
Luchsinger Jose A (Orcid ID: 0000-0002-5886-3648) 
Desouza Cyrus (Orcid ID: 0000-0001-6660-0568) 
 
 
TITLE: Body Mass Index, Insulin Sensitivity, and Cognition in Early Type 2 Diabetes: the GRADE study 

AUTHORS: José A Luchsinger1, Erin J. Kazemi 2, Danurys L. Sanchez 3, Mary E. Larkin4, Willy 

Marcos Valencia 5,6,7, Cyrus Desouza 8, Anders L. Carlson 9, Rodica Pop-Busui 10, Elizabeth R. 

Seaquist 11, Hermes J. Florez 5,6,12, Joshua Barzilay 13, and the GRADE Research Group14 

1. Departments of Medicine and Epidemiology, Columbia University Irving Medical Center, 

New York, NY.  

2. The Biostatistics Center, Department of Biostatistics and Bioinformatics, Milken Institute of 

Public Health, The George Washington University, Rockville, MD.  

3. Department of Neurology, Gertrude H Hergievsky Center, Columbia University Irving 

Medical Center, New York, NY. 

4. Massachusetts General Hospital Diabetes Center, Harvard Medical School, Boston, MA. 

5. Department of Medicine, University of Miami, Miami, FL 

6. Geriatrics Research, Education, and Clinical Center, Miami VA Healthcare System 

7. Department of Humanities, Heath and Society, Florida International University, Miami, FL 

8. Omaha VA Medical Center and University of Nebraska Medical Center, Omaha NE 

9. International Diabetes Center, Minneapolis, MN 

10. Department of Internal Medicine, University of Michigan, Ann Arbor, MI 

11. Department of Medicine, University of Minnesota, Minneapolis, MN. 

12. Medical College of South Carolina, Charleston, SC 

13. Kaiser Permanente of Georgia, Duluth, GA.  

14. GRADE Research Group Listing (Supplemental Item 1) 

 

KEY WORDS (3 TO 5): body mass index, insulin sensitivity, Matsuda index, cognition, type 2 

diabetes  

 

RUNNING TITLE (50 CHARACTERS); Body mass index, insulin sensitivity, and cognition 

 This is the author manuscript accepted for publication and has undergone full peer review but has not
been through the copyediting, typesetting, pagination and proofreading process, which may lead to
differences between this version and the Version of Record. Please cite this article as doi:
10.1002/oby.23785

This article is protected by copyright. All rights reserved.

http://orcid.org/0000-0002-5886-3648
http://orcid.org/0000-0001-6660-0568
http://dx.doi.org/10.1002/oby.23785
http://dx.doi.org/10.1002/oby.23785


CONTACT INFORMATION: JA Luchsinger c/o The George Washington University Biostatistics 

Center/GRADE Coordinating Center; Address: 6110 Executive Boulevard, Suite 750, Rockville, MD 

20852; Telephone Number: 301-881-9260; Fax Number:  301-881-4471; Email address: 

grademail@bsc.gwu.edu  

WORD COUNT: Text : 3,756; abstract: 188 

 

CLINICAL TRIAL REGISTRATION: NCT01794143 

 
FUNDING:  
 
The GRADE Study is supported by a grant from the National Institute of Diabetes and Digestive and 

Kidney Diseases (NIDDK) of the National Institutes 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 Veterans Affairs 

provided resources and facilities. 

 

DISCLOSURE  

JAL reports personal fees from vTV Therapeutics, “other” support from Wolters Kluwer, outside the 

submitted work. WMV reports travel support for a presentation for the American College of 

Physicians in April 2022. CD reports consulting fees from Novo Nordisk and, leadership or fiduciary 

role on the NEBRA board, outside the submitted work. ALC reports research support from Abbott, 

DexCare, Sanofi, Medtronic, Eli Lilly, Novo Nordisk, Insulet, United Health, and the National Institutes 

of Health; consulting fees to 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 Parkinson’s Study; and leadership roles on the 

JDRF Board within the Minnesota Chapter, outside the submitted work. RPB reports the following 

grants or contracts: R01DK107956; U01DK119083; 1U01 DK0945157; R01DK116723; consulting 

about:blank
about:blank


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. 

