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Abstract.
Background: Mild cognitive impairment (MCI) represents a high risk group for Alzheimer’s disease (AD). Computerized
Cognitive Games Training (CCT) is an investigational strategy to improve targeted functions in MCI through the modulation
of cognitive networks.
Objective: The goal of this study was to examine the effect of CCT versus a non-targeted active brain exercise on functional
cognitive networks.
Methods: 107 patients with MCI were randomized to CCT or web-based crossword puzzles. Resting-state functional MRI
(fMRI) was obtained at baseline and 18 months to evaluate differences in fMRI measured within- and between-network
functional connectivity (FC) of the default mode network (DMN) and other large-scale brain networks: the executive control,
salience, and sensorimotor networks.
Results: There were no differences between crosswords and games in the primary outcome, within-network DMN FC across
all subjects. However, secondary analyses suggest differential effects on between-network connectivity involving the DMN
and SLN, and within-network connectivity of the DMN in subjects with late MCI. Paradoxically, in both cases, there was a
decrease in FC for games and an increase for the crosswords control (p < 0.05), accompanied by lesser cognitive decline in
the crosswords group.
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Conclusion: Results do not support a differential impact on within-network DMN FC between games and crossword puzzle
interventions. However, crossword puzzles might result in cognitively beneficial remodeling between the DMN and other
networks in more severely impaired MCI subjects, parallel to the observed clinical benefits.

Keywords: Alzheimer’s disease, biomarkers, default mode network, digital therapeutics, functional MRI, mild cognitive
impairment, neuroplasticity

INTRODUCTION

Mild cognitive impairment (MCI) is a common
condition in older adults characterized by mild cog-
nitive deficits with largely intact functions of daily
living. It is considered a transitional stage between
healthy aging and dementia and represents a high-
risk group for Alzheimer’s disease (AD) [1, 2]. MCI
can be divided into early and late stages, depend-
ing on the extent of episodic memory impairment.
Late MCI (LMCI) subjects represent individuals with
higher degrees of cognitive and functional impair-
ment than early MCI (EMCI) subjects, and their rate
of progression is faster [3]. There is growing evidence
that a cognitively active lifestyle may reduce rates
of dementia. A systematic review of 22 population-
based studies found that mental activities may reduce
overall incident dementia risk by 46% over a median
7-year period [4].

Computerized Cognitive Training (CCT) provides
a novel strategy to improve cognitive performance
in MCI by supporting a more cognitively active
lifestyle. CCT involves computerized cognitive exer-
cises that target specific abilities, for example,
memory, executive function, language and atten-
tion, to improve cognitive functioning. This effect
is durable and likely mediated by neuroplasticity
in large-scale brain networks. CCT has been used
successfully to improve cognitive functioning in indi-
viduals with MCI. A recent meta-analysis examining
CCT in MCI subjects showed overall moderate effi-
cacy in improving cognitive outcomes [5].

Currently, the brain mechanisms underlying the
observed effects of CCT remain unknown. Previous
studies of CCT using functional imaging to under-
stand how large-scale networks are modified have
been conducted mainly in healthy older adults [6–9].
These studies suggest remodeling of the default
mode network (DMN) as a possible mechanism. The
DMN is a resting-state functional network of sev-
eral highly interconnected cortical hubs, including

the posteromedial parietal, anteromedial frontal, and
inferolateral parietal cortices, which has been impli-
cated in the progression of MCI to AD [10]. Our
group has previously shown that impaired deactiva-
tion and functional connectivity (FC) in the DMN
may be a significant predictor in MCI subjects of
poor memory and transition to dementia over a 2–3
year follow-up period [10, 11]. It is unclear, however,
whether CCT might normalize connectivity within
the DMN and/or between the DMN and other cog-
nitive networks in these subjects, and whether such
changes might correlate with cognitive improvement.

Here we report the first randomized controlled trial
in subjects with EMCI and LMCI examining the
effects of home-based CCT on resting-state connec-
tivity within the DMN as well as within and between
other functional networks modulated by CCT effects.
The primary outcome cognitive findings from this
trial are being reported separately [12]. Our hypoth-
esis was that CCT would normalize changes in the
DMN from MCI, compared to a crossword puz-
zle control condition, and that the resulting network
changes would correlate with a slowing of cognitive
decline or with cognitive improvement.

