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Abstract

Obijective: This study explored the association of BMI and insulin sensitivity with
cognitive performance in type 2 diabetes.

Methods: A cross-sectional analysis of data from the baseline assessment of the Gly-
cemia Reduction Approaches in Diabetes: a Comparative Effectiveness Study
(GRADE) was conducted. BMI was used as a surrogate of adiposity and the Matsuda
index as the measure of insulin sensitivity. Cognitive tests included the Spanish
English Verbal Learning Test, the Digit Symbol Substitution Test, and the letter and
animal fluency tests.

Results: Cognitive assessments were completed by 5018 (99.4%) of 5047 partici-
pants aged 56.7 £ 10.0 years, of whom 36.4% were female. Higher BMI and lower

insulin sensitivity were related to better performance on memory and verbal fluency

GRADE Research Group listing in online Supporting Information.
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BMI, INSULIN SENSITIVITY, AND COGNITION

INTRODUCTION

Individuals with type 2 diabetes, representing 11.3% of the adult US
population [1], are at higher risk of cognitive impairment [2]. However,
the determinants of cognitive performance in type 2 diabetes are
poorly understood. High body mass index (BMI) and lower insulin sen-
sitivity are two important conditions associated with type 2 diabetes
[3], but their association with cognition in type 2 diabetes is not clear.
To the best of our knowledge, no study has examined the simulta-
neous relation of BMI and insulin sensitivity with cognitive perfor-
mance among individuals with type 2 diabetes.

The association between BMI and cognition is controversial [4].
Studies in the general population in the midlife age period have sug-
gested that higher BMI is related to worse cognitive function cross-
sectionally and longitudinally [5], whereas some studies in individuals
65 years and older have suggested that higher BMl is related to better
cognitive performance [6]. Elevated BMI is generally accompanied by
lower insulin sensitivity [3], which has been associated with worse
cognitive performance [7].

Here, we explored the cross-sectional associations of BMI, as a
surrogate marker of adiposity, and insulin sensitivity with cognitive
performance in persons with type 2 diabetes of approximately 5 years
duration in the Glycemia Reduction Approaches in Diabetes: a Com-
parative Effectiveness Study (GRADE) [8].

METHODS

This is a cross-sectional analysis of the baseline assessment of
participants enrolled in GRADE who completed cognitive assess-
ments. GRADE examined the impact of four classes of glucose
lowering medications added to metformin therapy (1000 to
2000 mg/d) on glycemic control: glargine insulin, glimepiride (sul-
fonylurea), liraglutide (glucagon-like peptide-1 receptor agonist),
and sitagliptin (dipeptidyl peptidase-4 inhibitor). Eligibility criteria
[8] included type 2 diabetes of less than 10 years duration trea-
ted with metformin alone, age >30 years at time of diagnosis,
baseline hemoglobin Alc (HbAlc) between 6.8% and 8.5%
(51 and 69 mmol/mol), and estimated glomerular filtration rate of
more than 30 mL/min at enrollment. Exclusion criteria included
any major cardiovascular event in the year prior to recruitment

and/or a history of New York Heart Association heart failure
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tests. In models including BMI and insulin sensitivity simultaneously, only higher BMI
was related to better cognitive performance.

Conclusions: In this study, higher BMI and lower insulin sensitivity in type 2 diabetes
were cross-sectionally associated with better cognitive performance. However, only
higher BMI was related to cognitive performance when both BMI and insulin sensi-
tivity were considered simultaneously. The causality and mechanisms for this associ-

ation need to be determined in future studies.

Study Importance
What is already known?

o Individuals with type 2 diabetes have worse cognitive
performance than those without type 2 diabetes.

¢ Among individuals with type 2 diabetes, it is not known
whether BMI and insulin sensitivity are related to cogni-
tive performance.

What does this study add?

e This is the first study to explore the association of BMI
and insulin sensitivity with cognitive performance in type
2 diabetes.

o We found that higher BMI was related to better cognitive
performance, independent of insulin sensitivity, glycemia,

and cardiovascular risk factors.

stages 3 or 4. Clinic examinations included medical history and
medications, along with assessment of body size, blood pressure,
laboratory measurements, and electrocardiogram (ECG). No cogni-
tive screening was conducted as part of the eligibility assessment.
The primary outcome of GRADE was HbAlc level, measured
quarterly, of 7.0% or higher, and the secondary metabolic out-
come was a confirmed HbAlc level >7.5% [9]. The cognitive
assessments included in this report were planned a priori as other
secondary outcomes and were planned for the GRADE baseline
assessment, before randomization, and two follow-up waves dur-
ing the planned follow-up of 4 to 7 years [10]. This report
focuses on the a priori planned baseline assessment.

Analyses for BMI included 5038 participants with complete data
on BMI and cognition. Analyses for insulin sensitivity included 3370
participants with complete data for serum insulin levels derived from
baseline oral glucose tolerance test and cognition; those excluded
were participants randomized to insulin glargine, who did not undergo
insulin sensitivity testing [11]. Insulin measurement in these partici-
pants has been deferred because of the difficulty of measuring insulin
with immunoassays in persons treated with glargine. There were no
significant differences between participants included and excluded in

insulin sensitivity analyses [11].
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Independent variables: BMI and insulin sensitivity

BMI was calculated as weight in kilograms divided by height in meters

squared. Higher BMI indicates greater adiposity. Because all participants

TABLE 1 Comparison of characteristics between BMI categories

BMI < 30
Number of participants 1446
Age (y) 59.0 £9.9
Female 461 (31.9)
Race/ethnicity
White 679 (47.4)
Asian 113(7.9)
Black 270 (18.9)
Hispanic 323 (22.6)
Native American 22 (1.5)
Other 25(1.7)
Highest level of school achieved
Less than high school 136 (9.4)
High school/GED 292(20.2)
Some college 369 (25.5)
College 376 (26.0)
Graduate school 273 (18.9)
Smoking
Never 803 (55.5)
Past 411 (28.4)
Current 232 (16.0)
Frequency of alcohol use
Never 489 (33.8)
Occasionally 697 (48.2)
Weekly 176 (12.2)
Daily 84 (5.8)
Depression diagnosis or medication” 147 (10.2)
Diabetes duration (y) 45+29
Hemoglobin Alc (%) 7.4 +0.5
Hemoglobin Alc (mmol/mol) 579 +53
Myocardial infarction history’ 84 (5.8)
Stroke history' 33(2.3)
Systolic blood pressure (mm Hg) 126.9 + 14.9
Diastolic blood pressure (mm Hg) 75.6+9.5
Hypertension 931 (64.4)
Hyperlipidemia 1106 (76.5)
Total cholesterol (mg/dL) 164.4 + 39.2
High-density lipoprotein (mg/dL) 457 +11.7
Low-density lipoprotein (mg/dL) 91.5+32.9
Framingham Risk Score’ 244 +15.9
Matsuda index (1/uU x mg/dL) 31+18
SEVLT immediate recall score 244+58

had BMI 2 25 kg/m?, BMI was dichotomized as with obesity (BMI = 30)
or without obesity (BMI < 30) following National Heart, Lung, and Blood
Institute guidelines [12] for bivariate analyses but was examined as a

continuous variable in multivariate analyses.

