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study explored the association between the Hopkins 
Verbal Learning Test-Revised (HVLT-R) and Brief 
Visuospatial Memory Test-Revised (BVMT-R) learn-
ing with a commercial UFOV task called Double 
Decision. Through a secondary analysis of a clinical 
trial, we assessed the moderation of HVLT-R and 
BVMT-R learning on Double Decision improve-
ment after a 3-month speed-of-processing/attention 
and working memory cognitive training intervention 
in a sample of 75 cognitively healthy older adults. 
Multiple linear regressions showed that better base-
line Double Decision performance was significantly 

Abstract  Cognitive training using a visual speed-
of-processing task, called the Useful Field of View 
(UFOV) task, reduced dementia risk and reduced 
decline in activities of daily living at a 10-year fol-
low-up in older adults. However, there was variabil-
ity in the achievement of cognitive gains after cogni-
tive training across studies, suggesting moderating 
factors. Learning trials of visual and verbal learning 
tasks recruit similar cognitive abilities and have over-
lapping neural correlates with speed-of-processing/
working memory tasks and therefore could serve as 
potential moderators of cognitive training gains. This 

C. Hardcastle · J. N. Kraft · H. K. Hausman · A. O’Shea · 
A. Albizu · N. D. Evangelista · E. M. Boutzoukas · 
E. Porges · M. Marsiske · R. Cohen · A. J. Woods (*) 
Center for Cognitive Aging and Memory, McKnight Brain 
Institute, University of Florida, Gainesville, FL, USA
e-mail: ajwoods@phhp.ufl.edu

C. Hardcastle · H. K. Hausman · N. D. Evangelista · 
E. M. Boutzoukas · E. Porges · M. Marsiske · R. Cohen · 
A. J. Woods 
Department of Clinical and Health Psychology, College 
of Public Health and Health Professions, University 
of Florida, Gainesville, FL, USA

J. N. Kraft · A. Albizu · A. J. Woods 
Department of Neuroscience, College of Medicine, 
University of Florida, Gainesville, FL, USA

E. J. Van Etten · P. K. Bharadwaj · H. Song · S. G. Smith · 
G. E. Alexander 
Department of Psychology and Evelyn F. McKnight Brain 
Institute, University of Arizona, Tucson, AZ, USA

S. T. DeKosky 
Department of Neurology and McKnight Brain Institute, 
University of Florida, Gainesville, FL, USA

G. A. Hishaw 
Department Psychiatry, College of Medicine, University 
of Arizona, Tucson, AZ, USA

G. A. Hishaw 
Department of Neurology, College of Medicine, University 
of Arizona, Tucson, AZ, USA

S. S. Wu 
Department of Biostatistics, College of Public Health 
and Health Professions, College of Medicine, University 
of Florida, Gainesville, FL, USA

G. E. Alexander 
Department of Psychiatry, Neuroscience and Physiological 
Sciences Graduate Interdisciplinary Programs, and BIO5 
Institute, University of Arizona and Arizona Alzheimer’s 
Disease Consortium, Tucson, AZ, USA

http://orcid.org/0000-0002-0786-0236
http://crossmark.crossref.org/dialog/?doi=10.1007/s11357-024-01115-1&domain=pdf


3930	 GeroScience (2024) 46:3929–3943

1 3
Vol:. (1234567890)

associated with better BVMT-R learning (β =  − .303). 
This association was not significant for HVLT-R 
learning (β =  − .142). Moderation analysis showed 
that those with poorer BVMT-R learning improved 
the most on the Double Decision task after cognitive 
training. This suggests that healthy older adults who 
perform below expectations on cognitive tasks related 
to the training task may show the greatest training 
gains. Future cognitive training research studying vis-
ual speed-of-processing interventions should account 
for differing levels of visuospatial learning at base-
line, as this could impact the magnitude of training 
outcomes and efficacy of the intervention.

Keywords  Healthy aging · Cognitive training · 
Speed of processing · Visual learning · Verbal 
learning

Introduction

Cognitive training interventions are studied as a 
method to intervene in the trajectory of cognitive 
decline in older adults, ultimately aiming to reduce 
the risk of dementia [1]. Results from the Advanced 
Cognitive Training for Independent and Vital Elderly 
(ACTIVE) cognitive training trial, perhaps the largest 
(n =  ~ 2800) longitudinal randomized control trial of 
cognitive training, indicated an immediate improve-
ment in performance of training tasks, and this 
improvement in on tasks trained was still detected in 
the speed-of-processing training group up to 10 years 
after training ended [2]. In other words, all training 
groups (reasoning, speed of processing, memory) 
immediately improved on their respective train-
ing tasks; however, the speed-of-processing train-
ing group’s improvement sustained over a 10-year 
period. Moreover, another study on the same clinical 
trial data found that the speed-of-processing training 
group, but not reasoning or memory training group, 
had an overall 29% reduced risk of dementia at the 
10-year follow-up compared to control (p = 0.049), 
with a 10% lower hazard rate for dementia with each 
additional training session [3].