MATERIALS AND METHODS

A detailed description of trial design features and
study intervention of this two-site study has been pub-
lished elsewhere [12–14]. The prior articles dealt with
the primary and secondary neuropsychological test-
ing outcomes as a result of CCT, whereas we report on
the within- and between-network connectivity of the
DMN and other functional networks influenced by
the CCT intervention. The study was of a 78-week
duration, in which 107 participants were random-
ized into CCT (games) or crossword puzzle training
arms, with individuals stratified by EMCI versus
LMCI, age, and site. The training was administered
by Lumosity, a web-based platform. Participants in
both training arms underwent an intensive training
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period of four 30-min sessions per week during
the first 12 weeks, followed by booster sessions at
scheduled time points. Subjects were scheduled to
come to the clinic for five scheduled visits (Weeks
0, 12, 32, 52, and 78) to complete further training
as well as neuropsychological testing. Enrolled indi-
viduals were within the age ranges of 55–95 years,
expressed cognitive concerns, e.g., naming/language,
and scored ≥ 23 on the Folstein Mini-Mental State
Examination (MMSE). EMCI and LMCI categoriza-
tion was determined by years of education combined
with a score between 0 and 11 on the Wechsler Mem-
ory Scale-III (WMS-III) Logical Memory Story A,
per the Alzheimer’s Disease Neuroimaging Initia-
tive (ADNI) diagnostic criteria. Notable exclusions
included a history of major psychiatric or neuro-
logical illness, dementia diagnosis, contraindication
to magnetic resonance imaging (MRI) scan, lack of
English-speaking ability, regular engagement with
digital brain training or crossword puzzles, and diag-
nosis of Major Depressive Disorder.

Image acquisition

At baseline and end-study, subjects at both
sites were imaged with high-resolution T1-weighted
IR-prepped 3D-SPGR, T2 FLAIR, and GE-EPI
resting-state functional MRI (fMRI) scans. Sup-
plementary Table 1 lists the scanners and scan
parameters at both sites. For the resting-state fMRI
sequence, participants were instructed to remain still
with their eyes open and fixated on a white cross-
hair displayed on a black background. Following
shimming and calibration scans, a single 10-minute
resting-state fMRI scan was acquired. Imaging pro-
cedures were the same at both baseline and endpoint.

fMRI quality control

fMRI was evaluated using three quality control
(QC) criteria to assess for excessive motion, signal
change and focal image distortion, based on estab-
lished criteria [15, 16]. Motion was evaluated on
the basis of orthogonal translation and rotation plots
allowing no single movement translation > 3 mm or
rotation > 3 degrees. Global and brain mean signal
time course could not exceed 3% of baseline. fMRI
source images were to be free of focal distortion by
visual inspection. Subjects needed to pass all QC cri-
teria on both baseline and 78 week fMRI scans to be
included in the final analysis.

Image preprocessing

Structural magnetic resonance images were pre-
processed using standard steps. Bias correction, skull
stripping, tissue segmentation, and spatial normaliza-
tion were performed using voxel-based morphometry
[17] in SPM12 [18] where the above steps were
integrated into one model. Modulated normalized
parameters were used to segment the images into gray
matter (GM), white matter (WM), and cerebrospinal
fluid (CSF) probabilistic maps. Images were resliced
to 3×3×3 mm3 with 4th degree B-spline for inter-
polation and smoothed with a Gaussian kernel of
full-width half maximum (FWHM) of 8×8×8 mm3.

