyses (Table I).

Performance data of the training- and transfer task of
the analyses of long-term transfer are given in Table III
(entire group). Transferring subjects (n ¼ 9) demonstrated

TABLE I. Demographic characteristics and ROI-based FA findings of the short- and long-term transfer

analyses of the entire group

Short-term transfer analyses

Pa

Long-term transfer analyses

Pa
Transferring

subjects
Nontransferring

subjects
Transferring

subjects
Nontransferring

subjects

N 29 12 9 32
Age 69.31 � 7.61 71.42 � 8.74 n.s. 66.89 � 6.90 70.78 � 8.06 n.s.
Gender
Male 45% 33% 33% 44%
Female 55% 66% n.s. 67% 56% n.s.
Education years 12.34 � 3.34 12.33 � 3.17 n.s. 12.56 � 3.50 12.28 � 3.24 n.s.
HAWIE-R 140 � 16 135 � 14 n.s. 135 � 14 139 � 16 n.s.
WML volume (ml) 1.9 � 3.7 0.8 � 1.8 n.s. 0.8 � 1.2 1.7 � 3.6 n.s.
FA ROI corpus and genu CC 0.50 � 0.04 0.50 � 0.03 n.s. 0.52 � 0.04 0.50 � 0.03 0.038

HAWIE-R: Hamburger–Wechsler intelligence scale; WML: White matter lesion; FA: fractional anisotropy; ROI: region-of-interest; CC:
corpus callosum.
Short-term transfer analyses: investigation of transfer measured immediately after training; transferring subjects: participants showing
short-term performance improvements (Pretest to Posttest) in the training and transfer task; nontransferring subjects: participants show-
ing short-term performance improvements (Pretest to Posttest) in the training but not the transfer task.
Long-term transfer analyses: investigation of maintenance of transfer; transferring subjects: participants showing short-term performance
improvements in the training and transfer task and maintenance of transfer task improvements (Posttest to Follow-Up); nontransferring
subjects: participants showing short-term performance improvements in the training task (Pretest to Follow-Up) but no short-term
improvements and maintenance of performance in the transfer task (Posttest to Follow-Up).
aGroup comparisons: Mann–Whitney U-tests were used for continuous data; chi-square tests were used for categorical data (two-tailed
p values).

TABLE II. Short-term transfer (performance data of the

study- and control group)

Pretest Posttest Pa

Transferring subjects (n ¼ 29)
Logical reasoning

training task
17.08 � 1.21 18.44 � 0.66 <0.001

Fluid intelligence
transfer task

24.04 � 5.47 28.24 � 3.69 <0.001

Nontransferring subjects (n ¼ 12)
Logical reasoning

training task
16.96 � 1.04 18.05 � 0.95 0.002

Fluid intelligence
transfer task

24.67 � 3.00 23.50 � 2.84 0.027

Controls (n ¼ 25)
Fluid intelligence

transfer task
23.60 � 5.51 24.00 � 4.56 n.s.

Logical reasoning training task: Cogpack Logic, part of the Cog-
pack software (Marker, 2008); Fluid intelligence transfer task:
LPS4, part of a major German intelligence scale (Leistungsprüfsys-
tem; Horn, 1983); transferring subjects: participants showing
short-term performance improvements (Pretest to Posttest) in
training and transfer task; nontransferring subjects: participants
showing short-term performance improvements (Pretest to Postt-
est) in the training but not the transfer task.
aWilcoxon tests were used for group comparisons between Pre-
and Posttest.
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significant improvements in the logical reasoning training
task (P ¼ 0.002, Wilcoxon test). Furthermore, we could
observe significant improvements in the transfer task from
Pretest to Posttest (P < 0.001, Bonferroni post-hoc test),
Pretest to Follow-Up (P < 0.001, Bonferroni post-hoc test)
and Posttest to Follow-Up (P ¼ 0.005, Bonferroni post-hoc
test) indicating long-term training gain transfer. Nontrans-
ferring subjects (n ¼ 32) demonstrated performance
improvements in the training task (P < 0.001, Wilcoxon
test) and short-term improvements (Pretest to Posttest) in
the transfer task (P ¼ 0.001, Bonferroni post-hoc test).
Long-term transfer could not be observed, as nontransfer-
ring subjects demonstrated a performance decrease from
Posttest to Follow-Up (P ¼ 0.006, Bonferroni post-hoc test)
and no significant performance differences between Pretest

and Follow-Up. Controls (n ¼ 25) did not differ in their Gf
performance between Pretest, Posttest and Follow-Up.

