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Abstract

Previous studies showed that cognitive training can improve cognitive performance in various neurodegenerative diseases
but little is known about the effects of cognitive training on the brain. Here, we investigated the effects of our cognitive
training paradigm, COGTIPS, on regional white matter microstructure and structural network topology. We previously
showed that COGTIPS has small, positive effects on processing speed. A subsample of 79 PD patients (N=40 cognitive
training group, N =39 active control group) underwent multi-shell diffusion-weighted imaging pre- and post-intervention.
Our pre-registered analysis plan (osf.io/cht6g) entailed investigating white matter microstructural integrity (e.g., fractional
anisotropy) in five tracts of interest, including the anterior thalamic radiation (ATR), whole-brain tract-based spatial statis-
tics (TBSS), and the topology of the structural network. Relative to the active control condition, cognitive training had no
effect on topology of the structural network or whole-brain TBSS. Cognitive training did lead to a reduction in fractional
anisotropy in the ATR (B [SE]: —0.32 [0.12], P=0.01). This reduction was associated with faster responses on the Tower
of London task (r=0.42, P=0.007), but this just fell short of our statistical threshold (P < 0.006). Post hoc “fixel-based”
analyses showed that this was not due to changes in fiber density and cross section. This suggests that the observed effect in
the ATR is due to training-induced alterations in neighboring fibers running through the same voxels, such as intra-striatal
and thalamo-striatal fibers. These results indicate that 8 weeks of cognitive training does not alter network topology, but has
subtle local effects on structural connectivity.
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Introduction In healthy elderly, cognitive training increased the integ-

rity (measured by fractional anisotropy (FA)) of the unci-

Cognitive training has positive effects not only on cogni-
tive performance but also on the brain, showing that cogni-
tive training can increase neural efficiency and counteract
aging- or disease-related neural dysfunction (van Balkom
et al. 2020). Cognitive training may also change the micro-
structure of the white matter and structural connectivity.
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nate fascicle [1] and anterior thalamic radiation (ATR) [2].
The effects of cognitive training may even be evident after
12 months and associated with training-induced improve-
ment in processing speed [3]. Others, however, found no
effect of cognitive training on white matter integrity [4, 5],
but studies have overall been small. So far, only one study
has investigated the effects of cognitive training on white
matter integrity in Parkinson’s disease (PD), showing no
changes immediately after cognitive training [6], or at 1-year
follow-up [7].

Compared with healthy controls, PD patients exhibit
lower white matter integrity in the corpus callosum and
cingulate and temporal regions [8]. The inferior longitudi-
nal fascicle also seems to be particularly vulnerable to the
PD pathology and is associated with cognitive deterioration
[9]. Another study also showed that relative to healthy par-
ticipants, white matter integrity progressively deteriorates
from relatively intact in cognitive preserved PD patients, to
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widespread dysfunction in PD patients with mild cognitive
impairment (MCI) and dementia, including the ATR, corpus
callosum, and inferior longitudinal fascicles [10]. According
to graph analyses, the topology of the structural connectome
of PD patients is also less efficient and clustered compared
with healthy controls [11-14], especially in PD patients with
cognitive impairment [15]. No study has yet investigated the
effect of cognitive training on the topology of the structural
connectome in PD patients.

In the COGnitive Training In Parkinson Study
(COGTIPS), we investigated the efficacy of a home-based
online cognitive training [16]. We included 140 PD patients
and acquired MRI scans in a subset of 85 PD patients to
assess the effects of cognitive training on the function
and structure of the brain. Here, we report on the effects
of cognitive training on white matter microstructure and
the structural connectome. Based on previous studies, we
expected cognitive training to improve the white matter
microstructure of the three different segments of the corpus
callosum, the inferior longitudinal fascicle, and the ATR.
We additionally hypothesized that cognitive training would
improve the efficiency of the structural connectome to trans-
fer information (measured as increased global efficiency)
and improve the interconnectedness of neighboring brain
regions (increased clustering coefficient).

Methods
Participants and Intervention

Participants (N=140) were randomized (1:1) to an experi-
mental cognitive training or an active control [16]. In both
conditions, participants performed an 8-week online, home-
based, computerized intervention (three 45-min sessions
per week). The cognitive training condition consisted of 13
training games that focused on executive functions, process-
ing speed, attention, and visuospatial functions and were
adapted from the “Braingymmer” online platform (www.
braingymmer.com, a product by Dezzel Media). The AC
consisted of three low-threshold games primarily based on
“crystallized intelligence” factors, i.e., solitaire, hangman,
and trivia questions. A major difference between the condi-
tions was the adaptive difficulty of the cognitive training
games, while difficulty of the games in the active control
condition stayed constant. See our methods paper for more
information about the intervention [16].

