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Background: Cognitive training is beneficial in various clinical
settings, although its perioperative feasibility and impact remain
unknown. The objective of this pilot study was to determine the
feasibility of home-based cognitive prehabilitation before major
surgery in older adults.

Materials and Methods: Sixty-one patients were enrolled,
randomized, and allocated to either a home-based preoperative
cognitive training regimen or no training before surgery. Out-
comes included postoperative delirium incidence (primary out-
come; assessed with the 3D-Confusion Assessment Method),
perioperative cognitive function based on NIH Toolbox mea-
sures, hospital length of stay, and physical therapy session par-
ticipation. Reasons for declining enrollment were reported, as
were reasons for opting out of the training program.

Results: Postoperative delirium incidence was 6 of 23 (26%) in
the prehabilitation group compared with 5 of 29 (17%) in the
control group (P= 0.507). There were no significant differences
between groups in NIH Toolbox cognitive function scoring,
hospital length of stay, or physical therapy participation rates.
Study feasibility data were also collected and reported. The most
common reasons for declining enrollment were lack of computer
access (n= 19), time commitment (n= 9), and feeling overwhelmed

(n= 9). In the training group, only 5 of 29 (17%) included
patients were able to complete the prescribed 7 days of train-
ing, and 14 of 29 (48%) opted out of training once home. Most
common reasons were feeling overwhelmed (n= 4) and computer
difficulties (n= 3).

Conclusions: Short-term, home-based cognitive training before
surgery is unlikely to be feasible for many older patients. Barriers
to training include feeling overwhelmed, technical issues with
training, and preoperative time commitment.
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Postoperative delirium is a significant public health
concern, affecting 10% to 70% of older patients pre-

senting for surgery.1,2 In addition to the relatively high
incidence, postoperative delirium is associated with in-
creased mortality,3 increased hospital length of stay,3

persistent cognitive decline after surgery,4 and elevated
health care costs.5 The psychological sequelae of delirium
are often distressing for both patients and families, and
unfortunately, there is a paucity of evidence-based strat-
egies that consistently and effectively reduce delirium
risk.6

Cognitive prehabilitation, before surgery, may serve
as a candidate strategy for mitigating delirium. Cognitive
training exercises have been shown to improve cognitive
function and functional status in community-dwelling
older adults, and benefits may last for several months to
years.7 Training exercises have also improved perfor-
mance in attention,8,9 short-term memory,9 and visuo-
spatial processing;9,10 all of which are implicated as
clinical features of delirium.11,12 Thus, there is neuro-
scientific plausibility that cognitive training may improve
cognitive function and mitigate delirium risk.

An initial step in studying cognitive prehabilitation
involves studying the feasibility of such training programs
in older surgical patients. At this early stage, it seems
reasonable to begin addressing these questions in the
home-based setting, which might offer the most practical
strategy for prehabilitation. As such, the aim of this pilot
study is to assess the feasibility of implementing a home-
based preoperative cognitive training program for surgical
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patients at high-risk for delirium and associated outcomes.
We tested the 2-fold hypothesis that (1) home-based cog-
nitive prehabilitation will be feasible for older surgical
patients and that (2) such training will mitigate delirium
risk. Results will inform future trial design on a larger
scale.

MATERIALS AND METHODS
This was a prospective, single-blinded, randomized

controlled trial conducted at Michigan Medicine. The
study was approved by the University of Michigan Med-
ical School Institutional Review Board (HUM00119087,
date of approval: October 6, 2016) and registered with
clinicaltrials.gov (NCT02963961, registered November 15,
2016). All study procedures took place from March 2017
to May 2018, and the trial is compliant with the Con-
solidated Standards of Reporting Trials (CONSORT).13

Study Design and Procedures
Participants were recruited from preoperative clinic

locations at least one week before scheduled surgery, and
informed written consent was obtained from all partici-
pants before study enrollment. Inclusion criteria included
age of 60 years and above, scheduled noncardiac, non-
major vascular, or nonintracranial surgery, and daily ac-
cess to computer and internet use before surgery.
Exclusion criteria included severe preexisting cognitive
impairment (preoperative delirium, mild cognitive im-
pairment, dementia, and/or not having capacity to provide
informed consent), severe auditory or visual impairment,
emergency surgery, no daily computer and internet access,
or concurrent participation in cognitive training exercise.
These eligibility criteria were designed to maximize the
ability to detect efficacy and feasibility specific to cognitive
training while minimizing relevant perioperative con-
founders (ie, altered cerebral blood flow with cardiac and
neurosurgical procedures). After enrollment, demographic
data were obtained, and baseline cognitive function
assessments were performed (see below). Participants
were then randomized to the interventional group
(cognitive training) or control group (no training) in a
block-stratified manner based on age and sex under bio-
statistician guidance (A.M.T.). Assignment was concealed
in a randomization packet, and participants were in-
structed to open the packet after leaving the clinic office.
A member of the team (P.E.V.) remained unblinded and
contacted participants after this initial visit to confirm
treatment assignment and coordinate training. The PI was
chosen for this role to maintain a consistent presence and
resource for participants during study duration. To minimize
bias, the PI was not involved with perioperative assessments,
and statistical analysis was performed separately by the team
statistician (A.M.T.).