Explorative voxel-wise TBSS analyses of long-term trans-
fer revealed significantly higher FA values within the cor-
pus and genu of the corpus callosum (CC) in transferring
subjects compared to nontransferring subjects in the
young-old subgroup (Fig. 2). This finding remained signifi-
cant after controlling for age, education, and general intel-
ligence. A similar explorative analysis in the entire sample
indicated the same tendencies but did not reach
significance.

ROI-based analyses of the entire sample confirmed these
results and demonstrated significantly higher FA values in
corpus and genu of the CC in transferring subjects com-
pared to nontransferring subjects (P ¼ 0.038, MWU test,

TABLE III. Long-term transfer (performance data of the study- and control group)

Pretest Posttest Follow-up Pd

Transferring subjects (n ¼ 9)
Logical reasoning training task 16.58 � 0.98 18.37 � 0.51 0.002
Fluid intelligence transfer task 22.78 � 2.44a 26.89 � 2.89b 28.22 � 2.64c <0.001

Nontransferring subjects (n ¼ 32)
Logical reasoning training task 17.18 � 1.17 18.32 � 0.83 <0.001
Fluid intelligence transfer task 24.59 � 3.77a 26.84 � 4.38b 25.38 � 3.87a <0.001

Controls (n ¼ 25)
Fluid intelligence transfer task 23.60 � 5.51 24.00 � 4.56 23.08 � 4.89 n.s.

Logical reasoning training task: Cogpack Logic, part of the Cogpack software (Marker, 2008); Fluid intelligence transfer task: LPS4, part
of a major German intelligence scale (Leistungsprüfsystem; Horn, 1983); transferring subjects: participants showing short-term perform-
ance improvements in the training and transfer task (Pretest to Posttest) and maintenance of transfer task improvements (Posttest to Fol-
low-Up); nontransferring subjects: participants showing short-term performance improvements in the training task (Pretest to Follow-
Up) but no short-term improvements and maintenance of performance in the transfer task (Posttest to Follow-Up).
Numbers with different superscripts (a–c) demonstrate significant differences in post-hoc analyses (Bonferroni).
dGroup comparisons: Wilcoxon tests were used for two-group comparisons; repeated measures ANOVA were used for multiple
comparisons.

Figure 2.

White matter integrity in transferring subjects versus nontransferring subjects of the long-term

transfer analysis. TBSS analysis on cerebral white matter skeleton (green) demonstrates areas

with significantly higher FA values (red) in subjects with successful transfer of training gains

(transferring subjects) compared to subjects without successful transfer of training gains (non-

transferring subjects) in the young-old group (age range 60–70 years).
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Table I and Fig. 3). The splenium was used as reference
and exhibited no group differences. The observed group
differences in the FA of corpus and genu of the CC per-
sisted after controlling the statistic for age, general intelli-
gence, gender and WML volume (ANCOVA, F ¼ 4.833,
P ¼ 0.002). The covariate age was a significant predictor of
FA values (F ¼ 8.207, P ¼ 0.007), but general intelligence
(F ¼ 2.320, P ¼ 0.137), gender (F ¼ 0.210, P ¼ 0.650) and
WML volume (F ¼ 2.357, P ¼ 0.134) were not significant
predictors. An additional linear Regression analysis to pre-
dict FA-values with age, general intelligence, gender and
WML volume showed an overall significant effect (F ¼
5.335, P ¼ 0.002). In accordance to the ANCOVA result FA
was predicted by age (t ¼ �3.224, P ¼ 0.003), however,
not by general intelligence (t ¼ 1.447, P ¼ 0.157), gender
(t ¼ 0.704, P ¼ 0.486), and WML volume (t ¼ �1.612,
P ¼ 0.116).