The training task used in the speed-of-processing 
group was the Useful Field of View (UFOV) task. 
This task targets divided attention and visual speed of 
processing [4, 5]. Better performance on the UFOV 
task has been associated with fewer motor vehicle 

accidents in older adults, faster timed tasks of activi-
ties of daily living, and better attention, executive 
functioning, and visual processing abilities [5–7]. 
A systematic review and meta-analysis assessing 
the impact of all cognitive training interventions 
using the UFOV task also found it to be efficacious 
at improving speed-of-processing and attentional 
abilities, as well as improving activities of daily liv-
ing abilities 7 years after training ended [8, 9]. While 
the ACTIVE trial demonstrated the benefits of visual 
speed-of-processing training, reviews of the broader 
cognitive training literature have found that multi-
domain training, including speed of processing and 
working memory, resulted in the most robust boost in 
cognitive abilities [1, 10–12].

Despite the group-level impact of cognitive 
training, there is still substantial individual vari-
ability evident in cognitive training gains, which 
may impact the reliability and reproducibility of 
cognitive training findings [13, 14]. Studies assess-
ing the impact of individual differences on speed-
of-processing and working memory training gains 
found no effects of older age, gender, everyday liv-
ing abilities, motivation/self-efficacy, performance 
expectation, personality factors, leisure activities, 
or computer literacy on training gains [8, 14–17]. 
One such variable that may impact cognitive train-
ing gains and learning ability is overall intelli-
gence, or general cognitive ability. Prior research 
has shown that those with higher performance on 
one cognitive measure tend to also have higher 
performance on other measures as well, suggest-
ing an common cognitive ability or intelligence 
factor that may underlie cognitive tests [18]. When 
applied to cognitive training, one study found in a 
sample of younger adults that higher levels of fluid 
intelligence positively associated with the learning 
curve of a video game cognitive training interven-
tion, with the implication that baseline fluid intel-
ligence may play a role in individual training gains 
[19]. On the other hand, a comprehensive meta-
analysis exploring the moderation of baseline cog-
nitive performance on executive functioning inter-
ventions in studies including participants of any 
age and neurological status found that those with 
weaker baseline cognitive performance in the task 
trained improved the most on training tasks [23]. 
This has also been a consistent finding in the UFOV 
literature, as one study found that poorer baseline 
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UFOV abilities were related to larger UFOV train-
ing gains in healthy older adults [15]. This meta-
analysis highlighted the need for more studies 
assessing cognitive moderators of cognitive training 
gains. Despite there being greater variability in fluid 
cognitive performance in aging populations, base-
line fluid cognitive abilities in older adults have not 
been well studied as a potential moderator of train-
ing gains [20, 21].

For example, the moderation of baseline cognitive 
abilities that are not directly related to the training 
task has not been studied, even though these cogni-
tive abilities are sensitive in detecting mild cognitive 
impairment and dementia status. In particular, visual 
and verbal list learning paradigms are sensitive in dif-
ferentiating healthy cognitive groups from mild cog-
nitive impairment and Alzheimer’s disease groups 
in older adults [24–26]. List learning assessments 
involve repeated presentation of stimuli over serial 
trials with the goal of learning the stimuli for later 
recall. The learning slopes, or amount of information 
learned across successive trials, has been uniquely 
associated with psychomotor speed, working mem-
ory, and speeded and attentional aspects of executive 
functioning [27–31]. As prior studies suggest moder-
ating variables of cognitive training gains often share 
features of the training task, the learning slope of 
visual and verbal list learning tasks could potentially 
moderate gains in speed-of-processing/working mem-
ory cognitive training interventions. For example, one 
study found that the learning slope on a verbal mem-
ory measure was related to 10-week memory training 
benefit [32].

Additionally, the neural correlates of visual and 
verbal learning slopes overlap with working memory, 
attention, and speed-of-processing tasks, such as the 
UFOV. Better learning slopes in a verbal list learning 
task have been associated with thicker cortex of the 
ventrolateral prefrontal cortex in a mild cognitively 
impaired sample, and flatter learning curves are asso-
ciated with prefrontal cortex damage [33, 34]. Addi-
tionally, hippocampal and parahippocampal cortical 
thickness and volume are associated with better ver-
bal and visual learning abilities [32, 33, 35]. These 
brain areas have also shown a structural and func-
tional association with working memory, attention, 
and UFOV task performance in older adults [36–42]. 
Therefore, learning slope measures from visual and 
verbal list learning assessments could be utilizing 

similar neurocognitive processes as working memory 
and attention training tasks, particularly in the UFOV 
task.

Exploring this moderation is important, as the ulti-
mate goal of cognitive training in aging is often to 
reduce dementia risk, and visual/verbal list learning 
assessments are commonly given in clinical settings 
to determine cognitive status [43]. Being cognizant of 
which potential participants or patients could have the 
greatest gains from cognitive training is imperative to 
boost the efficacy of cognitive training interventions, 
boost rigor in the cognitive training literature, and 
eventually provide tailored treatment recommenda-
tions. While visual/verbal learning abilities may mod-
erate gains from a variety of speed-of-processing and 
working memory cognitive intervention tasks, we are 
focused here on gains from the UFOV task. Training 
and performance in the UFOV task have been directly 
associated with maintained activities of daily living 
and reduced dementia risk, and performance on this 
task improved to the greatest degree in a multidomain 
cognitive training intervention [2, 3, 44].