We acquired an MRI scan from 85 participants. General
trial inclusion criteria were (1) mild to moderately advanced
idiopathic PD (Hoehn & Yahr stage <4), (2) significant
subjective cognitive complaints (PD Cognitive Func-
tional Rating Scale score > 3), and (3) access to and profi-
ciency in using a computer or tablet with internet. General

exclusion criteria were (1) a Montreal Cognitive Assess-
ment score < 22, (2) indications of current drug or alcohol
abuse, (3) moderate to severe depressive symptoms, (4) an
impulse control disorder, (5) psychotic symptoms except for
benign hallucinations, or (6) a history of traumatic brain
injury. Exclusion criteria for participation in the MRI study
were (1) presence of metal in the body, (2) pregnancy, (3)
difficulty lying still for 60 min, (4) a space-occupying lesion,
or (5) significant vascular abnormalities (Fazekas > 1). This
study was approved by the medical ethical committee of
VU University medical center and performed in accordance
with the Declaration of Helsinki. All participants provided
written informed consent. The trial was registered at clini-
caltrials.gov (NCT02920632).

Image Acquisition

MRI scans were acquired on a GE 3.0 T Discovery MR750
(General Electric, Milwaukee, USA) with a 32-channel head
coil at the Amsterdam UMC location VUmc. We acquired
diffusion-weighted images with a multi-shell single-
spin echo echo-planar imaging sequence (TR =7350 ms,
TE=81 ms, 2.5x2.5 mm? in-plane resolution with 56
slices of 2.5 mm; no gap) with 73 interleaved directions (25
b=1000 s/mm?, 24 b=2000s/mm?, and 24 b=3000 s/mm?)
and 7 non-diffusion-weighted volumes (b=0 s/mm?). We addi-
tionally acquired a 3D T1-weighted structural magnetization-
prepared rapid acquisition gradient-echo (MPRAGE)
with scan parameters according to the ADNI-3 protocol
[17]: TR=6.9 ms, TI=900 ms, TE=3.0 ms, matrix size
256256, 1 mm? isotropic voxels. Patients followed the same
protocol at both time points.

Image Processing

A more detailed account of the (pre)processing pipeline is
provided in the supplementary methods and the scripts are
available from: github.com/chrisvriend/DWI_processing_
COGTIPS. Diffusion images were denoised using the dwid-
enoise tool in MRtrix3 [18] and subsequently processed
using EDDY [19] in FMRIB Software Library (FSL) ver-
sion 6.0.1 [20]. We used EDDY QC for quality assess-
ment [21] and additionally calculated the median sum of
squared error of the b1000 tensor fit. These image quality
measures (IQMs) were compared across time and groups
using the nparLD package in R (version 4.0.2). DWI vol-
umes were visually inspected for residual motion-related
artifacts and deleted if necessary. Scans were excluded in
case of >3 volumes per shell with motion artifacts. We
used FSL DTI-FIT to fit the tensor to the »=1000 s/mm?
data to determine FA, mean diffusivity (MD), axial dif-
fusivity (AD), and radial diffusivity (RD) [22]. We used
DTI-TK to register the DWI scans to a common space [23]

@ Springer


http://www.braingymmer.com
http://www.braingymmer.com

2520

C. Vriend et al.

and subsequently performed tract-based spatial statistics
(TBSS) [24] to investigate pre-to-post-intervention changes
in the white matter microstructure of the genu of the cor-
pus callosum, body of the corpus callosum, splenium of
the corpus callosum, inferior longitudinal fascicle (ILF),
and ATR. The corpus callosum ROIs were derived from
JHU-ICBM labels, while the ILF and ATR were derived
from the JHU-ICBM tracts (25%) atlas. We multiplied each
tract with the skeletonized mask and extracted the median
value of the FA, MD, AD, and RD in the tract. We per-
formed multi-shell anatomically constrained (probabilistic)
tractography with 100 million random white matter seeds
to construct a tractogram for each participant in MRtrix3
[18]. SIFT2 was applied to improve the accuracy of the
reconstructed fibers and reduce false positive connec-
tions [25, 26]. The resulting tractogram was converted to a
222 %222 structural connectivity matrix with 208 cortical
areas derived from the Brainnetome atlas and 14 individu-
ally segmented subcortical areas with FreeSurfer.

Graph Measures

We calculated graph measures to determine the topology of
the structural brain network. We calculated the global effi-
ciency, modularity, and average clustering coefficient from
individual connectivity matrices. Global efficiency is the
inverse of the average path length and provides a measure
for the ability of a network to integrate information [27].
The average clustering coefficient quantifies the segregation
of nodes in a network, i.e., the tendency of the network to
segregate into locally connected nodes to form a specialized
subunit. Modularity measures how many modules a network
can be divided into. Modules consist of nodes with stronger
connections between them compared with nodes outside
their module [27].

