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INTRODUCION

Diabetes and prediabetes are common metabolic disorders that
are associated with adverse clinical outcomes. The prevalence of

ABSTRACT

Aims/Introduction: Little is known about the relationship between cardiovascular
health (CVH) metrics and the risk of developing prediabetes or diabetes. We examined
the association of CVH metrics with the annual risk of developing prediabetes or diabetes.
Materials and Methods: We carried out this study including 403,857 participants aged
18-71 years with available data on fasting plasma glucose (FPG) data for five consecutive
years and with normal FPG (<100 mg/dL) at the initial health checkup. We identified the
following ideal CVH metrics: non-smoking, body mass index of <25 kg/m? maintaining
physical activity, taking breakfast, untreated blood pressure of <120/80 mmHg and
untreated total cholesterol of <200 mg/dL. We defined the primary end-point as
prediabetes (FPG 100-125 mg/dL) or diabetes (FPG >126 mg/dL or use of
antihyperglycemic medications). We examined the relationship of CVH metrics with the
annual incidence of prediabetes or diabetes. Additionally, we examined the association of
1-year changes in CVH metrics with the risk for prediabetes or diabetes.

Results: The median age was 44 years, and 65.6% were men. An increasing number of
non-ideal CVH metrics was associated with an elevated risk of prediabetes or diabetes. A
non-ideal body mass index was most strongly associated with the risk of prediabetes or
diabetes. The risk of developing prediabetes or diabetes rose as the number of non-ideal
CVH metrics increased over 1 year.

Conclusions: CVH metrics could stratify the risk of the annual development of
prediabetes or diabetes. The risk of developing prediabetes or diabetes might be reduced
by improving CVYH metrics.

prediabetes or diabetes is 34.5 and 13.0% among adults aged
>18 years in the USA (National Diabetes Statistics Report 2020.
Estimates of diabetes and its burden in the United States [cdc.
gov]). Diabetes is the leading etiology for renal failure and blind-

Received 9 September 2022; revised 2 November 2022; accepted 23 November

2022

452 J Diabetes Investig Vol. 14 No. 3 March 2023

ness. Furthermore, diabetes is also associated with a greater risk
of cardiovascular disease (CVD), non-alcoholic fatty liver disease
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and cancer' °. Prediabetes is also associated with a higher risk of
CVD and cancer™®. Given the high prevalence and poor progno-
sis of complications of prediabetes or diabetes, risk stratification
and preventive strategies are required. Due to the fact that the
majority of individuals with prediabetes or diabetes have no
symptoms, hyperglycemia is frequently detected through screen-
ings, such as health checkups. The latest statement from the U.S.
Preventive Services Task Force suggests screening people (aged
35-70 years) with overweight or obesity for prediabetes and dia-
betes every 3 years’. However, there have been limited epidemi-
ological data identifying the optimal screening intervals for
prediabetes or diabetes. To validate the updated statement, addi-
tional data are necessary on the annual incidence and determi-
nants of prediabetes or diabetes in persons with normal fasting
plasma glucose (FPG). Comorbid modifiable risk factors; for
example, unhealthy lifestyles and obesity, are linked with a
greater risk of diabetes®®. Cardiovascular health (CVH) metrics
consisting of seven modifiable risk and lifestyle factors, such as
smoking, body mass index (BMI), physical activity, eating
habits, blood pressure, FPG level and total cholesterol level,
could be a concise risk stratification approach for predicting
future CVD risk. Furthermore, a previous study including
Native Americans without diabetes presented a potential link
between CVH metrics and incident diabetes'®. However, the
association of these modifiable risk factors with the risk of devel-
oping prediabetes is unclear. Furthermore, there are no available
data regarding the association between CVH metrics and the
annual occurrence of prediabetes or diabetes, for which it is nec-
essary to determine the most appropriate risk stratification and
screening interval. Furthermore, whether modifying CVH
metrics could prevent the development of prediabetes or dia-
betes requires elucidation. Thus, the present study analyzed a
nationwide epidemiological dataset including 403,857 individu-
als with FPG data available for five consecutive years and with
normal FPG (<100 mg/dL) at the initial health checkup, and
analyzed the link between CVH metrics and the annual inci-
dence of prediabetes or diabetes. Additionally, we carried out
sex- and age-stratified subgroup analyses, and evaluated the
association between 1-year changes in CVH metrics over the ini-
tial year of follow up and future risk of prediabetes or diabetes
development.