Therefore, our study objectives include (1) deter-
mining the association between learning measures of 
common visual/verbal list learning and memory tasks 
(HVLT-R and BVMT-R) and the UFOV task and (2) 
determining the potential moderation of visual/ver-
bal learning on UFOV improvement after a 3-month 
speed-of-processing/attention and working memory 
cognitive training intervention in cognitively healthy 
older adults.

Methods

Participants

Participants were part of the National Institute on 
Aging funded, double-blinded randomized clinical 
trial, Augmenting Cognitive Training in Older Adults 
(ACT; NCT028511) [45]. Our primary goal was to 
determine if non-invasive brain stimulation, via tran-
scranial direct current stimulation (tDCS), augmented 
gains of cognitive training in healthy older adults. 
Detailed description of the trial design are found in 
Woods et al. [45]. All participants were part of phase 
1 of the trial. Roughly half of the sample received 
active tDCS, and the other half received sham tDCS.
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Healthy older adults were recruited at the Univer-
sities of Florida and Arizona via local research reg-
istries, community outreach, community agencies, 
newspaper advertisements, public service announce-
ments, mailings, and posted flyers. Major eligibility 
requirements included right handedness, age range 
of 65–89, no history of neurological disorders (e.g., 
brain injury or dementia), no history of major psy-
chiatric illness, and no contraindications to MRI; 
further details are found in [45]. Cognitive status was 
screened via administration of the National Alzhei-
mer’s Coordinating Center (NACC) Uniform Dataset 
(UDS-III) [46]. Participants were not eligible if they 
performed 1.5 standard deviations below the age, sex, 
and education-corrected mean on a general cogni-
tive screen, or in the domains of memory, executive 
functioning, language, or visuospatial function. All 
participants provided written informed consent, and 
the study was approved by the Institutional Review 
Boards at the University of Arizona and the Univer-
sity of Florida. Research was carried out in accord-
ance with institutional guidelines and the Declaration 
of Helsinki.

Of the 87 participants recruited for phase 1, 4 par-
ticipants were not able to complete the follow-up visit 
due to reasons unrelated to the study (e.g., moving 
away), 2 participants withdrew their participation, 
and 1 participant experienced discomfort during test-
ing that was unrelated to the intervention. Five addi-
tional participants were considered non-adherent to 
training tasks. This resulted in a final sample of 75: 
36 participants in the cognitive training group and 39 
in the education control group. The training groups 
did not differ significantly on any demographic vari-
ables (Table 1). Of the total sample, 63 (84%) identi-
fied as White, 4 (5.3%) as Black or African Ameri-
can, 3 (4%) as American Indian/Alaskan Native, 3 
(4%) more than one race, 1 (1.3%) as Asian, and 1 
(1.3%) identified as Native Hawaiian or Other Pacific 
Islander. Of the 7 individuals who identified as His-
panic/Latino/Latina ethnicity, 4 were White (57%), 1 

(14%) was more than one race, 1 (14%) was Ameri-
can Indian/Alaskan Native, and 1 (14%) was Black/
African American.

Study design

At their first visit, all participants completed screen-
ing assessments and cognitive training measures 
to capture pre-intervention performance. Within 
60  days of their first visit, they completed a second 
visit that included a neurocognitive assessment bat-
tery that incorporated visual and verbal learning 
measures. Participants were then randomized into one 
of four study arms: cognitive training with active or 
sham tDCS or education control with active or sham 
tDCS. In total, cognitive training and education con-
trol participants completed sixty, 40-min training 
sessions over a span of 12  weeks, resulting in forty 
total hours of training. Active and sham tDCS groups 
received tDCS stimulation during 20 of their 60 train-
ing sessions using identical montages and stimula-
tion parameters except for the duration of stimulation 
[45]. The active group received 20  min of 2.0  mA 
(30-s ramp up and down) direct current through two 
electrodes (area under the anode electrode was right 
F4, and the area under cathode electrode was left F3). 
Sham participants received only 30-s ramp up/down 
of 2.0 mA current stimulation at the beginning of the 
session. At the end of their training (approximately 
12 weeks or 3 months later), participants returned for 
a post-intervention follow-up that included assess-
ment of post-training performance. A visual flow 
of the study design is depicted in Fig. 1. A detailed 
description of full study design can be found in 
Woods et al. [45].

Randomization procedures

Randomization was performed by the clinical trial 
statistician. Permuted block randomization was used 
with block sizes of 8 and 12, and with treatment site 

Table 1   Sample 
demographics

M mean, SD standard 
deviation, Ma male, F 
female

Cognitive training group 
(n = 36), mean ± SD (range)

Education control group 
(n = 39), mean ± SD (range)

Total (n = 75), 
mean ± SD (range)

Age 70.53, 3.90 (65–80) 71.64, 5.17 (65–84) 71.11, 4.61 (65–84)
Sex Ma:F 19:17 22:17 41:34
Education 16.47, 2.30 (12–21) 16.38, 2.20 (12–21) 16.43, 2.23 (12–21)
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as stratification factor. Therefore, at each site, two 
participants were assigned, in random order, to each 
one of the four conditions among the first eight par-
ticipants. Three participants were assigned to each 
one of the four conditions among the next twelve par-
ticipants, in random order.

