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Abstract

Objective—To assess whether randomization to 10 years of lifestyle intervention to induce and
maintain weight loss improves cognitive function.

Research Design and Methods—The Action for Health in Diabetes (Look AHEAD) enrolled
overweight and obese individuals with type 2 diabetes, aged 45-76 years, into a randomized
controlled clinical trial of an intensive lifestyle intervention for weight loss through reduced
caloric intake and increased physical activity compared with a control condition of diabetes
support and education. A standard battery of cognitive function tests was administered in 3,751
participants, 10-13 years following enrollment, by certified examiners who were masked to
intervention assignment. The battery included the Modified Mini-Mental State Exam, Rey
Auditory Verbal Learning Test, Digit Symbol Coding, Trail Making Test, and Modified Stroop
Color-Word Test.

Results—Assignment to lifestyle intervention, compared with assignment to diabetes support
and education, was not associated with significantly different overall (p=0.10) or domain-specific
(all p >0.10) cognitive function. Results were fairly consistent across pre-specified groups, but
there was some evidence of trends for differential intervention effects showing modest harm in ILI
relative to DSE as BMI increased and among individuals with a history of cardiovascular disease.
Cognitive function was not associated with changes in weight or fitness (all p >0.05).
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Conclusions—Long-term behavioral weight loss intervention for overweight and obese adults
with diabetes was not associated with cognitive benefit.

A growing body of evidence indicates that potentially modifiable risk factors account for
one-third of all cases of Alzheimer’s disease (AD), the leading cause of dementia worldwide
(1). For example, evidence suggests that mid-life obesity is associated with a long-term
increased risk of dementia and cognitive decline in later life (2; 3). Obese and overweight
individuals with type 2 diabetes are at high risk for cerebrovascular disease (CVVD), brain
atrophy, and declining brain function, which are associated with cognitive deficits and
dementia (4; 5).

The “obesity paradox’ has been suggested to explain the reported finding that being
overweight or obese at midlife is associated with an increased risk of poorer cognitive
function and impairment, while among older adults it is associated with reduced risk (6).
However, some have argued that weight loss among the elderly may account for this inverse
association with cognitive impairment (7); thus impact of weight loss on cognitive function
among older adults remains unclear.

Behavioral interventions targeting weight loss through reduced caloric intake and increased
physical activity hold promise to protect against cognitive declines by, for example,
improving blood pressure control and vascular function and reducing inflammation.
Individuals with type 2 diabetes may be particularly sensitive to such interventions because
some of the mechanisms by which type 2 diabetes may adversely influence brain health and
functioning are relate to impaired glucose regulation and insulin resistance (5) that can
benefit from weight loss and increased physical activity (8; 9).

This study examines the impact of a long-term intensive lifestyle intervention (ILI) targeting
weight loss and physical activity on cognitive function in middle-aged and older overweight
and obese individuals with diabetes. This paper addresses the following aims specified in the
Look AHEAD Continuation protocol: 1) to test if randomization to approximately 10 years
of IL1 is associated with better global and domain-specific cognitive function compared with
the comparator diabetes support and education (DSE); 2) to examine the consistency of the
above findings among pre-specified subgroups of individuals defined at baseline by age,
body mass index, and history of cardiovascular disease; and 3) to describe the relationships
between changes in weight and fitness during follow-up and measures of global and domain-
specific cognitive function.

METHODS

The design and methods of Look AHEAD have been previously described (10). Look
AHEAD was a 16-site, randomized, controlled trial that recruited 5,145 individuals (from
2001 to 2004) who were overweight or obese and had type 2 diabetes. Participants were 45—
76 years of age and had BMI >25 kg/m? (or >27 kg/m? if on insulin), glycated hemoglobin
(HbAlc) <11% (mmol/mol), systolic/diastolic blood pressure <160/<100 mmHg, and
triglycerides <600 mg/dl. Participants were randomly assigned (1:1) to the ILI or the DSE
comparator; all provided informed consent. Local institutional review boards approved the
protocol.
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During the Look AHEAD Continuation, cognitive assessments were carried out in the full
cohort across all sites between August 2013 and December 2014, or 10-13 years after
enrollment and 1-2 years after intervention cessation in 3,751 participants. This report
describes these data.

