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Introduction: Metabolic risks including high body mass index, high fasting plasma
glucose, high low-density lipoprotein cholesterol, high systolic blood pressure, kidney
dysfunction and low bone mineral density, contribute heavy burden to the US health
systems. We aimed to investigate the burden attributable to metabolic risks in the US
from 1990 to 2019.

Methods: Using methodology of Global Burden of Disease Study, the deaths and DALYs
attributable to metabolic risks were analyzed by age, gender, states, Socio-demographic
Index (SDI) and diseases from 1990 to 2019 in the US.

Results: In 2019, the age-standardized death and DALY rates attributable to metabolic
risks were 174.9 and 4738.7 per 100,000 people, accounting for 33.1% and 18.2%
of death and DALY rates from all causes in the US, and there was a decrease by
—32.5% and —21.2% in age-standardized death and DALY rates since 1990. The burden
attributable to metabolic risks increased with age, and was higher in males than females.
In addition, the burden varied widely across the states, generally in inverse proportion to
the SDI levels, and the heaviest burden was observed in East and West South-Central
of the US. Cardiovascular diseases carried heavy burden attributable to metabolic risks.

Conclusion: The burden attributable to metabolic risks remained major public health
concerns in the US. Prevention of metabolic risks should be a high priority in the US.

Keywords: metabolic risk, disability adjusted life year, death, United States, global burden of disease

INTRODUCTION

Metabolic risks, including high body mass index (BMI), high fasting plasma glucose (FPG), high
low-density lipoprotein (LDL) cholesterol, high systolic blood pressure (SBP), kidney dysfunction
and low bone mineral density (BMD), are important modifiable risk factors for a wide range
of diseases, such as cardiovascular diseases, cancers and injuries (1). In the US, most of the 10
leading causes in 2019 was attributable to these metabolic risks (2), which posed threaten to public
health, and it was reported that in 2017 the age-standardized death and DALY rate of high fasting
plasma glucose were 70.97 and 1855.74 per 100,000 (3), and 72.0 and 2355.1 per 100,000 for high
BMI in the US (4). However, the US healthcare system has focused mainly on drug discoveries
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and disease treatment rather than prevention (5). According to
data from NHANES, the age-adjusted prevalence of obesity (BMI
> 30 kg/mz), high blood pressure (SBP > 130 mmHg or DBP
> 90 mmHg), and high total cholesterol (>240 mg/dL) in adults
aged over 20 was 42.4, 47.1, 14.4, and 10.5% in 2017, respectively
(6), and 6.7% for chronic kidney dysfunction in 2016 (7), 43.9%
in adults aged over 50 for low BMD in 2010 (8), which reflected
high exposures to metabolic risks in the US residents, bringing
out huge burden to health system, for instance, high BMI brought
about 216,000 deaths, and costed about 3.38-6.38 billion US
dollar annually (1, 4, 9, 10).

Along with the unbalanced change of social development,
epidemiology and demographic within the US, the representative
nation of high incomes countries in North America, risk factors
still have had divergent trajectories in each state (9). Considering
crucial impacts on occurrence and development of diseases,
cartography of the disparities will facilitate the management
of metabolic risks. Although there were some studies having
discussed the prevalence or burden of BMI, diabetes or high
cholesterol in the US (9, 11), long-term systemic, consistent and
comparable results were still scarce. Based on the up-to-date
iteration of Global Burden of Disease (GBD) study 2019, our
work will provide a detailed information on the mortality and
morbidity attributable to metabolic risks by age, gender, state,
Socio-demographic Index (SDI) and causes from 1990 to 2019
in the US.

METHOD

Data Source

The GBD study was conducted by the Institute of Health Metrics
and Evaluation to provide annual reports on the burden of
diseases, injuries, and risk factors. GBD 2019 focused on 369
diseases, injuries, and 87 risk factors systematically. The general
methods used in GBD 2019 have been published previously (1,
12, 13). Our study included the residents of all age groups in the
US from 1990 to 2019. Data sources used to estimate the DALY's
and deaths attributable to individual and combined effects of
metabolic risks were extracted by GBD 2019 Data Input Sources
Tool (http://ghdx.healthdata.org/gbd-2019/data-input-sources),
and the results were available through online query tools on
the website (http://ghdx.healthdata.org/gbd-results-tool). Since
no identifiable data were used, and the patients and public were
not involved in collecting the data or determining the research
question, outcome measures, and study design, ethics approval
and informed consent were not required for this study.