MATERIALS AND METHODS

Study design and data source

We used data from the JMDC Claims Database (JMDC; Tokyo,
Japan) for the present observational cohort study between 2005
and 202173, The JMDC has contracts with >60 insurers, and
includes data on health checkup and insurance claim records of
insured individuals. The J]MDC Claims Database is a collection
of the health checkup records including data on blood exami-
nations (e.g, FPG), current medications and the individuals’
responses to a standard questionnaire administered during such
periodic health checkups'®. We extracted FPG data from
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416,355 individuals with available FPG checkup data for five
consecutive years who were normoglycemic (<100 mg/dL) and
without any missing data on CVH metrics components at the
initial checkup. To obtain information, we set a lookback per-
iod of 4 months, and necessitated the population be covered by
insurance for at least 4 months before the first checkup. After
excluding individuals with prescriptions for diabetes within
3 months before (n = 1,101) and after (n = 59) the baseline
checkup, those with a history of CVD (n = 11,233), and those
undergoing renal replacement therapy (n = 105), 403,857 par-
ticipants were included in the analysis in the present study
(Figure S1).

Checkups carried out 1, 2, 3, 4 and 5 years after the initial
checkup were defined as the oldest checkups among those car-
ried out between 1, 2, 3, 4 and 5 years + a half year after the
date of the initial checkup, respectively.

Primary end-point

The primary end-point was defined as prediabetes or diabetes.
We defined prediabetes as an FPG 100-125 mg/dL and dia-
betes as an FPG >126 mg/dL or the use of antidiabetic medica-
tions. Antidiabetic drugs were defined as drugs with World
Health Organization Anatomical Therapeutic Chemical Classifi-
cation System codes starting with “A10”.

Individuals meeting the definition of diabetes were also
included in the prediabetes category. Diagnoses of prediabetes
or diabetes were fixed. For instance, if an individual was diag-
nosed with prediabetes 1 year after the initial health checkup,
this diagnosis was utilized at 2, 3, 4 and 5 years after the origi-
nal health checkup, regardless of the follow-up FPG levels.

Ethics

We carried out the present study in compliance with the ethical
guidelines of the University of Tokyo (approval number: 2018—
10,862) and the Declaration of Helsinki’s principles. Informed
consent was not required for this study, because all data in the
JMDC Claims Database were anonymized. The International
Conference on Harmonization guidelines were followed by all
data".

CVH metrics

The original American Heart Association definitions of CVH
metrics were modified to fit the JMDC Claims Database accord-
ing to our previous studies'>'°. The original and modified defi-
nitions used in the present study of CVH metrics are shown in
Table S1. The ideal CVH metrics were as follows: BMI of
<25 kg/m’ non-smoking; 30 min of physical activity >twice
weekly or >1 h of walking per day; eating habits: skipping break-
fast <3 times per week; systolic untreated blood pressure/dias-
tolic blood pressure of <120/80 mmHg; and total cholesterol of
<200 mg/dL. Using measurements of low-density lipoprotein
cholesterol, high-density lipoprotein cholesterol and triglyc-
erides, the untreated total cholesterol levels were calculated.

© 2022 The Authors. Journal of Diabetes Investigation published by AASD and John Wiley & Sons Australia, Ltd

453

J Diabetes Investig Vol. 14 No. 3 March 2023



ORIGINAL ARTICLE
Okada et al.

Statistical procedure

Descriptive analysis

We presented continuous and categorical data as medians (in-
terquartile range) and numbers (percentage), respectively. Using
one-way analysis of variance and y’-tests, we compared contin-
uous and categorical data between the seven groups based on
the number of non-ideal CVH metrics (0-6).