Cognitive training procedures

All cognitive training was web-based and completed 
via laptop computer. Cognitive training consisted of 
four tasks targeting attention/speed-of-processing and 
four tasks targeting working memory from the Posit 
Science Brain HQ suite (www.​brain​hq.​com; Posit 
Science, San Francisco, CA) via its research portal. 
Training tasks are commercially available at www.​
posit​scien​ce.​com. The following description is also 
detailed in Hardcastle et  al. [44]. All training tasks 

adapt for increasing difficulty unique to that task by 
increasing the number of items to be remembered, 
shortening presentation time, or increasing the num-
ber of distractors. Participants were asked to complete 
four tasks per day, spending 10 min per task. During 
this time, participants completed “levels” on each 
task, and it takes 15–20 levels to complete 40 min of 
training, on average. When the 10-min limit was met, 
a timer built into the portal allowed the participant 
to move to the next task. Presentation of the tasks 
was counterbalanced and randomized so that partici-
pants were exposed to training tasks equally over the 
12-week training period, with different tasks each day. 
Training performance was monitored for adherence, 
and interventionists were available for remediation 
strategies throughout the study to ensure participants 
reached their targeted training dose. For this study, 
adherence was defined as completing greater than or 

Fig. 1   Study timeline

Table 2   Cognitive training subtests

Subtest description

Attention/speed of processing
Hawk Eye Participant must quickly identify a target object among distractors presented for varying amount of 

time
Divided Attention Participant must quickly match colors, shapes, and/or fill patterns while ignoring distractor informa-

tion
 Target Tracker Participant must accurately track several items moving around the screen amidst distractor items
Double Decision Participants must to correctly identify a target object in the center of the screen, while correctly locat-

ing a simultaneously presented target object in the periphery among distractors
Working memory
To Do List Participants must to remember auditorily presented instructions
Memory Grid Participants must match spatially distributed cards quickly
Auditory Ace Participant is presented with auditory information about a playing card and must decide if the current 

card matches the card a specific number of cards back (auditory n-back)
Card Shark Participant is presented with a playing card must decide if the current card matches the card a speci-

fied number of cards back (visual n-back)

http://www.brainhq.com
http://www.positscience.com
http://www.positscience.com


3934	 GeroScience (2024) 46:3929–3943

1 3
Vol:. (1234567890)

equal to 80% of total expected levels. See Table 2 for 
a list and description of training tasks, adapted from 
Hardcastle et al. [44].

Education training procedures

Participants were asked to watch 40-min National 
Geographic Channel educational videos covering a 
range of topics (e.g., history, nature, wildlife). Each 
video was unique to that day of training. To ensure 
active engagement, participants were asked and 
reminded at the end of each video to answer questions 
regarding the content of videos found in a binder pro-
vided to them. Questions were returned to interven-
tion coordinators and served as a gauge of training 
adherence; greater than or equal to 80% of questions 
correct was considered adherent. As with the cogni-
tive intervention group, if necessary, remediation 
strategies were discussed to ensure participants met 
their training dose. See Hardcastle et al. [44] for fur-
ther details.

Double Decision assessment

UFOV performance was measured via a commer-
cially available task program from POSIT Science 
Brain HQ (www.​brain​hq.​com), titled “Double Deci-
sion.” This task incorporates all elements of the clas-
sic UFOV task and is effective as a speed-of-process-
ing intervention [47, 48]. To assess Double Decision 
performance, the Double Decision cognitive training 
task was administered at a moderate difficulty level, 
with 7 distractors at the screening and the post-inter-
vention visit as part of the pre- and post-intervention 
training measure assessment. Therefore, this outcome 
measure will be referred to as the “Double Decision 
assessment” for clarity. For this task, participants 
were shown a screen (as seen in Fig.  2) for varying 
amounts of time. After the objects on the screen dis-
appear, participants were asked to correctly discrimi-
nate between objects in the center of the screen (truck 
or car) while also correctly locating a simultaneously 
presented target object in the periphery among dis-
tractors (Route 66 sign). Presentation times varied 
based on the participant’s previous answer; if a par-
ticipant answered correctly, then presentation times 
were shortened. The outcome variable was the log10 
transformed average of presentation times of correct 
trials. While this Double Decision assessment task 

is similar in methodology to the Double Decision 
training task, the training task utilized a more com-
plex background, had adaptive presentation times 
and numbers of distractors, and had differing levels 
of similarities between targets and distractors. Thus, 
performance on the Double Decision assessment task 
served as a measure of proximal improvement, or 
improvement on performance of the training tasks.

