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Abstract Cognitive training has shown promise
for improving cognition in older adults. Age-related
neuroanatomical changes may affect cognitive train-
ing outcomes. White matter hyperintensities are one
common brain change in aging reflecting decreased
white matter integrity. The current study assessed
(1) proximal cognitive training performance follow-
ing a 3-month randomized control trial and (2) the
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contribution of baseline whole-brain white matter
hyperintensity load, or total lesion volume (TLV),
on pre-post proximal training change. Sixty-two
healthy older adults were randomized to either adap-
tive cognitive training or educational training control
interventions. Repeated-measures analysis of covari-
ance revealed two-way group X time interactions such
that those assigned cognitive training demonstrated
greater improvement on proximal composite (total
training composite) and sub-composite (processing
speed training composite, working memory training
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composite) measures compared to education train-
ing counterparts. Multiple linear regression showed
higher baseline TLV associated with lower pre-post
change on processing speed training sub-composite
(#=-0.19, p=0.04), but not other composite meas-
ures. These findings demonstrate the utility of cogni-
tive training for improving post-intervention proximal
performance in older adults. Additionally, pre-post
proximal processing speed training change appears
to be particularly sensitive to white matter hyperin-
tensity load versus working memory training change.
These data suggest that TLV may serve as an impor-
tant factor for consideration when planning process-
ing speed-based cognitive training interventions for
remediation of cognitive decline in older adults.

Keywords White matter hyperintensities - Total
lesion volume - Cognitive training - Cognitive aging -
Processing speed

Introduction

Cognitive decline in aging is a growing public health
concern. Even minor declines in cognitive abilities
affect older adults’ daily independent functioning and
quality of life. As the proportion of older adults in
the world population continues to increase, interven-
tions that ameliorate cognitive changes in aging must
be developed. Growing evidence demonstrates cog-
nitive training as a promising technique for improv-
ing cognitive function in older adults [1-4]. Studies
evaluating the effectiveness of cognitive training have
demonstrated that direct assessment of performance
on tasks for which subjects had trained (i.e., proximal
outcome measures) was the most reliable and robust
method for assessing cognitive training efficacy and
produced the largest effect sizes [5]. Effectiveness
may also be evaluated through near transfer (abilities
trained) and far transfer (abilities not trained) meas-
ures. For example, the advanced cognitive training
for independent and vital elderly (ACTIVE) study
demonstrated proximal cognitive training improve-
ment (i.e., improvement on tasks trained) lasting up
to 10 years following reasoning and speed of process-
ing training. The ACTIVE study also showed trans-
fer beyond the task trained in that cognitive train-
ing groups of reasoning, speed of processing, and
memory reported fewer self-reported difficulties in
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instrumental activities of daily living compared to
control conditions [4, 6].

Several factors influence cognitive training out-
comes and transfer, including the training type (e.g.,
single-component vs. multicomponent; process-based
vs. strategy based), training features (e.g., duration,
intensity, adaptivity, domain, setting), and target pop-
ulation [7]. In aging, processing speed and working
memory are cognitive processes particularly vulner-
able to decline and have garnered significant atten-
tion as intervention targets. Processing speed training
studies reported immediate and long-term improve-
ments in processing speed abilities [3, 6], and stud-
ies employing working memory training demon-
strated improvements on the trained task and closely
related memory measures [8—12]. A multicomponent
approach may further increase proximal outcomes
and transfer [13]. However, more research is needed
to assess factors that might influence individual dif-
ferences in older adults’ response to cognitive train-
ing. Biological characteristics including age and
baseline cognitive status may negatively influence
cognitive training outcomes, but results have been
mixed between studies [14, 15]. An emerging area of
research includes combining basic demographic, psy-
chometric, and behavioral measures with magnetic
resonance imaging (MRI)-based measures of brain
structure and function to help resolve inconsistent
findings.

Evidence suggests that baseline brain character-
istics are a promising predictor of cognitive training
outcomes [7]. Generally, neuroanatomical differences
relate to cognitive difference in aging [16—19]. White
matter hyperintensities (WMH) are one common age-
related brain change evidenced by T2-weighted and
fluid-attenuated inversion recovery (FLAIR) MRI.
WMH are a proxy for localized white matter dam-
age and suggestive of cerebral small vessel disease,
reducing the threshold for the clinical expression of
cognitive impairment and dementia [20]. Automated
segmentation software allows for reliable quantifi-
cation of WMH, characterized as whole-brain total
lesion volume (TLV). Even in healthy aging, higher
TLV and regional WMH load consistently associ-
ate with poorer cognitive performance in processing
speed, memory, and executive functioning [21-25].
While relationships between WMH and executive
function domains including set-shifting and flu-
ency have been described, associations for working
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memory performance are inconsistent [25-27]. Evi-
dence suggests working memory may be more sus-
ceptible to regional WMH load (e.g., periventricu-
lar and deep WMH in temporal and frontal regions)
rather than whole-brain measurements [26]. However,
the impact of TLV on cognitive training outcomes in
older adults has yet to be investigated.