HJF reports support from the University of Miami Miller School of Medicine, the Miami VA Healthcare 

System – GRECC, and grants or contracts from NIH – NIDDK and the Department of Veterans 

Affairs –GRECC. EK, DLS, MEL, ERS, and JB have nothing to disclose. 

AUTHOR CONTRIBUTIONS 

JAL contributed to the research design, acquisition, statistical analysis, and interpretation of data, 

supervision and management of research, and critical review of this manuscript. EK contributed to 

the research design, statistical analysis and interpretation of data, and drafting of this manuscript. 

DLS contributed to quality control of neuropsychological data, the supervision and management of 

research, and the critical review of this manuscript. WV contributed to the acquisition of data, 

interpretation of data, and critical review of this manuscript. CD contributed to the research design, 

acquisition of data, interpretation of data and results, supervision and management of research, and 

the critical review of the manuscript. MEL contributed to the research design, interpretation of data, 

and critical review of this manuscript. ALC contributed to the acquisition of data, supervision and 

management of research, and the critical review of this manuscript. RPB contributed to the design, 

interpretation of data, and critical review of this manuscript. HF contributed to the research design, 

interpretation of data, and critical review of this manuscript. ES contributed to the acquisition, and 

interpretation of data, acquisition of funding, supervision and management of research, and critical 

review of this manuscript. JB contributed to the design of the research, acquisition and interpretation 

of data, and drafting and critical review of this manuscript. 



STUDY IMPORTANCE QUESTIONS 

- What is already known about this subject?  

• Persons with type 2 diabetes have worse cognitive performance than persons without type 2 

diabetes. 

• Among persons with type 2 diabetes, it is not known whether body mass index and insulin 

sensitivity are related to cognitive performance.  

- What does your study add?  

• This is the first study to explore the association of body mass index and insulin sensitivity with 

cognitive performance in persons with type 2 diabetes.  

• We found that higher body mass index was related to better cognitive performance, 

independent of insulin sensitivity, glycemia, and cardiovascular risk factors. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



ABSTRACT  

Objective: To explore the association of body mass index (BMI) and insulin sensitivity with cognitive 

performance in persons with type 2 diabetes. 

Methods: Cross-sectional analysis of data from the baseline assessment of the Glycemia Reduction 

Approaches in Diabetes: a comparative effectiveness study (GRADE). We used BMI 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 test.  

Results: 5,018 (99.4%) of 5,047 participants aged 56.7 ± 10.0 years and 36.4% female completed 

cognitive assessments. Higher BMI and lower insulin sensitivity were related to better performance in 

memory and verbal fluency 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 persons with type 2 diabetes 

was cross-sectionally associated with better cognitive performance. However, only higher BMI was 

related to cognitive performance when both BMI and insulin sensitivity were considered simultaneously. 

The causality and mechanisms for this association need to be determined in future studies.  

 

 

 

 

 

 

 

 

 

 



INTRODUCTION 

Persons 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 among persons 

with type 2 diabetes are poorly understood. High body mass index (BMI) and lower insulin sensitivity 

are two important conditions associated with type 2 diabetes (3), but their association with cognition in 

persons with type 2 diabetes is not clear. To the best of our knowledge, no study has examined the 

simultaneous relation of BMI and insulin sensitivity with cognitive performance among persons with 

type 2 diabetes. 

The association between BMI and cognition is controversial (4). Studies in the general 

population in the midlife age period suggest that higher BMI is related to worse cognitive function cross-

sectionally and longitudinally (5), while some studies in persons 65 years and older suggest that higher 

BMI is related to better cognitive performance (6). Elevated BMI is generally accompanied by lower 

insulin sensitivity (3), which is 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 comparative effectiveness study 

(GRADE) (8). 