Main analysis

We calculated the odds ratios (ORs) of the number of non-
ideal CVH metrics for developing prediabetes or diabetes at 1,
2, 3, 4, and 5 years following the initial health check-up, adjust-
ing for age, sex, and FPG at the initial health check-up. In the
multivariable logistic regression analysis, we included the six
CVH metric components in addition to age, sex and FPG at
the initial health check-up to evaluate the associations between
each CVH metric component and the risk of prediabetes or
diabetes. We also calculated the number needed to screen for
diabetes or prediabetes, as previously described'”.

Subgroup analysis

We carried out subgroup analyses stratified by sex and age
(<45 vs >45 years). This cut-off was derived from the Ameri-
can Diabetes Association statement for screening for diabetes’.

Secondary analysis

After excluding participants who developed prediabetes or
diabetes (n = 40,303) or with missing data on CVH metrics
1 year after the baseline year (n = 9,537) from the original
cohort (n = 403,857), we analyzed 354,017 participants who
maintained FPG <100 mg/dL and with data for the repeated
assessment of CVH metrics 1 year after the initial health
checkup to evaluate the relationship between the change in
CVH metrics and the risk of subsequently developing diabetes
or prediabetes.

Additional analysis

Considering that the cut-off age for screening might be contro-
versial/, we assessed the effect of age on the association
between CVH metrics and the risk of prediabetes or diabetes,
and applied a non-linear model using a restricted cubic spline
with 3 knots (10th, 50th and 90th percentiles) and an age of
45 years set as the reference, adjusting for sex, FPG at the ini-
tial health check-up and CVH metrics. To confirm the BMI
cut-off, we also applied a non-linear model for BMI using a
BMI of 22 kg/m” as the reference, adjusting for age, sex, FPG
at the initial health checkup and CVH metrics other than BMI.

Sensitivity analysis

Considering that glycated hemoglobin (HbAlc) is a stable assay
to assess the presence of diabetes or prediabetes, and the diag-
nostic criteria for diabetes include FPG >126 mg/dL and
HbAlc >6.5%, among those whose HbAlc values were avail-
able for five consecutive years (n = 301,676) out of the included

http://wileyonlinelibrary.com/journal/jdi

population, we analyzed the development of prediabetes or dia-
betes after exclusion of those with HbAlc >5.7% at the baseline
checkup (n = 44,900) using the following definitions: predia-
betes as FPG >100 mg/dL and HbAlc >5.7%, and diabetes as
FPG >126 mg/dL and HbAlc >6.5%.

P-values of <0.05 were considered statistically significant. We
carried out all statistical analyses using Stata (version 17; Stata-
Corp LLC, College Station, TX, USA).

RESULTS

Characteristics of the study population

Baseline clinical characteristics of the study participants are
shown in Table 1. The median age was 44 years (interquartile
range 40-50 years), and male participants accounted for
265,113 (65.6%). The median FPG level was 89 mg/dL (in-
terquartile range 84-94 mg/dL) and the median number of
non-ideal CVH metrics was two (interquartile range 1-3). As
the number of non-ideal CVH measurements increased, the
proportion of men and FPG values rose.

CVH metrics and the annual incidence of prediabetes or
diabetes

Figure 1 shows the annual incidence of prediabetes or diabetes
for 5 years after the initial health checkup according to the
number of non-ideal CVH metrics. Overall, the incidence of
prediabetes and diabetes increased from 10.0% and 0.2% at
1 year after the initial checkup to 32.9% and 1.1%, respectively,
5 years after the initial health check-up. Accordingly, 10 and
651 participants were required to screen for prediabetes and
diabetes at 1 year after the initial checkup, whereas three and
95 participants, respectively, were required at 5 years after the
initial health checkup. At 1-5 years after the initial checkup,
the incidence of prediabetes or diabetes increased with an
increasing number of non-ideal CVH metrics. The number of
non-ideal CVH metrics was significantly associated with the
risk for prediabetes or diabetes development at all time points
after the initial health checkups in multivariable logistic regres-
sion analyses. The odds ratios per 1-point increase in the num-
ber of non-ideal CVH metrics for prediabetes or diabetes at
5 years after the initial health checkup were 1.21 (95% confi-
dence interval [CI] 1.20-1.21) and 1.61 (95% CI 1.57-1.65),
respectively (Table 2).