The present study hypothesized that those receiv-
ing cognitive training would perform significantly
better on the post-intervention proximal composite
(total training composite) and sub-composite (pro-
cessing speed training composite, working memory
training composite) measures, compared to education
training control counterparts following a 3-month
intervention. We further hypothesized that higher
baseline TLV across the entire sample would asso-
ciate with lower pre-post change on proximal com-
posite and sub-composite measures. Given consist-
ent relationships between WMH load and speed of
processing and inconsistent associations for working
memory, we specifically hypothesized that higher
TLV would result in lower pre-post change on pro-
cessing speed training composite but not working
memory training composite.

Materials and methods
Participants

Eighty-seven healthy older adults ranging from 65
to 84 years old (mean age=71.0+4.6; 42 females;
mean years of education=16.3+2.3) took part
in the current study. Participants were recruited at
the University of Florida (n=52) and the Univer-
sity of Arizona (n=35) for the augmenting cogni-
tive training in older adults (ACT; RO1AG054077)
study [28]. Recruitment efforts are detailed in prior
publications [28] and included newspaper, direct
mail, radio and television advertisements, local
events, and research contact registries. Participants
were included if they were right-handed, without
contra-indication for MRI, and demonstrated evi-
dence of age-related cognitive decline on a cogni-
tive training assessment (performance below the
80th percentile). Participants with prior history
of major psychiatric illness, head injury resulting
in loss of consciousness > 20 min, or formal diag-
nosis or evidence of mild cognitive impairment

(MCI), dementia, or neurological brain disease were
excluded from the study. The study was approved by
and performed according to the policies of the Insti-
tutional Review Boards at the University of Florida
(UF) and the University of Arizona (UA). Partici-
pants engaged in the informed consent process prior
to the initiation of study activities. The data in the
current study were collected at the screening, base-
line, and three-month assessment visits. A total of
25 participants were excluded from final analyses
due to missing or unreliable MRI data (n=13), vol-
untary participant withdrawal (n=8), and/or non-
adherence to the intervention assignment (n=4).
Intervention adherence was defined as at least 80%
completion of intervention activities. Therefore,
those achieving less than 720 of 1232 maximum
cognitive training levels (n=3) or completing less
than 48 of 60 maximum education training ques-
tionnaire items (n=1) were considered non-adher-
ent for their respective intervention conditions.
Analyses included 62 participants (see Table 1 for
sample demographics).

Table 1 Sample demographics

Demographics M/SD
Age 72.1+£44
Years of education 16.2+2.3
Sex N (%)
Male 34 (55%)
Female 28 (45%)
Race N (%)
White 52 (83.9%)
African American or Black 3 (4.8%)
American Indian/Alaska Native 3 (4.8%)
Asian/Asian American 1(1.6%)
Native Hawaiian or other Pacific Islander 1 (1.6%)
More than one race 2 (3.2%)
Ethnicity N (%)
Hispanic or Latino 5(8.1%)
Not Hispanic/Latino 57 (91.9%)
Intervention assignment N (%)
Cognitive training 31 (50%)
Education training 31 (45%)
Intervention adherence M/SD
Cognitive training levels completed 912.84 +89.07
Education training questions completed 58.77+1.48

M mean, SD standard deviation, N number
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Procedures