BMI = 30 p value
35922
56.4 +9.9° <0.001¢
1375 (38.3)¢ <0.001¢
<0.001"
2038 (57.2)¢
70 (2.0)
270 (18.9)
709 (19.9)
98 (2.7)
46(1.3)
<0.001f
228 (6.3)
746 (20.8)
1091 (30.4)
955 (26.6)
571 (15.9)
<0.001°
1928 (53.7)
1202 (33.5)
462 (12.9)
<0.001°
1185 (33.0)
1920 (53.5)
385 (10.7)
102 (2.8
525 (14.6)° <0.001°
39+27° <0.001¢
7.5+05° <0.001¢
585+ 5.3 <0.001¢
167 (4.6) 0.101°
63 (1.8) 0.260°
128.9 + 14.6° <0.001°¢
78.0%9.9° <0.001¢
2732 (76.1)° <0.001°
2738 (76.2)° 0.872°
163.6 + 37.1° 0.477¢
425+99° <0.001¢
90.2 + 31.2° 0.177¢
233+ 15.2° 0.018°
1.8+1.1° <0.001¢

256+ 5.9° <0.001¢
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TABLE 1 (Continued)
BMI < 30 BMI = 30 p value
SEVLT delayed score 9.0+26 95+27° <0.001°¢
DSST score 43.9 +13.7 469 +13.8° <0.001¢
WEF Letter score 12.1 £ 45 12.5 + 4.4° 0.011°
WF Animal score 184 +5.3 19.6 + 5.4° <0.001¢

Note: Data are presented as mean # standard deviation and n (%). Continuous variables were compared using t tests and categorical variables using x>

Abbreviations: DSST, Digit Symbol Substitution Test; GED, general equivalency diploma; SEVLT, Spanish English Verbal Learning Test; WF, word

fluency test.

#Number of observations.

PMean and standard deviation.

“Welch two sample t test.

dCell count and column %.

Pearson X2 test with Yates continuity correction.
fPearson ¥ test.

8Count and column percentage.

hQuestion implemented in October 2015.

iAny major cardiovascular event in the past year, including history of myocardial infarction and stroke, is an exclusion criterion in GRADE.

JFramingham General Cardiovascular Risk Score for estimating the 10-year cardiovascular risk. The score is derived from a sex-specific Cox proportional
hazards model with the following covariates: age (years), total cholesterol (milligrams/deciliter), high-density lipoprotein cholesterol (milligrams/deciliter),
systolic blood pressure (mm Hg), antihypertensive medication use, current smoking, and diabetes status.

The measure of insulin sensitivity was the Matsuda index, derived
from glucose and insulin values measured during a 75 g oral glucose
tolerance test [13]. It is calculated as 10%/(lo x Go X I x Gm)*2, in
which Gy and Iy are fasting glucose and insulin and Gm and Im are
mean glucose and insulin. A higher Matsuda index indicates greater
insulin sensitivity (less insulin resistance). For bivariate analyses, we
categorized Matsuda index as high or low using the median as the cut-
off, 1.77. The Matsuda index was winsorized at the median plus
(minus) 8.9 times the distance from the median to reduce the effect of
outliers. For a normally distributed variable, this results in cutoffs six
standard deviations above and below the mean. For multivariate
analyses, the Matsuda index was examined as a continuous variable.
Glucose was measured in ethylenediamine tetraacetic acid (EDTA)
plasma by a hexokinase method on a cobas c501 chemistry analyzer
(Roche Diagnostics, Indianapolis, Indiana). Insulin and C-peptide were
measured in EDTA plasma on a cobas €601 immunoassay analyzer

using a sandwich immunoassay (Roche Diagnostics).

Dependent variables: cognitive measures

The cognitive battery measured memory (verbal learning) and frontal-
executive abilities. Memory refers to the ability to recollect informa-
tion [14] whereas frontal-executive abilities refer to those necessary
for planning and executing complex tasks and involve aspects such as
psychomotor speed and attention [15]. All tests were administered in
English or Spanish by centrally trained research staff, according to the
participant’s reported first language. The measure of memory was the
Spanish English Verbal Learning Test (SEVLT) [16]. The SEVLT con-
sists of recalling a list of 15 words in three trials of immediate recall
and one trial after a distractor list. For the SEVLT, we examined

two outcomes, the sum of the number of words recalled in the first

three trials (immediate recall) and the score on the fourth trial after
the distractor list (delayed recall). The tests of frontal-executive abili-
ties were the total score on the Digit Symbol Substitution Test (DSST)
[17] and number of words generated in the animal [18] and letter [19]
fluency tests. The DSST is a test in which participants try to match
numbers to symbols in 90 seconds. The total number of correct
answers is reported. The animal fluency test asks participants to name
as many animals as they can in 1 minute. The letter fluency test asks
participants for as many words as possible that begin with the letter F
in English (P in Spanish) in 1 minute. The total number of correct
words is reported for the fluency tests. For all cognitive tests, a higher

score indicates better performance.

Covariates

We included as covariates factors that have been reported to be asso-
ciated with cognitive performance, obesity, and insulin sensitivity.
Demographic covariates included age in years, male or female sex,
ethnic and racial group, and education (less than high school, high
school, some college, college, and graduate school). Diabetes covari-
ates included HbA1c at time of randomization and diabetes duration
in years. Other factors previously reported as predictive of cognitive
performance included the Framingham Risk Score [20], depression,
stroke history, and alcohol use. The Framingham Risk Score is derived
from a sex-specific Cox proportional hazards model with the following
covariates: age (years), total cholesterol (milligrams/deciliter), HDL
cholesterol (milligrams/deciliter), systolic blood pressure (mm Hg),
antihypertensive medication use, current smoking, and diabetes sta-
tus. Depression was ascertained with a positive response to the ques-
tion “are you depressed?” or use of antidepression medications.