Cognitive Measures

Participants performed—among other cognitive tests
[16]—a self-paced version of the Tower of London (ToL)
task on a laptop computer [28] and a paper-and-pencil ver-
sion of the Stroop Color-Word Test (SCWT) [29]. These
tests were performed on the same day as the MRI scans.
The ToL covers various executive functions including plan-
ning, inhibition, and working memory [30] and consists of
100 pseudo-randomized trials with five difficulty levels (task
loads S1 to S5) that are scored on accuracy and response
time. The SCWT is an attention, processing speed, and
executive function task [29] and requires the participants
to read three cards with 100 items as fast as possible. Card
I consists of columns with words (blue, red, yellow, green)
while card II consists of squares with colors that participants
need to name. Card III consists of the same words as card
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I (in another order) but the words are printed in congruent
and incongruent colors, and participants need to name the
color of the ink, while suppressing the tendency to read the
word. The outcome measure of each card of the SCWT is
the time to finish (in seconds). For the current analyses, we
only considered card I (SCWT-I) where participants have to
read words as a proxy for processing speed.

Data Analysis

Multivariate mixed model analyses were performed with
the four diffusivity measures in each ROI after training as
dependent variables, defined condition (cognitive training
or active control) as independent variable, and included
pre-training diffusivity measures as covariates. Diffusivity
measures were Z-transformed and MD and RD values were
inverted to ensure that higher values on all four diffusivity
measures signified better microstructural integrity. We added
age, sex, and education level as nuisance covariates in sepa-
rate adjusted models. We additionally performed exploratory
whole-brain voxel-wise analyses on the diffusivity meas-
ures within a skeleton of the white matter using permutated
(10,000) threshold-free cluster enhancement (TFCE) and
family-wise error (FWE) correction (P < 0.05).

The network topological measures were analyzed with
univariate linear mixed-models using network measures
after training as outcome, the pre-training value as covari-
ate, and condition as independent variable. Age, sex, and
education level were added as nuisance covariates in sepa-
rate models. The association between changes in DWI-
derived measures (diffusivity or network topology) and
training-induced changes in response time on the ToL task
or SCWT card I were analyzed using repeated measures
correlations (rmcorr package in R) [31]. Because of high
interdependence between the diffusivity measures within
each tract and topological measures, these correlations
were corrected for multiple comparisons using a D/AP-
Sidak adjustment to take into account the mutual corre-
lation between outcome measures [32]. For the analyses
on white matter microstructure, with an alpha of 0.05,
20 outcomes (four diffusivity values X five ROIs) and a
mutual correlation coefficient of »r=0.31, the adjusted
P-value was set at P,4;=0.006 (determined using quan-
titativeskills.com/sisa/calculations/bonhlp.htm). For the
topological analyses, the adjusted P-value was P,q;=0.027
(alpha=0.05, 3 outcomes, r=0.44). We also explored the
effect of the training on the connectivity strength between
the default mode network (DMN), frontoparietal net-
work (FPN), ventral attention network (VAN), and dor-
sal attention network (DAN) and their topology using the
Yeo network parcellation [33]. Results on the subnetwork
level were corrected for multiple comparisons using the
false discovery rate (FDR; ¢ =0.05). The analysis plan



Cognitive Training in Parkinson’s Disease Induces Local, Not Global, Changes in White Matter... 2521

was pre-registered at osf.io/cht6g and performed on the
intention-to-treat sample only.

Results
Demographic and Clinical Characteristics

From the original 85 PD patients with DWI data, six
were excluded for the analyses of WM microstructure and
one additional patient was excluded for the graph analy-
sis (see flowchart in Fig. 1). Patients in both conditions
were adequately matched on all demographic and clinical
measures (see Table 1), except for PD-CFRS (U=600.5,
P =0.02). Supplementary Table 1 shows the effects of the
intervention on performance on the ToL and SCWT in
this subsample of 79 PD patients. Compared with the full
sample of PD patients (see [34]), we observed similar but
not statistically significant effect sizes, likely due to the
decrease in power.

Microstructure

Results on the image quality measures are reported in the
supplements. Overall diffusivity in the bilateral ATR was
significantly lower in the cognitive training group compared
with the active control group after training while adjust-
ing for the microstructure at baseline (B [SE]: —0.17 [0.08],
95% CI: —0.32 to—0.02, P=0.03; see Table 2). This effect
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Fig. 1 Flowchart. Abbreviations: AC, active control; EXP, experi-
mental cognitive training group; TBSS, tract-based spatial statistics

was driven by a reduction in FA in the cognitive training
group after training (B [SE]: —0.32 [0.12], 95% CI: —0.45
to—0.07, P=0.01; see Fig. 2a). This effect remained signifi-
cant after adjusting for age, sex, and years of education (B
[SE]: —0.29 [0.12], 95% CIL: — 0.53 to — 0.05, P=0.02). We
also observed a significant difference in MD in the genu of
the corpus callosum (B [SE]: 0.18 [0.09], 95% CI: 0.006 to
0.35, P=0.04; Fig. 2b) but this effect was no longer signifi-
cant after adjusting for covariates.

The other ROIs showed no significant effects (see also
supplementary Fig. 2). When correlating the pre-to-post
treatment changes in diffusivity with changes in cognitive
performance, we observed a positive repeated measures cor-
relation between changes in FA in the ATR in the cognitive
training group and changes in ToL response time (r=0.42,
95% CI: 0.12-0.66, P=0.007; Fig. 3). This suggests that in
the cognitive training group responses on the ToL are faster
when FA decreases. Nevertheless, this correlation just fell
short of our multiple comparisons correction (P,q; =0.000).