 

METHODS 

This is a cross-sectional analysis of the baseline assessment of participants enrolled in the GRADE 

study who completed cognitive assessments. The GRADE study examined the impact of 4 classes of 

glucose lowering medications added to metformin therapy (1000 to 2000 mg per day) on glycemic 

control: glargine insulin, glimepiride (sulfonylurea), liraglutide (Glucagon Like Peptide-1 (GLP-1) 

receptor agonist), and sitagliptin (Dipeptidyl Peptidase-4 inhibitor [DPP4i]). Eligibility criteria (8) included 

type 2 diabetes of less than 10 years duration treated with metformin alone, age greater than 30 years 

at time of diagnosis, baseline hemoglobin A1c (HbA1c) between 6.8 and 8.5% (51 and 69 mmol/mol), 



and estimated glomerular filtration rate (eGFR) 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 stages 3 or 4. Clinic examinations included medical history and 

medications, along with assessment of body size, blood pressure, laboratory measurements and 

electrocardiogram. No cognitive screening was conducted as part of the eligibility assessment. The 

primary outcome of the GRADE study was glycated hemoglobin level, measured quarterly, of 7.0% or 

higher, and the secondary metabolic outcome was a confirmed glycated hemoglobin level greater than 

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 during the planned follow-up 4 to 7 years (10). This report focuses on the a priori 

planned baseline assessment.  

Analyses for BMI included 5,038 participants with complete data on BMI and cognition. Analyses for 

insulin sensitivity included 3,370 subjects with complete data for serum insulin levels derived from 

baseline OGTT and cognition; those excluded were subjects randomized to insulin glargine, who did 

not undergo insulin sensitivity testing (11). Insulin measurement in these participants has been deferred 

due to 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).  

 

Independent variables: BMI and insulin sensitivity.  

BMI was calculated as weight in kilograms (kg) divided by height in meters squared (m2). Higher BMI 

indicates greater adiposity. Since all participants had a BMI of 25 kg/m2 or greater, BMI was 

dichotomized as with obesity (BMI ≥ 30 kg/m2), or without obesity (BMI < 30 kg/m2) following National 

Heart Lung and Blood Institute guidelines (12) for bivariate analyses but was examined as continuous 

variable in multivariate analyses.  



The measure of insulin sensitivity was the Matsuda Index, derived from glucose and insulin values 

measured during a 75 gm oral glucose tolerance test (13). It is calculated as 104/(I0 x G0 x Im x Gm)1/2, 

where G0  and I0 are the fasting glucose and insulin, and Gm and Im are the mean glucose and insulin. 

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 cutoff, 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 6 standard 

deviations above and below the mean. For multivariate analyses, the Matsuda index was examined as 

a continuous variable.  Glucose was measured in EDTA plasma by a hexokinase method on a cobas 

c501 chemistry analyzer (Roche Diagnostics, Indianapolis, IN). Insulin and C-peptide were measured in 

EDTA plasma on a cobas e601 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 information (14) while 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 consists of recalling a list of 15 words in 3 trials of immediate 

recall and 1 trial after a distractor list. For the SEVLT, we examined two outcomes, the sum of the 

number of words recalled in the first 3 trials (immediate recall), and the score of the 4th trial after the 

distractor list (delayed recall). The tests of frontal-executive abilities were the total score in 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 one 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 one 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 associated 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 covariates included hemoglobin A1c (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 (mg/dL), HDL cholesterol (mg/dL), 

systolic blood pressure (mmHg), antihypertensive medication use, current smoking, and diabetes 

status. Depression was ascertained with a positive response to the question “are you depressed?” or 

use of anti-depression medications. Stroke history and alcohol use were ascertained by self-report. 

 

Statistical analysis: 

For bivariate analyses, BMI and Matsuda Index subgroups were defined prior to analysis as BMI 

greater than or equal to 30 kg/m2, and Matsuda Index less than 1.77, respectively.  Continuous 

variables were summarized across groups using means ± standard deviations and medians and 

interquartile ranges for variables with skewed distributions, while discrete variables were summarized 

using cell counts and column percentages. 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 BMI/Matsuda 

categories was assessed using χ2 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 Matsuda index with cognitive 

measures using graphical analysis of 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, WF-letter and WF-animal fluency) are shown in Tables 2, 3, 5, 

and 6. The cognitive variables, BMI and Matsuda are included as continuous variables in all models. 