Stroke history and alcohol use were ascertained by self-report.
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TABLE 2 Regression coefficient (B) and p values from least-squares regression models for the association of BMI with performance on tests

of cognitive function

Model 1
B
SEVLT immediate recall
Number 5007
BMI 0.122
SEVLT delayed recall
Number 5005
BMI 0.0525
DSST
Number 5003
BMI 0.2533
Letter fluency
Number 5009
BMI 0.0328
Animal fluency
Number 5009
BMI 0.1027

<0.001

<0.001

<0.001

<0.001

<0.001

Model 2 Model 3 Model 4

B p B p B p

4966 4965 4953

0.0381 <0.001 0.0387 <0.001 0.0446 <0.001
4964 4963 4951

0.0161 0.002 0.0161 0.002 0.0185 <0.001
4962 4961 4949

0.0304 0.215 0.0298 0.226 0.0468 0.058
4968 4967 4955

0.0029 0.751 0.0041 0.655 0.0089 0.338
4968 4967 4955

0.0497 <0.001 0.0502 <0.001 0.0558 <0.001

Note: Model 1 is the unadjusted model; Model 2 adds adjustment for age, race/ethnicity, sex, and education; Model 3 adds hemoglobin Alc at baseline

and duration of diabetes diagnosis; and Model 4 further adjusts for the Framingham Risk Score, depression, stroke history, and alcohol use.

Abbreviations: DSST, Digit Symbol Substitution Test; SEVLT, Spanish English Verbal Learning Test.

TABLE 3 Regression coefficient (B) and p values from least-squares regression models for the association of BMI with performance on tests

of cognitive function restricted to those with insulin sensitivity data

Model 1
B
SEVLT immediate recall
Number 3362
BMI 0.124
SEVLT delayed recall
Number 3360
BMI 0.0515
DSST
Number 3361
BMI 0.289
Letter fluency
Number 3364
BMI 0.0432
Animal fluency
Number 3364
BMI 0.1027

<0.001

<0.001

<0.001

<0.001

<0.001

Model 2 Model 3 Model 4

B p B p B p

3362 3360 3354

0.0593 <0.001 0.0592 <0.001 0.0641 <0.001
3360 3358 3352

0.0224 <0.001 0.0222 <0.001 0.0238 <0.001
3361 3359 3353

0.115 <0.001 0.1078 <0.001 0.1207 <0.001
3364 3362 3356

0.0234 0.037 0.0242 0.031 0.0274 0.015
3364 3362 3356

0.0497 <0.001 0.0502 <0.001 0.0558 <0.001

Note: Model 1 is the unadjusted model; Model 2 adds adjustment for age, race/ethnicity, sex, and education; Model 3 adds hemoglobin Alc at baseline
and duration of diabetes diagnosis; and Model 4 further adjusts for the Framingham Risk Score, depression, stroke history, and alcohol use.
Abbreviations: DSST, Digit Symbol Substitution Test; SEVLT, Spanish English Verbal Learning Test.

Statistical analysis

For bivariate analyses, BMI and Matsuda index subgroups were

defined prior to analysis as BMI > 30 and Matsuda index < 1.77,

respectively. Continuous variables were summarized across groups
using means * standard deviations and medians and interquartile
ranges for variables with skewed distributions, whereas discrete vari-
ables were summarized using cell counts and column percentages.
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The Matsuda index included some extreme outliers. To reduce the
influence of outliers on analyses, this variable was winsorized using
cutoffs of approximately 0.203 and 9.675. (i.e., values above or below
specified cutoffs were replaced by cutoffs). The number of winsorized

values is 23 (1%). Comparisons between baseline characteristics and
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BMI/Matsuda categories were assessed using x? test of independence
for discrete variables and Welch's two sample t test for continuous
variables.

We assessed the possibility of nonlinear associations of BMI and

the Matsuda index with cognitive measures using graphical analysis of

TABLE 4 Comparison of characteristics between Matsuda index categories

<1.77
Number of participants 1683 (49.9)
Agely) 56.4 +10.2
Female 620 (36.8)
Race/ethnicity
White 1190 (70.7)
Asian/Hawaiian/Pacific Islander 64 (3.8)
Black or African American 239 (14.2)
American Indian/Alaska Native 70 (4.2)
Other/unknown 120 (7.1)
Highest level of school achieved
Less than high school 103 (6.1)
High school/GED 360 (21.4)
Some college 495 (29.4)
College 439 (26.1)
Graduate school 286 (17.0)
Smoking
Never 881 (52.3)
Past 587 (34.9)
Current 215 (12.8)
Frequency of alcohol use
Never 584 (34.7)
Occasionally 875 (52.0)
Weekly 171 (10.2)
Daily 53(3.1)
Depression diagnosis or medication 272 (16.2)
Diabetes duration (y) 3.8+27
Hemoglobin Alc (%) 7.5+0.5
Hemoglobin Alc (mmol/mol) 58.7 +5.3
BMI (kg/m) 36.7 £ 6.6
Myocardial infarction history' 84 (5.0)
Stroke history' 32(1.9)
Systolic blood pressure (mm Hg) 128.6 + 14.3
Diastolic blood pressure (mm Hg) 779 +98
Hypertension 1308 (77.7)
Hyperlipidemia 1643 (97.6)
Total cholesterol (mg/dL) 163.3+ 374
High-density lipoprotein (mg/dL) 40.8+9.2
Low-density lipoprotein (mg/dL) 88.2+31.1
Framingham Risk Score! 242+ 159
SEVLT sum score 257+6.0

21.77 p value
1687° (50.1)°
58.0+9.72 <0.0016
590 (35.0)° 0.274¢
<0.001¢
1059 (62.8)
93 (5.5)
367 (21.8)
33(2.0)
135 (8.0)
0.037¢

145 (8.6)

351 (20.8)

445 (26.4)

449 (26.6)

297 (17.6)f

<0.001¢

952 (56.4)

483 (28.6)

252 (14.9)f

0.051°

543 (32.2)

870 (51.6)

197 (11.7)

77 (4.6)

162 (9.6)° <0.001¢
43+282 <0.001#
7.5+0.5" <0.0018

58.1+52 <0.001#

31.6+57" <0.0018
81 (4.8)° 0.861¢
33 (2.0)° 1.000¢
127.8 + 15.0" 0.130#
76.5+9.7" <0.0018
1125 (66.7)° <0.001¢
1605 (95.1)° <0.001¢
163.3 +37.3" 0.993¢
460+ 11.3" <0.0018

91.4 + 314" 0.0038

23.1+152" 0.0518

24.9 59" <0.0018

(Continues)
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TABLE 4 (Continued)
<1.77 21.77 p value
SEVLT last score 95+2.6 92x27" <0.001°
DSST score 472 +13.7 44.9 +13.8" <0.0018
WEF Letter score 125+43 12.3 £ 4.5 0.284#
WF Animal score 19.7£52 18.8 + 5.5" <0.0018

Note: Data are presented as mean # standard deviation or n (%). Continuous variables were compared using t tests and categorical variables using x2.
Abbreviations: DSST, Digit Symbol Substitution Test; GED, general equivalency diploma; SEVLT, Spanish English Verbal Learning Test; WF, word
fluency test.