After the initial baseline study visit, participants
were requested to train from their home computer for at
least 7 days, if possible, before surgery. Adaptive training
for 7 days, with sessions lasting ~20 minutes per day, has
led to appreciable changes in neural and cognitive
function.14 Thus, 7 days was chosen as a target goal for

participants based on this research and the need to pilot an
intervention that would be only minimally demanding for
participants preparing for surgery. Follow-up assessments
were then performed immediately before surgery and
through the afternoon of postoperative day 3. The training
battery, outcomes, and assessments are described in the
following sections.

Cognitive Training Battery
This study utilized an adaptive, computer-based

cognitive training battery that specifically targets executive
function, attention, working memory, and visuospatial
processing (BrainHQ; Posit Science Corporation, San
Francisco, CA), which are cognitive domains particularly
affected by delirium.11,12 The specific games chosen were
Divided Attention, Double Decision, Card Shark, Juggle
Factor, and Eye for Detail (see Table, Supplemental
Digital Content 1, http://links.lww.com/JNA/A92, for
detailed game and training information).

Outcomes and Assessments
The primary outcome was delirium incidence from

the postanesthesia care unit (PACU) (assessment begin-
ning least 2 hours after the end of surgery) through post-
operative day 3. Delirium screening was performed with
the 3-minute diagnostic assessment (3D-Confusion As-
sessment Method, CAM), which has demonstrated high
interrater reliability and validity compared with DSM-IV
based criteria with expert panel adjudication.15 After
PACU discharge, delirium assessments were then per-
formed twice daily—morning and afternoon—through
postoperative day 3. Any positive screen during this
timeframe was counted towards delirium incidence in each
group. All investigators performing delirium assessments
(A.R.D., B.K., M.Z., M.J.C., and A.M.M.) were trained
in 3D-CAM administration.

Multiple secondary outcomes were included in this
study. Cognitive function was separately assessed
throughout the study period using 3 tests from the NIH
Toolbox Cognition Battery—Flanker Inhibitory Control
and Attention Test, List Sorting Working Memory Test,
and the Pattern Comparison Processing Speed Test. Col-
lectively, these tests assess executive function, attention,
working memory, and processing speed, which mirror the
cognitive domains targeted with training as previously
described. These tests have been validated in adults up to
the age of 85,16 and they were administered via iPad to
participants at baseline, the morning of surgery, and at the
conclusion of the postoperative day 3 afternoon visit.
Fully Corrected T-Scores were used for analysis, which
adjust for age, sex, race, ethnicity, and educational
attainment.17 The purpose of this testing was to assess for
sustained, transferred, cognitive gains afforded by training
in the intervention group. Testing was completed after
enrollment (baseline), on the morning of surgery (after
training completion), and after the first 2 postoperative
days, which coincides with the highest incidence of
delirium.3 Finally, hospital length of stay was calculated
for each group, as was the proportion of physical therapy
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sessions successfully completed compared with the total
number prescribed. As cognitive impairment is associated
with reduced functional status,18 improved cognition may
bolster engagement with physical therapy. As a final sec-
ondary outcome, assessing length of intensive care unit
stay was planned (NCT02963961), although this was de-
ferred as very few patients required intensive care unit
admissions in the study.

Lastly, additional and exploratory outcomes were
analyzed that related to training metrics. For all eligible
patients, the most commons reasons for declined enroll-
ment were collected and reported. In addition, for par-
ticipants allocated to training but then elected not to train,
the primary reason was reported. An exploratory post hoc
analysis was also conducted to determine the correlation
between the Brain Activity Quotient (ie, overall training
progress made with BrainHQ, reported as a continuous
measure) compared with perioperative NIH Toolbox
scoring.

Statistical Analyses
A univariate analysis was conducted to compare those

randomized to the control and treatment groups with regard
to patient demographics and procedure characteristics.
Continuous data elements were analyzed to determine their
distribution with the Shapiro-Wilk test, and analysis pro-
ceeded with the Student t tests or Mann-Whitney U tests, as
appropriate. Categorical data were analyzed using a χ2 or
the Fisher exact tests, as appropriate.