Functional images were slice time corrected with
the first slice as the reference frame. Images were
motion-corrected with the first timepoint with rigid
body translation and rotation. Subjects with greater
than 0.3 mm mean framewise displacement (FD)
were excluded from further analysis. Time points
of motion greater than 0.2 mm were noted and were
included as motion outlier regressors. Co-registration
of functional images onto structural images was per-
formed in multiple steps to obtain higher registration
accuracy. As the first timepoint volume of fMRI con-
tains higher image contrast, it was used to register
the fMRI scans to structural images, followed by
the registration of other fMRI timepoints. After co-
registration, all images were visually inspected for
registration accuracy and then the first five fMRI
volumes were discarded to ensure steady-state lon-
gitudinal magnetization. Linear trends were removed
to account for signal drift and the six motion param-
eters and nuisance signals (average WM and CSF)
were regressed out from the fMRI time series. To
reduce nonneuronal contribution to BOLD fluctu-
ations, bandpass temporal filtering was performed
in the low-frequency range from 0.01 to 0.1 Hz in
line with previous resting fMRI studies. Finally, the
images were spatially normalized to the MNI space
with a voxel size of 3×3×3 mm3 with 4th degree B-
spline for interpolation and smoothed with a Gaussian
kernel of FWHM of 8×8×8 mm3.

Image analysis

Our analysis was focused on the DMN, because
of its known association with cognitive decline in
MCI [19]. We also performed exploratory analyses
in two other cognitive networks: the executive con-
trol network (ECN) and the salience network (SLN).
The ECN and SLN were investigated because they
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have been implicated in previous CCT studies in
healthy older adults [33–35]. The sensorimotor net-
work (SMN) was selected to serve as an internal
control network [20, 21]. As changes in MCI can be
associated with both within- and between-network
FC, we examined both measures and they are further
explained below.

Within-network functional connectivity

Within-network FC was evaluated using a priori
regions of interest (ROI). The ROIs for each network
were picked from Atlas55+ [22], a brain functional
atlas of resting-state networks derived from fMRI
data of more than 500 subjects in their late adult-
hood. For each network of interest, the primary hub
locations were found using the peak t-value within
each cluster of the network. The hub locations for
the DMN and other networks are presented in Fig. 2.
For each hub location a 6 mm radius sphere was con-
structed and the average timecourse of all voxels
within the sphere was calculated. Pearson’s Corre-
lations between the averaged time courses of all hubs
of a network were calculated and the within-network
FC was defined as the average of all between-hub
correlations.

Between-network functional network connectivity

To account for potential connectivity changes that
might occur between the DMN and other networks,
a secondary group independent component analysis
(ICA) was performed to identify the resting state
functional networks using GIFT v3.0 [23] software
on MATLAB R2021a. Group ICA was applied to
fMRI data of all subjects obtained at both time points
to decompose the fMRI data into twenty networks.
The InfoMax algorithm was applied to identify the
networks. Functional networks derived through ICA
were visually inspected and labeled by comparing
them against the ICA network atlas software [24],
Atlas55+ and using the brain regions defined by
the Harvard Oxford MNI atlas [25]. The functional
networks derived through our ICA decomposition
are presented in Fig. 3. The Pearson’s correlation
between the timecourse of the networks was used to
compute between-network FC.

Statistical analyses

Summary statistics were obtained and compared
across the games and crossword groups using a

Wilcoxon’s rank sum test for continuous variables
and Fisher’s exact test for categorical variables.
Changes in DMN within-network FC over the course
of training were evaluated for games versus the cross-
word control condition using a linear model. The
model was then stratified by EMCI versus LMCI.
Changes in FC were evaluated both without and with
adjusting for motion, measured by FD, and base-
line FC. Changes within other networks, as well as
between the DMN and other networks were also eval-
uated on an exploratory basis. For any FC metrics
showing differences between conditions in previ-
ous analyses, Pearson correlation of change in FC
with change in cognition, measured by ADAS-Cog11
score, was performed. Statistical significance was
considered at the alpha < 0.05 level. As the analy-
sis was exploratory, except for the primary outcome
of DMN within-network FC, we did not adjust for
multiple comparisons.

RESULTS

Participants

Between Nov 2017 and January 2020, 107 of
168 eligible participants were randomized (Fig. 1,
Table 1) and the last participant completed the
study in September 2021. Mean age was 71.2 years
(SD 8.8), and 42% were male and 58% female.
Dropout rates did not differ between games (9/51) and
crosswords (7/56), p = 0.59. Among LMCI partici-
pants, dropout rate was marginally greater for games
(6/30 = 20%) than crosswords (5/33 = 15.2%). Cog-
nitive and functional outcomes in the trial have been
reported elsewhere [12]. Among the 107 subjects
who were randomized, 20 additional subjects were
excluded based on failed fMRI QC and preprocess-
ing criteria (12/51 for games, 8/56 for crosswords),
leaving a total of 87 subjects (39 for games and 48
for crosswords) with both baseline and 78 week fMRI
data. Participants assigned to games and crosswords
did not differ significantly (p < 0.05) in demographic
measures (Table 1).