#Row percentage.

PNumber of observations.

“Cell count and column %.

9pearson x? test with Yates continuity correction.

Pearson X test.

fCount and column %.

EWelch two sample t test.

PMean and standard deviation.

iAny major cardiovascular event in the past year, including history of myocardial infarction and stroke, is an exclusion criterion in GRADE.
JFramingham General Cardiovascular Risk Score for estimating the 10-year cardiovascular risk. The score is derived from a sex-specific Cox proportional
hazards model with the following covariates: age, total cholesterol, high-density lipoprotein cholesterol, systolic blood pressure, antihypertensive
medication use, current smoking, and diabetes status.

TABLE 5 Regression coefficient (B) and p values from least-squares regression models for the association of Matsuda index with
performance on tests of cognitive function

Model 1 Model 2 Model 3 Model 4

B p B p ] p B p
SEVLT immediate recall
Number 3367 3341 3340 3333
Matsuda -0.3541 <0.001 —0.1342 0.035 —-0.1393 0.033 -0.1672 0.010
SEVLT delayed recall
Number 3365 3339 3338 3331
Matsuda —0.165 <0.001 —0.0737 0.011 —0.0744 0.011 —0.085 0.004
DSST
Number 3366 3340 3339 3332
Matsuda —0.9569 <0.001 —0.2432 0.074 -0.213 0.120 -0.3222 0.019
Letter fluency
Number 3369 3343 3342 3335
Matsuda —0.0419 0.425 0.0478 0.347 0.0453 0.375 0.020 0.699
Animal fluency
Number 3369 3343 3342 3335
Matsuda -0.331 <0.001 -0.1195 0.042 —0.1157 0.050 0.1409 0.018

Note: Model 1 is the unadjusted model; Model 2 adds adjustment for age, race/ethnicity, sex, and education; Model 3 adds hemoglobin Alc at baseline
and duration of diabetes diagnosis; and Model 4 further adjusts for the Framingham Risk Score, depression, stroke history, and alcohol use.
Abbreviations: DSST, Digit Symbol Substitution Test; SEVLT, Spanish English Verbal Learning Test.

the data first before determining whether to use generalized additive
models to model nonlinear relationships. All relationships were
found to be linear and not appropriate to further explore nonlinear
associations.

Least-squares regression model output for the main risk factors
(BMI and Matsuda) for each of the cognitive responses (SEVLT, DSST,

letter fluency test, and animal fluency test) are shown in Tables 2-6.
The cognitive variables, BMI, and Matsuda were included as continu-
ous variables in all models. The covariates included in the models were
chosen a priori. The four separate models in Tables 2-6 are (1) unad-
justed,

(2) adjusted for age, race/ethnicity, sex, and education,

(3) model 2 plus HbA1c at baseline and duration of diabetes diagnosis,
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and (4) model 3 plus Framingham Risk Score, depression, stroke his-
tory, and alcohol use.

The p values in Figure 1A are from a least-squares regres-
sion of each of the responses on BMI categories adjusted for
age, race/ethnicity, sex, education, HbA1lc, duration of diabetes
diagnosis, Framingham Risk Score, depression, stroke history,
alcohol use, and Matsuda index. The means and 95% confidence
intervals are least-squares means (predicted marginal means) for
cognitive test score comparisons by BMI adjusted for age, race/
ethnicity, sex, education, HbAlc, duration of diabetes diagnosis,
Framingham Risk Score, depression, stroke history, alcohol use,
and Matsuda index. The p values in Figure 1B are from a least-
squares regression of each of the responses on Matsuda catego-
ries adjusted for age, race/ethnicity, sex, education, HbA1lc, dura-
tion of diabetes diagnosis, Framingham Risk Score, depression,
stroke history, alcohol use, and BMI. The means and 95% confi-
dence intervals are least-squares means for cognitive test score
comparisons by the Matsuda index adjusted for age, race/ethnic-
ity, sex, education, HbAlc, duration of diabetes diagnosis, Fra-
mingham Risk Score, depression, stroke history, alcohol use,
and BMI.

Obesity [o ERYY 15 VA KL

Because of previously reported effect modification by age in the
association between adiposity measures and cognition [5], we
explored interaction terms for age in all associations adjusted for sex
and education. We also explored interactions of BMI and the Matsuda
index and of BMI and ethnic and racial groups adjusted for age, sex,
and education. Given that the sample with insulin sensitivity data was
smaller than the sample with BMI, we conducted sensitivity analyses
of the association of BMI with cognitive measures restricted to the

sample with insulin sensitivity data.

RESULTS

Among the 5047 participants recruited into GRADE, 5018 (99.4%)
completed cognitive assessments. Their mean age was 56.7
+ 10.0 years, 36.4% were women, 52.9% were non-Hispanic White,
19.0% non-Hispanic Black, 18.6% were Hispanic, 3.6% were Asian,
2.8% were American Indian or Alaska Native, and 0.6% were Hawaiian
or Pacific Islanders. The mean type 2 diabetes duration was 4.0
+ 2.7 years, and the mean HbA1lc measured at baseline was 7.5%
+0.5% (58 + 3.1 mmol/mol).

TABLE 6 Regression coefficient and p values from least-squares regression models for the association of BMI and Matsuda index, tested

together, with performance on tests of cognitive function

Model 1 Model 2 Model 3 Model 4

B p B B p B p
SEVLT immediate recall
Number 3362 3336 3335 3329
BMI 0.111 <0.001 0.0317 0.044 0.0319 0.043 0.0367 0.019
Matsuda —0.1422 0.066 —0.0798 0.252 —0.082 0.240 —0.1048 0.136
SEVLT delayed recall
Number 3360 3334 3333 3327
BMI 0.0447 <0.001 0.0115 0.108 0.0115 0.107 0.0132 0.065
Matsuda —0.0785 0.023 —0.0524 0.098 —0.0531 0.095 —0.0609 0.057
DSST
Number 3361 3335 3334 3328
BMI 0.2402 <0.001 0.0414 0.219 0.0384 0.254 0.0485 0.148
Matsuda —0.5063 0.005 —0.1837 0.218 —0.1596 0.286 —0.2478 0.099
Letter fluency
Number 3364 3338 3337 3331
BMI 0.0471 <0.001 0.0176 0.163 0.018 0.152 0.0198 0.116
Matsuda 0.0472 0414 0.0771 0.166 0.0749 0.180 0.0538 0.340
Animal fluency
Number 3364 3338 3337 3331
BMI 0.1072 <0.001 0.0566 <0.001 0.0566 <0.001 0.0613 <0.001
Matsuda —0.1285 0.064 —0.0231 0.719 —0.0203 0.752 —0.0375 0.562