Data were collected as part of a larger multi-site phase
III triple-blind randomized control trial funded by
the National Institute on Aging (PI: Adam J. Woods,
PhD, RO1IAGO054077) with a target enrollment of 360
(180 female) healthy older adults. The trial is reg-
istered at clinicaltrials.gov as NCTO02851511. The
parent study employs a two-phase design. An initial
cohort of 80 participants, collected across two study
sites, was assigned to one of four intervention condi-
tions. The primary aim of phase 1 was to investigate
whether cognitive training is significantly better than
a well-matched education training control in elicit-
ing post-intervention improvement on the proximal
composite measure. The sample was randomized to
either an adaptive multidomain cognitive training
intervention or education training control. All par-
ticipants underwent sham or active transcranial direct
current stimulation (tDCS) as an adjunctive interven-
tion, which was not a variable of interest in phase 1.
An interim analysis was performed to subsequently
remove the education training condition in phase 2
and assess the relative impact of tDCS on cognitive
training improvement in 280 healthy older adults.
Phase 2 of the parent trial is still ongoing, and there-
fore, the randomization status of the tDCS interven-
tion remains blinded to the study investigators. Only
data pertinent to phase 1 study aims are currently
available for analysis. Therefore, a dummy-coded var-
iable was provided by the data management and qual-
ity control (DMAQC) team to control for tDCS status
during analyses. Thus, tDCS status is not a variable
of interest in the current study. A description of phase
1 study procedures follows.

Screening visits began with participants reviewing
the informed consent with a trained researcher. Par-
ticipants then completed a series of screening meas-
ures including a brief cognitive assessment, MRI
safety screening, medical history and mood question-
naires, hearing and vision assessments, and the Posit
Science cognitive training assessment (Www.posit
science.com). After determining whether participants
met inclusion criteria, a baseline visit was sched-
uled. At the baseline visit, participants completed
a battery of cognitive assessments, questionnaires,
and a multimodal MRI scan. Following their base-
line visit, participants were assigned to a 12-week
intervention wherein they received either adaptive

@ Springer

multidomain cognitive training (n=34) or education
training (n=32), paired with either active or sham
tDCS (Table 1). Participants attended ten daily in-
person sessions over the first 2 weeks of the study,
followed by weekly in-person sessions for 10 weeks.
All participants were instructed to complete forty
minutes of study activity at home for the remaining
4 days per week, on a 4G LTE-enabled laptop (Dell
€5570) with a 15.5 in (diagonal) screen provided by
study investigators. The intensity and duration of
study activities for cognitive training and education
training were identical; all participants were assigned
200 min of study activity per week (Fig. 1). Com-
plete study materials are described in detail elsewhere
[28]. In brief, participants were provided an optical
mouse and comfortable headphones with audio level
adjustment dial. All laptops were locked into a cus-
tom kiosk mode such that participants only accessed
education training and cognitive training study por-
tals and powered down by closing the laptop lid to
facilitate ease of use by older adult participants. Par-
ticipants underwent basic computer training and ori-
entation with study investigators. A 24/7 telephone
line was provided to participants to troubleshoot tech-
nological issues.

Treatment conditions
Cognitive training

An eight-component, multidomain, cognitive train-
ing intervention was delivered via Posit Science’s
BrainHQ suite (www.positscience.com); Posit Sci-
ence’s BrainHQ tasks are commercially available.
Detailed descriptions of these tasks are available
through the Posit Science manuals/protocols. Over
the course of the 12-week intervention, participants
were assigned 20 h of training in 4 tasks targeting
attention/processing speed (divided attention, tar-
get tracker, double decision, and hawk-eye tasks),
and 20 h of training in four tasks targeting working
memory (to-do list training, memory grid, card shark,
and auditory aces). The cognitive training portal was
programmed such that participants only accessed the
eight chosen BrainHQ tasks. Participants completed
four tasks per day for 10 min per task. A built-in timer
progressed participants to the next task after 10 min
of training. Training tasks were counterbalanced such
that participants did not receive four of the same tasks
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Augmenting Cognitive Training in Older Adults: The ACT Study

Phase 1 Research Design

Informed

Participants
Healthy Older Adults
(Ages 65-89)

MRI Safety

Self-Report Q
Cognitive Traini

Brief Cognitive Screening

Hearing and Vision Screening
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Baseline Assessment
Cognitive Assessment
Self-Report Questionnaires
Multimodal Structural &
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Education Training
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Cognitive Traini
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Fig.1 ACT study phase 1 procedures and conceptual model.

Intensity and duration of study activities were identical between

intervention assignments. Phase 2 of study is ongoing; therefore, tDCS condition remains blinded to investigators

each day but received timed training on all tasks over
the 3-month intervention period [28].

Education training

The education training condition served as a con-
trol for the cognitive training condition. The edu-
cation training group received the same materials
(laptop, mouse, headphones, etc.), except for the
contents accessed on the laptops. As with cognitive
training, the education training participants were

assigned 40 min of study activities 5 days per week
for 12 weeks. The duration and frequency of study
visits for education training were identical to that of
cognitive training. The education training participants
viewed educational videos produced by the National
Geographic Channel, covering topics including his-
tory, nature, and wildlife. The education training por-
tal was programmed such that participants navigated
directly to daily videos. Participants followed a link
to view the 40-min video assigned for each day. To
ensure active engagement and attention, participants
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were asked to answer 4-6 questions regarding the
content of each day’s videos. Questionnaires were
collected during in-person visits to provide feedback
on training adherence [28].