Visual and verbal learning

Verbal learning was assessed via the HVLT-R [49]. 
This measure assesses both learning and memory; 
however, only the learning portion of this task was 
used in this study. This assessment consists of three 
learning trials. For each learning trial, participants are 
read a list of 12 words (3 semantic groups contain-
ing 4 words each). Immediately after hearing the list 
of words, participants are asked to verbally recall as 
many words as they remember. Scoring includes one 
point per correct word recalled, totaling to 12 possi-
ble points per learning trial.

Visual learning was assessed via the BVMT-R 
[50]. This measure assesses both learning and mem-
ory; however, here only the learning portion of this 
task is used in this study. This assessment consists of 
three learning trials. For each learning trial, an array 
of 6 geometric line drawings are presented to the 
participant for 10  s. After presentation, the stimuli 
are taken away and the participant is asked to draw 
as many figures as they remember and in their proper 

Fig. 2   Still frame of POSIT Double Decision assessment at 
moderate difficulty. Reproduced/adapted from POSIT Brain 
HQ, used with permission

http://www.brainhq.com
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locations on a blank sheet of paper. Scoring for each 
figure ranges from 0 to 2 depending on the accuracy 
and location of each figure. This results in a total 
score that can range from 0 to 12 for each learning 
trial.

Learning was quantified as the HVLT-R and 
BVMT-R learning ratio scores [24, 51]. This learning 
ratio differs from the traditional learning score (trial 3 
total minus trial 1 total) because it accounts for infor-
mation learned on trial 1. Therefore, it is more sen-
sitive and specific than the traditional learning score 
at differentiating groups with normal cognition, mild 
cognitive impairment, and Alzheimer’s disease [24]. 
The equation for the HVLT-R and BVMT-R learning 
ratio is as follows:

Statistical analysis

All statistical analyses were completed via SPSS ver-
sion 27. Per the primary aim of the ACT study, par-
ticipants in phase 1 were randomly assigned to active 
or sham tDCS groups. As tDCS group effects were 
not of interest in this study, a blinded binary covariate 
of tDCS group was included as an additional mod-
erator in moderation statistical models. tDCS group 
was also counterbalanced across cognitive training 
and education control groups. Therefore, we did not 
anticipate that tDCS group would play a significant 
role in our findings. Study site, age, sex, and educa-
tion were included as covariates in all statistical mod-
els, as these variables impact cognitive performance 
[52–54].

Assumptions of normality for linear regression 
were checked. Then, linear regression models were 
conducted predicting baseline Double Decision 
assessment performance from HVLT-R and BVMT-R 
learning ratio scores separately, controlling for study 
site, age, sex, and education.

trial3total − trial1total

12 − trial1total

To assess for moderation, a repeated measure mod-
eration analysis was performed via the MEMORE 
2.1 (Mediation and Moderation analysis for repeated 
measures designs) macro tool in SPSS [55]. Modera-
tion models were performed on the cognitive training 
group and education control groups separately and 
assessed the moderation of baseline HVLT-R and 
BVMT-R learning ratio scores on Double Decision 
assessment performance from baseline (pre-interven-
tion) to 12-week (post-intervention) follow-up. Mod-
eration variables were residuals controlling for study 
site, age, sex, and education. A conceptual diagram of 
the moderation model is found in Fig. 3.

Results

Linear regressions assessing the relationship between 
baseline Double Decision assessment and visual and 
verbal learning ratio scores found no significant asso-
ciation between Double Decision assessment per-
formance and HVLT-R learning ratio (β =  − 0.142, 
t =  − 1.190, p = 0.238). BVMT-R learning ratio, 
however, did predict Double Decision assessment in 
that better learning was associated with faster Dou-
ble Decision assessment performance (β =  − 0.303, 
t =  − 2.753, p = 0.008) (Fig.  4). Covariates of study 
site, age, sex, and education did not predict Double 
Decision assessment performance in either regression 
model (p > 0.05).

Repeated measure moderation models (with 5000 
bootstrapping iterations) assessed the moderation 
of HVLT-R and BVMT-R learning ratios on Double 
Decision assessment performance change from pre- 
to post-intervention for cognitive training and edu-
cation control groups separately. HVLT-R learning 
ratio moderation models did not predict a significant 
amount of variance in Double Decision assessment 
change from pre- to post-intervention in the education 
control [F(2,36) = 0.8321, p = 0.4433, r2 = 0.0442] or 
in the cognitive training groups [F(2,33) = 0.4706, 

Fig. 3   Diagram of modera-
tion model
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p = 0.6288, r2 = 0.0277]. As a moderator, HVLT-R 
learning ratio did not significantly moderate this rela-
tionship for cognitive training or education control 
groups (p > 0.05).