Note: Model 1 is the unadjusted model; Model 2 adds adjustment for age, race/ethnicity, sex, and education; Model 3 adds hemoglobin Alc at baseline
and duration of diabetes diagnosis; and Model 4 further adjusts for the Framingham Risk Score, depression, stroke history, and alcohol use.
Abbreviations: DSST, Digit Symbol Substitution Test; SEVLT, Spanish English Verbal Learning Test.
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FIGURE 1 (A) Comparison of adjusted means and 95% confidence intervals of cognitive test scores for BMI < 30 and 230. Means and p values

are adjusted for age, race/ethnicity, sex, education, hemoglobin Alc, duration of diabetes diagnosis, Framingham Risk Score, depression, stroke
history, alcohol use, and Matsuda index. P values are for comparisons between BMI groups. (B) Comparison of adjusted means and 95% confidence
intervals of cognitive test scores for Matsuda index (M) < 1.77 and 21.77 1/uU x mg/dL2. Means and p values are adjusted for age, race/ethnicity,
sex, education, hemoglobin Alc, duration of diabetes diagnosis, Framingham Risk Score, depression, stroke history, alcohol use, and BMI. P values
are for comparisons between Matsuda index groups. The cognitive tests are the Spanish English Verbal Learning Test immediate recall (SEVLT IR),
SEVL delayed recall (SEVLT DR), Digit Symbol Substitution Test (DSST), letter fluency test (WFT Letter), and animal fluency test (WFT Animal).

BMI and cognition

Table 1 shows the baseline characteristics and cognitive scores of the
GRADE cohort categorized by BMI status (with obesity vs. without
obesity). Of the 5038 participants with full data, 3592 (71.3%) had
BMI 2 30. As compared with individuals without obesity, those with
obesity were younger, were more likely to be female, were more likely
to be White, were less likely to be current smokers, were less likely to
drink alcohol, and were less likely to have depression. They also had
shorter known duration of diabetes. They had more hypertension, but
their Framingham Risk Score was lower. All cognitive test scores were
higher in the obesity group compared with those without obesity.
Table 2 shows the results of regression models relating BMI to
cognitive performance. In the model adjusted for demographics and

education (model 2), higher BMI was associated with higher scores on

immediate recall, delayed recall, and animal fluency. There were no
significant associations between BMI and DSST and letter fluency.
These findings persisted in the fully adjusted model, which included
measures of glycemia and cardiovascular risk. We conducted sensitiv-
ity analyses in the subsample with insulin sensitivity data and found
that the associations between higher BMI with higher scores on
immediate recall, delayed recall, and animal fluency were robust, but
the new significant associations between higher BMI with higher

scores on DSST and letter fluency appeared (Table 3).

Insulin sensitivity

Table 4 shows the baseline characteristics by Matsuda index categories.

Persons with higher Matsuda index (greater insulin sensitivity, less
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insulin resistance) were older, were less likely to be White, were more
likely to be current smokers, were less likely to report depression, had
longer diabetes duration, had lower HbAlc at baseline, and had
lower BMI.

Table 5 shows the relation of the Matsuda index with
cognitive performance. Higher Matsuda index (greater insulin
sensitivity) was related to lower performance in immediate recall,
delayed recall, and animal fluency in the model adjusted for demo-
graphics and education. These associations persisted in the fully
adjusted model. Higher insulin sensitivity was related to lower per-
formance on DSST in the crude model; this association was attenu-
ated and became nonsignificant in the models adjusting for
demographics (model 2) and glycemia (model 3) but became signifi-
cant in the fully adjusted model (model 4).

Adiposity and insulin sensitivity examined
simultaneously

Table 6 shows the regression coefficients relating BMI and the
Matsuda index tested simultaneously to cognitive performance in all
models. In the model adjusted for demographics (model 2), the rela-
tion of BMI with better SEVLT immediate recall and animal fluency
persisted, but the relation with better SEVLT delayed recall was no
longer significant. These associations for BMI persisted in the fully
adjusted model. None of the associations for the Matsuda index was
significant in the adjusted models. Figure 1 shows a comparison of
fully adjusted means of cognitive test scores between categories of
BMI and the Matsuda index. Persons with BMI > 30 had significantly
higher scores on SEVLT immediate recall, delayed recall, DSST, and
animal fluency. Persons with Matsuda index > 1.77 had consistently
higher scores on the cognitive tests, but these results were not signifi-
cant (p > 0.05).

Last, for the association between BMI and cognitive tests, we
explored effect modification by age, racial and ethnic group, and
Matsuda index. The interaction terms for age with BMI and the
Matsuda index with BMI were not significant (all had p > 0.05), sug-
gesting that the association between BMI and cognitive performance
in this sample was not modified by age or insulin sensitivity. Signifi-
cant interactions with BMI and race/ethnicity were found for SEVLT
delayed recall (p = 0.03), DSST score (p < 0.0001), and animal flu-
ency (p = 0.01). For SEVLT delayed recall we found that non-His-
panic Black individuals had a 0.0332 increase in mean SEVLT
delayed recall scor for a unit increase in BMI compared with non-
Hispanic White individuals (p = 0.008) and a 0.0366 increase in
mean SEVLT delayed recall score for a unit increase in BMI com-
pared with Hispanic individuals (p = 0.024). Both Hispanic and non-
Hispanic Black individuals had an increase in mean DSST score for a
unit increase in BMI (0.268, p < 0.001 and 0.219, p = 0.0002) com-
pared with non-Hispanic White individuals, respectively. For the ani-
mal fluency test, Hispanic individuals had a 0.0712 mean increase in
score for a unit increase in BMI compared with non-Hispanic White
individuals (p = 0.014).
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DISCUSSION

In this cross-sectional exploratory analysis of persons with type 2 dia-
betes of relatively short duration, we found that higher BMI was asso-
ciated with better performance on tests of recall (memory) and verbal
fluency. We also found that higher insulin sensitivity was related to
worse performance in these cognitive domains. After simultaneously
considering the association of BMI and insulin sensitivity with cogni-
tion, only the findings for BMI persisted, suggesting that the associa-
tion between higher BMI and better cognitive performance was
independent of insulin sensitivity. These findings were robust in
models adjusting for factors related to cognition such as age, sex, eth-
nic and racial group, glycemia, and cardiovascular risk factors. To the
best of our knowledge, this is the first study to explore the association
of BMI and insulin sensitivity with cognitive performance among per-
sons with type 2 diabetes. Given that our main finding is that higher
BMl is related to better cognitive performance independent of insulin
sensitivity, glycemia, and vascular risk profile, we focus our discussion
on the association between BMI and cognitive performance, with the
caveat that there is a dearth of studies examining this association in
persons with type 2 diabetes.

