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Association Between Insulin
Resistance and Cardiovascular
Disease Risk Varies According to
Glucose Tolerance Status: A
Nationwide Prospective Cohort Study

Diabetes Care 2022,45:1863-1872 | https://doi.org/10.2337/dc22-0202

OBJECTIVE

To investigate whether the association between insulin resistance and cardiovas-
cular disease (CVD) differs by glucose tolerance status.

RESEARCH DESIGN AND METHODS

We analyzed a nationwide sample of 111,576 adults without CVD at baseline, using
data from the China Cardiometabolic Disease and Cancer Cohort Study. Insulin resis-
tance was estimated by sex-specific HOMA of insulin resistance (HOMA-IR) quartiles
for participants with normal glucose tolerance, prediabetes, or diabetes, separately,
and by 1 SD of HOMA-IR for the overall study participants. We used Cox proportional
hazards models to examine the association between insulin resistance and incident
CVD according to glucose tolerance status and evaluate the CVD risk associated with
the combined categories of insulin resistance and obesity in prediabetes and diabe-
tes, as compared with normal glucose tolerance. Models were adjusted for age, sex,
education attainment, alcohol drinking, smoking, physical activity, and diet quality.

RESULTS

In participants with normal glucose tolerance, prediabetes, and diabetes defined by
three glucose parameters, multivariable-adjusted hazard ratios (95% Cls) for incident
CVD associated with the highest versus the lowest quartile of HOMA-IR were 1.03
(0.82-1.30), 1.23 (1.07-1.42), and 1.61 (1.30-2.00), respectively; the corresponding
values for CVD per 1-SD increase in HOMA-IR were 1.04 (0.92-1.18), 1.12
(1.06-1.18), and 1.15 (1.09-1.21), respectively (P for interaction = 0.011). Compared
with participants with normal glucose tolerance, in participants with prediabetes,
the combination of the highest HOMA-IR quartile and obesity showed 17% (95% CI
2-34%) higher risk of CVD, while the combination of the lowest two HOMA-IR quar-
tiles and nonobesity showed 15-17% lower risk of CVD. In participants with diabe-
tes, the upper two HOMA-IR quartiles exhibited 44-77% higher risk of CVD,
regardless of obesity status. Consistent findings were observed for glucose tolerance
status defined by different combinations of glycemic parameters.

CONCLUSIONS

Glucose intolerance status exacerbated the association between insulin resis-
tance and CVD risk. Compared with adults with normal glucose tolerance, adults
with prediabetes who were both insulin resistant and obese exhibited higher
risks of CVD, while in adults with diabetes, the CVD risk related to insulin resis-
tance remained, regardless of obesity.
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Insulin Resistance and CVD by Glycemia

Insulin resistance, characterized by de-
fects in insulin-mediated glucose metab-
olism regulation in tissues such as the
liver, skeletal muscle, and adipose tis-
sue, is one of the earliest manifestations
of a constellation of cardiometabolic
diseases that include type 2 diabetes
and cardiovascular disease (CVD) (1,2).
Hyperglycemia occurs when the pancre-
as fails to supply excess insulin to
compensate for the increasing insulin
resistance, progressing to prediabetes
and diabetes (3). Previous evidence
suggests that insulin resistance and its
biologic effects in various tissues are
more essential factors than hyperglyce-
mia in inducing cardiometabolic com-
plications (2,4), and individuals with
insulin resistance, even without diabe-
tes, are predisposed to an increased
risk of CVD (5,6). Nevertheless, the
close interplay between insulin resis-
tance and hyperglycemia suggests that
the two factors may synergistically reg-
ulate the development of CVD (2). Thus
far, it remains unclear whether and in
what pattern the association between
insulin resistance and CVD risk varies
depending on glucose tolerance status.

In addition, obesity is closely related
to insulin resistance; together, they con-
tribute to the risk of multiple cardiome-
tabolic diseases (7). Our previous study
demonstrated that in Chinese adults
whose [3-cell dysfunction was a common
metabolic disturbance, the impact of
insulin  resistance on diabetes was
strengthened in those with obesity, sug-
gesting that obesity-modulated insulin
resistance might be responsible, at least
in part, for the recent diabetes epidemic
in the Chinese population (8). Another
important question is whether obesity
modifies the association between insulin

resistance and CVD risk in individuals
with glucose intolerance, such as predia-
betes and diabetes.

To this end, in a nationwide prospec-
tive cohort study, we investigated the
association between insulin resistance
and incident CVD according to normal
glucose tolerance, prediabetes, and dia-
betes and the joint association of insulin
resistance and obesity with the risk of
CVD in those with prediabetes and dia-
betes compared with the risk of CVD in
those with normal glucose tolerance.
Specifically, taking advantage of compre-
hensive measures of fasting and post-
load glucose and glycated hemoglobin
Ai. (HbA;), we assessed glucose toler-
ance status by different combinations of
glycemic parameters based on the
American Diabetes Association (ADA)
2010 criteria.