Proximal cognitive training assessment

The Posit Science BrainHQ cognitive training assess-
ment was administered at the screening and 3-month
time point and included all eight selected cognitive
training tasks, set to a medium difficulty level. The
goal was to measure proximal performance on the
cognitive training tasks central to the cognitive train-
ing condition [28]. The assessment provided z-trans-
formed scores for each of the eight cognitive training
tasks and the proximal composite. Two additional
sub-composite measures were created by combin-
ing the z-transformed scores from the four attention/
processing speed cognitive training tasks and the four
working memory cognitive training tasks mentioned
above (see “Cognitive training”) [29]. This allowed
for analyses of proximal change across all training
tasks and their specific cognitive domains. Thus,
there were three proximal assessment outcomes of
interest: total training composite, processing speed
training composite, and working memory training
composite.

MRI acquisition and processing

The MRI acquisition and processing procedures have
been described in detail in prior publications [20, 27].
Briefly, an MRI was collected using either a 3-Tesla
Siemens Magnetom Prisma with a 64-channel head
coil or a 3-Tesla Siemens Magnetom Skyra scanner
with a 32-channel head coil at UF and UA, respec-
tively. A high resolution T1-weighted 3D magnetiza-
tion prepared rapid gradient echo (MPRAGE; repeti-
tion time [TR]=1,800 ms; echo time [TE]=2.26 ms;
1.0x1.0x1.0 mm> voxels; 176 slices; field of
view [FOV]=256x256 mm; flip angle [FA]=S§;
time=3 min and 3 s) and T2-weighted fluid-atten-
vated inversion recovery (FLAIR; TR=7,000 ms;
TE=101 ms; 1.0x1.0x2.5 mm3 voxels; 55 slices;
FOV =256%x256 mm; FA=120; time=3 min and
9 s) were collected as part of the MRI session. The
sequence parameters and scanning protocol were
identical at the two study sites. Earplugs and foam
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padding were provided to the participant to minimize
noise and head motion inside the scanner.

FLAIR and MPRAGE scans were acquired during
the baseline visit. The images were processed using
two freely available software applications, the lesion
segmentation tool (LST) for SPM12 (www.statisti-
cal-modeling.de/Ist.html), and the FreeSurfer 6.0
imaging analysis suite (http://surfer.nmr.mgh.harvard.
edu/), as previously described [20, 27]. The FLAIR
and MPRAGE were input to the lesion prediction
algorithm of LST [30] (LPA; chapter 6.1). LPA is an
accurate and reliable automated processing method
for detecting WMH in healthy and neurodegenerative
disease populations [31-33]. The full details of LST’s
procedures are documented and available online
(https://statistical-modelling.de/L.ST_documentation.
pdf). The procedures include segmentation of brain
tissue, registration of FLAIR to MPRAGE, and calcu-
lation of lesion maps. The LPA uses a spatial covari-
ate that accounts for voxel-specific changes in lesion
probability [30]. We used a lesion threshold of 0.30 to
calculate TLV, consistent with previous research [27,
34]. All participants’ lesion segmentation results were
visually reviewed, and no participants were removed
for poor lesion classification. A log transformation
was applied to TLV to normalize the distribution of
white matter hyperintensities.

The MPRAGE was input to FreeSurfer’s default
processing stream. FreeSurfer’s technical proce-
dures are well-documented in previous publications
[35-38] and thus are not described in detail here. In
brief, FreeSurfer processing involves Talairach trans-
formation, correction of magnetic field inhomogenei-
ties via intensity normalization, and removal of non-
brain tissues. Resultant FreeSurfer surface models
were assessed visually and manually edited as appro-
priate. We applied FreeSurfer-generated estimated
intracranial volume (eTIV) as a covariate in linear
models to account for individual differences in par-
ticipant head size.