To assess changes in cognitive function across each
time point between groups, a series of linear repeated
measures generalized estimating equation (GEE) models
were constructed. An autoregressive correlation structure
was used given that correlations may weaken over time.
This GEE-based strategy can incorporate longitudinal
data over time in the setting of partially missing data.19

An interaction term was created between group and time
to determine whether significant interactions were present
over the study period. If interaction terms were non-
significant, they were removed from respective models.

All analysis was conducted using SAS version 9.3
(SAS Institute, Cary, NC) and SPSS version 21 (IBM Inc.,
Chicago, IL). A P-value of <0.05, with 2-tailed hypothesis
testing, was considered statistically significant for all
analyses unless otherwise specified. Bonferroni correction
was used for test families: namely, the GEE models
(3 hypotheses tested) and exploratory, post hoc correlation
analyses (9 hypotheses tested). As the BrainHQ Quotient
data followed a nonparametric distribution, Spearman’s
rank-order correlation was used.

Power and Sample Size
Given the feasibility nature of this study, the sample

size represents a convenience sample, and power calcu-
lations were deferred. By having a relatively small group
of participants, detailed analysis can be conducted for
determining digital literacy, barriers to enrollment, and
barriers to training program completion.

RESULTS
The study flow diagram is presented in Figure 1.

Enrollment took place between April 2017 and April 2018.
In total, 121 patients were screened for eligibility, and
61 patients were randomly allocated to either the control
or prehabilitation group. The most common nonmedical
reasons for declining trial enrollment were lack of
computer access, time commitment, and feeling
overwhelmed preoperatively (Fig., Supplemental Digital
Content 2, http://links.lww.com/JNA/A93). The pro-
portion of participants who withdrew from the trial was
significantly higher in the prehabilitation group (5/30,
16.7%) compared with the control group (0/31, 0%,
P= 0.024). Reasons for withdrawing included anxiety
(n= 3), home computer/technical issues (n= 1), and not
finding the games enjoyable (n= 1). Data from 29 control
group participants and 23 prehabilitation participants
were included in the final analysis (unless otherwise in-
dicated). Lastly, baseline characteristics are presented in
Table 1.

Outcomes
Spanning from the PACU through postoperative

day 3, the incidence of delirium (primary outcome) was 6
of 23 (26%) in the prehabilitation group versus 5 of 29
(17%) in the control group (P= 0.507; see Fig., Supple-
mental Digital Content 3, http://links.lww.com/JNA/A94
for additional delirium outcome data). For the cognitive
function test results, the previously described GEE mod-
eling strategy was used to analyze attention (Flanker In-
hibitory Control and Attention Test), working memory
(List Sorting Working Memory), and processing speed
(Pattern Comparison Processing Speed test) over time
(baseline, preoperative morning, postoperative day 3) be-
tween groups. For all tests, the group and time interaction
terms were nonsignificant and thus removed from each

Screened for 
eligibility (n=121)

Enrolled (n=61)

Declined (n=33)
Ineligible (n=27) 

Allocated to no training
(n=31) 

Allocated to training
(n=30) 

Included in final
analysis (n=23) 

Included in final
analysis (n=29) 

Withdrew (n=5) 
Surgery cancelled (n=2)

Found ineligible (n=2)

Enrollment

Allocation

Follow-Up

Analysis

FIGURE 1. CONSORT flow diagram presented.
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model. There was no significant difference in estimated
mean score between groups for any of the tests (Table 2).

For the final secondary outcomes, hospital length of
stay was 6.8 days in the prehabilitation group compared
with 6.4 days in the control group (P= 0.696). In terms of
physical therapy sessions, after excluding attempted sessions
for which patients were unavailable (ie, off the floor) or not
yet medically cleared (for cognitively unrelated reasons),
physical therapy participation was 100% in both groups.

Prehabilitation Metrics
As previously mentioned, only 5 of 29 (17%) patients

randomized to training (and had surgery as scheduled) were
able to train for 7 days before surgery. Furthermore, 14 of

29 patients (48%) opted out of the training schedule once
home. Of the 15 patients who engaged in the training ex-
ercises, the median number of days trained was 6 (inter-
quartile range: 5 to 7), and the average daily training session
lasted for a median of 20 minutes (interquartile range: 11 to
23). For patients who elected not to train, the primary
reason was recorded and reported (Fig., Supplemental
Digital Content 2, http://links.lww.com/JNA/A93). Com-
mon problems encountered during training were feeling
overwhelmed and experiencing computer-related difficulties.