RESEARCH DESIGN AND METHODS

Study Design and Participants

The China Cardiometabolic Disease and
Cancer Cohort Study is a nationwide
population-based prospective cohort
study (8-10). The baseline survey was
conducted between 2011 and 2012.
Twenty communities were selected ac-
cording to geographic region (Northeast,
North, East, South Central, Northwest,
and Southwest China), degree of urbani-
zation (large and midsize cities, county
seats, and rural townships), and economic
development status (by gross domestic
product of each province) in China. From
local resident registration systems of the
20 communities, 193,846 men and wom-
en aged 40 years or older were recruited
to represent the general population. The
follow-up visit was conducted between
2014 and 2016, and all participants were
invited to attend an in-person follow-up

Diabetes Care Volume 45, August 2022

visit. Of 170,240 participants with fol-
low-up data available, we excluded
11,590 participants with CVD at base-
line, 12,552 participants taking hypogly-
cemic pharmacologic therapy, including
oral diabetes medications, glucagon-like
peptide 1 receptor agonist, and insulin,
15,504 participants with missing data
on baseline HOMA of insulin resistance
(HOMA-IR) index or glucose tolerance
status, and 19,018 participants whose
information on ascertainment of inci-
dent CVD during follow-up was not
available. Finally, 111,576 participants
were included in the main analyses. Key
characteristics between study partici-
pants and participants who were exclud-
ed because of missing data were not
substantially different (Supplementary
Table 1). This study was approved by the
Medical Ethics Committee of Ruijin Hos-
pital, Shanghai Jiao Tong University,
Shanghai, China. All study participants
provided written informed consent.

Data Collection

At baseline and follow-up visits, data
collection was performed in local com-
munity clinics by trained study person-
nel following standardized protocols.
Standardized questionnaires were used
to collect information on demographic
characteristics, education, medical his-
tory, and lifestyle factors. Educational
attainment was classified as less than
high school (<9 years) or high school or
further (=9 years). Alcohol drinking and
smoking status were categorized as nev-
er, former, or current. The International
Physical Activity Questionnaire was used
to assess leisure-time physical activity,
and metabolic equivalent task (MET) was
calculated to evaluate average weekly
energy expenditure (11). Leisure-time
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physical activity was categorized as ac-
tive (=600 MET-min/week), insufficiently
active (1 to <600 MET-min/week), or in-
active (0 MET-min/week) (12). A food
frequency questionnaire was used to col-
lect habitual dietary intake by asking
about the consumption frequency and
portion size of typical food items during
the previous 12 months. A diet quality
score was calculated based on five
healthy dietary behaviors: high intake
of fruits and vegetables (=4.5 cups/
day), fish (two or more 3.5-0z serv-
ings/week), cereal grains (three or
more 1-o0z servings/day), and soy food
(soy protein =25 g/day) and low
intake of sugar-sweetened beverages
(=450 kcal/week). The healthy score of
each dietary behavior was 1; otherwise,
it was 0. The scores of each component
were summed to obtain a diet quality
score ranging from 0 to 5, with a higher
score indicating a healthier diet.

Height, body weight, and waist cir-
cumference were measured, and BMI
was calculated as weight in kilograms
divided by the square of height in me-
ters. To facilitate international compari-
sons, BMI categories were defined as
<23.0, 23.0 to <27.5, and =27.5 kg/m’
based on the recommendations of the
WHO Expert Consultation for Asian pop-
ulations (13). Obesity was defined as
general obesity (BMI =27.5 kg/m?) or
abdominal obesity (waist circumference
=90 cm in men and =80 cm in women)
(13,14). Three measurements of systolic
and diastolic blood pressure obtained by
an automated electronic device (Model
HEM-752 FUZZY; Omron Healthcare, Da-
lian, China) in a seated position after at
least a 5-min quiet rest were averaged
for analysis.

All participants underwent a 75-g oral
glucose tolerance test (OGTT) after an
overnight fast of at least 10 h, and blood
samples were collected at 0 and 2 h dur-
ing the test. Fasting and OGTT 2-h plasma
glucose concentrations were measured
locally using the glucose oxidase or hexo-
kinase method within 2 h after blood
sample collection. Finger capillary whole-
blood samples were collected using the
Hemoglobin Capillary Collection System
(Bio-Rad Laboratories, Hercules, CA) and
were shipped and stored at 2-8°C until
HbA;. was measured within 4 weeks af-
ter collection by high-performance liquid
chromatography using the VARIANT I
Hemoglobin Testing System (Bio-Rad

Laboratories) at the central laboratory
at the Shanghai Institute of Endocrine
and Metabolic Diseases, which was cer-
tificated by the National Glycohemoglo-
bin Standardization Program and the
College of American Pathologists Labo-
ratory Accreditation Program. Fasting se-
rum insulin, serum LDL cholesterol, HDL
cholesterol, triglycerides, and total choles-
terol were measured at the central
laboratory using an automated analyz-
er (ARCHITECT ¢i16200; Abbott Labora-
tories, Chicago, IL).