Data analyses

Analyses were performed in the Statistical Package
for the Social Sciences (SPSS; IBM Corp. Released
2020. IBM SPSS Statistics for Windows, Version
27.0. Armonk, NY: IBM Corp). Primary analyses
included Bonferroni-corrected repeated-measures
analysis of covariance (RM-ANCOVA) and were
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conducted to examine pre-post differences in proxi-
mal composite and sub-composite measures between
education training and cognitive training, while
accounting for age, sex, education, and blinded tDCS
intervention condition. Follow-up analyses exam-
ined the effect of several predictors, including TLV,
on proximal post-intervention composite and sub-
composite measures. Three baseline-adjusted lin-
ear regression models assessed pre-post change on
the proximal composite and sub-composite meas-
ures. Baseline-adjusted linear regression was chosen
because (1) its’ power compared to change scores in
randomized studies [39—41] and (2) the ability to par-
tial out baseline cognitive training performance — a
potentially relevant predictor of cognitive training
outcomes with mixed influence in previous literature
[7]. Predictors included baseline performance, cog-
nitive training group, blinded tDCS group, age, sex,
years of education, scanner type, eTIV, log-adjusted
whole-brain TLV, and binarized cardiovascular dis-
ease (CVD) risk. High CVD risk (n=28, 45.2%) was
defined by self-report of two or more of the follow-
ing: prior or current smoker status, history of angina,
atrial fibrillation, cardiac arrest, coronary artery dis-
ease, hypertension, high cholesterol, heart attack,
heart failure, transient ischemic attacks, and diabetes
[42].

Results

Change in proximal composite and sub-composites
by intervention group

Preliminary analyses aimed to determine group differ-
ences (cognitive versus education) in proximal com-
posite performance. RM-ANCOVA demonstrated a
significant two-way interaction for group X time (Total
Training Composite: p<0.001, n’p=0.56; Fig. 2).
The intervention groups did not differ in their base-
line performance (occasion 1 mean difference =0.08,
p=0.49). Both intervention groups demonstrated
improvement at their post-intervention assessment
(education training mean difference=0.23, p <0.01;
cognitive training mean difference=1.16, p <0.001).
However, pairwise comparisons revealed cognitive
training demonstrated much larger mean differences
between occasions and performed significantly higher
on the proximal composite at the post-intervention

Proximal Composite Performance by Intervention Group

Proximal Composite Performance
o

Estimated Marginal Means (z-score)

Baseline 3-Month
Assessment Assessment

Time

Intervention Group

—— Cognitive Training Education Training

Fig. 2 Three-month proximal composite performance by
intervention group. Between-group differences on proxi-
mal composite as evidenced by Bonferonni-adjusted RM-
ANCOVA. Covariates appearing in the model were evaluated
at the following values: age=71.11, sex=0.45, years of edu-
cation=16.19, tDCS group=0.50. Findings demonstrated
that intervention groups did not differ at baseline, both groups
improved significantly from baseline to 3-month assessments,
and the cognitive training group (black) improved significantly
more compared to the education training group (gray)

assessment (occasion 2 mean difference=1.00,
p<0.001). These findings suggest that both groups
improved on the proximal composite, but those who
received cognitive training performed significantly
better following intervention compared to those
assigned the education training control condition.
Sub-composite analyses revealed a similar pat-
tern of results. RM-ANCOVA demonstrated a sig-
nificant two-way interaction for group Xtime for
each sub-composite (processing speed training
composite: p<0.001, 7°p=0.44; working memory
training composite: p<0.001, #*p=0.43; Fig. 3).
Intervention groups did not differ in their baseline
performance for either sub-composite (process-
ing speed training composite occasion 1 mean dif-
ference=0.69, p=0.17, working memory train-
ing composite occasion 1 mean difference=0.08,
p=0.89). On the processing speed training com-
posite, only the cognitive training group demon-
strated significant improvement between time points
(processing speed training composite: education
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Processing Speed Training Composite Performance
by Intervention Group

o

Estimated Marginal Means (z-score)
o

Processing Speed Training Composite Performance

Baseline 3-Month
Assessment Assessment

Time

Working Memory Training Composite Performance
by Intervention Group

(&)

&

Working Memory Training Composite Performance
Estimated Marginal Means (z-score)
o

Baseline 3-Month
Assessment Assessment

Time

= Cognitive Training

Intervention Group

Education Training

Fig. 3 Three-month sub-composite training performance
by intervention group. Between-group differences in the A
processing speed training composite, and B working memory
training composite as evidenced by Bonferonni-adjusted RM-
ANCOVA. Covariates appearing in the model are evaluated
at the following values: age=71.11, sex=0.45, years of edu-
cation=16.19, tDCS group=0.50. Findings demonstrate that