Network Topology

Cognitive training had no effect on whole-brain topology,
relative to the active control condition (see Table 3 and
Fig. 2c—e and supplementary results) and there were no cor-
relations with pre-to-post intervention changes in cognitive
performance.

Explorative Analyses

Whole-brain TBSS analyses showed no differences in the
white matter microstructure between the two conditions.
Explorative analysis of the topology of neurocognitive sub-
networks (i.e., efficiency and clustering) and the connections
between them also did not reveal any significant effects of
training (see supplementary Table 2).

Post Hoc Analyses

We performed post hoc analyses to follow up on
the observed effects of cognitive training on overall
diffusivity—and particularly FA—in the ATR. The effect
of training on overall diffusivity was similar across
the left and right ATR, although only the left ATR
showed a reduction in FA in the cognitive training
group (B [SE]: —0.33 [0.12], 95% CI: — 0.56 to — 0.09,
P =0.008) that remained after adjusting for covariates (B
[SE]: —0.30 [0.12], 95% CI: — 0.54 to — 0.06, P=0.01).
We additionally performed a post hoc “fixel” analysis on
the ATR to better understand the unexpected decrease in
FA in the cognitive training group. Fixels are specific
fiber populations within a voxel [35, 36]. See supplemen-
tary methods for more details. These analyses showed
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Table 1 Demographic and clinical characteristics

Active control (n =39)

Cognitive training (n =40)

Statistics

Sex (N (%))
Male
Female
Age (years)
Education (years)
Education classification (N (%))‘r

Disease duration (years, median [range])
UPDRS-III
Hoehn & Yahr stage (N (%))
1
1.5
2
2.5
3
LEDD TO (median [range])
Medication change (N (%))
LEDD T1 (median [range])
MoCA
Global cognitive function classification (N (%))
Normal cognition
Single-domain MCI
Multi-domain MCI
PD dementia
BDI
QUIP-RS (median [range]; N=75)
PAS
AS
Credibility-expectancy
PD-CFRS (median [range])
Compliance (%, median [range])
TO-to-T1 interval (days)

26 (66.7%)
13 (33.3%)
63.3 (6.4)
17.0 (4.4)

3(7.7%)
9(23.1)

15 (38.5%)
12 (30.8%)
4[1-16]
20.3 (9.4)

2(5.1%)

1 (2.6%)

19 (48.7%)
11 (28.2%)

6 (15.4%)
700 [0-1790]
8 (20.5%)
734 [0-1790]
26.1 (2.4)

8 (20.5%)
5(12.8%)
17 (43.6%)
9 (23.1%)
8.6 (4.3)
20.0 [0-44]
11.3(7.3)
14.0 (4.3)
31.4 (6.6)
10.0 [4-22]
100 [70.8-100]
64.2 (7.2)

20 (50%)
20 (50%)
63.3 (8.1)
15.6 (3.6)

1(2.5%)
3(7.5%)
12 (30%)
12 (30%)
12 (30%)
4[0-14]
20.6 (8.7)

3(7.5%)
5(12.5%)

16 (40%)

12 (30%)

4 (10%)

682 [80-1665]
7(17.5%)

749 [80-1530]
26.5 (1.8)

12 (30%)
7(17.5%)
18 (45%)
3(7.5%)
7.9 (4.2)
14.0 [0-60]
9.1 (6.2)
13.0 (4.3)
33.1(6.5)
7[3.3-18.0]
99.8 [91.9-100]
63.8 (4.8)

X1y =23, P=0.13

tgn=—0.01, P=0.99
tg=15,P=0.14
x4y =18,P=0.78

U=1775, P=0.96
t77,=0.08, P=0.94
X’ =3.6, P=0.47

U=1734.5, P=0.66
x*1)=0.12, P=0.73
U=1736, P=0.66
ti7y=—0.68, P=0.50
X’ =4.1,P=0.25

17, =0.70, P=0.49
U=550, P=0.11
ta7y =14, P=0.15
ta7y=1.08, P=0.28
tay=—1.1,P=0.26
U=514.5, P=0.009
U=779.5, P=0.99
fgy=— 28, P="78

Data are presented as mean (SD) unless otherwise indicated

AS Apathy Scale, BDI Beck Depression Inventory, PAS Parkinson Anxiety Scale, PD-CFRS\ Parkinson’s Disease — Cognitive Functional Rating
Scale, LEDD levodopa equivalent daily dosage, MCI mild cognitive impairment, MoCA Montreal Cognitive Assessment, QUIP-RS Question-
naire for Impulsive-Compulsive Disorders in Parkinson’s Disease — Rating Scale, UPDRS Unified Parkinson’s Disease Rating Scale. For pre-to-
post intervention changes in the clinical and cognitive measures, see [34]