Interventions

ILI participants were assigned dietary and physical activity goals for weight loss and seen
weekly for six months, and subsequently, three times per month for six months with a
combination of group and individual contact. Thereafter, ILI participants were offered two
contacts per month with optional group meetings and refresher courses, and national
campaigns designed to facilitate weight loss maintenance (11). DSE subjects were invited to
three group sessions per year for the first four years and one session per year thereafter (10).
On September 14, 2012, the study’s sponsor (NIDDK) terminated interventions based on
recommendations from the trial’s Data and Safety Monitoring Board. The reason was
statistical futility for the trial’s primary endpoint, a composite of death from cardiovascular
disease, nonfatal myocardial infarction, nonfatal stroke, and hospitalization for angina.

Cognitive Assessments

Cogpnitive functions previously shown to be reduced in persons with type 2 diabetes were
assessed with a battery of validated, standardized tests: attention and concentration with the
Trail Making Test-Part A (TMT-A) (12); verbal learning and memory with the Rey Auditory
Verbal Learning Test (RAVLT) (13); processing speed with the Digit Symbol Coding (DSC)
test from the Wechsler Adult Intelligence Scale-I11 (14); and executive function with the 40-
item Stroop Color and Word Test (SCWT) (15) and the Trail Making Test-Part B (TMT-B)
(12). Global cognitive functioning was assessed by the Modified Mini-Mental Status Exam
(3MSE) (16).

Other Measures

Demographic data, medical history and sources of medical care were collected by self-
report. Participants brought current prescription medications to update medication records.
Weight and height were measured in duplicate using a digital scale and stadiometer.
Hypertension was based on medications or measured blood pressure. Genotyping for APOE
e4 genotype was performed using two TagMan assays on a 7900 HT (Applied Biosystems,
Waltham, MA) using master mix and probes purchased from Life Sciences (assay
C_3084793_20 for rs429358 (R130C) and assay C_904973_10 for rs7412 (R176C)).
Physical fitness was defined as the estimated metabolic equivalent (MET) level based on the
treadmill workload (i.e., speed and grade) achieved at the point of termination of the graded
exercise test at baseline, Year 1 and Year 4. Physical activity was based on the Paffenbarger
Physical Activity Scale (17).

Statistical Analysis

Comparisons between the two intervention groups with respect to baseline risk factors for
cognitive deficits (e.g. age, education) were performed with the # and chi-squared tests. The
primary cognitive outcome specified in the protocol was a composite formed by averaging
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standardized scores from five tests: delayed recall from the RAVLT (range: 0-15), number
completed on the DSC (range: 0-133), time (seconds) to complete the interference condition
(Subtest 3) of the SCWT, time (seconds) to complete the TMT-B, and total score on the
3MSE. Analyses of covariance were used for inference, with adjustment for clinic site (the
stratification factor used in the original randomization), time since randomization, and
measures expected to be correlated with baseline cognitive function: gender, age at
assessment, education, race/ethnicity (grouped according to African-American, Hispanic,
Native American, Non-Hispanic White, and Other), and the mental component score from
the Short-Form 36 Health Survey (SF-36) (18). A subset of the cohort had one (N=759) or
two (N=317) earlier cognitive assessments as part of the Look AHEAD Movement and
Memory Study (4 clinics: years 8-11) and the Look AHEAD Brain MRI study (3 clinics:
years 10-12): covariate adjustment was made for prior testing (yes/no) to control for any
potential learning effects.

For the composite, these estimated differences were combined using the ordinary least
squares (OLS) global test statistic proposed by O’Brien (19) and tested using the sum of the
effect on five test scores. To limit the effect of extreme scores, we applied 1% winsorization
to scores below the 15t percentile and above the 99t". To facilitate comparisons among
cognitive measures, each test score was standardized by converting it to a z-score by
subtracting scores from the cohort-wide mean, dividing it by the standard deviation, and
ordering them so that positive scores reflected better performance.

Three subgroups comparisons were pre-specified in the study protocol, based on
characteristics at the time of randomization: age (<60 years versus 60 years or older), BMI
(<30 kg/mZ2, 30-39 kg/m?, and 240 kg/m?), history of cardiovascular disease (Y/N). Inverse
probability weighting was used to assess the sensitivity of findings with respect to attrition
that occurred between the initial randomization and time of cognitive data collection used in
analyses (20).