The covariates included in the models were chosen a priori. The four separate models in Tables 2, 3 5, 

and 6 are 1) unadjusted, 2) adjusted for age, race/ethnicity, sex, education, 3) model 2 plus HbA1c at 

baseline and duration of diabetes diagnosis and 4) model 3 plus Framingham Risk Score, depression, 

stroke history, and alcohol use.  

The p values in Figure 1A are from a least-squares regression of each of the responses on BMI 

categories adjusted for age, race/ethnicity, sex, education, HbA1c, 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, HbA1c, 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 

categories adjusted for age, race/ethnicity, sex, education, HbA1c, duration of diabetes diagnosis, 

Framingham Risk Score, depression, stroke history, alcohol use, and BMI. The means and 95% 

confidence intervals are least-squares means for cognitive test score comparisons by Matsuda Index 

adjusted for age, race/ethnicity, sex, education, HbA1c, duration of diabetes diagnosis, Framingham 

Risk Score, depression, stroke history, alcohol use, and BMI. 



 

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 Matsuda index, and 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 5,047 participants recruited into GRADE, 5,018 (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 HbA1c measured at baseline was 7.5 ± 0.5% (58 ± 3.1 mmol/mol).  

 

Body mass index 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 5,038 participants with full data, 3,592 (71.3%) had 

a BMI ≥ 30. As compared to individuals without obesity, those with obesity were younger, were more 

likely to be female, to be White, were less likely to be current smokers, were less likely to drink alcohol, 

and 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 in 



immediate recall, delayed recall and animal fluency. There were no significant associations between 

BMI and DSST and letter fluency scores.  These findings persisted in the fully adjusted model, which 

included measures of glycemia and cardiovascular risk.  We conducted sensitivity analyses in the 

subsample with insulin sensitivity data and found that the associations between higher BMI with higher 

scores in immediate recall, delayed recall and animal fluency were robust, but the new significant 

associations between of higher BMI with higher scores in 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 insulin resistance), were older, less likely to be white, more likely 

to be current smokers, less likely to report depression, had longer diabetes duration, had a lower 

HbA1c at baseline, and 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 demographics and education. These associations persisted in 

the fully adjusted model. Higher insulin sensitivity was related to lower performance in the DSST in the 

crude model; this association was attenuated and became non-significant in the models adjusting for 

demographics (model 2) and glycemia (model 3) but became significant 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 relation 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 were significant in the adjusted models. Figure 1 shows 



a comparison of fully adjusted means of cognitive test scores between categories of BMI and Matsuda 

index. Persons with BMI ≥ 30 had significantly higher scores in SEVLT immediate recall, delayed recall, 

DSST and animal fluency tests. Persons with Matsuda Index ≥ 1.77 had consistently higher scores for 

the cognitive tests, but these results were not significant (p>0.05).  

Lastly, 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 Matsuda Index with 

BMI were not significant (all had p > 0.05). Suggesting that the association between BMI and cognitive 

performance in this sample was not modified by age or insulin sensitivity. Significant Interactions with 

BMI and race/ethnicity were found for SEVLT delayed recall (p = 0.03), DSST score (p < 0.0001), and 

animal fluency (p = 0.01). For the SEVLT delayed recall we found that Non-Hispanic Blacks have a 

0.0332 increase in mean SEVLT delayed recall for a unit increase in BMI compared to Non-Hispanic 

Whites (p = 0.008) and a 0.0366 increase in mean SEVLT delayed recall for a unit increase in BMI 

compared to Hispanics (p = 0.024). Both Hispanics and non-Hispanic Blacks had an increase in mean 

DSST for a unit increase in BMI (0.268, p < 0.001 and 0.219, p = 0.0002) compared to Non-Hispanic 

Whites, respectively. For the animal fluency test, Hispanics had a 0.0712 mean increase in score for a 

unit increase in BMI compared to Non-Hispanic Whites (p = 0.014). 