Post Hoc Exploratory Correlations
A post hoc, exploratory analysis was conducted to

analyze correlations between training progress, defined as
maximum the Brain Activity Quotient (n) achieved, and
Fully Corrected T-scores on each Toolbox test. The Brain
Activity Quotient reflects the overall gains made with
training, with higher scores reflecting further progress (score
range: 0 to 2624). This analysis resulted in 9 correlations
(BrainHQ quotient score correlated with baseline, pre-
operative, and postoperative day 3 Fully Corrected T-scores
for all 3 tests). If training progress (ie, maximum Brain
Activity Quotient) correlated with posttraining test scores,
this suggests that more training led to improved perioper-
ative cognitive performance. If, however, training progress
correlated just as well with baseline (pretraining) scores, this
suggests that those with higher baseline cognitive ability
were inherently able to train more rigorously (compared
with those with lower baseline scores). Correlation was only
significant for processing speed, and correlation strength
was approximately equal across all 3 time points (Table,
Supplemental Digital Content 4, http://links.lww.com/JNA/
A95). There were correlation trends with training progress
and attention testing on the morning of surgery (ρ= 0.528,
P= 0.014, unadjusted) and postoperative day 3 (ρ= 0.690,
P= 0.006, unadjusted) and working memory testing on the
morning of surgery (ρ= 0.580, P= 0.006, unadjusted), al-
though correlations did not reach statistical significance af-
ter Bonferonni-correction.

DISCUSSION
This was a pilot study of cognitive prehabilitation be-

fore major surgery in older patients. There was no significant
difference in delirium incidence or cognitive performance in
either group throughout the study period. This is perhaps not
surprising given the limited training time achieved. Those
enrolled in the prehabilitation arm were more likely to
withdraw from the study, and most patients were not able to
train for the prescribed 7 days. Time constraints, anxiety, and
inconsistent computer access were common reasons for both
declining enrollment and experiencing difficulty with home
training. In addition, there were no differences in hospital
length of stay or physical therapy participation in either
group. Post hoc exploratory analysis revealed possible trends
in training progress and perioperative attention and working
memory scores, although these correlations were not statis-
tically significant after correction for multiple comparisons.
Overall, home-based, unsupervised cognitive training over a
short timeframe appears unlikely to improve perioperative

TABLE 2. Estimated Mean Score Differences—NIH
Toolbox Tests

95% Confidence
Interval (Mean
Difference)

Test
Estimated Mean

Score Difference (β)
Lower
Limit

Upper
Limit P

Flanker Inhibitory
Control test

2.77 −1.69 7.23 0.223

List Sorting Working
Memory test

−0.94 −5.29 3.41 0.672

Pattern comparison
processing speed

4.21 −3.25 11.7 0.268

For GEE modeling, the nontraining group serves as the reference control. No
group-time interaction terms were significant for any of the tests. Results reflect the
mean difference in fully corrected T-scores between groups for each respective test.
Standardized scores have a mean of 50 with SD of 10, and scores are adjusted for
age, sex, race/ethnicity, and educational attainment (see manuscript text for addi-
tional information and references). All available scores were incorporated from
both groups (nontraining group, n= 29 participants; training group, n= 23 par-
ticipants).

TABLE 1. Participant Characteristics
Training Group

(N= 23)
Nontraining Group

(N= 29)

Age (mean [ ± SD]) (y) 66 ( ± 4.9) 68 ( ± 5.4)
Male sex (n [%]) 10 (43) 15 (52)
Education (college or
higher)

5 (22) 12 (41)

Comorbidities (n [%])
CAD 4 (14) 4 (16)
CVD* 1 (4.3) 1 (3.4)
HTN 13 (57) 16 (55)
COPD 2 (8.7) 4 (14)
CKD 1 (4.3) 2 (6.9)
DM 3 (13) 5 (17)

Type of surgery (n [%])
Gastrointestinal 12 (52) 8 (28)
Urologic 6 (26) 6 (21)
Spine 4 (17) 12 (41)
Hepatobiliary 1 (4.3) 3 (10)

All patients were of non-Hispanic ethnicity.
*Stroke, TIA, or carotid artery stenosis history.
CAD indicates coronary artery disease; CKD, chronic kidney disease;

COPD, chronic obstructive pulmonary disease; CVD, cerebrovascular disease;
DM, diabetes mellitus; HTN, hypertension.
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cognitive function. In fact, compressed training efforts may
exacerbate negative experiences (eg, anxiety, apprehension)
given the high opt-out rate (48%) and higher withdrawal rate
compared with the nontraining group.