T According to Verhage education classification [51]

that there were no effects of training on the fiber density

or cross section of the ATR (supplementary Fig. 3 and

supplementary Table 3). This suggests that the observed
reduction in FA in the cognitive training group is not
due to changes in density of cross section of fibers of

the ATR.
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Discussion

This study investigated the effects of our online cognitive
training program, COGTIPS [16], on WM microstructure
and topology of the structural connectome. We showed

that in the cognitive training group, relative to an active
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control condition, overall diffusivity within the ATR
decreased, which was driven by a reduction in FA, while
MD in the genu of the corpus callosum increased. Only
the FA reduction in the (left) ATR in the cognitive training
group remained significant after correcting for covariates.
Interestingly, the decrease in FA in the ATR was associ-
ated with faster responses on ToL task (although this fell
just short of our multiple comparison threshold). Training-
induced faster responses on the ToL task were the main
finding on the behavioral level of our randomized con-
trolled trial [34]. Cognitive training had no effect on net-
work topology on neither the global or subnetwork level.

The ATR is a major fiber bundle connecting the anterior
and midline nuclei of the thalamus with the prefrontal cor-
tex [37] and is therefore critically involved in the associa-
tive cortico-striatal-thalamo-cortical (CSTC) circuit and
its associated functions [38, 39]. Multiple studies have
shown dysfunction of the associative CSTC circuit in PD,
particularly in relation to cognition [40—42]. Based on this,
we hypothesized that cognitive training would increase
FA relative to the active control group. Surprisingly, our
results show an opposite pattern. FA measures the degree
of diffusion within a single direction and a decrease in FA
may therefore signify either lower axonal density (e.g.,
due to demyelination and increased free-water diffusion)
or a higher proportion of crossing fibers (i.e., diffusion
along multiple fibers). Standard tensor models cannot dis-
entangle these two possibilities [43] due to averaging the
diffusivity of multiple (crossing) fiber populations inside
a voxel. We therefore performed a post hoc analysis of
“fixels”, i.e., specific fiber populations within a voxel [35].
Fixel-based analysis is a relatively new method that allows
the quantification of the density and cross section of spe-
cific tracts, even in voxels that contain crossing fibers [36].
This analysis showed that cognitive training did not alter
the density or cross section of the ATR. The ATR runs
through the anterior limb of the internal capsule that also
contains other fibers. Most of these fibers run in parallel
to the ATR (e.g., the superolateral medial forebrain bundle
and frontostriatal fibers) [44], but others run perpendicular
(i.e., fibers between the caudate nucleus, putamen, pal-
lidum, and thalamus; see also supplementary Fig. 4). We
therefore speculate that the decrease in FA in the cogni-
tive training group is not due to a higher demyelination
of the ATR, but due to a higher incidence of crossing fib-
ers within the same voxels that connect these subcorti-
cal structures. Unfortunately the resolution of our scans
limits our ability to confirm this and necessitates studies
at ultra-high field strength [44]. Other analytical methods
that rely on multi-shell DWI data, such as neurite orienta-
tion dispersion and density imaging (NODDI) [45], can
also provide additional information on the effects of cogni-
tive training on white matter microstructure.

0.57
0.78

—0.341t00.19
—0.23t0 0.30

Group difference (adjusted model)*
95% CI

B [SE]
—0.08 [0.13]
0.04 [0.13]

0.55
0.80

Group difference (crude model)
95% CI
—-0.341t00.18
-0.23t0 0.29

—0.08 [0.13]

B [SE]
1.532+0.083 1.529+0.068 0.03 [0.13]

M+SD

CT

T1
Active
control
M+SD

CT
M+SD
1.534+0.076

1.541+0.080

0.236+0.036 0.250+0.047 0.239+0.044 0.253+0.043

Baseline
control
M+SD

Active
CT cognitive training, FA fractional anisotropy, MD mean diffusivity, RD radial diffusivity, AD axial diffusivity, ATR anterior thalamic radiation, /LF inferior longitudinal fascicle, CC genu genu

of the corpus callosum, CC body body of the corpus callosum, CC splenium splenium of the corpus callosum

Significant differences are marked in bold
Corrected for age, sex, and education in years
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Fig.2 White matter micro-
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Our results also showed that the reduction in FA in the
ATR in the cognitive training group was associated with
faster responses on the ToL task. Although this subsample
of PD patients with a DWI scan did not show significant
training-related increases in cognitive performance on the
group level, our analyses in the entire sample of 140 PD
patients showed positive effects of cognitive training on
ToL response time, especially for the more cognitively
demanding task load 4 [34]. Combining these results
they suggest training-induced improvement in processing
speed during executive functioning that is accompanied
with an increase in intra-striatal or thalamo-striatal fibers
on the individual level. Although there is some evidence

for a role for thalamo-striatal connections in attention
[46], and thalamo-striatal connections originating from the
centromedian and parafascicular nucleus are particularly
prone to PD-related neurodegeneration [47], the (plastic)
effects of cognitive training on these connections are cur-
rently unknown.