Individual CVH metric components and the annual incidence
of prediabetes or diabetes

The relationships of each CVH metric with the risk of the
development of prediabetes or diabetes are shown in Table S2.
Non-ideal status of BMI, smoking and blood pressure were
related to increased risks of prediabetes or diabetes at all time
points; however, it was not clear whether non-ideal physical
activity was associated with a higher incidence of prediabetes or
diabetes at all time points after the initial health checkup. Non-
ideal total cholesterol and non-ideal eating habits were associ-
ated with a higher incidence of prediabetes at all time points
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Figure 1 | Cardiovascular health metrics and incidence of prediabetes or diabetes. (a, b) Proportions for (a) incident prediabetes or (b) diabetes.

(¢, d) Number required to screen (c) incident prediabetes or (d) diabetes.

and diabetes at all time points except 1 year after the initial
health checkup (Table S2).

Subgroup analyses

We stratified the study participants by sex (265,113 men and
138,744 women). The association between the number of non-
ideal CVH metrics and the increasing incidence of prediabetes
or diabetes was observed in both sexes. The number of non-
ideal CVH metrics was associated with the increasing incidence
of prediabetes or diabetes in both men and women (Figure S2).
Logistic regression analyses showed that a higher number of
non-ideal CVH metrics was related to a higher incidence of
prediabetes or diabetes in both men and women (Table S3).
Non-ideal BMI, non-ideal smoking and non-ideal blood pres-
sure were associated with increased risks of prediabetes or dia-
betes in both men and women; however, the coefficients of
non-ideal BMI for prediabetes or diabetes development were
augmented in women (Table S4). The study population was
also stratified by age (213,691 individuals aged <45 years and
190,166 individuals aged >45 years). The risk of developing
prediabetes or diabetes was linked with the number of non-

ideal CVH metrics in both age groups (Figure S3). In logistic
regression analyses, an increasing number of non-ideal CVH
metrics was linked with an increasing risk of prediabetes or dia-
betes development in both age groups (Table S5). Non-ideal
BMI, non-ideal smoking and non-ideal blood pressure were
associated with increased risks of prediabetes or diabetes in
both age groups. The coefficients of BMI for the risk of dia-
betes development were augmented in participants aged
<45 years as compared with those aged >45 years (Table S6).

Changes in the number of non-ideal CVH metric components
and the risk for prediabetes or diabetes

We analyzed 354,017 participants with FPG <100 mg/dL and
available data for the repeated assessment of CVH metrics at
1 year after the initial health checkup. After adjusting for
covariates and baseline CVH metrics, a 1-point increase (at
1 year) in the number of non-ideal CVH metric components
was related to an increasing risk for developing prediabetes or
diabetes annually 2-5 years after the initial health checkup
(Table 3). The odds ratios of a 1-point increase (at 1 year) in
the number of non-ideal CVH metric components for
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prediabetes and diabetes at 5 years after the initial health
checkup were 1.15 (95% CI 1.14-1.16) and 1.38 (95% CI 1.31—
1.45), respectively. This relationship was consistent across sub-
groups stratified by sex or age.

Age modification effect on the associations between CVH
metrics and the development of prediabetes or diabetes with
age as a non-linear continuous variable

When we treated age as a non-linear continuous variable and
used a cubic spline model with 45 years of age as the reference,
the relationship between age and prediabetes development was
nearly linear, whereas that between age and diabetes develop-
ment was not (Figure $4). Age >45 years was related to a steep
increase in the risk of diabetes development.

Modification effect of BMI on the associations between other

CVH metrics and the development of prediabetes or diabetes

When we treated BMI as a non-linear continuous variable and
used a cubic spline model with 22 kg/m2 as the reference, the
relationship between BMI and prediabetes development was
almost linear, whereas that between BMI and diabetes develop-
ment was not (Figure S5). Regarding the association between
BMI and diabetes development, for BMI >23 kg/m’ an
increase in BMI affected the risk of diabetes development at an
accelerated rate.