Figure 1 shows that 5,145 volunteers were originally enrolled in Look AHEAD from 2001-
2004, 537 of whom died prior to cognitive assessment in the Look AHEAD Continuation
study. Approximately 10% in each intervention group were lost to follow-up during the 10—
13 year span from randomization until the Look AHEAD Continuation. Cognitive
assessments were not completed on 6—7% of the active participants — often this was because
they had moved and were only being followed remotely via telephone interviews. Our
analyses focus on the 3,751 participants with cognitive assessments. Compared with the
original enrollees who did not have a cognitive assessment during the Look AHEAD
Continuation, those included in our analyses tended to be younger; female; without CVD
history; minority; with shorter durations of diabetes; without hypertension; not taking anti-
hypertensive medications, oral diabetes medications, insulin, or lipid-lowering medications;
with better levels of fitness and HbAlc; and to have better average SF-36 scores for general
and physical health and (all p<0.05). The percent of original enrollees who underwent
cognitive assessment was similar between intervention groups: 73.5% of ILI and 72.3% of
DSE (p=0.31).
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Table 1 portrays baseline characteristics for participants with cognitive assessments grouped
by intervention. No group differences reached nominal statistical significance (all p>0.10).
Cognitive assessments occurred an average (SD) of 11.4 (0.8) years after randomization in
both intervention groups (p=0.78) at which time the mean age of the cohorts was 69.3 (6.3)
years for the ILI participants and 69.6 (6.4) years for the DSE participants (p=0.27).

In this subset of the full Look AHEAD cohort, there were substantial and significant
differences in weight loss, physical fitness, physical activity, and insulin use between the ILI
and DSE groups at every time point (Supplemental Table S1). For example, at 1 and 4 and 8
years of follow-up, the mean percent changes in weight from baseline for ILI participants
were —10.19%, -5.13% and —6.40% compared with —0.88%, —1.28% and —3.63% for DSE
participants, (all p<0.0001). At the time of their cognitive assessment, the mean (SD)
percent weight changes from baseline were —6.42 (9.97) among ILI participants and —4.87
(10.52) among DSE participants: p<0.001. The mean changes from baseline in fitness
(submaximal METS) measured at Year 1 and 4 (when last assessed) were 21.02% and
6.08% among ILI participants compared with 6.32% and —0.02% among DSE participants
(p<0.001). Insulin use in the ILI group remained significantly lower than the DSE group at
Years 1, 4 and 8 (all p<0.01), and HbA1c was significantly lower at Years 1 and 4 (p<0.01).
Physical activity scores in the ILI group also were significantly higher than the DSE group at
Years 1, 4 and 8 (all p<0.001).

Supplemental Table S2 lists mean cognitive test scores by age and by intervention
assignment (non-standardized). Scores show the expected inverse association between
cognitive performance and age.

For the protocol OLS analysis of the primary compaosite outcome, the mean (SE)
standardized score for DSE participants was 0.002 (0.014) compared to —0.012 (0.014) for
the ILI participants (p=0.45), as shown in Table 2. Similarly, none of the differences between
the intervention groups for the individual cognitive tests were statistically significant.
Supporting analyses using inverse probability weighting to control for attrition yielded
comparable results (not reported).

Across the subgroups we examined, there was some evidence that differences between
intervention groups varied by baseline BMI and history of cardiovascular disease
(Supplemental Table S3). For the standardized composite measure, mean (SE) differences
(ILI minus DSE) were 0.047 (0.068) SD units for participants with BM1<30 kg/m?, but
trended toward negative for heavier participants (p=0.03) and were —0.091 (0.057) SD units
for those with BMI =30 kg/m2. Among the cognitive domains, this trend appeared to be
strongest for the 3MSE assessment of global cognitive function (p=0.005). Among
participants with a history of cardiovascular disease, those who had been assigned to ILI had
poorer mean performances on all cognitive assessment tests compared with those who had
been assigned to DSE, with tests of interaction reaching nominal levels of statistical
significance for the overall composite (p=0.02), executive function (SCWT), p=0.002), and
speed of processing (DSC, p=0.003) tests.
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To examine whether changes in weight and fitness were associated with cognitive function,
we grouped participants according to their Year 4 measurements (the last time fitness was
assessed) as 1) >5% weight loss, 0-5% weight loss, weight gain; and 2) >0.5 METS gain,
-0.51t0 0.5 METS change, and >0.5 METS loss. Table 3 describes Year 4 associations of the
composite score with changes in weight and fitness by intervention group, which all failed to
reach statistical significance. We also examined whether cognitive function was related to
diabetes control by regressing composite cognitive function on the average HbAlc level
throughout follow-up, with covariates as in Table 2. There was a strong inverse relationship
between mean HbA1c level and composite cognitive function with slope [95% confidence
interval] —0.068 [-0.094, —0.048] SD/% (p<0.001), which was similar across intervention
groups (p=0.47).