BVMT-R learning ratio moderation models 
did not predict a significant amount of variance in 
Double Decision assessment change from pre- to 
post-intervention in the education control group 
[F(2,36) = 1.3345, p = 0.2760, r2 = 0.0690] nor did 
BVMT-R learning ratio moderate this relationship 
significantly (p > 0.05). For the cognitive training 
group, the BVMT-R learning ratio moderation model 
did predict a significant amount of variance in Double 
Decision assessment change from pre- to post-inter-
vention [F(2,36) = 6.5734, p = 0.0040, r2 = 0.2049] 
and BVMT-R learning ratio significantly moderated 
this relationship (p < 0.01). For each unit increase 
in BVMT-R learning ratio, there was a 0.6173 unit 
decrease in the difference from pre- to post-interven-
tion performance. For interpretation, this moderation 
suggests that cognitive training is less effective for 

individuals with a higher BVMT-R learning ratio and 
is more effective for individuals with a lower BVMT-
R learning ratio. Individuals with a lower BVMT-R 
learning ratio improved more on the Double Decision 
assessment task after cognitive intervention (Table 3).

Importantly, the tDCS group did not significantly 
moderate Double Decision assessment change in 
any moderation model. Therefore, to probe the 
BVMT-R learning ratio moderation in the cogni-
tive training group, a simple slope method was uti-
lized irrespective of tDCS group. The simple slope 
analysis estimated the effect of BVMT-R learning 
ratio on Double Decision assessment gains at the 
mean ± 1 standard deviation (SD) above and below 
the mean of the BVMT-R learning ratio. We found 
that individuals whose BVMT-R learning ratio per-
formance was 1 SD below the mean were expected 
to improve by 0.9967 unit increase (log-transformed 
milliseconds) on Double Decision assessment, indi-
viduals who performed at the mean were expected 
to improve by 0.8417 unit increase on Double 

Fig. 4   Regressions of HVLT-R learning ratio (A) and BVMT-
R learning ratio (B) with Double Decision assessment per-
formance with 95% confidence Intervals; r.2 reflects variance 
explained from the partial correlation between predictors and 

Double Decision assessment performance; β = standardized 
beta; x-axis = residual predictors controlling for covariates; 
y-axis = Double Decision performance; *p < .05

Table 3   Moderation 
models

* p < .01

b t (36) p Confidence interval

Education control group
HVLT-R learning ratio  − 0.0309  − 0.1840 0.8550  − 0.3720–0.3101
BVMT-R learning ratio  − 0.2550  − 1.0786 0.2879  − 0.7343–0.2244
Cognitive training group t (33)
HVLT-R learning ratio  − 0.1144  − 0.7549 0.4557  − 0.4228–0.1939
BVMT-R learning ratio  − 0.6173  − 3.5555 *0.0012  − 0.9705– − 0.2641
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Decision assessment, and individuals 1 SD above 
the mean were expected to improve by 0.6866 unit 
increase on Double Decision assessment. All of 
these effects are significant (p < 0.0001; Table  4). 
To summarize, at all levels of BVMT-R learning 
ratio scores, participants were expected to improve 
significantly on Double Decision assessment. 
However, participants performing at or below the 
mean on BVMT-R learning ratio were expected to 
have greater improvement on the Double Decision 
assessment, compared to above the mean (Fig. 5).

Discussion

There is evidence that working memory and atten-
tion/speed-of-processing cognitive training interven-
tions may briefly improve cognitive performance and 
reduce the risk of dementia, although more research 
is needed to confirm these findings [2, 3, 8, 12]. How-
ever, few studies have explored cognitive moderating 
variables of cognitive training gains in an aging popu-
lation, even though there is significant variability in 
fluid cognitive abilities in older adults [20, 21]. Fur-
thering our understanding of variables that moderate 
improvements from cognitive training interventions 
could contribute to the reproducibility and rigor of 
the cognitive training literature and improve the effi-
cacy of cognitive training interventions, which will 
eventually aid in providing tailored treatment recom-
mendations in a clinical setting. Therefore, this study 
explored the association of the Double Decision task 
with visual and verbal learning measures at baseline, 
and the moderation of visual and verbal learning 
measures on Double Decision assessment changes 
after 12  weeks of working memory and attention/

Table 4   Probing moderation of BVMT-R learning ratio

SD standard deviation

Effect t (34) p Confidence interval

1 SD above 0.9967 16.3894  < .0001 0.8731–1.1203
Mean 0.8417 19.7124  < .0001 0.7549–0.9284
1 SD below 0.6866 11.2912  < .0001 0.5631–0.8102

Fig. 5   Moderation of 
education control group 
HVLT-R (A) and BVMT-
R (B) learning ratio and 
cognitive training group 
HVLT-R (C) and BVMT-
R (D) learning ratio on 
Double Decision assess-
ment performance from 
baseline to 3-month follow-
up. As Double Decision 
performance output is in 
milliseconds, lower scores 
reflect better performance. 
“Above Mean” reflects 
those who performed .5 
standard deviations and 
above the mean, “Below 
Mean” reflects those who 
performed − .5 standard 
deviations and below the 
mean, and “Mean” reflects 
all other participants on the 
respective moderation vari-
able. *p < .01 moderation
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speed-of-processing cognitive training intervention in 
healthy older adults.