DISCUSSION

This study investigated whether the transfer capability
of Gf-related training gains was associated with the struc-
tural integrity of the brain. The relationship of transfer to
age and general intelligence was also examined. Separate
analyses were conducted for short-term- and long-term
transfer. 71% (29 of 41) of subjects demonstrated successful
short-term transfer. Only 22% (9 of 41) of subjects demon-
strated successful long-term transfer. Furthermore, long-
term transfer was more prevalent in younger subjects of
our sample. This result is consistent with previous studies

demonstrating limited transfer effects in older adults [Ball
et al., 2002; Dahlin et al., 2008a,b; Derwinger et al., 2003;
Edwards et al., 2002; Rebok et al., 2007].

Importantly, transfer of training gains was associated
with a higher degree of structural integrity within corpus
and genu of the CC as measured by FA values using DTI.
However, this association was restricted to long-term
transfer. The exclusive relationship of callosal integrity
with long-term transfer may be based on an imprecise
measurement of transfer if transfer is operationalized by
an immediate measurement after training. Immediate
transfer effects may partially be an artifact of temporary
factors such as improvements in motivation, habituation to
the neuropsychological testing situation caused by cogni-
tive training, or an increase in cognitive effort to compen-
sate increased cognitive demands. A consideration of
maintenance of short-term transfer prevents a partial
investigation of temporary compensatory mechanisms,
which leads to a more precise investigation of transfer.

The CC is a major neural pathway that connects homol-
ogous cortical areas of the two cerebral hemispheres
[Bloom and Hynd, 2005]. The corpus and genu of the CC
connect beside homologue pre-motor and ventral-frontal
areas the bilateral dorsolateral prefrontal cortex (DLPFC)
[Barbas and Pandya, 1984, Bloom and Hynd, 2005], which
includes the neural networks underlying executive func-
tions and other cognitive abilities, such as working mem-
ory [Smith, 1999, Baddeley, 2003]. Therefore, the
assumable underlying mechanism of successful long-term
training gain transfer is a better interhemispheric informa-
tion transfer within relevant networks through an
enhanced structural integrity within the corpus and genu
of the CC. The CC may be important to training gain
transfer in all domains that rely on the DLPFC because
this area is associated with many cognitive domains.

In addition to the association between structural integ-
rity and transfer, a relationship between age as well as
general intelligence and transfer was also expected. Suc-
cessful transfer in younger adults has been observed previ-
ously [Dahlin et al., 2008a,b; Jaeggi et al., 2008]. Training
gain transfer in older adults primarily yields rather limited
transfer effects [Ball et al., 2002; Dahlin et al., 2008a,b; Der-
winger et al., 2003; Edwards et al., 2002; Rebok et al.,
2007]. These results suggest that transfer is age related.
Limited transfer capabilities in old age may partially be
associated with the decline in white matter integrity that
accompanies normal aging [Masoro and Austad, 2010].
The present results support this assumption. Structural in-
tegrity of corpus and genu of the CC appears to be funda-
mental factor in this age-related decrease of transfer
capabilities, as integrity measures of these regions were
associated with both, transfer capability and age. Surpris-
ingly, a direct relationship between age and transfer was
not observed; transferring subjects and nontransferring
subjects did not differ in age. We further demonstrated
that transfer occurred in old age. In addition to age, struc-
tural integrity depends on other factors, such as genetics

Figure 3.

Boxplot diagrams of mean FA of genu and corpus of the corpus

callosum (region-of-interest analysis) of the long-term transfer

analysis. Group comparisons of subjects with successful transfer

of training gains (transferring subjects) and subjects without suc-

cessful transfer of training gains (nontransferring subjects) in the

whole study group.

r Callosal Integrity Predicts Training Transfer r

r 315 r



[Heise et al., 2011], general intelligence [Li et al., 2009],
and cerebrovascular factors [Kennedy and Raz, 2009]. This
multidependency might explain the absence of a direct
association between age and transfer in our study. How-
ever, a greater sample size could have shown a statistically
relevant relationship because nontransferring subjects
demonstrated a tendency to higher age (Table I).