The only other but smaller (N=30) study that has inves-
tigated the effects of a 3-month cognitive training on white
matter microstructure in PD patients showed no changes
using a whole-brain TBSS approach [6]. Other studies on
the effects of cognitive training on white matter microstruc-
ture seem to have exclusively been performed in healthy
elderly populations and have produced mixed results [1-5].
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this subsample of PD patients with imaging data was
insufficiently powered to detect differences in cognitive
performance (see [16]). We did, however, observe simi-
lar effects sizes as we did for the full sample. The direc-
tion of the repeated measures correlation between ToL
response time and FA in the ATR is also consistent with
the effects observed at the group level, bolstering our find-
ings. Strengths of this study are the large sample size and
low attrition, rigorous quality control, and a description
of the IQMs as well as the use of state-of-the-art registra-
tion (DTI-TK) and tractography (MRtrix3) algorithms and
the use of a multi-shell DWI sequence to better deal with
crossing fibers.

In conclusion, in this largest study on cognitive train-
ing in PD patients to date, we showed that our 8-week
cognitive training program, COGTIPS, induces changes
in local white matter microstructure that also correlate
with cognitive improvement, but has no effect on the
topology of the structural connectome at higher levels
of organization. Because our post hoc “fixel” analyses
showed no effect on fiber density or cross section, we
speculate that the observed changes are due to changes
in neighboring (crossing) fibers. These results suggest
that cognitive training has subtle and only local effects
on structural plasticity.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s13311-021-01103-9.

Acknowledgements We hereby like to thank Eline Koedijk, Msc. and
Monique G.M.S. Schokker, Msc. for their assistance with the visual
inspection of the diffusion imaging data, and Dr. M.D. Steenwijk
for his help with setting up the tractography pipeline and thank drs.
A.C.M. Kramer, A.L. Schrijer BSc., drs. A.M. Ticheler, A. van Weert
BSc., drs. B. De Azevedo Pinto Castro Maciel, drs. B.E. Olgers, D.N.
van Deursen BSc., D.W. van Wylick BSc., drs. E. Koedijk, drs. E.L.
Vester, drs. F. Kooij, I. Ashour BSc., drs. L. Zijlstra, J. Breunese BSc.,
drs. J.F. Stormmesand, drs. J.S.R. Biesbroeck, drs. J.R.C. Verhaegh,
K. Basant BSc., drs. L. Drost, drs. M.J. Wagenmakers, M.W. van der
Wijk, drs. M.A. Laansma, M.M.A. Schyns BSc., drs. M. Rombouts,
drs. M.G.M.S. Schokker, N.M.C. Samoei, BSc., drs. J.P.A. van Dulm
MD, R.G.G. Busby, BSc., drs. S. Kasprzak, and V. Joosten, BSc., for
their invaluable work on the COGTIPS data collection. Participants
were additionally recruited through ParkinsonNEXT, a Dutch online
registry that aims to unite patients, researchers and clinicians wanting
to contribute to research and innovation in Parkinson’s disease and
Parkinsonism. ParkinsonNEXT produces information about ongoing
studies and facilitates the recruitment of patients.

Required Author Forms Disclosure forms provided by the authors are
available with the online version of this article.

Funding This study was funded by the Dutch Parkinson’s Disease
Patient Association (grant no. 2015-R04) and the Brain Foundation
of the Netherlands (grant no. HA-2017-00227). Part of the participant
recruitment was accomplished through Hersenonderzoek.nl, a Dutch
online registry that facilitates participant recruitment for neuroscience
studies (www.hersenonderzoek.nl). Hersenonderzoek.nl is funded by
ZonMw-Memorabel (project no. 73305095003), a project in the context

of the Dutch Deltaplan Dementie, Gieskes-Strijbis Foundation, the Alz-
heimer’s Society in the Netherlands and Brain Foundation Netherlands.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Chapman SB, Aslan S, Spence JS, et al. Neural mechanisms of
brain plasticity with complex cognitive training in healthy seniors.
Cereb Cortex 2015;25:396-405.

2. Engvig A, Fjell AM, Westlye LT, et al. Memory training impacts
short-term changes in aging white matter: a longitudinal diffusion
tensor imaging study. Hum Brain Mapp 2012;33:2390-406.

3. Cao X, Yao Y, Li T, et al. The Impact of Cognitive Training on
Cerebral White Matter in Community-Dwelling Elderly: One-Year
Prospective Longitudinal Diffusion Tensor Imaging Study. Sci
Rep 2016;6:33212.

4. Fissler P, Muller HP, Kuster OC, et al. No Evidence That Short-
Term Cognitive or Physical Training Programs or Lifestyles Are
Related to Changes in White Matter Integrity in Older Adults at
Risk of Dementia. Front Hum Neurosci 2017;11:110.

5. Lampit A, Hallock H, Suo C, Naismith SL, Valenzuela M. Cognitive
training-induced short-term functional and long-term structural plas-
tic change is related to gains in global cognition in healthy older
adults: a pilot study. Front Aging Neurosci 2015;7:14.

6. Diez-Cirarda M, Ojeda N, Pena J, et al. Increased brain connec-
tivity and activation after cognitive rehabilitation in Parkinson’s
disease: a randomized controlled trial. Brain Imaging Behav
2017;11:1640-51.