Within-network connectivity outcomes

There was no statistically significant (p < 0.05)
treatment-related difference in the change from base-
line in within-network connectivity involving the
DMN or other networks across the entire study group.
In subgroup analysis (Table 2), however, there was
a statistically significant difference between the two
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Fig. 1. Flow diagram for participants. Note, “Underwent fMRI scanning” indicates that subjects were scanned at least at baseline, though
all may not have completed the week 78 scan.

Fig. 2. Hub locations of default mode (red), executive control (blue), salience (green), and sensorimotor (yellow) networks, as defined by
Atlas55+.
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Fig. 3. Functional networks derived through independent component analysis.
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Table 1
Baseline Characteristics of the fMRI Study Sample (mean and SD)

Variable Games Crosswords p

Sample size N=39 N=48 .
Male (%) 11/39 (28.2) 26/48 (54.2) 0.015
Age 69.28 ± 8.10 70.81 ± 8.69 0.402
Educational level 16.74 ± 3.03 17.06 ± 3.19 0.637
EMCI (%) 17/39 (43.6) 21/48 (43.8) 0.988
APOE �4 + genotype (%) 21/39 (53.8) 18/48 (37.5) 0.127
MMSE 27.33 ± 1.68 27.02 ± 1.69 0.392
ADAS-Cog 8.77 ± 3.37 9.04 ± 3.00 0.691
Frame Displacement (FD) 0.06 ± 0.05 0.07 ± 0.03 0.597
Default Mode Network (DMN) Connectivity 0.49 ± 0.16 0.44 ± 0.13 0.156
Executive Control Network (ECN) Connectivity 0.31 ± 0.17 0.33 ± 0.14 0.531
Salience Network (SLN) Connectivity 0.34 ± 0.12 0.28 ± 0.12 0.020
DMN-ECN Between Network Connectivity 0.12 ± 0.22 0.09 ± 0.23 0.512
DMN-SLN Between Network Connectivity 0.03 ± 0.25 0.11 ± 0.23 0.139
ECN-SLN Between Network Connectivity 0.06 ± 0.25 0.08 ± 0.21 0.584
Global Connectivity 0.16 ± 0.06 0.17 ± 0.05 0.640

EMCI, early mild cognitive impairment; APOE, apolipoprotein E gene; MMSE, Mini-Mental State
Examination; ADAS-Cog, Alzheimer’s Disease Assessment Scale-Cognitive subscale.

treatments in DMN within-network connectivity in
the LMCI group (p = 0.034), but not the EMCI group
(p = 0.447). For the LMCI group, within network FC
in the DMN decreased over the course of the trial in
the games condition (–0.039 ± 0.023), but increased
in the crossword control group (0.027 ± 0.020). This
difference was statistically significant (p = 0.034).
The exploratory analysis in the LMCI subgroup failed
to demonstrate significant differences between the
interventions in any of the other networks. For the
EMCI subgroup, no significant differences between
interventions were demonstrated in the DMN or
other networks included in the exploratory analy-
sis. The games and crosswords groups did not differ
significantly (p < 0.05) in baseline within-network
connectivity measures, with the exception of the
SLN network (Table 1). This was covaried for in the
analysis along with all other baseline connectivity
metrics.

Between-network connectivity outcomes

Between baseline and 78 weeks, there was a
decrease in between-network FC in involving the
DMN and all other networks in the games group,
whereas the crosswords group showed increased
connectivity between these networks. This dissocia-
tion only reached statistical significance between the
DMN and SLN, however (Fig. 4, Table 3). The games
and crosswords groups did not differ significantly
(p < 0.05) in baseline between-network connectivity
measures (Table 1).