Definition of Insulin Resistance and
Glucose Tolerance Status

Insulin resistance was evaluated by
HOMA-IR index, which was calculated
using the following formula: fasting
insulin  (wlU/mL) x fasting glucose
(mg/dL)/405 (15). Sex-specific quartiles
of HOMA-IR were defined among partici-
pants with normal glucose tolerance,
prediabetes, and diabetes, separately.
Median values (interquartile ranges) of
HOMA-IR in sex-specific quartiles by gly-
cose tolerance status are shown in
Supplementary Table 2. The highest quar-
tile of HOMA-IR indicates relative insulin
resistance, whereas the lower quartiles in-
dicate relative insulin sensitivity.

We excluded participants with hypogly-
cemic pharmacologic therapy at baseline
and defined glucose tolerance status ac-
cording to the ADA 2010 criteria (16). Dia-
betes was defined as fasting glucose
=126 mg/dL (7.0 mmol/L), 2-h glucose
=200 mg/dL (11.1 mmol/L), HbA,.
=6.5%, or a self-reported previous diag-
nosis of diabetes by a health care profes-
sional. In participants without diabetes,
normal glucose tolerance was defined as
fasting glucose <100 mg/dL (5.6 mmol/L),
2-h glucose <140 mg/dL (7.8 mmol/L),
and HbA;. <5.7%; prediabetes was de-
fined as fasting glucose between =100
and <126 mg/dL (5.6 and 7.0 mmol/L),
2-h glucose between =140 and <200
mg/dL (7.8 and 11.1 mmol/L), or HbA;.
between =5.7 and <6.5%.

Ascertainment of Incident CVD

CVD events were a composite of incident
nonfatal or fatal CVD, including myocar-
dial infarction, stroke, hospitalized or
treated heart failure, or CVD death,
whichever occurred first (9). Myocardial
infarction was defined as characteristic
changes in troponin T and creatine ki-
nase-MB isoform levels, symptoms of
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myocardial ischemia, changes in electro-
cardiogram results, or a combination of
these. Stroke was defined as a fixed neu-
rologic deficit of at least 24 h with a pre-
sumed vascular cause. Heart failure was
identified by hospitalization or an emer-
gency department visit requiring treat-
ment with infusion therapy and defined
as a clinical syndrome presenting with
multiple signs and symptoms consistent
with cardiac decompensation or inade-
quate cardiac pump function. Informa-
tion on vital status and clinical outcomes
was collected from local death and dis-
ease registries of the National Disease
Surveillance Point System and National
Health Insurance System. The Clinical Out-
come Adjudication Committee is com-
posed of 10 unbiased experts in cardiology,
oncology, neurology, and endocrine and
metabolic diseases in Ruijin Hospital,
Shanghai Jiao Tong University. All members
of the committee were unaware of base-
line risk factors of study participants. Two
members of the committee independently
verified each clinical event and assigned a
potential cause of mortality according to a
standard clinical outcome adjudication
procedure. Discrepancies were adjudi-
cated by discussions involving other
members of the committee.

Statistical Analysis

Baseline characteristics of participants
are presented as means with SDs or
medians with interquartile ranges for
continuous variables and numbers with
proportions for categorical variables by
HOMA-IR quartiles stratified by glucose
tolerance status. In all analyses, the sex-
specific HOMA-IR quartiles represented
the levels of insulin resistance for partic-
ipants with normal glucose tolerance,
prediabetes, or diabetes, respectively,
while the 1 SD of HOMA-IR represented
the SD for all study participants. We
used Cox proportional hazards models to
calculate hazard ratios (HRs) and 95% Cls
for incident CVD associated with sex-
specific quartiles or 1 SD of HOMA-IR
among overall participants and among
participants stratified by glucose toler-
ance status defined by all three glycemic
parameters along with a self-reported
previous diagnosis of diabetes by health
care professionals. Models were adjusted
for age, sex, education attainment, alco-
hol drinking status, smoking status, phys-
ical activity, and diet quality score. In the
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Table 1—Baseline characteristics of participants according to HOMA-IR quartiles stratified by glucose tolerance status