Definition of Metabolic Risks

TMREL (the theoretical minimum-risk exposure level) of a
certain risk factor was defined as the minimum level for death
or DALY -weighted multi-cause curves of the risk factor from
previous meta-analysis studies. PAF is a term used in GBD, that
is the proportion by which the outcome would be reduced in a
given population and in a given year if the exposure to a risk
factor in the past were reduced to the counterfactual level of
the TMREL (1). TMREL of high BMI was defined as BMI >
25 kg/m? for adults (ages 20+), and was based on International

Obesity Task Force standards for children (ages 1-19) (14).
High FPG was defined as any level above the TMREL (4.8-5.4
mmol/L). Although FPG > 7.0 mmol/L is the accepted definition
for diabetes, this threshold cannot capture all the increased
risk caused by disturbance of FPG (15). Therefore, based on
prospective cohort studies, the TMREL of FPG was estimated
to 4.8-5.4 mmol/L, avoiding exposing a large proportion of the
population to increased risk of mortality (16). Similarly, high
LDL cholesterol was defined as LDL-cholesterol above TMREL
level (0.7-1.3 mmol/L) (17). High SBP was defined as SBP
above TMREL level (110-115 mmHg), because although the
majority of the burden associated with SBP occurred in persons
with hypertension (SBP > 140 mm Hg), there was still 30%
occurred in individuals with an SBP between 110 and 140 mm
Hg (18). Kidney dysfunction was defined by urinary albumin
to creatinine ratio and estimated glomerular filtration rate as
KDIGO classification (CKD stage 1-5) (19). Since bone mineral
varied with age and gender, the TMREL of low BMD was defined
as the age-sex specific 99th percentile of BMD based on NHANES
study (1).

Estimation of Burden

The burden attributable to metabolic risks was measured by
deaths and DALYs. Deaths attributable to metabolic risks were
calculated by the Cause of Death Ensemble Model, and predictive
covariates were used to develop a series of the best plausible
models to estimate of deaths due to metabolic risks by location,
age, sex, and year. DALYs represented the sum of years of life
lost (YLLs) and years lived with disability (YLDs). YLLs were
calculated by multiplying of deaths attributed to metabolic risks
by the life expectancy, and YLDs were the health loss associated
with severity levels, ranging from 0 (complete health) to 1 (death)
(12). DALYs attributable to metabolic risks were estimated using
DisMod-MR, a Bayesian meta-regression disease model for non-
fatal health outcomes in GBD study (12, 13). Then, deaths
and DALYs were quantified using the GBD comparative risk
assessment framework. For each risk exposure—disease outcome
pairs, they were firstly ascertained with sufficient evidences from
prospective cohorts or case-control studies, and PAF of the risk
were calculated by risk exposures, estimates of relative risk, and
TMREL, as follow equation:

P(RR—1)

PAF = —————
P(RR—1)+1

(1)

P represents the exposure rate of a certain risk factor level
(beyond the TMREL), RR stands for the relative rate of the risk
factor. Eventually, the deaths and DALY attributable to each risk
were calculated by multiplying the number of deaths or DALY
for the outcome by the PAF for the risk-outcome pair (1).

Sociodemographic Index

Socio-demographic Index (SDI) of a certain area was the
summary indicator of the development spectrum. SDI was a
composite average of the rankings of total fertility rate among
females younger than 25 years, educational attainment for those
aged 15 years or older, and lag distributed income per capita

Frontiers in Public Health | www.frontiersin.org

January 2022 | Volume 10 | Article 751126


http://ghdx.healthdata.org/gbd-2019/data-input-sources
http://ghdx.healthdata.org/gbd-results-tool
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
https://www.frontiersin.org/journals/public-health#articles

Chen et al.

Metabolic Risks Effects on US

in the GBD study, and the value ranged (least developed) to 1
(most developed).