Greater BMI is related to adverse cerebrovascular outcomes,
including stroke and cerebral microvascular disease [21], and thus is
expected to be related to worse cognition. However, the association
between BMI and cognitive performance is controversial. Most studies
examining the association of BMI with cognitive performance in adults
have found that elevated BMI in middle age is related to worse cogni-
tive performance in later age [5, 22, 23], but the evidence in older
adults is mixed, with some studies showing worse cognitive perfor-
mance in relation to higher BMI [24], and other studies finding an
inverse association [5]. This paradox does not seem to be explained by
the type of adiposity measure used (e.g., BMI vs. measures of central
obesity). For example, an analysis in the Cardiovascular Health Study in
persons with and without diabetes aged 65 years and older compared
the association of multiple measures of adiposity, including BMI, waist
circumference, waist to hip ratio, and fat mass measured by bioelectri-
cal impedance, with cognitive performance. It found that BMI, waist cir-
cumference, waist to hip ratio, and fat mass were related to better
cognitive performance cross-sectionally and longitudinally [6], consis-
tent with our finding in a younger sample with type 2 diabetes.

We found ethnic differences in the relation of higher BMI with
improved scores on SEVLT total recall, DSST, and the animal fluency
test. In general, these associations were found to be stronger in His-
panic or non-Hispanic Black individuals compared with non-Hispanic
White individuals. This finding from exploratory analyses is hypothesis
generating, and we can only speculate about the mechanisms. It is pos-
sible that the accuracy of BMI as a measure of adiposity varies by eth-
nic group [25], and this can only be overcome with direct measurement
of fat depots, such as with the use of computed tomography [26].

Our study is cross-sectional, and we cannot make inferences
about causality. However, there may be plausible mechanisms that
could explain the association of higher BMI with better cognitive per-

formance. The adipokine leptin, which increases with higher BMI, has
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been hypothesized to be neuroprotective [27]. The Framingham Heart
Study reported that higher leptin levels were associated with a lower
risk of cognitive impairment and higher brain volume, a surrogate
marker of brain health [28]. Another factor that increases with BMI,
uric acid, has also been hypothesized to be neuroprotective [29]. We
do not have the data to test these potential mechanisms.

We must also consider potential factors that threaten the validity
of our findings, including confounding, bias, and chance. In terms of
confounding, our results were robust across models adjusting for
demographic, diabetes-related, and cardiovascular confounders. It
seems unlikely that our results were due to confounding, although
residual or unmeasured confounding is possible. In terms of bias, it
seems unlikely that cognitive testing was conducted differently
according to BMI or Matsuda index levels. It is also unlikely that per-
sons with dementia, who may have weight loss [30], were part of the
study because of the relatively young age of the cohort. The Matsuda
index has a smaller correlation with the euglycemic insulin clamp in
persons with diabetes compared with persons with normal glucose
tolerance and impaired glucose tolerance, which is likely due to a
decrease in insulin secretion among persons with diabetes [13]. This is
a source of measurement bias that could have led to regression dilu-
tion bias, that is, an underestimation of the association between the
Matsuda index and the cognitive tests. Our results for BMI in
the larger GRADE cohort with BMI and cognitive data were similar in
the smaller sample with insulin sensitivity data. Thus, selection bias
seems an unlikely explanation for our findings. It is possible that our
results are due to chance, particularly in a relatively large sample such
as the one used for this report, but the results were robust in different
analyses and models. Thus, chance seems unlikely.

There are multiple strengths in this analysis. The cohort is large,
well phenotyped, and diverse. The tests of cognition are widely used
and standardized. The known duration of type 2 diabetes was less
than 5 years on average, so that the effects of long duration hypergly-
cemia probably did not affect our analyses. In fact, glycemia was not
associated with cognitive performance in a cross-sectional analysis of
baseline data from this cohort [31]. Also, the prevalence of clinical car-
diac, cerebral, and renal diseases, which can confound the assessment
of cognitive function, was low.

Limitations of the study include a cross-sectional design, such that
the directionality of the association of obesity and insulin sensitivity
with measures of cognitive function cannot be established. It is possible
that the sample is relatively homogenous in terms of insulin sensitivity
because all participants had type 2 diabetes, limiting the study’s ability
to find an association between insulin sensitivity and cognitive perfor-
mance. In addition, the great majority of the sample was in the over-
weight and obesity BMI range, and comparisons with persons with
normal and underweight categories could not be made. Only 233 par-
ticipants had BMI < 25. A major limitation of BMI is the assumption that
excess weight is reflecting excess total body fat, without consideration
for where in the body the excess fat is located, and without consider-
ation for the effect that reduced or excess lean mass has on the inter-
pretation of BMI. BMI may be a suboptimal marker of adiposity in the
elderly [32], who are at highest risk of cognitive impairment. The

location of fat depots, such as visceral fat, has been demonstrated to
have greater importance in its relation to cardiovascular disease [26,
33], which may be an important mediator of cognitive outcomes.

Longitudinal analyses in GRADE will allow assessing whether
interventions that affect BMI and insulin sensitivity can affect cogni-
tive function.

CONCLUSION

In conclusion, higher BMI was related to better cognitive performance
among persons with type 2 diabetes of relatively short duration, inde-
pendent of insulin sensitivity. Although lower insulin sensitivity as
measured with the Matsuda index was related to better cognitive per-
formance, this association disappeared when BMI was included in sta-
tistical models. These results should be considered hypothesis
generating given the cross-sectional design and the exploratory nature
of our analyses.O

AUTHOR CONTRIBUTIONS

José A. Luchsinger contributed to the research design, acquisition, sta-
tistical analysis, and interpretation of data, supervision and manage-
ment of research, and critical review of this manuscript. Erin J. Kazemi
contributed to the research design, statistical analysis and interpreta-
tion of data, and drafting of this manuscript. Danurys L. Sanchez con-
tributed to the quality control of neuropsychological data, supervision
and management of research, and critical review of this manuscript.
Willy Marcos Valencia contributed to the acquisition of data, interpre-
tation of data, and critical review of this manuscript. Cyrus Desouza
contributed to the research design, acquisition of data, interpretation
of data and results, supervision and management of research, and crit-
ical review of the manuscript. Mary E. Larkin contributed to the
research design, interpretation of data, and critical review of this man-
uscript. Anders L. Carlson contributed to the acquisition of data,
supervision and management of research, and critical review of this
manuscript. Rodica Pop-Busui contributed to the research design,
interpretation of data, and critical review of this manuscript. Hermes
J. Florez contributed to the research design, interpretation of data,
and critical review of this manuscript. Elizabeth R. Seaquist contrib-
uted to the acquisition and interpretation of data, acquisition of fund-
ing, supervision and management of research, and critical review of
this manuscript. Joshua Barzilay contributed to the research design,
acquisition and interpretation of data, and drafting and critical review

of this manuscript.