DISCUSSION

The Look AHEAD trial demonstrated that overweight and obese adults with diabetes
randomly assigned to the ILI achieved and maintained significantly greater weight loss up to
10 years after randomization compared with individuals assigned to DSE(21). ILI resulted in
significantly better fitness levels (22), increased diabetes remission, and attenuated known
cardiovascular risk factors (23). However, the intervention did not result in any significant
differences in the main cardiovascular composite outcome or in the individual components
of that outcome (21). The current study of cognitive outcomes showed that compared with
DSE, assignment to the ILI did not result in improved cognitive function assessed 10-13
years after randomization (1-2 years post-intervention) and for participants with higher BMI
and those who had a history of CVD, assignment to ILI resulted in modestly poorer
cognitive function compared to DSE. Changes in weight loss and fitness through Year 4
were not related to cognitive function measured 6-9 years later.

The poorer cognitive test performance in this cohort compared with the general population
was consistent with another large study of middle-aged and older adults with diabetes
employing some of the same measures (24) and thus support the generalizability of our
results to this population. The results also highlight the adverse cognitive consequences of
diabetes and associated comorbidities and raise the importance of understanding the
mechanisms by which cognition is adversely affected, as well as of developing preventive
and treatment interventions.

Our results are consistent with an earlier report of a subset of 978 Look AHEAD participants
assessed 8-9 years post-randomization and 2-3 years post-treatment that showed no
differences on any of these cognitive measures between the ILI and DSE groups (25).
Weight loss was not correlated with cognitive function, which is consistent with the lack of
mean differences we report in Table 3. Our results also are consistent with studies that
examined the association of a lifestyle intervention for weight loss and diabetes prevention
with cognitive performance among persons with pre-diabetes and found associations
between higher HbA1c levels and poorer cognitive performance. In the Diabetes Prevention
Program Outcomes Study a lifestyle intervention similar to Look AHEAD was not
associated with improved cognition 12 years after randomization, although higher HbAlc at
the time of cognitive assessment was related to worse cognition (26). In the Finnish Diabetes
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Prevention study, the lifestyle intervention was also not related to cognitive performance 13
years after randomization and 9 years after the end of interventions (27), although higher
glycaemia was related to worse cognitive performance (28). The Action to Control
Cardiovascular Risk in Diabetes Memory study (ACCORD MIND), which enrolled 4393
men and women (46%) with diabetes who were slightly older, less overweight or obese, and
had higher HbA1c than our sample, found no difference in cognitive outcomes at 40 months
in an intensive glycemic control group compared to usual care (24).

Our results are inconsistent with a meta-analysis of short-term (<2 years) studies of
intentional weight loss interventions that reported modest cognitive benefits (mainly
memory and executive function) for obese adults (29) suggesting we might have seen benefit
if we had assessed cognition during the most active period of the Look AHEAD intervention
and if our sample had included non-diabetic overweight/obese participants.

Among adults with metabolic disease, there is the possibility of a ‘legacy effect’, which
refers to a significant lag time between interventions that affect metabolic process in
diabetes and the benefits of those interventions (30). In the United Kingdom Prospective
Diabetes Study, a randomized trial of intensive glycemic control vs. usual care in type 2
diabetes, improved microvascular outcomes but not macrovascular outcomes were observed
in the intensive intervention arm compared to the usual care arm during the study period (30;
31). After 10 years of follow-up both micro- and macrovascular benefits were apparent,
despite attenuation of the glycemic benefits of the intervention (32). In addition to a possible
cognitive legacy effect, the Look AHEAD cohort, with a mean age of 69 years at the
cognitive assessment, may have just been entering the time of greatest susceptibility to
cognitive decline.