 

 

DISCUSSION 

In this cross-sectional exploratory analysis of persons with type 2 diabetes of relatively short 

duration, we found that higher BMI was associated 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 cognition, only the findings for BMI persisted, suggesting that the association 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, and ethnic 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 persons with type 2 

diabetes. Given that our main finding is that higher BMI 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 cognitive performance in later age (5, 22, 23) but the evidence in older adults is mixed, 

with some studies showing worse cognitive performance 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 bioelectrical impedance, with cognitive performance. It found that BMI, waist 

circumference, waist to hip ratio, and fat mass, were related to better cognitive performance cross-

sectionally and longitudinally (6), consistent with our finding in a younger sample with type 2 diabetes.  

We found ethnic differences in the relation of higher BMI with improved scores in the SEVLT 

total recall, DSST, and the animal fluency test. In general, these associations were found to be stronger 

in Hispanics or non-Hispanic Blacks compared with Non-Hispanic Whites. This finding from exploratory 

analyses is hypothesis generating, and we can only speculate about the mechanisms. It is possible that 

the accuracy of BMI as a measure of adiposity varies by ethnic group (25), and this can be only 

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 

performance. The adipokine leptin, which increases with higher BMI, has 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 persons 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 lower 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 

dilution 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 hyperglycemia 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 cardiac, 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 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 have 

type 2 diabetes, limiting the study’s ability to find an association between insulin sensitivity and 

cognitive performance. In addition, the great majority of the sample was in the overweight and obesity 

BMI range and comparisons with persons with normal and underweight categories could not be made. 

Only 233 subjects had a BMI of less than 25 k/m2. 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 consideration for the effect that reduced or excess lean mass has on the 

interpretation 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 the GRADE study will allow to assess whether interventions that affect BMI 

and insulin sensitivity, can affect cognitive function.  

 

CONCLUSION. 

In conclusion, higher BMI is related to better cognitive performance among persons with type 2 

diabetes of relatively short duration, independent of insulin sensitivity. While lower insulin sensitivity as 

measured with the Matsuda Index was related to better cognitive performance, this association 

disappeared when BMI was included in statistical models. These results should be considered 

hypothesis generating given the cross-sectional design and the exploratory nature of our analyses.  
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The Glycemia Reduction Approaches in Diabetes: A Comparative Effectiveness Study (GRADE) is 

being conducted with funding from the National Institute of Diabetes and Digestive and Kidney 

Diseases (NIDDK). This manuscript is based on the baseline (pre- treatment) data from the 5047 

participants enrolled into the study. This baseline data will be archived with the NIDDK data 

repository and will be available for sharing with other investigators in 2023. 
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Table 1. Comparison of characteristics between body mass index (BMI) categories. Continuous 

variables were compared using T-tests and categorical variables using chi-squared.  

 BMI < 30 BMI ≥ 30 p-value 

Number of participants 1,446 3,5921  

Age ± standard deviation in years 59.0±9.9 56.4±9.92 <0.0016 

Female  461 (31.9%) 1,375 (38.3%)3 <0.0017 

Race/ethnicity   <0.0018 

White 679 (47.4%) 2,038 (57.2%)4  

Asian 113 (7.9%) 70 (2.0%)  

Black 270 (18.9%) 270 (18.9%)  

Hispanic 323 (22.6%) 709 (19.9%)  

Native American 22 (1.5%) 98 (2.7%)  

Other 25 (1.7%) 46 (1.3%)  

Highest level of school achieved   <0.0018 

Less than high school 136 (9.4%) 228 (6.3%)  

High school/GED 292 (20.2%) 746 (20.8%)  

Some college 369 (25.5%) 1,091 (30.4%)  

College 376 (26.0%) 955 (26.6%)  

Graduate School 273 (18.9%) 571 (15.9%)4  

Smoking    <0.0018 

Never 803 (55.5%) 1,928 (53.7%)  

Past 411 (28.4%) 1,202 (33.5%)  

Current 232 (16.0%) 462 (12.9%)4  

Frequency of alcohol use   <0.0018 

Never 489 (33.8%) 1,185 (33.0%)  

Occasionally 697 (48.2%) 1,920 (53.5%)  