training mean difference=0.53, p=0.15; cogni-
tive training mean difference =3.90, p <0.001). In
contrast, both the education training and cognitive
training groups demonstrated significant improve-
ment between time points on the working memory
training composite (education training mean differ-
ence =1.30, p<0.01; cognitive training mean dif-
ference =5.34, p <0.001). Across both sub-compos-
ites, the cognitive training group evidenced larger
mean differences between occasions and performed
significantly better at the post-intervention assess-
ment (processing speed training composite occa-
sion 2 mean difference =4.06, p<0.001, working
memory training composite occasion 2 mean dif-
ference =3.96, p<0.001). These findings further
suggest that those who received cognitive training
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intervention groups did not differ at baseline, both groups
improved significantly from baseline to 3 months on working
memory training composite, while only the cognitive train-
ing group improved significantly on processing speed train-
ing composite. The cognitive training group (black) improved
significantly compared to the education training group (gray)
across both sub-composites

performed significantly better following interven-
tion compared to those assigned the education train-
ing control condition.

Predictors of pre-post proximal composite and
sub-composite change

Proximal composite

Baseline-adjusted linear regression explained 78.8%
of the variance in the 3-month proximal compos-
ite, which was significantly greater than zero (F[10,
51]=18.98, p<0.001). Significant predictors of pre-
post change on proximal composite performance
included intervention assignment and baseline per-
formance. Assignment to the cognitive training group
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(#=0.73, p<0.001) and higher baseline performance
($=0.29, p<0.001) were associated with higher pre-
post change on the proximal composite. There was a
potentially suggestive trend for a relationship between
higher baseline TLV and lower change on 3-month
proximal composite (f= —0.14, p=0.06; Fig. 4).

Processing speed training composite

The overall model explained 72.6% of the vari-
ance in pre-post change on processing speed train-
ing composite performance, which was significantly
greater than zero (F[10, 511=13.49, p<0.001). Sig-
nificant predictors included intervention assignment,
baseline performance, education, and log-adjusted
whole-brain TLV. Assignment to the cognitive train-
ing group ($=0.66, p<0.001), higher baseline per-
formance ($=0.27, p<0.01), and higher education
(#=0.21, p=0.02) associated with higher pre-post
change on processing speed training composite per-
formance. In contrast, higher baseline TLV is associ-
ated with lower change on processing speed training

Partial Regression Plot
Proximal Composite and Total Lesion Volume

15 Total Model R? = 0.788
Partial r=-0.26

° ° =

> & °
R

1

1

t

Proximal Composite Performance
(Baseline-Adjusted Standardized Residual)

S
o

-0.50 025 0.00 025 050
Baseline Log-Adjusted Whole Brain Total Lesion Volume
(Standardized Residual)

Fig. 4 Partial regression plot for baseline TLV and
3-month proximal composite. Partial regression plot dem-
onstrating a potentially suggestive trend between baseline
log-adjusted TLV and post-intervention proximal composite
performance (p=0.06), while controlling for baseline perfor-
mance, cognitive training group, tDCS group, age, sex, years
of education, scanner type, estimated total intracranial volume,
log-adjusted whole-brain TLV, and binarized cardiovascular
disease (CVD) risk

composite
(Fig. 5A).

performance (f=—-0.18, p=0.046)

Working memory training composite

The overall model explained 62.1% of the variance in
pre-post change on working memory training com-
posite performance, which was significantly greater
than zero (F[10, 51]=8.37, p<0.001). Significant
predictors of included intervention assignment and
baseline performance. Assignment to the cognitive
training group ($=0.67, p<0.001) and higher base-
line (#=0.29, p<0.01) associated with higher pre-
post change on working memory training composite
performance. Post-intervention performance on the
working memory training composite did not asso-
ciate with baseline log-adjusted whole-brain TLV
(= —-0.09, p=0.38) (Fig. 5B). The remaining pre-
dictors (age p=0.63; sex p=0.29; years of education
p=0.97; scanner type p=0.89; eTIV p=0.46; and
CVD risk p=0.61) were not significant in this model.