Sensitivity analysis

Analysis of 256,776 people having FPG <100 mg/dL and
HbAlc 5.7% at the initial-year checkup showed similar results.
The number of non-ideal CVH metrics was positively linked
with a higher risk of developing prediabetes or diabetes, as in
the primary analysis (Figure S6). This result remained consis-
tent, even after adjusting for covariates (Table S7). Among the
components, a non-ideal status of BMI was most strongly asso-
ciated with the risk for prediabetes and diabetes (Table S8).

DISCUSSION
Using a nationwide administrative claims database, we found
that the number of non-ideal CVH metrics was correlated with
the risk of the subsequent development of prediabetes or dia-
betes among individuals with FPG <100 mg/dL at baseline.
Among participants with all non-ideal CVH metrics, >30% and
>50% developed prediabetes in 3 and 5 years, respectively. The
present study is the first to describe the natural history of FPG
trends in a middle-aged population, as well as the importance
of CVH metrics in the development of prediabetes or diabetes.
We reported the annual incidence of prediabetes and dia-
betes among individuals with blood glucose levels within the
normal range at baseline. Although previous epidemiological
studies have reported the incidence of diabetes'®"”, data on the
annual incidence of prediabetes are scarce. As diabetes is one
of the most essential healthcare issues with adverse clinical out-
comes and increasing prevalence worldwide’>*', we also pay
attention to prediabetes, which is the most striking predisposing
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factor for the development of diabetes. Furthermore, predia-
betes itself increases the risk of various subsequent complica-
tions™. Therefore, it is important to take appropriate
preventive measures for both prediabetes and diabetes, based
on concrete risk stratification. For this purpose, determining
the detailed incidence of prediabetes and diabetes, and identify-
ing the risk factors for both conditions are important. Further-
more, to our knowledge, there are no data on the relationship
between modifiable risk factors and the risk of the annual
development of prediabetes or diabetes.

The present results showed that BMI had the greatest impact
on the development of prediabetes and diabetes among the
components of CVH metrics, particularly diabetes. This finding
was supported by our additional analysis showing an associa-
tion between BMI and prediabetes or diabetes (Figure S5).
Although the association between BMI and prediabetes was
nearly linear, that between BMI and diabetes increased expo-
nentially with increased BMI. These findings were consistent
with those of previous studies that showed the contribution of
BMI to subsequent hyperglycemic development™>*, The expo-
nential risk augmentation in diabetes risk along with BMI
increase was also reported in other previous studies*>°. Inter-
estingly, this exponential association between BMI and risk of
diabetes was found to be independent of genetic or environ-
mental factors, as shown using Mendelian randomization®. A
possible background behind this fact was suggested by the fact
that those with prediabetes were more likely to develop diabetes
when they had higher BMI and experienced further weight
gain, and that this association was augmented among people
with higher BMI”. Another interesting finding in the present
study is that the risk of prediabetes increased almost linearly,
whereas that of diabetes increased non-linearly along with age
increase from normal glycemic ranges. An association of age
with prediabetes and diabetes risk was reported in a previous
article®® showing that the risk of diabetes increased more stee-
ply than that of prediabetes with the age advance.

The optimal interval for carrying out checkups remains con-
troversial”. As approximately 25-30% of participants with four
or more non-ideal CVH metrics developed prediabetes, FPG in
this population should be carefully observed at an interval of at
least 2—3 years, if not annually. Because 2.7 and 5.6% of individ-
uals with non-ideal CVH metrics developed diabetes at 3 years
and 5 years, respectively, biennial or triennial checkups might
be sufficient to detect diabetes in this population. However, as
hyperglycemia below the diabetes level is reportedly associated
with an increased risk for the development of diabetes, cardio-
vascular disease, proteinuria and cancer™, the community
should take measures against such “hyperglycemic sequelae”.