While we did not find evidence of improved cognition attributable to the intervention, there
is evidence of improved markers of subclinical cerebrovascular disease in a study of 319
Look AHEAD participants who received a structural MRI 10-12 years after randomization.
Participants randomized to ILI had 9% smaller ventricle size indicating less overall atrophy
and 28% smaller white matter hyperintensity volume compared to the DSE group (33).
Similarly in the ACCORD MIND study a subset of participants randomized to the intensive
glycemic control arm had greater total brain volumes than participants in usual care (24)
despite showing no differences in cognitive functioning. Brain structural changes may
precede cognitive performance outcomes (24; 34). It is possible that cognitive effects may
emerge with longer follow-up.

Evidence that the intervention was associated with a slight benefit in global cognitive
function among participants with lower BMI but modest harm among participants with
higher BMI was reported earlier among the subset of Look AHEAD participants that
underwent cognitive assessment at years 8-10 (25). The trend that the intervention was
associated with poorer cognitive function among participants with baseline history of
cardiovascular disease resonates with a similar trend seen for major cardiovascular events,
hospitalizations, and overall health care costs (21; 35). Thus ILI may confer modest harm to
overweight and obese individuals with diabetes who also have diagnosed comorbid
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cardiovascular disease particularly in functions involving speeded and executive functioning.
We currently have no explanations for these findings, which require further study.

Our study has several limitations. The lack of pre-treatment assessment of cognitive function
precluded our controlling for baseline cognitive differences or assessing how changes in
weight and fitness related to changes in cognition. There was some attrition of participants
between enrollment and cognitive assessments including those who died, which could have
interfered with our analysis of the ability of the intervention to modulate cognitive function.
Loss of older participants is particularly important for cognitive studies since age is
unequivocally the greatest risk factor for dementia and cognitive decline. That the cohort
studied was not population-based affects the generalizability of our results. Strengths of this
study include the large sample size, adequate retention rate, deep phenotyping of participants
and that it was conducted within a randomized study that appears to have adequately
controlled for important confounds.

Conclusions

Assignment to 10 years of an intensive lifestyle weight loss intervention was not associated
with any benefit with regard to overall or domain specific cognitive functioning 1-2 years
after the intervention in middle-aged and older adults with type 2 diabetes and there was
evidence of modest harm as BMI increased and among those with a history of CVD. Results
are consistent with other clinical trials that have failed to demonstrate benefits of lifestyle
changes on cognitive function.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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28622 underwent prescreening

13061 (45.6%) ineligible at prescreen (major
reasons: age [13.5%], no diabetes mellitus
[8.6%], likely type 1 diabetes mellitus [4.4%])

15561 (54.4%) eligible at prescreen

6516 (41.9%) declined further screening

9045 (58.1%) attended clinic screening examinations

1481 declined further participation
2419 ineligible (major reasons:
Staff judgment [7.6%],
High blood pressure [7.0%],
Behavioral run-in[4.8%])

5,145 (56.9%) randomized

\

2,570 assigned to Intensive Lifestyle 2,575 assigned to Diabetes Support and
Intervention Education
251 (9.8%) died prior to cognitive 286 (11.1%) died prior to cognitive
assessment assessment
256 (10.0%) lost follow-up 271 (10.5%) lost follow-up
173 (6.7%) no cognitive assessment 157 (6.1%) no cognitive assessment
Cognitive Assessments Cognitive Assessments
N=1,890 N=1,861
Figure 1.

CONSORT diagram describing participant’s enrollment into Look AHEAD and those with
available cognitive function assessments in Years 10-13.
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Baseline characteristics of Look AHEAD participants who had cognitive assessments, by treatment group