Statistical Analysis

Uncertainty was propagated through all calculations by sampling
1,000 draws at each calculation step. The 2.5th and 97.5th
percentiles of sampling 1,000 draws at each calculation step was
defined as the 95% uncertainty intervals (UI). For all estimates, a
95% UI excluding zero were considered statistically significant.

RESULTS

National Level

As shown in Figure 1 and Supplementary Table 1, in 2019, the
total number of deaths and DALYs attributable to metabolic
risks within the US increased to 1,053,576 (95% UI 38,617 to
1,166,534) and 24,951,913 (95% UI 21,921,514 to 28,238,788)
years from 1990. The age-standardized death and DALY rates
attributable to metabolic risk factors were 174.9 (95% UI 156.6 to
192.8) and 4738.7 (95% UT 4151.9 to 5371.9) per 100,000 people,
accounting for 33.1 and 18.2% of age-standardized death and
DALY rates from all causes in the US, and significantly decreased
by —32.5% (95% UI —35.4 to —29.2) and —21.2% (95% UI —24.6
to —18.0) from 1990, respectively.

For each individual metabolic risk, in 2019, the age-
standardized death rate attributable to high SBP was
highest [81.6 (95% UI 68.6 to 94.2) per 100,000 people]
(Supplementary Table 4), followed by high FPG and high BMI
[72.7 (95% UI 54.2 to 95.4) and 68.5 (95% UI 45.7 to 90.5)
per 100,000 people] (Supplementary Tables 2, 5), and the age-
standardized DALY rate was also higher for high BMI, high FPG
and high SBP [2498.2 (95% UI 1759.9 to 3203.1), 2003.3 (95%
UI 1629.3 to 2423.8) and 1684.1 (95% UI 1478.7 to 1880.9) per
100,000 people, respectively] (Supplementary Tables 2, 4, 5).
From 1990 to 2019, there was a large decrease in age-standardized
death and DALY rates attributable to high SBP (—45.9% and
—42.7%) and high LDL cholesterol (—64.9% and —62.4%)
(Supplementary Tables 3, 4), while burden for high FPG and
high BMI remained unchanged (Supplementary Tables 2, 5).
However, the trend for low BMD was upward by 35.0 and 8.7%
for death and DALY (Supplementary Table 6).

Age-Gender Pattern

Generally, the age-specific death and DALY rates attributable
to metabolic risks tended to increase with age in both sexes in
2019, and the rates were higher in males than in female across
all age groups (although with overlapping uncertainty in some
age groups) (Figures 2A,B). The number of deaths attributable
to metabolic risks was higher in males than females in age group
younger than 75 years, peaking at age group 75-79 years for males
and 90-94 for females. For the number of DALY attributable to
metabolic risks, it was higher in males than females in age group
younger than 70 years, peaking at age group 60-64 years for males
and 90-94 for females.

By Location

As shown in Figure3 and Supplementary Tables 1-7, the
burden due to metabolic risks varied widely across the country:
the highest age-standardized death rate attributable to metabolic
risks was mainly seen in states in East and West South Central of
the US, such as Mississippi [248.9 (95% UT 210.9 to 293.1)] and
Louisiana [229.7 (95% UI 191.6 to 272.6) per 100,000 people],
while the lowest was observed in Hawaii [129.4 (95% UI 107.2
to 154.7) per 100,000 people] (Figure 3A). From 1990 to 2019,
the greatest improvement was achieved in New York [—41.7%
(95% UI —50.4 to —32.9)], but less was in states in East and West
South Central [e.g., Oklahoma —15.3% (95% UI —27.7 to —3.0),
and Arkansas —18.6% (95% UI —30.8 to —5.9)] (Figure 3C).

The pattern of the age-standardized DALY rate attributable
to metabolic risks and its change was analogous to the age-
standardized death rate, highest in states in East and West South
Central [e.g., Mississippi 6684.9 (95% UI 5671.0 to 7853.3), and
Louisiana 6279.9 (95% UI 5243.0 to 7327.8) per 100,000 people],
and lowest in Minnesota [3699.7 (95% UI 3085.4 to 4326.2)
per 100,000 people] (Figure 3B). As indicated in Figure 3D, the
decrease was greatest in District of Columbia [—31.6% (95%
Ul —40.1 to —22.3)], and least in Oklahoma [—4.1% (95%
UI —15.4 to 7.5)]. In addition, the pattern and trend of age-
standardized DALY and death rate attributable to individual
metabolic risk were very analogous to metabolic risks combined
(Supplementary Tables 1-7).