ACKNOWLEDGMENTS

Educational materials have been provided by the National Diabetes
Education Program. Material support in the form of donated medi-
cations and supplies has been provided by Becton, Dickinson and
Company, Bristol-Myers Squibb, Merck, Novo Nordisk, Roche Diag-
nostics, and Sanofi. The content of this manuscript is solely the respon-
sibility of the authors and does not necessarily represent the official

views of the National Institutes of Health. This manuscript is based on



BMI, INSULIN SENSITIVITY, AND COGNITION

the baseline (pre- treatment) data from the 5047 participants enrolled
into the study. This baseline data will be archived with the National
Institute of Diabetes and Digestive and Kidney Diseases (NIDDK) data
repository and will be available for sharing with other investigators
in 2023.

FUNDING INFORMATION

GRADE is supported by a grant from the National Institute of Diabe-
tes and Digestive and Kidney Diseases (NIDDK) of the National Insti-
tutes of Health under award number U01DK098246. The planning of
GRADE was supported by a U34 planning grant from the NIDDK
(U34DK088043). The American Diabetes Association supported the
initial planning meeting for the U34 proposal. The National Heart,
Lung, and Blood Institute and the Centers for Disease Control and
Prevention also provided funding support. The Department of Vet-
erans Affairs provided resources and facilities. Additional support was
provided by grant numbers P30 DK017047, P30 DK020541-44, P30
DKO020572, P30 DK072476, P30 DK079626, P30 DK092926, U54
GM104940, UL1 TRO00439, UL1 TRO00445, UL1 TR001108, UL1
TRO01409, UL1 TR001449, UL1 TR002243, UL1 TR002345, UL1
TR002378, UL1 TR002489, UL1 TR002489, UL1 TR002529, UL1
TR0O02535, UL1 TR002537, and UL1 TR0O02548.

CONFLICT OF INTEREST STATEMENT

José A. Luchsinger reports personal fees from vTV and support from
Wolters Kluwer, outside the submitted work. Willy Marcos Valencia
reports travel support for a presentation for the American College of
Physicians in April 2022. Cyrus Desouza reports consulting fees from
Novo Nordisk and a leadership or fiduciary role on the NEBRA board,
outside the submitted work. Anders L. Carlson reports research sup-
port from Abbott, DexCare, Sanofi, Medtronic, Eli Lilly, Novo Nordisk,
Insulet, and United Health consulting fees from Sanofi, MannKind,
and Medtronic; payment or honoraria from Medscape; patents
planned, issued, or pending from HealthPartners Institute; data safety
monitoring board participation for the AIDE study and Intranasal Par-
kinson’s Study; and leadership roles on the JDRF Board within the Min-
nesota Chapter, outside the submitted work. Rodica Pop-Busui reports
consulting fees from Novo Nordisk, Averitas Pharma, Nevo Inc., and
Roche and a leadership role as the president elect for the American
Diabetes Association Board of Directors, outside the submitted work.

The other authors declared no conflict of interest.

CLINICAL TRIAL REGISTRATION
ClinicalTrials.gov identifier NCT01794143.

ORCID
José A. Luchsinger "2 https://orcid.org/0000-0002-5886-3648

Cyrus Desouza "> https://orcid.org/0000-0001-6660-0568

REFERENCES

1. Centers for Disease Control and Prevention. National Diabetes Statistics
Report. Estimates of Diabetes and its Burden in the United States. Updated
June 29, 2022. https://www.cdc.gov/diabetes/data/statistics-report/
index.html

10.

11.

12.

13.

15.

16.

17.

18.

19.

20.

21

22.

23.

Ol D - WILEYL*®

Biessels GJ, Strachan MW, Visseren FL, Kappelle LJ, Whitmer RA.
Dementia and cognitive decline in type 2 diabetes and prediabetic
stages: towards targeted interventions. Lancet Diabetes Endocrinol.
2014;2:246-255.

Gastaldelli A, Gaggini M, DeFronzo RA. Role of adipose tissue insulin
resistance in the natural history of type 2 diabetes: results from the
San Antonio Metabolism study. Diabetes. 2017;66:815-822.
Gustafson DR, Luchsinger JA. High adiposity: risk factor for dementia
and Alzheimer's disease? Alzheimers Res Ther. 2013;5:57. doi:10.
1186/alzrt221

Fitzpatrick AL, Kuller LH, Lopez OL, et al. Midlife and late-life obesity
and the risk of dementia: Cardiovascular Health Study. Arch Neurol.
2009;66:336-342.

Luchsinger JA, Biggs ML, Kizer JR, et al. Adiposity and cognitive
decline in the Cardiovascular Health Study. Neuroepidemiology. 2013;
40:274-281.

Ekblad LL, Rinne JO, Puukka P, et al. Insulin resistance predicts cog-
nitive decline: an 11-year follow-up of a nationally representative
adult population sample. Diabetes Care. 2017;40:751-758.

Wexler DJ, Krause-Steinrauf H, Crandall JP, et al; GRADE Research
Group. Baseline characteristics of randomized participants in the Gly-
cemia Reduction Approaches in Diabetes: A Comparative Effective-
ness Study (GRADE). Diabetes Care. 2019;42:2098-2107.

GRADE Study Research Group; Nathan DM, Lachin JM,
Balasubramanyam A, et al. Glycemia reduction in type 2 diabetes—
glycemic outcomes. N Engl J Med. 2022;387:1063-1074.

Nathan DM, Buse JB, Kahn SE, et al; GRADE Study Research Group.
Rationale and design of the Glycemia Reduction Approaches in Dia-
betes: A Comparative Effectiveness Study (GRADE). Diabetes Care.
2013;36:2254-2261.