7. Diez-Cirarda M, Ojeda N, Pena J, et al. Long-term effects of cog-
nitive rehabilitation on brain, functional outcome and cognition
in Parkinson’s disease. Eur J Neurol 2018;25:5-12.

8. Atkinson-Clement C, Pinto S, Eusebio A, Coulon O. Diffusion
tensor imaging in Parkinson’s disease: Review and meta-analysis.
Neuroimage Clin 2017;16:98-110.

9. Haghshomar M, Dolatshahi M, Ghazi Sherbaf F, Sanjari
Moghaddam H, Shirin Shandiz M, Aarabi MH. Disruption of
Inferior Longitudinal Fasciculus Microstructure in Parkinson’s
Disease: A Systematic Review of Diffusion Tensor Imaging Stud-
ies. Front Neurol 2018;9:598.

10. Gorges M, Muller HP, Liepelt-Scarfone I, et al. Structural brain
signature of cognitive decline in Parkinson’s disease: DTI-based
evidence from the LANDSCAPE study. Ther Adv Neurol Disord
2019;12:1756286419843447.

11. Kamagata K, Zalesky A, Hatano T, et al. Connectome analysis
with diffusion MRI in idiopathic Parkinson’s disease: Evaluation
using multi-shell, multi-tissue, constrained spherical deconvolu-
tion. Neuroimage Clin 2018;17:518-29.

12. Li C, Huang B, Zhang R, et al. Impaired topological architecture
of brain structural networks in idiopathic Parkinson’s disease: a
DTI study. Brain Imaging Behav 2017;11:113-28.

@ Springer


https://doi.org/10.1007/s13311-021-01103-9
http://www.hersenonderzoek.nl
http://creativecommons.org/licenses/by/4.0/

2528

C. Vriend et al.

13.

14.

15.

16.

17.

18.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Nigro S, Riccelli R, Passamonti L, et al. Characterizing structural
neural networks in de novo Parkinson disease patients using dif-
fusion tensor imaging. Hum Brain Mapp 2016;37:4500-10.
Vriend C, van den Heuvel OA, Berendse HW, van der Werf
YD, Douw L. Global and Subnetwork Changes of the Struc-
tural Connectome in de novo Parkinson’s Disease. Neuroscience
2018;386:295-308.

Wang W, Mei M, Gao Y, et al. Changes of brain structural network
connection in Parkinson’s disease patients with mild cognitive
dysfunction: a study based on diffusion tensor imaging. J Neurol
2020;267:933-43.

van Balkom TD, Berendse HW, van der Werf YD, et al.
COGTIPS: a double-blind randomized active controlled trial pro-
tocol to study the effect of home-based, online cognitive training
on cognition and brain networks in Parkinson’s disease. BMC
Neurol 2019;19:179.

Weiner MW, Veitch DP, Aisen PS, et al. The Alzheimer’s Disease
Neuroimaging Initiative 3: Continued innovation for clinical trial
improvement. Alzheimers Dement 2017;13:561-71.

Tournier JD, Smith R, Raffelt D, et al. MRtrix3: A fast, flexible
and open software framework for medical image processing and
visualisation. Neuroimage 2019;202:116137.

. Andersson JLR, Sotiropoulos SN. An integrated approach to cor-

rection for off-resonance effects and subject movement in diffu-
sion MR imaging. Neuroimage 2016;125:1063-78.

Smith SM, Jenkinson M, Woolrich MW, et al. Advances in func-
tional and structural MR image analysis and implementation as
FSL. Neuroimage 2004323 Suppl 1:5208-19.

Bastiani M, Cottaar M, Fitzgibbon SP, et al. Automated quality
control for within and between studies diffusion MRI data using
a non-parametric framework for movement and distortion correc-
tion. Neuroimage 2019;184:801-12.

Basser PJ, Mattiello J, LeBihan D. MR diftusion tensor spectros-
copy and imaging. Biophys J 1994;66:259-67.

Zhang H, Yushkevich PA, Alexander DC, Gee JC. Deformable
registration of diffusion tensor MR images with explicit orienta-
tion optimization. Med Image Anal 2006;10:764-85.

Smith SM, Jenkinson M, Johansen-Berg H, et al. Tract-based spatial
statistics: voxelwise analysis of multi-subject diffusion data. Neu-
roimage 2006;31:1487-505.

Smith RE, Tournier JD, Calamante F, Connelly A. SIFT2:
Enabling dense quantitative assessment of brain white mat-
ter connectivity using streamlines tractography. Neuroimage
2015;119:338-51.

McColgan P, Blom T, Rees G, et al. Stability and sensitivity of
structural connectomes: effect of thresholding and filtering and
demonstration in neurodegeneration. bioRxiv 2018:416826.
Rubinov M, Sporns O. Complex network measures of brain con-
nectivity: uses and interpretations. Neuroimage 2010;52:1059-69.
Trujillo JP, Gerrits NJ, Vriend C, Berendse HW, van den Heuvel
OA, van der Werf YD. Impaired planning in Parkinson’s disease
is reflected by reduced brain activation and connectivity. Hum.
Brain Mapp. 2015;36:3703-15.