The present study had several strengths. First, we described
the annual changes in FPG among those with FPG <100 mg/
dL; that is, individuals without prediabetes or diabetes at base-
line. This was enabled by the requirement for annual checkups
by the Japanese government for companies. Furthermore, we
confirmed the robustness of our results by defining prediabetes
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and diabetes using both FPG and HbAlc levels. Second, we
revisited, among a normoglycemic population, the importance
of CVH metrics previously shown to be associated with the
development of atherosclerotic cardiovascular events'”. Most
CVH metrics were modifiable factors; therefore, the present
findings might influence policy-making in public health. We
showed that changes in CVH metrics might improve the risk
of developing hyperglycemia.

Despite the novelty of the present study, it had several lim-
itations. First, our findings might not be generalizable to
other populations. East Asian populations develop diabetes at
a relatively low BMI compared with Western populations®.
However, as the risk factors for hyperglycemia are similar
between these populations™, the present results could be use-
ful in other countries. Second, although we adjusted for com-
mon confounders, such as age, sex and modifiable physical or
lifestyle factors, we could not adjust for social factors, such as
socioeconomic status, family history of diabetes or other
metabolic diseases, which might have affected our results.
Further studies are required to consider such social, lifestyle
and genetic factors. Dietary components (e.g, Dietary
Approaches to Stop Hypertension diet) are used to determine
eating behaviors in the original formulation of CVH metrics.
Unfortunately, our dataset did not provide any information
on dietary components. Because skipping breakfast is known
to increase the risk of lifestyle-related disease or cardiovascu-
lar disease, we determined that skipping breakfast was a non-
ideal eating habit in the present study. We obtained the infor-
mation on lifestyles from the self-reported questionnaires at
health checkups. As the present results were partly derived
from a subjective questionnaire, we have to interpret the
results with caution. Finally, we failed to show the cost-
effectiveness of health checkups, which is also important in
preparing for decision-making in public health policy.

In conclusion, a higher number of non-ideal CVH metrics
was related to a higher annual incidence of prediabetes or dia-
betes in normoglycemic adults aged 18-71 years. Obesity, high
blood pressure and cigarette smoking were associated with a
higher annual incidence of prediabetes or diabetes at almost all
time points. These results confirmed the important role of
modifiable risk factors in the pathogenesis of prediabetes or
diabetes, highlighting the potential of CVH metrics as indica-
tors for the optimal screening of prediabetes or diabetes and
implementing preventive measures. Furthermore, a 1-year
change in CVH metrics was related to a change in the risk for
developing prediabetes or diabetes, suggesting the potential ben-
efit of lifestyle interventions for preventing prediabetes or dia-
betes. The present results can be used to motivate people to
optimize their lifestyle and risk factors to prevent the develop-
ment of prediabetes or diabetes.
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Figure S5 | Association between body mass index and development of prediabetes or diabetes in 5 years.

Figure S6 | Cardiovascular health metrics and incidence of prediabetes or diabetes when using both fasting plasma glucose and gly-
cated hemoglobin levels.

Table S1 | Definitions of ideal cardiovascular health metrics.
Table S2 | Odds ratio of each component of cardiovascular health metrics for the risk of transition to prediabetes or diabetes.
Table S3 | Odds ratio per 1-point increase in the number of non-ideal cardiovascular health metrics.

Table S4 | Odds ratio of each component of cardiovascular health metrics for the risk of transition to prediabetes or diabetes strat-
ified by sex.

Table S5 | Odds ratio per 1-point increase in the number of non-ideal cardiovascular health metrics stratified by age category.

Table S6 | Odds ratio of each component of cardiovascular health metrics for the risk of transition to prediabetes or diabetes strat-
ified by age category.

Table S7 | Association between the number of non-ideal cardiovascular health metrics and the risk of prediabetes or diabetes when
using both fasting plasma glucose and glycated hemoglobin levels as the definition of prediabetes or diabetes.

Table S8 | Odds ratio of each component of cardiovascular health metrics for the risk of transition to prediabetes or diabetes when
using both fasting plasma glucose and glycated hemoglobin levels as the definition of prediabetes or diabetes.
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