Sex-specific HOMA-IR quartile*

Characteristic 1 2 3 4
Normal glucose tolerance (n = 28,890)
Age, years 53.8 (9.2) 53.1 (8.9) 52.9 (8.8) 52.8 (8.7)
Men, n (%) 2,378 (32.9) 2,381 (33.0) 2,379 (32.9) 2,379 (32.9)
High school or more education, n (%) 2,123 (29.4) 2,538 (35.1) 2,715 (37.6) 2,978 (41.2)
Alcohol drinking status, n (%)
Never 6,138 (85.0) 6,379 (88.3) 6,413 (88.8) 6,475 (89.6)
Former 108 (1.5) 112 (1.6) 142 (2.0) 155 (2.2)
Current 975 (13.5) 732 (10.1) 668 (9.3) 593 (8.2)
Smoking status, n (%)
Never 5,615 (77.8) 5,848 (81.0) 5,917 (81.9) 6,002 (83.1)
Former 202 (2.8) 238 (3.3) 277 (3.8) 311 (4.3)
Current 1,404 (19.4) 1,137 (15.7) 1,029 (14.3) 910 (12.6)
Physical activity, n (%)
Active 3,928 (54.4) 4,119 (57.0) 4,153 (57.5) 4,131 (57.2)
Insufficiently active 3,010 (41.7) 2,786 (38.6) 2,764 (38.3) 2,771 (38.4)
Inactive 283 (3.9) 318 (4.4) 306 (4.2) 321 (4.4)
Dietary quality score 2.3 (0.7) 2.3 (0.7) 2.3 (0.7) 2.3 (0.7)
BMI, kg/m?, n (%)
<23.0 4,795 (66.4) 3,683 (51.0) 2,661 (36.8) 1,458 (20.2)
23.0 to <27.5 2,235 (31.0) 3,151 (43.6) 3,779 (52.3) 3,922 (54.3)
=27.5 191 (2.7) 389 (5.4) 783 (10.8) 1,843 (25.5)
Waist circumference, cm, n (%)
<90 in men, <80 in women 5,835 (80.8) 5,091 (70.5) 4,203 (58.2) 2,867 (39.7)
=90 in men, =80 in women 1,386 (19.2) 2,132 (29.5) 3,020 (41.8) 4,356 (60.3)
Fasting glucose, mg/dL 88.9 (7.4) 91.2 (6.8) 92.8 (6.6) 94.8 (7.5)
OGTT 2-h glucose, mg/dL 101.3 (20.2) 103.8 (19.6) 105.8 (19.4) 108.8 (19.9)
HbA;., % 5.3 (0.3) 5.3 (0.3) 5.3 (0.3) 5.4 (0.3)
HbA;., mmol/mol 34 (3.3) 34 (3.3) 34 (3.3) 36 (3.3)
Fasting insulin, wlU/mL 3.2 (2.5-3.9) 5.0 (4.5-5.5) 6.7 (6.1-7.3) 9.9 (8.7-11.9)
HOMA-IR 0.7 (0.6-0.9) 1.1 (1.0-1.2) 1.5 (1.4-1.7) 2.3 (2.0-2.8)
Prediabetes (n = 64,972)
Age, years 57.1 (9.1) 56.6 (8.6) 56.4 (8.7) 56.3 (8.8)
Men, n (%) 5,440 (33.5) 5,439 (33.5) 5,438 (33.5) 5,440 (33.5)
High school or more education, n (%) 4,733 (29.1) 5,534 (34.1) 5,933 (36.5) 6,291 (38.7)
Alcohol drinking status, n (%)
Never 13,822 (85.1) 14,165 (87.2) 14,275 (87.9) 14,473 (89.1)
Former 270 (1.7) 302 (1.9) 360 (2.2) 345 (2.1)
Current 2,152 (13.3) 1,780 (11.0) 1,606 (9.9) 1,422 (8.8)
Smoking status, n (%)
Never 12,771 (78.6) 13,033 (80.2) 13,362 (82.3) 13,448 (82.8)
Former 564 (3.5) 691 (4.3) 758 (4.7) 857 (5.3)
Current 2,909 (17.9) 2,523 (15.5) 2,121 (13.1) 1,935 (11.9)
Physical activity, n (%)
Active 9,483 (58.4) 10,023 (61.7) 10,308 (64.5) 10,478 (64.5)
Insufficiently active 6,119 (37.7) 5,570 (34.3) 5,373 (33.1) 5,185 (31.9)
Inactive 642 (4.0) 654 (4.0) 560 (3.5) 577 (3.6)
Dietary quality score 2.4 (0.7) 2.4 (0.8) 2.3 (0.8) 2.3 (0.7)
BMI, kg/m?, n (%)
<23.0 9,993 (61.5) 6,450 (39.7) 4,047 (24.9) 2,044 (12.6)
23.0 to <27.5 5,585 (34.4) 8,307 (51.1) 9,394 (57.8) 8,577 (52.8)
=27.5 666 (4.1) 1,490 (9.2) 2,800 (17.2) 5,619 (34.6)
Waist circumference, cm, n (%)
<90 in men, <80 in women 12,012 (74.0) 9,575 (58.9) 7,246 (44.6) 4,465 (27.5)
=90 in men, =80 in women 4,232 (26.1) 6,672 (41.1) 8,995 (55.4) 11,775 (72.5)
Fasting glucose, mg/dL 95.6 (9.4) 99.4 (8.8) 101.8 (8.8) 104.9 (9.0)
OGTT 2-h glucose, mg/dL 122.2 (30.5) 126.1 (29.6) 129.7 (29.7) 136.0 (30.0)
HbA., % 5.8 (0.3) 5.8 (0.3) 5.8 (0.3) 5.8 (0.3)
HbA,., mmol/mol 40 (3.3) 40 (3.3) 40 (3.3) 40 (3.3)
Fasting insulin, wlU/mL 3.8 (3.0-4.5) 5.8 (5.2-6.5) 7.9 (7.2-8.7) 11.8 (10.3-14.3)
HOMA-IR 0.9 (0.7-1.1) 1.4 (1.3-1.6) 2.0 (1.8-2.2) 3.0 (2.6-3.7)