Scarpina F, Tagini S. The Stroop Color and Word Test. Front
Psychol 2017;8:557.

Shallice T. Specific impairments of planning. Philos. Trans. R.
Soc. Lond. B. Biol. Sci. 1982;298:199-209.

Bakdash JZ, Marusich LR. Repeated Measures Correlation. Front
Psychol 2017;8:456.

Sankoh AJ, Huque MF, Dubey SD. Some comments on frequently
used multiple endpoint adjustment methods in clinical trials. Sta-
tistics in medicine 1997;16:2529-42.

Yeo BT, Krienen FM, Sepulcre J, et al. The organization of the
human cerebral cortex estimated by intrinsic functional connectiv-
ity. J Neurophysiol 2011;106:1125-65.

Springer

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

S1.

van Balkom TD, Berendse HW, van der Werf YD, et al. Effect of
Eight-Week Online Cognitive Training in Parkinson’s Disease: A
Randomized Controlled Trial. medRxiv 2021:2021.03.04.21252499.
Raffelt DA, Smith RE, Ridgway GR, et al. Connectivity-based
fixel enhancement: Whole-brain statistical analysis of diffusion
MRI measures in the presence of crossing fibres. Neuroimage
2015;117:40-55.

Raffelt DA, Tournier JD, Smith RE, et al. Investigating white
matter fibre density and morphology using fixel-based analysis.
Neuroimage 2017;144:58-73.

Mamah D, Conturo TE, Harms MP, et al. Anterior thalamic radia-
tion integrity in schizophrenia: a diffusion-tensor imaging study.
Psychiatry Res 2010;183:144-50.

Mithani K, Davison B, Meng Y, Lipsman N. The anterior limb of
the internal capsule: Anatomy, function, and dysfunction. Behav
Brain Res 2020;387:112588.

Groenewegen H, Wouterlood F, Uylings H. Organization of
prefrontal-striatal connections. Handbook of Behavioral Neu-
roscience: Elsevier, 2016:423-38.

Polito C, Berti V, Ramat S, et al. Interaction of caudate dopamine
depletion and brain metabolic changes with cognitive dysfunction
in early Parkinson’s disease. Neurobiol Aging 2012;33:206 €29-39.
Vriend C, van Balkom TD, van Druningen C, et al. Processing
speed is related to striatal dopamine transporter availability in
Parkinson’s disease. Neuroimage Clin 2020;26:102257.
Hanganu A, Provost JS, Monchi O. Neuroimaging studies of stria-
tum in cognition part II: Parkinson’s disease. Front Syst Neurosci
2015;9:138.

Jeurissen B, Leemans A, Tournier JD, Jones DK, Sijbers J. Inves-
tigating the prevalence of complex fiber configurations in white
matter tissue with diffusion magnetic resonance imaging. Hum
Brain Mapp 2013;34:2747-66.

Cho ZH, Law M, Chi JG, et al. An anatomic review of thalamolim-
bic fiber tractography: ultra-high resolution direct visualization of
thalamolimbic fibers anterior thalamic radiation, superolateral and
inferomedial medial forebrain bundles, and newly identified septum
pellucidum tract. World Neurosurg 2015;83:54-61 e32.

Zhang H, Schneider T, Wheeler-Kingshott CA, Alexander DC.
NODDI: practical in vivo neurite orientation dispersion and den-
sity imaging of the human brain. Neuroimage 2012;61:1000-16.
Smith Y, Galvan A, Ellender TJ, et al. The thalamostriatal system
in normal and diseased states. Front Syst Neurosci 2014;8:5.
Brooks D, Halliday GM. Intralaminar nuclei of the thalamus in
Lewy body diseases. Brain Res Bull 2009;78:97-104.

Stephen R, Solomon A, Ngandu T, et al. White Matter Changes on
Diffusion Tensor Imaging in the FINGER Randomized Controlled
Trial. J Alzheimers Dis 2020.

Roman FJ, Iturria-Medina Y, Martinez K, et al. Enhanced struc-
tural connectivity within a brain sub-network supporting work-
ing memory and engagement processes after cognitive training.
Neurobiol Learn Mem 2017;141:33-43.

Zalesky A, Fornito A, Bullmore ET. Network-based statis-
tic: identifying differences in brain networks. Neuroimage
2010;53:1197-207.

Verhage F. Intelligence and Age: Study with Dutch People Aged
12-77. Assen: Van Gorcum 1964.

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.



	Cognitive Training in Parkinson’s Disease Induces Local, Not Global, Changes in White Matter Microstructure
	Abstract
	Introduction
	Methods
	Participants and Intervention
	Image Acquisition
	Image Processing
	Graph Measures
	Cognitive Measures
	Data Analysis

	Results
	Demographic and Clinical Characteristics
	Microstructure
	Network Topology
	Explorative Analyses
	Post Hoc Analyses

	Discussion
	Acknowledgements 
	References