Correlation of change of DMN connectivity with
change in cognition

There was no significant correlation in between- or
within-network DMN changes and cognitive changes
(measured by the ADAS-Cog) in either MCI sub-
group, or both groups combined, for either the games
or crossword conditions (p = NS).

DISCUSSION

We report results from the first randomized con-
trolled trial in MCI subjects examining the effects
of CCT versus an active control on within- and
between-network connectivity in the DMN, and how
these effects correlate with cognitive change. Across
all subjects, we detected no treatment-related dif-
ferences in within-network connectivity involving
the DMN or other networks. The subgroup analysis,
however, suggests that games and crosswords have
different effects on the within-network connectivity
of the DMN in subjects with LMCI. Specifically,
DMN within-network FC increased with the cross-
word control intervention but decreased with games.
Similarly, across all subjects, between-network con-
nectivity involving the DMN and SLN increased with
the crossword control intervention but decreased with
games. Because the primary outcome of this trial
was within-network DMN FC, we did not adjust
p-values for multiple comparisons; therefore, these
secondary findings should be viewed as prelimi-
nary. Though no direct correlation between change in
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DMN FC and cognitive outcomes was demonstrated,
these exploratory findings nevertheless support the
overall trial findings in which the primary cognitive
outcome measure, Alzheimer’s Disease Assessment
Scale-Cognitive Subscale (ADAS-Cog) 11, showed a
small, but significant, decline for games compared to
improvement for crosswords within the LMCI group
as well as across all subjects [12]. However, within
the EMCI group, there was no difference between
crosswords and games in any cognitive or functional
outcomes [12].

The reason for improvements in both cognitive
measures and DMN FC with crosswords, as opposed
to games, is unknown. One possible reason is a
slightly higher proportion of ApoE4 carriers in the
games group (Table 1) which could have biased
the group toward faster decline. A second reason
might be the active control condition. The use of
an active control group (crossword puzzle solving)
was designed to account for engagement of subjects
without targeting any particular cognitive domain.
Crossword puzzles, however, might nonspecifically
engage multiple specialized cognitive networks at
a low level, nevertheless synergistically, resulting
in cognitively beneficial remodeling of the DMN.
In subjects with LMCI, this may exceed that of
more domain-specific types of training characteris-
tic of CCT games. Indeed, previous studies support
the investigation of crossword puzzles as a cog-
nitive enhancing strategy in a clinical trial [26,
27]. Crossword puzzles require the use of several
cognitive abilities: retrieval memory, verbal knowl-
edge, language skills, attention, processing speed,
and executive function. Simultaneous engagement of
these abilities may have durable cognitive benefits
[26]. Another potential reason for these findings is
differences in engagement between the interventions.
High levels of participation, in the absence of target
engagement, have been reported in failed CCT trials
in other conditions such as the schizophrenia eCaesar
trial. It is possible that subjects were more compliant
and engaged with the crossword intervention due to
its familiarity. Although dwell time was monitored in
all subjects to assure that they were spending 30 min
in the training sessions, we did not analyze their actual
levels of engagement. Indeed, crossword puzzles are
considered a cognitive leisure activity, and decreased
perceived stress levels of the activity may increase
compliance [28].

Comparison of our study with prior studies is dif-
ficult for several reasons, including differences in
the type of MCI studied, nature of both the CCT
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Fig. 4. Between-network functional connectivity change from baseline to 78-weeks (78-weeks – baseline). The games group showed a
decrease in connectivity between the DMN and all other networks (ECN, SLN, SMN), whereas the crosswords group showed increased
connectivity between the DMN and these networks. Values in the figure are unadjusted for change in FD and baseline FC values. For adjusted
values, see Table 3.