Continued on p. 1867
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Table 1—Continued

Sex-specific HOMA-IR quartile*

Characteristic 1 2 3 4
Diabetes (n = 17,714)

Age, years 59.6 (9.0) 59.0 (8.5) 58.7 (8.5) 58.4 (9.0)
Men, n (%) 1,683 (38.0) 1,682 (38.0) 1,683 (38.0) 1,683 (38.0)
High school or more education, n (%) 1,203 (27.2) 1,466 (33.1) 1,550 (35.0) 1,528 (34.5)
Alcohol drinking status, n (%)

Never 3,642 (82.3) 3,818 (86.2) 3,830 (86.5) 3,846 (86.8)

Former 120 (2.7) 127 (2.9) 100 (2.3) 124 (2.8)

Current 666 (15.0) 484 (10.9) 498 (11.3) 459 (10.4)
Smoking status, n (%)

Never 3,430 (77.5) 3,489 (78.8) 3,527 (79.7) 3,545 (80.0)

Former 187 (4.2) 266 (6.0) 282 (6.4) 272 (6.1)

Current 811 (18.3) 674 (15.2) 619 (14.0) 612 (13.8)
Physical activity, n (%)

Active 2,695 (60.9) 2,819 (63.7) 2,890 (65.3) 2,709 (61.2)

Insufficiently active 1,567 (35.4) 1,439 (32.5) 1,352 (30.5) 1,507 (34.0)

Inactive 166 (3.8) 171 (3.9) 186 (4.2) 213 (4.8)
Dietary quality score 2.3 (0.7) 2.3 (0.7) 2.3 (0.8) 2.3 (0.7)
BMI, kg/m?, n (%)

<23.0 2,156 (48.7) 960 (21.7) 561 (12.7) 331 (7.5)

23.0 to <27.5 1,917 (43.3) 2,598 (58.7) 2,468 (55.7) 2,056 (46.4)

=27.5 355 (8.0) 871 (19.7) 1,399 (31.6) 2,042 (46.1)
Waist circumference, cm, n (%)

<90 in men, <80 in women 2,750 (63.1) 1,731 (39.1) 1,229 (27.8) 829 (18.7)

=90 in men, =80 in women 1,678 (37.9) 2,698 (60.9) 3,199 (72.2) 3,600 (81.3)
Fasting glucose, mg/dL 112.4 (25.8) 123.3 (30.4) 132.4 (35.4) 153.5 (50.9)
OGTT 2-h glucose, mg/dL 201.5 (71.1) 209.6 (71.9) 225.3 (77.3) 256.0 (97.6)
HbA;., % 6.5 (1.1) 6.7 (1.2) 6.8 (1.3) 7.3 (1.7)
HbA,., mmol/mol 48 (12.0) 50 (13.1) 51 (14.2) 56 (18.6)
Fasting insulin, wlU/mL 4.5 (3.4-5.5) 7.3 (6.2-8.4) 10.0 (8.6-11.5) 14.9 (12.4-18.6)
HOMA-IR 1.2 (0.9-1.5) 2.1 (1.9-2.3) 3.1 (2.8-3.4) 5.0 (4.3-6.4)

Values are mean (SD) for continuous variables with normal distribution, median (interquartile range) for continuous variables with skewed dis-
tribution, and number (proportion) for categorical variables. Proportions may not sum to 100% because of rounding. Glucose tolerance status
was defined by all three glycemic parameters along with a self-reported previous diagnosis of diabetes by a health care professional, accord-
ing to the ADA 2010 criteria. SI conversion factors: to convert fasting and OGTT 2-h glucose to mmol/L, multiply by 0.0555; to convert HbA;.
to proportion of total hemoglobin, multiply by 0.01. *Sex-specific quartiles of HOMA-IR were defined among participants with normal glucose

tolerance, prediabetes, and diabetes separately.

time-to-event analysis, participants were
censored at the date of the end of fol-
low-up or date of non-CVD death. Per-
son-time for each participant was
calculated from the date of enrollment
to the date of first CVD event, non-CVD
death, or end of follow-up, whichever
came first. We used the quartile rank as
a continuous variable in the models to
test linear risk trends. We examined the
multiplicative interactions between 1 SD
of HOMA-IR and glucose tolerance status
by including the product term in models
to assess whether the association of 1
SD of HOMA-IR with incident CVD varied
by different glucose tolerance status. We
further analyzed the HRs (95% Cls) for
incident CVD associated with sex-specific
quartiles of HOMA-IR with and without
the combination of obesity (general or
abdominal obesity) among participants

with prediabetes or diabetes compared
with overall participants with normal
glucose tolerance.