Discussion

Our aim was to investigate (1) the effect of a multi-
domain cognitive training intervention on improv-
ing proximal cognitive training outcomes compared
to an education training control condition and (2)
the impact of baseline whole-brain TLV, a proxy for
WMH load, on pre-post proximal training outcomes
following a 3-month intervention. Results from these
analyses in older adults without manifest neurode-
generative disease supported our hypotheses that
cognitive training results are in significantly greater
improvement on proximal composite (total train-
ing composite) and sub-composite (processing speed
training composite, and working memory training
composite) measures compared to education train-
ing intervention. These findings emerged above and
beyond the relevant predictors of age, sex, and years
of education. Additionally, higher baseline TLV was
related to lower pre-post change on processing speed
training composite measure in both cognitive train-
ing and education training groups. We found a poten-
tially suggestive trend for higher baseline TLV and
lower pre-post change on the proximal composite,
and no relationship between TLV and pre-post change
working memory training composite performance.
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Partial Regression Plots

Processing Speed Training Composite and Total Lesion Volume
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Fig. 5 Partial regression plot for baseline TLV and
3-month sub-composite. A partial regression plot demon-
strating the relationships between baseline log-adjusted TLV
and A processing speed training composite (p=0.046) and B
working memory training composite (p=0.38), while control-
ling for baseline performance, cognitive training group, tDCS

Findings related to TLV emerged above and beyond
relevant predictors age and CVD risk, which are
highly associated with future risk of stroke or conver-
sion to dementia [14, 20]. The identification of base-
line brain characteristics affecting pre-post cognitive
training outcomes has gained considerable scientific
interest in recent years [7, 43].

To our knowledge, we are the first study explor-
ing baseline TLV as a predictor for proximal cogni-
tive training outcomes. Total lesion volume (TLV)
represents white matter hyperintensity burden in a
single brain. WMH reflect age-related chronic mac-
rostructural brain damage. Identified by T2-weighted
MRI, WMH are characteristic of tissue alterations in
the brain including small-vessel vascular occlusion,
demyelination, increased water content, and loss of
glial cells [44, 45]. The presence of WMH may reflect
disruption of long-range axonal connections that
indirectly mediate relationships between age-related
cortical changes and cognitive decline [46]. Higher
global and regional WMH load are related to poorer
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group, age, sex, years of education, scanner type, estimated
total intracranial volume, log-adjusted whole-brain TLV, and
binarized cardiovascular disease (CVD) risk. Baseline TLV
was a significant predictor for processing speed training com-
posite but not the working memory training composite

cognitive performance in processing speed, memory,
and executive function [23, 24, 27, 34, 47-52]. The
present study extends prior findings by demonstrating
relationships between higher baseline TLV and lower
pre-post change on proximal processing speed cogni-
tive training measures.

The present study demonstrates that pre-post
assessment of proximal cognitive training gains is
sensitive to higher global WMH load. This finding
was significant across the whole sample, that is, in
both cognitive training and education training groups.
Proximal outcome measures are considered robust
and reliable for demonstrating training improve-
ment. A recent systematic review and meta-analysis
suggest proximal training measures that are not sig-
nificantly influenced by age, education, or cognitive
status [5]. The presented findings demonstrate that
baseline brain characteristics, specifically global
WMH load, may negatively impact pre-post change
on proximal cognitive training measures. Future stud-
ies should consider TLV, and other baseline brain
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characteristics, when evaluating proximal cognitive
training outcomes.

In our study, higher baseline TLV related to lower
post-intervention performance for processing speed
training composite, but not working memory train-
ing composite. These findings are in line with previ-
ous research demonstrating small but robust relation-
ships between higher WMH load and decrements
in domain-specific cognitive performance [20, 53].
Specifically, our findings are consistent with previ-
ous research in older adults without cognitive impair-
ment demonstrating that larger WMH volumes asso-
ciate with lower levels of perceptual speed but not
working memory [27, 54]. While poorer processing
speed is consistently related to higher whole-brain
and regional WMHs, relationships between work-
ing memory ability and whole-brain WMH load are
inconsistent and may vary by brain region [26, 55].
Our findings are consistent with these prior cognitive
findings and suggest that processing speed-based cog-
nitive training outcomes may be particularly sensitive
to the size of the WMH load.

Proximal measures are considered the most reli-
able and robust method for assessing cognitive train-
ing efficacy [5]. However, we are not aware of any
prior study examining baseline structural neuroimag-
ing markers on proximal training outcomes follow-
ing multidomain, adaptive, and cognitive training
in healthy older adults. Prior studies have employed
a wide array of training types (e.g., strategy vide-
ogames, mnemonic strategy, metamemory, and logi-
cal reasoning) and outcome measures (e.g., near and
far transfer) in study populations that are not directly
comparable to the methods employed in the current
study. Nonetheless, evidence suggests larger regional
volumes, lower cortical thickness, and higher struc-
tural integrity relate to improved training outcomes,
faster learning rates, and higher cognitive perfor-
mance on standardized neuropsychological assess-
ments in older adults [14, 56-59]. The incorporation
of proximal training outcomes provides a robust and
appropriate measure for assessing effects of altered
white matter integrity on training-specific gains.