Weekly 176 (12.2%) 385 (10.7%)  
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 BMI < 30 BMI ≥ 30 p-value 

Daily 84 (5.8%) 102 (2.8%)4  

Depression diagnosis or medication9 147 (10.2%) 525 (14.6%)3 <0.0017 

Diabetes duration (years) 4.5±2.9 3.9±2.72 <0.0016 

Hemoglobin A1c (%) 7.4±0.5 7.5±0.52 <0.0016 

Hemoglobin A1c (mmol/mol) 57.9±5.3 58.5±5.3 <0.0016 

Myocardial infarction history11 84 (5.8%) 167 (4.6%)3 0.1017 

Stroke history11 33 (2.3%) 63 (1.8%)3 0.2607 

Systolic blood pressure (mmHg) 126.9±14.9 128.9±14.62 <0.0016 

Diastolic blood pressure (mmHg) 75.6±9.5 78.0±9.92 <0.0016 

Hypertension 931 (64.4%) 2,732 (76.1%)3 <0.0017 

Hyperlipidemia 1,106 (76.5%) 2,738 (76.2%)3 0.8727 

Total cholesterol (mg/dL) 164.4±39.2 163.6±37.12 0.4776 

High density lipoprotein (mg/dL) 45.7±11.7 42.5±9.92 <0.0016 

Low density lipoprotein (mg/dL) 91.5±32.9 90.2±31.22 0.1776 

Framingham Risk Score10 24.4±15.9 23.3±15.22 0.0186 

Matsuda (1/uU*mg/dL2) 3.1±1.8 1.8±1.12 <0.0016 

SEVLT immediate recall score 24.4±5.8 25.6±5.92 <0.0016 

SEVLT delayed score 9.0±2.6 9.5±2.72 <0.0016 

DSST score 43.9±13.7 46.9±13.82 <0.0016 

WF-Letter score 12.1±4.5 12.5±4.42 0.0116 

WF-Animal score 18.4±5.3 19.6±5.42 <0.0016 

1Number of observations; 2Mean and standard deviation; 3Cell count and column %; 4Count and column 
%; 5Median and quartiles; 6Welch Two Sample t-test; 7Pearson’s Chi-squared test with Yates’ continuity 
correction; 8Pearson’s Chi-squared test; 9Question implemented in October 2015. 10Framingham 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 
(mg/dL), HDL cholesterol (mg/dL), systolic blood pressure (mmHg), antihypertensive medication use, 
current smoking, and diabetes status. 11Any major cardiovascular event in the past year, including history 
of myocardial infarction and stroke, is an exclusion criteria in the GRADE study. 
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Table 2. Regression coefficient (ß) and p values from least squares regression models for the association 

of body mass index (BMI) with performance in tests of cognitive function. Model 1 is the unadjusted 

model; Model 2 adds adjustment for age, race/ethnicity, sex, education; Model 3 adds HbA1c at baseline 

and duration of diabetes diagnosis; and Model 4 further adjusts for the Framingham Risk Score, 

depression, stroke history, and alcohol use 

 Model 1 Model 2 Model 3 Model 4 

 ß p ß p ß p ß p 

Spanish English Verbal Learning Test immediate recall  

Number 5007 4966 4965 4953 

BMI 0.122 <0.001 0.0381 <0.001 0.0387 <0.001 0.0446 <0.001 

Spanish English Verbal Learning Test delayed recall 

Number 5005 4964 4963 4951 

BMI 0.0525 <0.001 0.0161 0.002 0.0161 0.002 0.0185 <0.001 

Digit Symbol Substitution Test 

Number 5003 4962 4961 4949 

BMI 0.2533 <0.001 0.0304 0.215 0.0298 0.226 0.0468 0.058 

Letter Fluency 

Number 5009 4968 4967 4955 

BMI 0.0328 <0.001 0.0029 0.751 0.0041 0.655 0.0089 0.338 

Animal Fluency 

Number 5009 4968 4967 4955 

BMI 0.1027 <0.001 0.0497 <0.001 0.0502 <0.001 0.0558 <0.001 
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Table 3. Regression coefficient (ß) and p values from least squares regression models for the association 

of body mass index (BMI) with performance in tests of cognitive function restricted to those with insulin 

sensitivity data. Model 1 is the unadjusted model; Model 2 adds adjustment for age, race/ethnicity, sex, 

education; Model 3 adds HbA1c at baseline and duration of diabetes diagnosis; and Model 4 further 

adjusts for the Framingham Risk Score, depression, stroke history, and alcohol use 