Generally, the age-standardized DALY rate attributable to
metabolic factors and its changes in a certain state was in inverse
proportion to its SDI level in 2019 (Figures 4A,B), but some
states like Oklahoma had much higher age-standardized DALY
rate than expected based on SDI level. Furthermore, states with
lower SDI level tended to have minor improvement in DALYs
due to metabolic risks, such as Mississippi and Arkansas.

By Causes

As shown in Figure5 and Supplementary Table 8,
cardiovascular diseases accounted for the largest proportion
of age-standardized death rate attributable to metabolic risks
combined (64.4%), followed by neoplasms (11.0%) (Figure 5A).
Cardiovascular diseases also took the largest proportion of
age-standardized death rate due to each metabolic risk except
low BMD. The age-standardized DALY rate attributable to
metabolic risks combined, cardiovascular diseases took the
largest proportion (48.4%), followed by diabetes mellitus (18.5%)
(Figure 5B). In addition, it was indicated that cardiovascular
diseases and injuries covered all the DALY rate attributable to
high LDL cholesterol and low BMD.

Supplementary Tables 9, 10 provided the age-standardized
proportion of deaths and DALYs attributable to the individual
and combined effects of metabolic risks. Apart from diabetes
mellitus, chronic kidney disease and hypertensive heart disease
directly caused by one metabolic risk, the age-standardized
proportion of death and DALY attributed to metabolic risks
combined was highest for ischemic heart disease (the PAFs were
82.6 and 84.7%, respectively), followed by stroke (the PAFs were
66.1 and 69.5%, respectively). Concerning diabetes mellitus, high
BMI attributed high proportion to the age-standardized death
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FIGURE 1 | Numbers and age-standardized rates of deaths and DALY attributable to individual and combined effects of metabolic risks in the United States,
1990-2019: Age-standardized rates of deaths (A) and number of deaths (C) attributable to individual and combined effects of metabolic risks, and age-standardized
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Low bone mineral density

and DALY (the PAFs were 55.0 and 64.6%, respectively). Among
neoplasms, the age-standardized proportion of death and DALY
of uterine cancer was highly affected by high BMI (the PAFs
were 56.1 and 54.5%, respectively), followed by esophagus cancer
(the PAFs were 34.6 and 36.1%, respectively). While high FPG
had large influence on the age-standardized death and DALY of
bladder cancer.

DISCUSSION

Our finding revealed that the number of death and DALY
attributable to metabolic risks combined increased remarkably
from 1990, however, after standardization of age structure,
substantial decreases both in death and DALY were observed,

which could be partly explained by the aging of population in
the US.

We found out that there was a decline in burden attributable to
high SBP and high LDL cholesterol, partly because hypertension
control rate increased from 31.6% in 1999 to 48.3% in 2016,
despite almost unchanged prevalence of hypertension (20), and
a decrease by 0.21 mmol/L per decade in total cholesterol in the
US was observed since 1980 (21). While the situation of high BMI
and high FPG had not been ameliorated, despite improvement in
healthcare. The age-adjusted prevalence of obesity and diabetes
in adults increased persistently from 30.5 and 6.4% in 1999, to
42.4 and 9.4% in 2017, respectively (6, 22), and the obesity rate in
the US remained 7.7% for a decade (23). Another prominent issue
was low BMD. Due to the aging of population, it was projected
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that the number of adults 50 years and older with low BMD
in 2030 would reach to 57.4 million, increased by 32% since
2010 (8).

Our results indicated that the age-standardized death and
DALY rate were higher in males than females, but the disparity

narrowed and became indistinct after aged 70 years and over,
besides, the number of death and DALY attributable to metabolic
risks were also higher in female after 70 years old. The reason
of the phenomenon is not fully unveiled. There were also some
studies reporting that prevalence of high BMI, SBP, and LDL
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FIGURE 3 | Burden attributable to metabolic risk factors for each state in the US: (A) Age-standardized death rate attributable to metabolic risk factors in 2019;
(B) Age-standardized DALY rate of RIT in 2019; (C) Change in age-standardized death rates attributable to metabolic risk factors, 1990-2019; (D) Change in

B Age-standardized DALY rates, 2019

Rate per 100 000, No.