Strengths and limitations
Strengths of the current study include the rand-

omized control study design, allowing for compari-
son between intervention types, and incorporating

an education training control group demonstrating
the utility of an adaptive multicomponent cognitive
training intervention to facilitate proximal cognitive
training improvement. The present study identified a
baseline neuroimaging marker that relates to pre-post
change on proximal cognitive training measures. The
examination of TLV in a sample of older adults absent
of neurodegenerative disease is clinically relevant, as
WMH in healthy older adults are less widespread but
overlap when compared to neurodegenerative disease
populations. Moreover, the presence and extent of
WMH have been associated with lowered threshold
for clinical expression of dementia [20] and are there-
fore an important factor to consider when employing
interventions to remediate cognitive declines in aging.
The present study examined proximal performance
outcomes (i.e., the eight cognitive tasks trained) and
did not examine neuropsychological measures captur-
ing near or far transfer. Future studies should consider
exploring the relationship between factors affecting
proximal improvement, as well as near or far transfer.
Understanding the role of TLV in proximal cognitive
training measures would provide potential utility for
personalized cognitive training paradigms in healthy
older adult, mildly cognitively impaired, and demen-
tia populations. Further, the results remained above
and beyond CVD risk, which is associated with age-
related brain changes and presence of WMH.

The present study only used the MPRAGE and
FLAIR acquired at baseline to characterize TLV.
This methodology provides a whole-brain measure
of lesion load and does not allow for differentiation
between the location of WMH (i.e., periventricular,
deep, frontal, etc.). While findings here are consistent
with prior literature, the spread and extent of WMHs
have been shown to differentially affect cognitive
function. Future studies should incorporate regional
and periventricular analyses to further understand
these relationships. Additionally, this methodol-
ogy did not allow for the assessment of white mat-
ter bundles (i.e., diffusion-weighted imaging), or any
changes to TLV that may have occurred during study
participation. It would be valuable to combine meas-
ures of WMH with measures of microstructural white
matter integrity/connectivity and further character-
ize how white matter changes over time affect cogni-
tive training outcomes. The present study employed
a freely available automated segmentation tool for
efficient and reliable quantification of white matter
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hyperintensities, which matched those of previously
published data in older adults [34]. Importantly, auto-
mated segmentation methods may vary depending on
MRI scanner characteristics, acquisition parameters,
and study populations. Ideal lesion segmentation
may require differing processing pipelines or soft-
ware depending on target sample or research/clinical
settings.

Finally, the sample was largely Caucasian (83.3%)
and non-Hispanic (90.9%) and had years of educa-
tion consistent with a bachelor’s degree. The findings
from the current study are not readily generalizable
to other racial/ethnic groups such as Black/African
Americans, Hispanic, or Asian/Asian Americans,
where patterns of white matter hyperintensities, cardi-
ovascular disease risk, and other relevant factors may
vary. For example, systemic racism and marginaliza-
tion are just two of many chronic stressors that can
have a significant impact on health status and result
in higher rates of CVD risk in minority populations
[60]. Other social determinants of health, including
lower socioeconomic status in childhood and adults,
are related to greater white matter lesion burden [61].
Future studies should work toward equitable research
practices, including attending to recruitment strate-
gies and considering the impact of systemic racism to
comprehensively evaluate the relationships presented
in the current study.

Conclusion

Findings from this study contribute to the growing
body of literature demonstrating the utility of cogni-
tive training interventions in older adults. Adaptive,
multidomain, cognitive training resulted in higher
post-intervention proximal composite and sub-com-
posite performance compared to the education train-
ing control group. Additionally, the present study pro-
vides a baseline brain characteristic (TLV) that may
represent a challenge for evaluating the efficacy of
single-and-multi-domain cognitive training interven-
tions for remediating age-related cognitive declines.
Higher age and greater vascular disease risks (e.g.,
hypertension, smoking, diabetes mellitus, atrial fibril-
lation) are major risk factors for increased white mat-
ter hyperintensity burden, higher TLV, and ultimately
clinical expression of dementia. WMH may be modi-
fiable, and early intervention on lifestyle factors (e.g.,

@ Springer

reducing cardiovascular disease risk, better control of
hypertension, etc.) may facilitate greater response to
cognitive interventions for an increasingly aging pop-
ulation. Regardless, our study demonstrates that pre-
post assessment of processing speed proximal train-
ing gains is sensitive to TLV. The results demonstrate
important considerations for future research aiming to
intervene on age-related cognitive decline.
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