Important themes have become apparent with this
investigation. In general, patients initially expressed en-
thusiasm for participating in cognitive prehabilitation.
More than 60 patients were enrolled in just over one year,
and more patients likely would have enrolled if computer
and internet access were made consistently available. In-
deed, lack of computer access was the most common
reason for study ineligibility. Problems with home com-
puter and internet access were also among the most cited
reasons for experiencing difficulty with training. Thus,
providing consistent and reliable access to training plat-
forms (eg, computer, tablet) may improve enrollment,
compliance, and efficacy in future studies. Patients also
frequently conveyed feeling overwhelmed before surgery,
and this was commonly listed as a reason for declining
enrollment and reporting trouble adhering to the training
schedule. Time commitment was an additional, related
factor, which also hindered enrollment and training par-
ticipation.

A recent meta-analysis by Lampit et al20 provides
complementary insight into training barriers and expected
effect sizes of training regimens. An analysis of 52 studies
revealed a consistent and mild-moderate effect size (Hedge’s
g= 0.2 to 0.3) of computerized cognitive training on cog-
nitive function with a minimum cumulative training period
of 4 hours. Importantly, home-based training was found to
be ineffective, which supports our preliminary findings. As
described above, technological difficulties, feeling over-
whelmed, and time constraints may hinder self-directed,
home-based training. The meta-analysis also demonstrated
that training > 3 times per week is not only ineffective—but
likely worsens performance—compared with training ≤ 3
times per week. Training for > 60 minutes was also not
found to be more beneficial compared with a shorter
training window (ie, 30 to 60min). Thus, attempts to aug-
ment training “dose” in a short time window may ex-
acerbate anxiety without improving cognitive function; in
fact, such attempts might worsen performance based on
data from Lampit and colleagues. These findings are im-
portant for informing future perioperative study design.
Given the short period of time that often occurs between
scheduling surgery and the surgical date, it may be chal-
lenging to implement an effective minimum training time
(≥ 4 h20) with a flexible schedule that allows for rest and
minimizes stress. If such studies are to be designed, patients
should be included who have a relatively large time interval
(weeks, if not months) before surgery. Furthermore,
participants should be given consistent, reliable access
to training platforms, programs should be designed for short-
term gains,21 and training should be supervised. Overall,
these logistical challenges—coupled with an expected small
effect size20—question the feasibility and effectiveness of
cognitive prehabilitation programs for surgical patients.

This study had notable strengths and limitations.
The trial was performed in a pragmatic, real-world

perioperative setting. Aside from the training intervention,
participants engaged in regular preoperative activities and
habits. Perioperative care proceeded per routine clinical
care, standards, and guidelines without additional inter-
vention. Thus, the data obtained come from a highly
generalizable surgical setting. In addition, cognitive out-
comes were obtained using validated, reliable measures.
The 3D-CAM has demonstrated high reliability and val-
idity compared DSM-based expert assessment,15,22 and
our group has experience with these delirium assessment
strategies.23 Cognitive function was assessed using NIH
Toolbox measures, which have been nationally standard-
ized across diverse populations,16 and normative Toolbox
data are available for the patient population studied in this
trial (ie, older adults in the United States). Fully corrected
T-score data were presented, which account for age, sex,
race, ethnicity, and prior educational attainment, adding
to analytical rigor. In terms of study limitations, this was a
small feasibility study not powered for a particular out-
come. In this context, the conclusions drawn from this
study are limited. Additional limitations relate to the 3D-
CAM instrument. The 3D-CAM was initially validated in
medical patients,15 and validation studies are currently
ongoing for the immediate postoperative setting (eg, PA-
CU) (NCT02992717, NCT0224165524). In addition, pre-
vious 3D-CAM interrater reliability data were derived
from medical patients;15 as such, further validation and
interrater reliability data are needed for surgical patients,
and these analyses were not conducted for this preliminary
study. These points should be considered for follow-up,
large-scale prehabilitation studies, where validated peri-
operative delirium instruments should be used. Lastly, 11
patients inadvertently broke the blind to study team
members despite reminders, and additional research team
members were rotated in attempt to maintain assessment
blinding. This is informative for future trial design, as
multiple study team members may need to be available to
perform assessments should participants break blinding.

In conclusion, this feasibility study did not provide
evidence to suggest that home-based, unsupervised cog-
nitive prehabilitation positively impacts postoperative
cognitive function. In fact, enrollment in such a program
over a short time frame may worsen preoperative anxiety
and apprehension. To achieve meaningful gains in cogni-
tive function, without adding undue stress, prehabilitation
likely needs to occur over a relatively long timeframe, with
consistent supervision, and with allotted time for breaks to
prevent stress and help consolidate learning.
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