 Model 1 Model 2 Model 3 Model 4 

 ß p ß p ß p ß p 

Spanish English Verbal Learning Test immediate recall  

Number 3362 3362 3360 3354 

BMI 0.124 <0.001 0.0593 <0.001 0.0592 <0.001 0.0641 <0.001 

Spanish English Verbal Learning Test delayed recall 

Number 3360 3360 3358 3352 

BMI 0.0515 <0.001 0.0224 <0.001 0.0222 <0.001 0.0238 <0.001 

Digit Symbol Substitution Test 

Number 3361 3361 3359 3353 

BMI 0.289 <0.001 0.115 <0.001 0.1078 <0.001 0.1207 <0.001 

Letter Fluency 

Number 3364 3364 3362 3356 

BMI 0.0432 <0.001 0.0234 0.037 0.0242 0.031 0.0274 0.015 

Animal Fluency 

Number 3364 3364 3362 3356 

BMI 0.1027 <0.001 0.0497 <0.001 0.0502 <0.001 0.0558 <0.001 
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Table 4: Comparison of characteristics between Matsuda index categories. Continuous variables were 

compared using T-tests and categorical variables using chi-squared. 

 < 1.77 ≥ 1.77 p-value 

Number of participants 1,683 (49.9%)0 1,6871 (50.1%)0  

Age ± standard deviation in years 56.4 ± 10.2 58.0 ± 9.72 <0.0016 

Female 620 (36.8%) 590 (35.0%)3 0.2747 

Race/ethnicity   <0.0018 

White 1,190 (70.7%) 1,059 (62.8%)  

Asian/Hawaiian/Pacific Islander 64 (3.8%) 93 (5.5%)  

Black or African-American 239 (14.2%) 367 (21.8%)  

American Indian/Alaska Native 70 (4.2%) 33 (2.0%)  

Other/unknown 120 (7.1%) 135 (8.0%)  

Highest level of school achieved   0.0378 

Less than high school 103 (6.1%) 145 (8.6%)  

High school/GED 360 (21.4%) 351 (20.8%)  

Some college 495 (29.4%) 445 (26.4%)  

College 439 (26.1%) 449 (26.6%)  

Graduate School 286 (17.0%) 297 (17.6%)4  

Smoking   <0.0018 

Never 881 (52.3%) 952 (56.4%)  

Past 587 (34.9%) 483 (28.6%)  

Current 215 (12.8%) 252 (14.9%)4  

Frequency of alcohol use   0.0518 

Never 584 (34.7%) 543 (32.2%)  

Occasionally 875 (52.0%) 870 (51.6%)  

Weekly 171 (10.2%) 197 (11.7%)  

Daily 53 (3.1%) 77 (4.6%)4  
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 < 1.77 ≥ 1.77 p-value 