We also assessed HRs (99% Cls) for
CVD risks associated with quartiles or 1
SD of HOMA-IR and the combined cate-
gories of HOMA-IR quartiles and obesity
by glucose tolerance status. We per-
formed three sensitivity analyses. First,
we replicated the main analyses using
glucose tolerance status defined by dif-
ferent combinations of each two of fast-
ing and OGTT 2-h glucose and HbA;.
along with a self-reported previous diag-
nosis of diabetes by a health care pro-
fessional to support the robustness of
the main findings. Second, we evaluated
the associations between sex-specific
quartiles of HOMA-IR and CVD risk
among overall participants with diabetes
(with complete study information n =

27,022) including those taking hypoglyce-
mic pharmacologic therapy to enhance
the generalizability of the findings in in-
dividuals with diabetes. Third, we repeat-
ed the analysis of the combined effect of
HOMA-IR quartiles and obesity on CVD
risk for general obesity and abdominal
obesity, respectively. Statistical signifi-
cance was analyzed using a two-sided P
value of <0.05. Statistical analyses were
performed using SAS software, version
9.4 (SAS Institute Inc.).

RESULTS

Of 111,576 participants included in the
analysis, the mean (SD) age was 56.1
(9.1) years, and the proportion of men
was 34.1%. Within each glucose toler-
ance category, participants with higher
HOMA-IR had higher proportions of gen-
eral or abdominal obesity and poorer
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Person-
Category years Cases HR (95% Cl)
Normal glucose tolerance 105558 560 1.00 (Ref.) 0
Prediabetes
HOMA-IR Quartile 1 58121 380 0.92 (0.81-1.05) HEH
HOMA-IR Quartile 2 58115 325 0.87 (0.76-0.99) HEH
HOMA-IR Quartile 3 58575 376 1.01 (0.89-1.16) HIH
HOMA-IR Quartile 4 58546 414 1.13 (1.00-1.29) HEH
Diabetes
HOMA-IR Quartile 1 15681 139 1.05 (0.87-1.27) =
HOMA-IR Quartile 2 15847 135 1.08 (0.90-1.31) i
HOMA-IR Quartile 3 15769 172 1.45 (1.22-1.72) —EH
HOMA-IR Quartile 4 15944 207 1.71 (1.46-2.01) i
05 1 2 4

risk of CVD (P for trend < 0.0001)
(Supplementary Table 6). The magni-
tude of this association was slightly
greater in participants with diabetes not
taking hypoglycemic medications than
in those with diabetes taking hypoglyce-
mic medications.

Generally, compared with participants
with normal glucose tolerance, among
participants with prediabetes, only the
highest quartile of HOMA-IR was asso-
ciated with a greater hazard of CVD
(Fig. 1 and Supplementary Table 7),
especially for prediabetes defined by
2-h glucose accompanied with fasting
glucose (HR 1.16; 95% Cl 1.03-1.32)
or HbA;. (1.21; 1.07-1.37). Among par-
ticipants with diabetes, both the third
and the highest quartiles of HOMA-IR
were associated with a greater hazard of
CVD compared with participants with nor-
mal glucose tolerance, with the definition
by fasting and 2-h glucose presenting the
largest HRs (third quartile 1.61; 95% CI:
1.36-1.92; highest quartile 1.76; 1.50-2.07)
in magnitude (Fig. 1 and Supplementary
Table 7).

When analyzing the joint effect of
HOMA-IR quartiles and obesity status,
for glucose tolerance status defined by
all three glycemic parameters, compared
with participants with normal glucose
tolerance, participants with prediabetes

Figure 1—HRs (95% Cls) of CVD events associated with insulin resistance among participants
with prediabetes or diabetes compared with overall participants with normal glucose tolerance.
Glucose tolerance status was defined by all three glycemic parameters along with a self-re-
ported previous diagnosis of diabetes by a health care professional, according to the ADA 2010
criteria. Person-years might not add to total because of rounding. There were 111,576 partici-
pants included in the analysis. Sex-specific quartiles of HOMA-IR were defined among partici-
pants with prediabetes and diabetes separately. HRs (95% Cls) were adjusted for age, sex,
education attainment (below high school or high school or above), alcohol drinking status (nev-
er, former, or current), smoking status (never, former, or current), physical activity (inactive, in-
sufficiently active, or active), and diet quality score.

in the highest quartile of HOMA-IR with
obesity showed greater risk of CVD (HR
1.17; 95% Cl 1.02-1.34), while partici-
pants with prediabetes in the lowest
(0.85; 0.74-0.99) and the second (0.83;
0.71-0.99) quartiles of HOMA-IR without
obesity exhibited no increased risk of
CVD (Fig. 2). Compared with participants
with normal glucose tolerance, partici-
pants with diabetes in the third and the
highest quartiles of HOMA-IR had greater
risk of CVD, with HRs of 1.44 (95% Cl
1.18-1.74) to 1.50 (1.11-2.03) and 1.70
(1.43-2.02) to 1.77 (1.26-2.46), respec-
tively, regardless of obesity status. Similar
results were observed for glucose toler-
ance status defined by different combi-
nations of each two of the glycemic
parameters (Supplementary Table 8). We
replicated consistent results for general
obesity (Supplementary Fig. 1) and ab-
dominal obesity (Supplementary Fig. 2)
for the combined effect of HOMA-IR
quartiles and obesity on CVD risk in predi-
abetes and diabetes as compared with
normal glucose tolerance.