A comprehensive meta-analysis [Colquitt et al., 2000] of
20 years of training research reported an association
between general intelligence and transfer of training gains.
However, in our sample, subjects with successful transfer
did not differ in general intelligence from subjects without
successful transfer, neither in the short-term- nor in the
long-term transfer analyses (Table I). This discrepancy
may be due to our homogeneous highly intelligent study
sample (mean HAWIE IQ ¼ 138). Intelligence is likely to
facilitate Gf transfer, but higher intelligence is not suffi-
cient for Gf transfer. Higher intelligence could be related
to a better network efficacy of anatomical structures over
the whole brain, including the genu and truncus of the CC
[Li et al., 2009], which is additionally important for Gf
transfer in highly intelligent aged subjects.

This study has several limitations. The number of trans-
ferring subjects in the long-term transfer analyses in our
study group is quite small. Group comparisons and
regression analyses would be more powerful in a larger
sample. Although it is remarkable that we observed signif-
icant group differences in this small sample, the findings
have to be replicated in a larger study group. The number
of male (n ¼ 17) and female (n ¼ 24) subjects differs in
our study sample. Even though this difference does not
reach statistical significance and a recent training review
indicated only a small association between gender and
transfer of training [Blume et al., 2010], the present results
should be verified in a more homogenous sample. Despite
of evidence that DTI indices like FA values are largely in-
dependent of brain volume, a partial overlap of CC integ-
rity measurements and volume changes (that have not
been determined for the individual subjects) cannot be
entirely excluded [Hugenschmidt et al., 2008]. Another li-
mitation relates to the choice of the training task. The prin-
ciple cognitive ability that is measured or trained by this
task is logical reasoning. A successful processing may also
require some aspects of memory and attention functions.
Thus, besides logical reasoning, the training task could
have trained memory and attention abilities.

CONCLUSIONS

To date, current explanations lack coherence regarding
the mechanism and brain structural basis of training gain
transfer. We could demonstrate that the structural integrity
of corpus and genu of the CC predict transfer of logical
reasoning training gains to a measure of Gf in healthy el-
derly. Thus, a better interhemispheric information transfer
between frontal areas underlying executive and working

memory functions may facilitate training gain transfer
within tasks related to these cognitive domains. Since cal-
losal structural integrity was also related to age (in the
present and in foregoing studies), our results suggest that
previously observed direct associations between age and
transfer might be mediated by callosal structural integrity.
The lack of a direct association in this study might be due
to the multidependency of the structural integrity. Beside
age, general intelligence could be shown to be related to
transfer capabilities. In this highly educated sample, gen-
eral intelligence was not related to transfer suggesting that
high intelligence is not sufficient for transfer in normal
aging. Interestingly, the association between callosal struc-
tural integrity and transfer was restricted to long-term
transfer. Short-term transfer measurements may partly
quantify temporary factors like habituation to the neuro-
psychological testing situation, which results in an impre-
cise measurement of transfer. This result illustrates the
necessity for a separate consideration of short-and long-
term transfer.

More studies are required to replicate these findings
and improve our understanding of the interactions
between short- and long-term transfer, age, and structural
integrity to delineate the relevant mechanisms of age-de-
pendent transfer capability. The present data enhance our
understanding of the mechanism and brain structural basis
of training transfer. Since transfer is an essential feature of
successful training our findings offer a promising tool to
predict or to monitor significant training effects in the
elderly.
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L (2003): Remembering numbers in old age: Mnemonic train-
ing versus self-generated strategy training. Aging Neuropsy-
chol Cogn 10:202–214.

Edwards JD, Wadley VG, Myers RS, Roenker DL, Cissell GM, Ball
K (2002): Transfer of a speed of processing intervention to near
and far cognitive functions. Gerontology 48:329–340.

Ericsson AK, Delaney PF (1998): Working memory and expert
performance. In: Logie R, Gilhooly KJ, editors. Working Mem-
ory and Thinking. Hillsdale, NJ: Erlbaum. pp 93–114.

Fellgiebel A, Keller I, Marin D, Müller MJ, Schermuly I, Yakushev
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