We found that at baseline, only BVMT-R learning 
ratio was associated with Double Decision perfor-
mance, in that better visuospatial learning was asso-
ciated with faster performance. There was no signifi-
cant association with the HVLT-R learning ratio. It 
was foreseeable that BVMT-R learning ratio would 
predict Double Decision assessment performance, 
as these tasks share similar cognitive processes of 
quickly learning timed presentations of visual stimuli 
and immediate recall of visual and spatial details. 
Quick processing and learning of visual stimuli 
is something that is not a central component of the 
HVLT-R learning trials. The Double Decision task 
also has a strong processing speed component [5, 15]. 
Interestingly, one prior study also shows that process-
ing speed abilities account for a significant amount 
of unique variance in BVMT-R learning [56]. The 
authors proposed that this association represented the 
underlying component of speeded learning required 
in BVMT-R learning trials [56]. Our findings cor-
roborate and expand upon this prior work by showing 
that visual learning is also associated with a visuos-
patial speeded divided attention task. A meta-analysis 
of the literature assessing the cognitive correlates of 
the UFOV task found associations with visual speed, 
executive functioning, attention, and visual memory 
abilities [5]. However, most such studies reported 
only on visual-based cognitive tasks; components of 
verbal and visual learning were not assessed. There-
fore, our findings help to fill this gap and suggest that 
visuospatial, but not verbal, learning ability is also a 
component associated with the Double Decision or 
UFOV performance.

Our findings also map onto the known neural cor-
relates of visual and verbal learning. Of the very few 
studies assessing the functional neural correlates of 
BVMT-R learning, one study found that right pre-
frontal cortical activity was associated with BVMT-
R learning trials in a sample of amnestic mild cog-
nitively impaired older adults [57]; visuospatial 
learning requires parietal lobe function [58]. These 
are also areas that are functionally and structurally 
involved in Double Decision performance [38, 39, 
59]. On the contrary, functional neural correlates of 
HVLT-R learning primarily involve the fusiform 
gyrus, hippocampus, and temporal areas [33, 60]. 
While temporal brain regions do show an association 

with Double Decision performance and BVMT-R 
learning, prior research shows that these neural cor-
relates tend to be lateralized to the right hemisphere, 
while neural correlates of verbal list learning typically 
favor the left hemisphere [35, 38, 61]. The inherent 
language component of HVLT-R learning may be an 
explanation as to why it does not predict performance 
in the predominately visual function-based Double 
Decision task.

In the moderation analyses, only BVMT-R learn-
ing ratio moderated Double Decision gains in the 
cognitive training group. Specifically, individuals in 
the cognitive training group who had poorer BVMT-
R learning had larger gains in Double Decision per-
formance at the 3-month follow-up, and there was not 
a significant moderation of HVLT-R learning ratio in 
Double Decision gains. This pattern of findings sug-
gests that improvements in Double Decision perfor-
mance are specific to visuospatial, rather than verbal, 
learning abilities, and gains in cognitive training tasks 
are moderated by abilities that are associated with 
the task at baseline. This finding also suggests that 
healthy older adults who perform below expectations 
on cognitive tasks still hold the capacity to improve 
performance via cognitive training interventions. 
Our findings are also consistent with work from prior 
research from Ball and colleagues [15], which found 
that baseline speed-of-processing/executive function-
ing abilities were associated with gains in UFOV per-
formance after speed-of-processing cognitive training 
intervention. Of note, Ball et al. [15] did not find an 
association between Benton Visual Retention or other 
visual memory measures and UFOV training gain. 
When considering our findings, this suggests that 
gains in UFOV/Double Decision may only be related 
to the speeded learning portion of visuospatial tasks, 
and not visual memory.

In healthy older adults, the pattern of poorer per-
formers improving the most after training has been 
observed in other studies. For example, Ball and col-
leagues [15] also found that those with the slower 
UFOV performance and impaired processing speed 
at baseline had the greatest trajectory of improvement 
over time. Additionally, in a sample of healthy older 
adults undergoing working memory cognitive train-
ing, Faraza and colleagues [62] found that those with 
higher baseline working memory were less likely to 
have maintenance of training gains. The authors sug-
gest that in healthy older adults, this could be due to 
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a ceiling effect in high performers that limits training 
gain potential. However, Mondini and colleagues [63] 
found that even in a sample of demented older adults, 
less cognitive reserve was related to greater gains in 
cognitive training. These findings suggest that poorer 
functioning may predict greater training gains across 
the cognitive functioning spectrum in aging. This 
contradicts prior research in younger adults show-
ing that higher intelligence and fluid cognitive abili-
ties are associated with greater training gains [19], 
and serves to expand the current understanding of the 
impact of baseline fluid cognition on training gains 
in healthy older adults. However, future research will 
be needed to assess whether this pattern is evident in 
those with aging associated cognitive impairment.

Summary and limitations

Our results show that in healthy older adults, better 
visuospatial learning abilities predict faster Double 
Decision performance. We also found that those with 
poorer visuospatial learning at baseline improved the 
most on Double Decision assessment after a 3-month 
working memory and attention/speed-of-processing 
cognitive training intervention. These findings con-
tribute to understanding the cognitive measures that 
may predict who will benefit most from multidomain 
cognitive training interventions.