Table 3
Change from Baseline in Between-Network Connectivity (78 weeks – baseline)

Adjusted for change in FD and baseline value
Games Crosswords Diff p

DMNECN change –0.012 (0.034) –0.001 (0.030) –0.011 (0.046) 0.805
DMNSLN change –0.061 (0.036) 0.036 (0.032) –0.097 (0.048) 0.045
DMNSMN change –0.043 (0.034) 0.001 (0.030) –0.044 (0.045) 0.335

and control interventions, post-invention intervals of
evaluation, and fMRI analysis methodology. Accord-
ingly, studies looking at the effects of CCT on FC
within the DMN in MCI subjects have shown mixed
results [29–32, 37]. Of the randomized controlled tri-
als, one notable trial of 26 weeks duration in 100
MCI subjects, included multidomain CCT for 3 h per
week. Results revealed a decrease in DMN FC in the
training groups. Specifically, the posterior cingulate
cortex, the principal hub of the DMN, showed signif-
icant decreases in resting-state FC with the superior
frontal lobe and anterior cingulate cortex hubs [29].
These decreases did not correlate with changes in
ADAS-Cog scores, however. It should also be noted
that our findings may be specific to the type of CCT
we employed in our study and may not necessarily
generalize to other types of CCT which engage the
brain differently.

The strengths of the current work include the ran-
domized controlled design with an active control
condition, crossword puzzles, across two centers,

stratified evenly by both EMCI and LMCI subjects.
Although no differential effects of the interventions
on the DMN or related networks were demon-
strated across the entire study population, we did
not test against a no-intervention condition. The pur-
pose of this study was to assess whether specific
domain training is superior to non-specific train-
ing on a complex task that simultaneously involves
multiple domains. Secondly, the resting-state FC
component of this study was conducted with a pri-
ori regions for the DMN, SN and ECNs and the
metric for within-network connectivity was obtained
by taking an average across connections between
all major hubs of the networks, rather than testing
separate connections within and between the net-
works individually. This distinguishes this study from
those prior with similar designs. Thus, this study is
unique in several aspects. First, it was the first of
its kind to use pre-defined metrics of within- and
between-network connectivity rather than voxelwise
clusters or arbitrary hub-to-hub connections in an
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exploratory fashion. This hypothesis-driven, rather
than hypothesis-generating, approach is not common
to fMRI studies and this may explain why many
previous findings are neither convergent nor repro-
ducible. Indeed, though this hypothesis-driven study
was negative on its primary outcome measure, within-
network DMN FC, across all subjects, the findings
in LMCI suggest that further work may confirm
treatment-related network alterations in this more
severely affected subgroup. Second, this was the first
study of its kind to separate EMCI, many of whom
do not convert to dementia and revert to normal cog-
nition on testing, from LMCI, an established at-risk
condition for AD. Third, this study included a high
percentage of minority subjects, up to 30%, including
African Americans, adding to the generalizability the
results in a community setting.

We acknowledge that the beneficial effects of
crosswords on cognition found in the overall trial
[12] were not reflected in the primary outcome fMRI
measure across the entire sample. This could be due
to timing of maximal effects of the intervention. It
may be that maximal effects of crosswords interven-
tions on the DMN and related networks occur at the
end of the more intensive phase of training, and dis-
sipated over the 18-month duration of the trial, given
that subjects were only scanned at entry and exit.
Another potential cause could be technical factors.
For example, it is possible that fMRI does not have
sufficient fidelity in its present state to serve as a
sensitive biomarker of subtle clinical changes, par-
ticularly in less impaired subjects, such as those with
EMCI, while still being able to detect the changes
in LMCI. Despite significant efforts to harmonize
MRI protocols across institutions and scanners before
the trial (Supplementary Table 1), as well as covary-
ing for frame displacement in the analysis, software
upgrades and other differences among scanners may
have contributed to bias and loss of precision in fMRI
metrics. Indeed, emerging plasma biomarkers of AD
pathological hallmarks may offer more efficacy in
the realm of surrogate outcomes of cognitive decline
[36].

In conclusion, this randomized controlled fMRI
study in MCI subjects revealed no treatment-related
differences between crosswords and games in the
primary outcome measure, within-network DMN
FC. However, between-network and subgroup analy-
sis suggest differential effects on between-network
connectivity involving the DMN and SLN, and
within-network connectivity of the DMN in subjects
with LMCI. Crossword puzzles might nonspecifi-

cally, but synergistically, engage multiple specialized
cognitive networks at a low level, resulting in cogni-
tively beneficial remodeling between the DMN and
other networks, and within the DMN in subjects at
higher risk of dementia. These exploratory findings
need to be confirmed in a hypothesis-driven manner.
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