3699 4300 4900 5500 6100 6685

Change in age-standardized DALY rates, 1990-2019

Change, %

=32 -25 -18 =11 -4

cholesterol were higher in older females than older males in the
US (6, 24, 25), and since reduce in estrogen after menopause,
females were more susceptible and vulnerable to low BMD
(8, 26). Also, this phenomenon was observed in many other
countries (27), implying a necessity to understand the sex
differences in metabolic risks and integrate them into medical
intervention (4, 26, 28).

Through evaluation of burden in each state, we found out
wide variations existing in the US, and identified the hotspots
hit by metabolic risks. The reasons behind the disparities are
multifactorial, including difference in diet habits, demography,
ethnicity, healthcare resource and utilization (24), while an
important indicator is SDI level (4). However, the effects of
SDI were complicated and non-linear, for instance, the age-
standardized DALY rate of high BMI increased until SDI is
about 0.78, but then decreases with higher SDI which could
be explained by the undernutrition in low SDI countries, and

much healthier food in high SDI countries (4). The complex
relationship between SDI and DALY needed further studied.
While our results showed that in the US, the burden attributable
to metabolic risks of each state and its change were generally
in inverse proportion to local SDI level, which also roughly
accorded with the heatmap of metabolic risks distribution in the
US, for instance, Mississippi had highest obesity and diabetes
rate (40.8 and 12.9%, respectively), also heaviest burden (6),
suggesting that prior concerns and interventions should be
implemented in locations with low SDI in the US.

As previously reported, cardiovascular diseases (CVD), more
specifically, ischemic heart disease and stroke were the leading
causes of death and DALY related to metabolic risks in the
US (10), and the burden mainly originated from high SBP,
LDL cholesterol, BMI, and FPG (25). Last decades had seen
the improvements achieved in cardiovascular diseases, which
implied the significant role of treatment and prevention of
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reducing death rate related to metabolic risks (9). With standard
statin regimens, a 1.0 mmol/l reduction in LDL resulted in
preventing events of heart attack and ischemic stroke by over 20%
(29), and apart from wide utilization of statin drugs, replacement
of saturated fats with unsaturated fats also leaded to a substantial

decrease in burden due to high LDL cholesterol in the US
(21). High SBP also had impacts on cardiovascular diseases, and
increased the risk of mortality in coronary heart disease (RR =
1.10) and stroke (RR = 1.15) (30), while hypertension control
rate increased from 31.6% in 1999 to 48.3% in 2016 (20), thus

Frontiers in Public Health | www.frontiersin.org

January 2022 | Volume 10 | Article 751126


https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
https://www.frontiersin.org/journals/public-health#articles

Chen et al.

Metabolic Risks Effects on US

Metabolic risks

High body mass index

High fasting plasma glucose
High systolic blood pressure
High LDL cholesterol
Kidney dysfunction

Low bone mineral density

Metabolic risks

High body mass index

High fasting plasma glucose
High systolic blood pressure
High LDL cholesterol
Kidney dysfunction

Low bone mineral density

| | T | |
120 150 180

Bl Cardiovascular diseases

] Neoplasms

0 30 60 90
Age-standardized death rates (per 100 000)
1 | | | |
0 1200 2400 3600 4800

Age-standardized DALY rates (per 100 000)

[ Diabetes mellitus

[ Musculoskeletal disorders

FIGURE 5 | Death (A) and DALYs (B) attributable to the individual and combined effects of metabolic risks in the United States by diseases.