Depression diagnosis or medication 272 (16.2%) 162 (9.6%)3 <0.0017 

Diabetes duration (years) 3.8 ± 2.7 4.3 ± 2.82 <0.0016 

Hemoglobin A1c (%) 7.5±0.5 7.5±0.52 <0.0016 

Hemoglobin A1c (mmol/mol) 58.7±5.3 58.1±5.2 <0.0016 

Body Mass Index (kg/m2) 36.7±6.6 31.6±5.72 <0.0016 

Myocardial infarction history11 
84 (5.0%) 81 (4.8%)3 0.8617 

Stroke history11 
32 (1.9%) 33 (2.0%)3 1.0007 

Systolic BP (mmHg) 128.6±14.3 127.8±15.02 0.1306 

Diastolic BP (mmHg) 77.9±9.8 76.5±9.72 <0.0016 

Hypertension 1,308 (77.7%) 1,125 (66.7%)3 <0.0017 

Hyperlipidemia 1,643 (97.6%) 1,605 (95.1%)3 <0.0017 

Total cholesterol (mg/dL) 163.3 ± 37.4 163.3 ± 37.32 0.9936 

High density lipoprotein (mg/dL) 40.8 ± 9.2 46.0 ± 11.32 <0.0016 

Low density lipoprotein (mg/dL) 88.2 ± 31.1 91.4 ± 31.42 0.0036 

Framingham Risk Score10 
24.2 ± 15.9 23.1 ± 15.22 0.0516 

SEVLT sum score 25.7 ± 6.0 24.9 ± 5.92 <0.0016 

SEVLT last score 9.5 ± 2.6 9.2 ± 2.72 <0.0016 

DSST score 47.2 ± 13.7 44.9 ± 13.82 <0.0016 

WF-Letter Total Correct 12.5 ± 4.3 12.3 ± 4.52 0.2846 

WF-Animal Total Correct 19.7 ± 5.2 18.8 ± 5.52 <0.0016 

0Row percentage. 1Number of observations; 2Mean and standard deviation; 3Cell count and column %; 
4Count and column %; 5Median and quartiles; 6Welch Two Sample t-test; 7Pearson’s Chi-squared test 
with Yates’ continuity correction; 8Pearson’s Chi-squared test; 9Question implemented in October 2015. 
10Framingham 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, HDL cholesterol, systolic blood pressure, antihypertensive medication use, current 
smoking, and diabetes status. 11Any major cardiovascular event in the past year, including history of 
myocardial infarction and stroke is an exclusion criteria in the GRADE study. 
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Table 5. Regression coefficient (ß) and p values from least squares regression models for the association 

of the Matsuda index with performance in tests of cognitive function. Model 1 is the unadjusted model; 

Model 2 adds adjustment for age, race/ethnicity, sex, education; Model 3 adds HbA1c at baseline and 

duration of diabetes diagnosis; and Model 4 further adjusts for the Framingham Risk Score, depression, 

stroke history, and alcohol use 

 
 Model 1 Model 2 Model 3 Model 4 
 ß p ß p ß p ß p 

Spanish English Verbal Learning Test immediate recall 

Number 3367 3341 3340 3333 

Matsuda -0.3541 <0.001 -0.1342 0.035 -0.1393 0.033 -0.1672 0.010 

Spanish English Verbal Learning Test delayed recall 

Number 3365 3339 3338 3331 

Matsuda -0.165 <0.001 -0.0737 0.011 -0.0744 0.011 -0.085 0.004 

Digit Symbol Substitution Test 

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 
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Table 6. Regression coefficient and p values from least squares regression models for the association of 

BMI and the Matsuda index, tested together, with performance in tests of cognitive function Model 1 is the 

unadjusted model; Model 2 adds adjustment for age, race/ethnicity, sex, education; Model 3 adds HbA1c 

at baseline and duration of diabetes diagnosis; and Model 4 further adjusts for the Framingham Risk 

Score, depression, stroke history, and alcohol use 

 

 Model 1 Model 2 Model 3 Model 4 
 ß p ß p ß p ß p 

Spanish English Verbal Learning test 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 
Spanish English Verbal Learning test 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 
Digit Symbol Substitution Test 

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 0.414 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 
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Figure 1. A: Comparison of adjusted means and 95% confidence intervals of cognitive test scores for 

body mass index (BMI) <30 and ≥ 30 k/m2. Means and P values are adjusted for age, race/ethnicity, sex, 

education, hemoglobin A1c, duration of diabetes diagnosis, Framingham Risk Score, depression, stroke 

history, alcohol use, and Matsuda Index. The 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 ≥ 1.77 1/uU*mg/dL2. Means and P values are adjusted for age, race/ethnicity, sex, 

education, hemoglobin A1c, duration of diabetes diagnosis, Framingham Risk Score, depression, stroke 

history, alcohol use, and BMI. The 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 (WFT Letter), and 

Animal Fluency (WFT Animal). 
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