assignment

Diabetes Support and Education

Intensive Lifestyle Intervention

Baseline Characteristic N=1,861 N=1,890 P-value
Age, %
45-54 26 27
55-64 57 57 0.52
65-76 18 16
Mean (SD) 58.2 (6.6) 58.0 (6.5) 0.34
Body mass index (kg/m?2), %
25-29.9 15 17
30-39.9 63 62 0.24
>40 22 22
Mean (SD) 36.0 (5.8) 35.6 (5.9) 0.08
Gender, %
Women 62 61 0.46
Men 38 39
History of cardiovascular disease, % *
No 89 88 0.19
Yes 11 12
Race/Ethnicity, %
African-American 17 16
American Indian 6 6
Hispanic/Latino 13 14 0.96
Non-Hispanic white 61 61
Other/multiple 3 3
Diabetes duration, % (miss=27)
<5 years 46 48 0.43
> 5 years 54 52
Education, %
High school graduate 51 48
College graduate 21 24 0.11
Post college degree 19 19
Other 9 9
Hypertension, %
No 18 17 0.41
Yes 82 83
Prescription medications, %
Antihypertensive (miss=65) 71 72 0.31
Any oral diabetes meds (miss=42) 86 86 0.94
Biguanides (miss=83) 61 62 0.63
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Diabetes Support and Education  Intensive Lifestyle Intervention

Baseline Characteristic N=1,861 N=1,890 P-value
Insulin (miss=135) 15 15 0.81
Lipid lowering (miss=94) 48 51 0.34

Short Form-36, Mean (SD)

General 473 (8.7) 47.3(9.1) 0.83
Physical Component 48.3(7.8) 48.1(7.9) 0.57
Mental Component 53.7 (7.8) 53.4 (8.2) 0.26

Physical Fitness, METS, Mean (SD) 7.3(2.0) 7.4 (2.0) 0.60

HbAlc, % 7.25 (1.16) 7.22 (1.13) 0.44

Apolipoprotein €4 alleles, % (miss=661)

0 77 7
1 21 21
2 2 2 0.97

*
Prior cardiovascular disease included history of myocardial infarction, coronary artery bypass, angioplasty/stent procedures, peripheral vascular

disease, stroke, stable angina, and class I/11 heart failure.
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Mean cognitive function scores (in standard deviation units ) with covariate adjustment for gender, age at
assessment (as a continuous variable), education (classified as high school/GED graduate, college graduate,

graduate college degree, or none of the above), race/ethnicity (grouped according to African-American,

Hispanic, Native American, Non-Hispanic White, and Other), clinic, time from randomization, whether or not
prior cognitive testing had been performed, and the mental component score from the SF-36.

Cognitive Function Diabetes Swgg;t(grg Education Intensive ITVIifg;;yl(%IIEr;tervention p-value
Composite primary outcome 0.002 (0.014) -0.012 (0.014) 0.45
Stroop Color Word Test (Subtest 3 minus subtest 2) 0.008 (0.022) -0.021 (0.022) 0.35
Rey Auditory Verbal Learning Test-Delayed 0.001 (0.021) -0.004 (0.021) 0.85
Modified Mini Mental State Exam -0.005 (0.019) 0.004 (0.019) 0.76
Trail Making Test-Part B 0.018 (0.020) -0.025 (0.020) 0.13
Digit Symbol Coding 0.008 (0.019) -0.011 (0.019) 0.46

*
Standard deviation units for individual tests: Stroop (17.63), RAVLT Delayed (3.44). Modified Mini Mental State Exam (7.15), Trail Making Test-
Part-B (69.84), and Digit Symbol Coding (11.00)
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Table 3

Association of Year 4 changes in weight loss and fitness with subsequently assessed composite cognitive score
by intervention assignment.

Mean (SE) Composite Cognitive Function”

Year 4 Weight and Fitness Changes
Diabetes Support and Education | Intensive Lifestyle Intervention

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny
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Weight loss, %
>5%
0-5%
Weight gain

0.048 (0.039) N=425

-0.000 (0.035) N=524

~0.019 (0.028) N=853
P=0.38

~0.006 (0.029) N=807

0.017 (0.036) N=519

0.018 (0.037) N=514
P=0.83

Fitness Change, METS
>0.5 gain
-0.5t0 0.5 change

>0.5 loss

0.101 (0.040) N=414

0.050 (0.032) N=612

~0.000 (0.034) N=555
P=0.16

0.033 (0.034) N=579

0.060 (0.032) N=641

0.022 (0.040) N=412
P=0.74

*
With covariate adjustment for gender, age at assessment, education, race/ethnicity, clinic, time from randomization, and the mental component

score from the Short Form-36 Mental Component.
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