The findings of this study should be interpreted 
within the context of a few limitations. First, there is 
limited demographic generalizability of our findings. 
The demographics of our sample reflect highly edu-
cated and predominately non-Hispanic White individ-
uals. In 2021, the United States Census reported that 
only 32.9% of the population had obtained a bache-
lor’s degree or higher (https://​www.​census.​gov/​quick​
facts/​fact/​table/​US/​PST04​5221). Therefore, our sam-
ple reflects an select portion of the American popu-
lation that presumably has higher levels of cognitive 
reserve. Our results may also not be generalizable to 
systemically marginalized racial/ethnic groups, which 
may be at a higher risk of cognitive decline due to 
social determinants of health, disparities in access 
to culturally appropriate medical care, and/or racial 
biases in cognitive screening tools [64–67].

A second limitation includes the variables of inter-
est in this study. The primary focus was on the Dou-
ble Decision task, the task with the largest magnitude 
of improvement compared to the other training tasks 

[44]. However, there was also significant improve-
ment on almost all other training tasks in the cogni-
tive training group [44]. Different associations and 
moderations may be evident when exploring other 
training variables.

Further, this study only assessed single assessment 
baseline levels of learning ability as a moderating fac-
tor for Double Decision gain. As prior research has 
shown intelligence is highly correlated with learn-
ing abilities in healthy adults, a future study could 
explore if overall intelligence is another moderating 
factor in cognitive training gains with serial assess-
ment to confirm that baseline cognitive abilities are 
reliable and do not reflect statistical anomalies (e.g., 
regression to the mean). Future research could also 
explore whether baseline Double Decision perfor-
mance predicts gains in Double Decision, as prior 
research suggests that better baseline performance in 
the training task is associated with more learning of 
that same task during training [22].

Mood can also impact cognitive performance, and 
more specifically greater depression levels can reduce 
processing speed abilities in older adults [68]. Despite 
this association, there are few studies directly assess-
ing the moderating influence of subclinical depres-
sion levels on cognitive training gains in cognitively 
healthy older adults. One study did find that cognitive 
interventions improved depression levels in clinically 
depressed individuals, so it plausible that this associa-
tion could be bidirectional [69]. As increased depres-
sion symptoms can be common in aging, further 
research exploring moderating factors of cognitive 
training gains should include mood and/or depression 
levels [70].

Finally, a portion of individuals in this sample 
received active tDCS stimulation during cognitive 
training. tDCS group assignment was counterbal-
anced across training and education control groups 
and was included as a binary covariate in all relevant 
analyses. However, it is possible that tDCS group 
allocation could have impacted our findings.

Future research

Our findings suggest many avenues for future 
research. For example, it would be important to 
explore moderating factors of working memory cog-
nitive training tasks, as some research has found that 
having poorer baseline working memory/executive 

https://www.census.gov/quickfacts/fact/table/US/PST045221
https://www.census.gov/quickfacts/fact/table/US/PST045221
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function capacity predicted less training gains over 
time, which is a direction opposite to what this study 
found [16]. Future research should also explore 
whether baseline cognitive performance predicts 
training gains over more timepoints and longitudinal 
trajectories, as this would better inform our under-
standing of the interaction of baseline cognitive abili-
ties, cognitive training, and dementia risk.

The Double Decision task is related to many 
aspects of everyday functioning that decline in 
dementia, such as driving and management of medi-
cation and finances [6, 7]. Thus, future research could 
explore the association of BVMT-R learning ratio 
with the functional abilities that are associated with 
Double Decision performance. Better understanding 
the predictive value of the BVMT-R learning ratio 
and everyday functional abilities should be clinically 
useful, as one study suggested that speeded visuospa-
tial processing and learning tasks were more sensitive 
to aging than verbal task counterparts, and a litera-
ture review concluded that the addition of visuospa-
tial measures to neurocognitive assessments could 
improve accuracy of dementia diagnosis [71, 72]. 
Overall, future cognitive training research studying 
improvement in visual speed-of-processing trained 
abilities should account for differing levels of visu-
ospatial functioning at baseline, as this would likely 
impact the magnitude of training outcomes. This 
study is an important addition to the growing body of 
literature on cognitive training in older adults, which 
like all highly specific areas of cognitive research 
are vulnerable to publication bias. More studies are 
needed to more reliably understand the cognitive 
changes as a result of cognitive training interventions 
in older adults. The Preventing Alzheimer’s Disease 
with Cognitive Training (PACT) trial is one such 
ongoing multi-site randomized clinical intervention 
trial that will help better elucidate these exact ques-
tions by directly assessing the impact of cognitive 
training interventions on mild cognitive impairment 
and dementia risk [73].

Data availability

Data are managed under the data sharing agree-
ment established with NIA and the parent R01 clini-
cal trial Data Safety and Monitoring Board (DSMB) 
in the context of a phase III clinical trial (ACT 

study,  R01AG054077). All trial data will be made 
publicly available 2  years after completion of the 
parent clinical trial, per NIA and DSMB agreement. 
Requests for baseline data can be submitted to the 
ACT Publication and Presentation (P&P) Committee 
and will require submission of a data use, authorship, 
and analytic plan for review by the P&P committee 
(ajwoods@phhp.ufl.edu).
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