[ Chronic kidney disease

1 Injuries [ Other causes

reducing in cardiovascular risk (31). High FPG, another rising
risk, also increased risk for CVD mortality, and the awareness,
treatment, and control rate of blood glucose in the US were far
from satisfactory (25). Some new anti-diabetic medications like
SGLT-2 inhibitor and GLP-1 receptor agonist had been proven to
have cardiovascular protection effect. In a meta-analysis study,

it was documented that GLP-1 receptor agonist and SGLT-2
inhibitor reduced the risk of CVD mortality (OR = 0.87 and 0.82,
respectively), and had potentials in reducing renal dysfunction
(32). However, considering that these drugs had not been on the
market for a long time, their impacts on CVD are yet to come.
Furthermore, some anti-diabetes medications unable to provide
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cardiovascular protection like sulfonylurea, thiazolidinedione
still hold large proportion in the US (33). Concerning high BMI,
although an obesity paradox outcome of cardiovascular diseases
was reported previously, our study showed that upward in
prevalence of high BMI contributed a substantial and increasing
burden in cardiovascular diseases, corroborating the results that
obesity increased incidence of cardiovascular events in the US
(HR = 1.67 for males and 1.85 for females) (34).

Obesity is believed to be a promoter of diabetes mellitus, and
high BMI was prevalent in the diabetic patients, which was 27.6%
with overweight (BMI 25.0 to 29.9 kg/m?), 45.8% with obesity
(BMI 30.0 to 39.9 kg/mz) and 15.5% with extreme obesity (BMI
40.0 kg/m? or higher) in the US (22). However, the relationship
between BMI and all-cause mortality in diabetic patients was
controversy, Generally speaking, obesity was deemed as a
harmful roles in many diseases including diabetes (35, 36), but
many studies indicated reduced risk of all-cause mortality in
high BMI diabetic patients (37), which was so called obesity
paradox in diabetes. This phenomenon might be explained as
follow: patients with high BMI might have higher muscle mass
and better health condition (38), moreover, fat tissue is the main
energy storage in human body, which could protect them from
energy wasting and inflammation, also, fat cell could secrete some
cytokines, like adiponectin and leptin, and protect the human
body from hyperglycemia (39). While a meta-analysis indicated
that obesity paradox might be originated from epidemiological
bias and limitation of BMI, and the results showed that mortality
risk was lower in patients with BMI interval 25.0 to 30.0 kg/m?,
but higher in BMI higher than 30.0 kg/m? (36). Our results from
GBD data indicated that age-standardized proportion of DALY
and deaths in the US were attributable to high BMI. Considering
large proportion of BMI higher than 30.0 kg/m? in the US, efforts
on healthy eating and active living are still of importance in
US residents.

There are abundant evidences suggesting that cancer
incidence and mortality were associated with obesity and
diabetes (40-42). In 2012, 5.7% of all incident cancers
(804 100 cases) were attributable to the combined effects
of diabetes and high BMI (293 300 cases and 544 300
cases, respectively) (42), and the number is undoubtedly
increasing with epidemic of obesity and diabetes worldwide.
High BMI could increase incidence risk for most sites of
cancers, especially for uterine cancer, esophageal cancer,
and kidney cancer (RR = 1.50, 1.48 and 1.30 for every
5 kg/m2 increase in BMI) (41). Diabetes also increased
incidence and mortality of many cancers of high prevalent
in the US like breast, lung and colorectal cancer (40, 43).
Diabetes and high BMI combined was associated with
more than 7% of all incidence cancers (42), calling the
need for preventing and controlling excess body weight and
blood glucose.

Our work provided a detailed information on burden
attributable to metabolic risks combined and individual, and

depicted it from different dimensions. However, our results
are unavoidably affected by some limitations and uncertainties.
First, our data included self-report dataset thus resulting in
measurement uncertainty. Second, limitations exist in index of
metabolic risks, for instance, although BMI is a popular metric
for obesity, it was not a very accuracy parameter because it is not
able to account for bone density and body composition, besides,
some metabolic risks like hyperuricemia, electrolyte disorder
and hormone disturbance which might be related to health
loss and death are not incorporated in GBD studies. Third, the
burden attributable to metabolic risks varied in ethnicity, rural
and urban, and customs, which could not be distinguished by
our study.

In conclusion, metabolic risks are important contributor to
health burden in the US, and impact mainly on cardiovascular
diseases. In addition, through analysis by age-gender,
location, high-risk population and hotspot states hit by
metabolic risks are identified, providing information and
evidence for health workers to attach close concerns, and
allocate specific strategies to reduce burden attributable to
metabolic risks.
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