Rasouli N, Younes N, Utzschneider KM, et al; GRADE Research
Group. Association of baseline characteristics with insulin sensitivity
and B-cell function in the Glycemia Reduction Approaches in Diabe-
tes: A Comparative Effectiveness (GRADE) Study cohort. Diabetes
Care. 2020;44:340.

National Heart, Lung, and Blood Institute, North American Associa-
tion for the Study of Obesity. The Practical Guide: Identification, Eval-
uation, and Treatment of Overweight and Obesity in Adults. NIH; 2000.
Matsuda M, DeFronzo RA. Insulin sensitivity indices obtained from
oral glucose tolerance testing: comparison with the euglycemic insu-
lin clamp. Diabetes Care. 1999;22:1462-1470.

Small SA, Mayeux R. A clinical approach to memory decline. J Psy-
chiatr Pract. 1999;5:87-94.

Royall DR, Lauterbach EC, Cummings JL, et al. Executive control
function. J Neuropsychiatry Clin Neurosci. 2002;14:377-405.
Gonzalez HM, Mungas D, Reed BR, Marshall S, Haan MN. A new
verbal learning and memory test for English- and Spanish-speaking
older people. J Int Neuropsychol Soc. 2001;7:544-555.

Wechsler D. Wechsler Adult Intelligence Scale-Revised. Psychological
Corporation; 1988.

Goodglass H, Kaplan E. Assessment of Aphasia and Related Disorders.
Lea and Febiger; 1983.

Benton AL, Hamsher K. Multilingual Aphasia Examination. University
of lowa; 1983.

Wang TJ, Massaro JM, Levy D, et al. A risk score for predicting stroke
or death in individuals with new-onset atrial fibrillation in the commu-
nity: the Framingham Heart Study. JAMA. 2003;290:1049-1056.

Suk S-H, Sacco RL, Boden-Albala B, et al. Abdominal obesity and risk
of ischemic stroke. Stroke. 2003;34:1586-1592.

Whitmer RA, Gustafson DR, Barrett-Connor E, Haan MN,
Gunderson EP, Yaffe K. Central obesity and increased risk of dementia
more than three decades later. Neurology. 2008;71:1057-1064.
Whitmer RA, Gunderson EP, Barrett-Connor E, Quesenberry CP Jr,
Yaffe K. Obesity in middle age and future risk of dementia: a 27 year
longitudinal population based study. BMJ. 2005;330:1360. doi:10.
1136/bm;j.38446.466238.E0


ClinicalTrials.gov
https://orcid.org/0000-0002-5886-3648
https://orcid.org/0000-0002-5886-3648
https://orcid.org/0000-0001-6660-0568
https://orcid.org/0000-0001-6660-0568
https://www.cdc.gov/diabetes/data/statistics-report/index.html
https://www.cdc.gov/diabetes/data/statistics-report/index.html
info:doi/10.1186/alzrt221
info:doi/10.1186/alzrt221
info:doi/10.1136/bmj.38446.466238.E0
info:doi/10.1136/bmj.38446.466238.E0

LARVIBSE Obesity (ol

24,

25.

26.
27.
28.
29.

30.

31

BMI, INSULIN SENSITIVITY, AND COGNITION

Gustafson D, Rothenberg E, Blennow K, Steen B, Skoog I. An
18-year follow-up of overweight and risk of Alzheimer disease. Arch
Intern Med. 2003;163:1524-1528.

Heymsfield SB, Peterson CM, Thomas DM, Heo M, Schuna JM Jr.
Why are there race/ethnic differences in adult body mass index-
adiposity relationships? A quantitative critical review. Obes Rev.
2016;17:262-275.

Mongraw-Chaffin M, Allison MA, Burke GL, et al. CT-derived body fat
distribution and incident cardiovascular disease: the Multi-Ethnic Study
of Atherosclerosis. J Clin Endocrinol Metab. 2017;102:4173-4183.
Signore AP, Zhang F, Weng Z, Gao Y, Chen J. Leptin neuroprotection
in the CNS: mechanisms and therapeutic potentials. J Neurochem.
2008;106:1977-1990.

Lieb W, Beiser AS, Vasan RS, et al. Association of plasma leptin levels
with incident Alzheimer disease and MRI measures of brain aging.
JAMA. 2009;302:2565-2572.

Haberman F, Tang S-C, Arumugam TV, et al. Soluble neuroprotective
antioxidant uric acid analogs ameliorate ischemic brain injury in mice.
Neuromolecular Med. 2007;9:315-323.

Tamura BK, Masaki KH, Blanchette PL. Weight loss in patients with
Alzheimer’s disease. J Nutr Elder. 2008;26:21-38.

Luchsinger JA, Younes N, Manly JJ, et al; GRADE Research Group.
Association of glycemia, lipids, and blood pressure with cognitive
performance in people with type 2 diabetes in the Glycemia

32.

33.

Reduction Approaches in Diabetes: A Comparative Effectiveness
Study (GRADE). Diabetes Care. 2021;44:2286-2292.

Batsis JA, Mackenzie TA, Bartels SJ, Sahakyan KR, Somers VK,
Lopez-Jimenez F. Diagnostic accuracy of body mass index to identify
obesity in older adults: NHANES 1999-2004. Int J Obes (Lond). 2016;
40:761-767.

Terry JG, Shay CM, Schreiner PJ, et al. Intermuscular adipose tissue
and subclinical coronary artery calcification in midlife: the CARDIA
study (Coronary Artery Risk Development in Young Adults). Arterios-
cler Thromb Vasc Biol. 2017;37:2370-2378.

SUPPORTING INFORMATION

Additional supporting information can be found online in the Support-

ing Information section at the end of this article.

How to cite this article: Luchsinger JA, Kazemi EJ,

Sanchez DL, et al. BMI, insulin sensitivity, and cognition in
early type 2 diabetes: The Glycemia Reduction Approaches in
Diabetes: A Comparative Effectiveness Study. Obesity (Silver
Spring). 2023;31(7):1812-1824. doi:10.1002/0by.23785


info:doi/10.1002/oby.23785

	BMI, insulin sensitivity, and cognition in early type 2 diabetes: The Glycemia Reduction Approaches in Diabetes: A Comparat...
	INTRODUCTION
	METHODS
	What is already known?
	What does this study add?
	Independent variables: BMI and insulin sensitivity
	Dependent variables: cognitive measures
	Covariates
	Statistical analysis

	RESULTS
	BMI and cognition
	Insulin sensitivity
	Adiposity and insulin sensitivity examined simultaneously

	DISCUSSION
	CONCLUSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	FUNDING INFORMATION
	CONFLICT OF INTEREST STATEMENT
	CLINICAL TRIAL REGISTRATION
	REFERENCES