When the significance level was set
to 1%, although the Cls became slightly
wider as expected, the association pat-
terns of quartiles or 1 SD of HOMA-IR
with CVD risk by glucose tolerance sta-
tus and the association patterns of the
combined categories of HOMA-IR quar-
tiles and obesity with CVD risk in

prediabetes and diabetes versus normal
glucose tolerance were not substantially
changed (Supplementary Table 9).

CONCLUSIONS

In this nationwide prospective cohort
study of 111,576 Chinese adults, when
defining glucose tolerance status by all
three glycemic parameters, the highest
versus the lowest quartile of HOMA-IR
was associated with 23 and 61% higher
risks of CVD events among participants
with prediabetes and diabetes, respec-
tively, but no excess CVD risk among
participants with normal glucose toler-
ance. More importantly, insulin resistance
significantly interacted with glucose toler-
ance status, with each 1 SD of HOMA-IR
associated with no significant excess CVD
risk in participants with normal glucose
tolerance, 12% higher CVD risk in partici-
pants with prediabetes, and 15% higher
CVD risk in participants with diabetes.
Compared with participants with normal
glucose tolerance, in participants with
prediabetes, the combination of the high-
est quartile of HOMA-IR and obesity was
associated with 17% higher risk of CVD,
while the combination of the lowest two
quartiles of HOMA-IR and nonobesity ex-
hibited 15-17% lower risk of CVD. By con-
trast, in participants with diabetes, the
upper two quartiles of HOMA-IR had
44-77% higher risk of CVD, regardless of
obesity status. The consistent results from
varied definitions of glucose tolerance sta-
tus support the robustness of the main
findings.

In this study, we used the HOMA in-
dex as a surrogate measure of insulin
sensitivity. Although HOMA-IR typically
reflects hepatic insulin resistance,
whereas the insulin resistance causally
associated with accelerated athero-
sclerotic CVD occurs in skeletal and
vascular smooth muscle (17), HOMA-
IR does correlate reasonably well with in-
sulin resistance indices measured by the
euglycemic insulin clamp that primarily
reflects insulin resistance in skeletal mus-
cle (18,19). Also, the misclassification of
insulin resistance is rare with HOMA-IR in
both individuals without diabetes and
those with type 2 diabetes (18). However,
the use of HOMA-IR is inappropriate
when blood glucose levels drop rapidly
following the administration of hypoglyce-
mic therapies, and the assumptions about
liver extraction included in the model do
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Person-
Category years Cases HR (95% Cl)
Normal glucose tolerance 105558 560 1.00 (Ref.) 0
Prediabetes
HOMA-IR Quartile 1  non-obese 42499 257 0.85 (0.74-0.99) HOH
obese 15623 123 1.11 (0.91-1.35) -
HOMA-IR Quartile 2 non-obese 33688 180 0.83 (0.71-0.99) il
obese 24427 145 0.91 (0.76-1.10) [ |
HOMA-IR Quartile 3 non-obese 25333 151 0.96 (0.80-1.15) -
obese 33242 225 1.06(0.90-1.23) Sl
HOMA-IR Quartile 4 non-obese 14776 92 1.03 (0.82-1.28) I—I.—i
obese 43769 322 1.17 (1.02-1.34) il
Diabetes
HOMA-IR Quartile 1 non-obese 9539 92 1.13 (0.91-1.41) H-O0
obese 6142 47 0.93 (0.69-1.25) ——
HOMA-IR Quartile 2 non-obese 5955 41 0.85(0.62-1.17) +H——#—
obese 9892 94 1.23 (0.98-1.53) h——
HOMA-IR Quartile 3 non-obese 4064 46 1.50 (1.11-2.03) A
obese 11705 126 1.44 (1.18-1.74) i |
HOMA-IR Quartile 4 non-obese 2655 37 1.77 (1.26-2.46) A
obese 13289 170 1.70 (1.43-2.02) i
05 1 2 4

tive, or active), and diet quality score.

not apply when participants are treated
with exogenous insulin (19). Therefore,
we excluded participants taking hypogly-
cemic pharmacologic therapies from the
main analyses. Previous studies have as-
sociated HOMA-estimated insulin resis-
tance with higher risk of CVD in general
population and in adults with or without
diabetes (20-22). So far, few studies have
investigated the interaction between insu-
lin resistance and glucose tolerance status
including normal glucose tolerance, predi-
abetes, and diabetes with regard to CVD.
In this analysis, we provide novel evi-
dence that glucose intolerance (i.e., predi-
abetes and especially diabetes) could
strengthen the effect of insulin resistance
on CVD risk. Such effect modification by
glucose tolerance status was generally
consistent with varied definitions by

different combinations of glycemic param-
eters based on the ADA 2010 criteria,
which further confirms the robustness of
the observations. Our findings underline
the importance of improving insulin sensi-
tivity for the prevention and control of
CVD in adults with prediabetes or diabe-
tes, and more intensive efforts should be
devoted to combination therapy for insu-
lin resistance and hyperglycemia.

With regard to the potential influence
of obesity, previous studies have associat-
ed joint phenotypes of insulin resistance
and obesity with different susceptibilities
to the risk of CVD and cardiometabolic
risk factors in nondiabetic individuals,
demonstrating that insulin resistance at
any given degree of obesity increases the
risk of CVD and diabetes (23,24). Our
study extended previous investigations by

Figure 2—HRs (95% Cls) of CVD events associated with insulin resistance and obesity among participants with prediabetes or diabetes compared
with overall participants with normal glucose tolerance. Glucose tolerance status was defined by all three glycemic parameters along with a self-
reported previous diagnosis of diabetes by a health care professional, according to the ADA 2010 criteria. Person-years might not add to total be-
cause of rounding. There were 111,576 participants included in the analysis. Sex-specific quartiles of HOMA-IR were defined among participants
with prediabetes and diabetes separately. Obesity was defined as general obesity (BMI =27.5 kg/m?) or abdominal obesity (waist circumference
=90 ¢cm in men and =80 cm in women). HRs (95% Cls) were adjusted for age, sex, education attainment (below high school or high school or
above), alcohol drinking status (never, former, or current), smoking status (never, former, or current), physical activity (inactive, insufficiently ac-

providing additional evidence that com-
pared with adults with normal glucose
tolerance, adults with prediabetes who
had both insulin resistance (HOMA-IR in
the highest quartile) and obesity mani-
fested an increased risk of CVD, while
those who were insulin sensitive (HOMA-
IR in the lowest two quartiles) and non-
obese manifested no excess risk of CVD.
In adults with diabetes, the impact of in-
sulin resistance on CVD risk was sus-
tained regardless of obesity. Emerging
evidence, mainly from cardiovascular
outcome trials, has supported weight
loss as a worthwhile intervention in spe-
cific cardiovascular conditions (25). Our
results further suggest that intervention
strategies targeting obesity and insulin
resistance to reduce CVD risk should be
tailored according to glucose tolerance
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status and highlight the joint manage-
ment of obesity and insulin resistance in
prediabetes and diabetes.

Potential mechanisms could partially
explain our observations. Insulin resis-
tance is a central mechanism linking
multiple key components of cardiometa-
bolic disturbance, such as hyperglycemia,
atherogenic dyslipidemia, and hyperten-
sion (3,26-30). Obesity, which represents
a state of tissue fat overload, is a driving
force for insulin resistance (28,29). The
molecular causes of insulin resistance
(i.e., impaired insulin signaling through
the phosphoinositol-3 kinase pathway
with intact signaling through the mitogen-
activated protein kinase pathway) are re-
sponsible for insulin-stimulated glucose
intolerance, vascular smooth muscle pro-
liferation, increased collagen formation,
and excessive production of inflammatory
cytokines, contributing to accelerated ath-
erosclerosis and adverse cardiovascular
events (28).

To our knowledge, this study is the
first to delineate the association patterns
between insulin resistance and CVD risk
according to different glucose tolerance
status defined by varied combinations of
glycemic parameters. The strengths of
this study include the large nationwide
population-based prospective cohort, re-
liable measurement of insulin resistance,
comprehensive assessment of glucose
tolerance status, and well-validated defi-
nitions of CVD events. Our research also
has limitations. First, the relatively short
follow-up duration may limit the statisti-
cal power for evaluating the risk of CVD
associated with insulin resistance by
glucose tolerance stratification. Second,
although we carefully controlled for
confounding factors in the analyses,
and the main findings were highly con-
sistent across different definitions of
glucose tolerance status, bias from un-
measured or residual confounders can-
not be fully ruled out. Third, in this
study, information on cardioprotective
medications was not available, which
limits the understanding of the charac-
teristics of study participants and their
CVD risks. Fourth, we performed strati-
fied analyses to detect specific associa-
tion patterns; conversely, the multiple
tests may have introduced type | error,
and a statistically significant finding
may not necessarily have clinical signif-
icance. However, our main findings and
conclusions were not materially changed

whether the significance level was set to
1 or 5%. Fifth, the findings of this study
were based on a middle-aged and el-
derly Chinese population. In addition
to the difference in genetic background,
Chinese adults have relatively low BMI
levels compared with most Western
adults (31), so it is possible that among
adults with insulin resistance, a further
increase in obesity, as occurs in more
obese populations, may result in an ad-
ditional increase in CVD risk. Also, the
proportion of men in this study was
relatively low, although we used sex-
specific quartiles of HOMA-IR, which
could have largely limited the poten-
tial bias resulting from sex proportion.
Therefore, our results should be inter-
preted and generalized with caution.

In summary, this nationwide prospec-
tive cohort study in China showed that
the impact of insulin resistance on the
risk of CVD events was accentuated
across glucose intolerance status. Com-
pared with adults with normal glucose
tolerance, in adults with prediabetes,
only those with insulin resistance and
obesity had higher risk of CVD, while in
adults with diabetes, the CVD risk asso-
ciated with insulin resistance persisted
regardless of obesity. Our findings pro-
vide novel insights into individualized
prevention strategies to improve insulin
resistance and obesity in order to lower
CVD risk in adults with prediabetes or
diabetes.
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