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ABSTRACT

Introduction This study aimed to examine the trends in
adherence to Physical Activity Guidelines for Americans
(PAG) as well as the association between them and
cardiometabolic risk factors among US adults with pre-
diabetes.

Research design and methods This study included
6734 participants who were diagnosed with pre-diabetes
from the National Health and Nutrition Examination Survey
2007-2008 to 2017-2018. The logistic regression model
and linear regression model were used to test the trends
in adherence to PAG. The multivariable linear regression
model was used to examine the association between
adherence to PAG and cardiometabolic risk factors.
Results The rate of adherence to the PAG for aerabic
physical activity was not significantly changed (64.1%

in 2007-2008 to 66.4% in 2017-2018, p=0.599). The
sedentary time changed significantly (5.6, 6.8, and 6.0
hours in 2007-2008, 2013-2014, and 2017-2018,
respectively; p<0.001). Adherence to the PAG was
significantly associated with levels of waist circumference,
body mass index (BMI), high-density lipoprotein cholesterol
(HDL-C), triglycerides, insulin, 2-hour postload plasma
glucose, and measurements of insulin resistance
(homeostatic model assessment for insulin resistance
(HOMA-IR)) and B-cell function (homeostasis model
assessment of B-cell function (HOMA-p)). There was

a significant relationship between sedentary time and
levels of waist circumference, BMI, HDL-C, insulin, 2-hour
postload glucose, HOMA-IR, and HOMA-. The associations
of adherence to the PAG and sedentary time with the levels
of systolic and diastolic blood pressures and hemoglobin
Alc were not significant.

Conclusions Adherence to PAG for aerobic activity

did not change significantly among US adults with pre-
diabetes. The time spent on sedentary behavior peaked

in 2013-2014 and then decreased afterward. Adhering

to the PAG for aerobic activity and reducing sedentary
time significantly improved cardiometabolic health among
adults with pre-diabetes.

INTRODUCTION

Being physically active is one of the most
important actions people can do to improve
their health. Inadequate physical activity has
been regarded as a worldwide public health

;2 Junhui Zhang®

WHAT IS ALREADY KNOWN ON THIS TOPIC

= Physical activity is beneficial to cardiometabolic
health in individuals with pre-diabetes, while the im-
pact of adherence to Physical Activity Guidelines for
Americans (PAG) on cardiometabolic risk factors in
pre-diabetes has not been evaluated.

WHAT THIS STUDY ADDS

= The sedentary time of individuals with pre-diabetes
changed significantly from 2007 to 2018.

= Adherence to the PAG was significantly associat-
ed with levels of cardiometabolic risk factors in
pre-diabetes.

HOW THIS STUDY MIGHT AFFECT RESEARCH,

PRACTICE, OR POLICY

= Adhering to the PAG for aerobic activity and reducing
sedentary time may improve cardiometabolic health
among adults with pre-diabetes.

problem and is responsible for approximately
6%-10% of major non-communicable diseases
and 9% of premature mortality in 2008."' The
USA has the highest economic burdens from
physical inactivity, with an associated cost of
$24.7 billion in annual health care.? The US
Department of Health and Human Services
released the first edition of the federal Phys-
ical Activity Guidelines for Americans (PAG)
in 2008 and updated the second edition in
2018.° * Both guidelines recommended that
adults should engage in at least 150 min of
moderate-intensity aerobic physical activity or
at least 75 min of vigorous-intensity aerobic
physical activity a week, or an equivalent
combination of both. In addition, the second
edition of PAG suggests that additional health
benefits are gained with moderate-intensity
physical activity beyond the equivalent of 300
min a week and that adults should reduce
sedentary time. However, although the PAG
has been released for more than 10 years,
the adherence rate to the PAG for aerobic
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physical activity in US adults has not improved, while the
sedentary time has significantly increased from 2007 to
2008 to 2015-2016".

Pre-diabetes refers to a health condition in which
blood glucose levels are higher than normal but not high
enough yet to be diagnosed as diabetes. In the USA, an
estimated 88 million adults, which is more than 1 in 3,
had pre-diabetes in 2018.° Physical exercise helps blood
glucose control and is associated with a decreased risk of
pre-diabetes, indicating its critical role in slowing down
or even preventing disease progression in individuals
with pre-diabetes.””” Understanding the current status
and trends in adherence to PAG among individuals with
pre-diabetes is critical to informing future intervention
and public health policy. However, there is little informa-
tion about the secular changes in adherence to PAG in
US adults with pre-diabetes.

Previous studies have found that physical activity has
beneficial effects on cardiometabolic health both in indi-
viduals with diabetes and pre-diabetes."’ ' Typically, the
objectively measured physical activity and sedentary time
were significantly associated with cardiometabolic risk
factors in adults with pre-diabetes.'" However, the impact
of adherence to PAG on cardiometabolic risk factors in
pre-diabetes has not been evaluated. It is unclear to what
extent reported adherence to PAG could be inferred in
US adults with pre-diabetes.

To address these knowledge gaps, we analyzed the data
from the National Health and Nutrition Examination
Surveys (NHANES) between 2007-2008 and 2017-2018
to examine the trends in adherence to PAG for aerobic
physical activity and sedentary time among US adults with
pre-diabetes and quantified the associations between
them with cardiometabolic risk factors.

RESEARCH DESIGN AND METHODS

Data source

With a complex, multistage probability design, NHANES
examines a nationally representative sample of the US
civilian non-institutionalized population. Since 1999,
NHANES collected data continuously and released data-
sets in 2-years cycles. During each survey, participants
undergo a household interview and then a clinical exam-
ination in a specially designed and equipped mobile
examination center.'”” We included data from NHANES
2007-2008 to 2017-2018 as NHANES used a different
questionnaire to assess physical activity before 2007. Our
participants were limited to non-pregnant adults (aged
18 years or older) who fasted for a minimum of 8 hours
before blood samples were obtained. Participants with
missed information on physical activity or sedentary time
were excluded.

Data collection

During the household interview, demographic and
health-related information was collected by standard-
ized questionnaires. Race/ethnicity was categorized as

Mexican American, non-Hispanic white, non-Hispanic
black, and others. Education was categorized as less
than high school, high school graduate, some college,
and college graduate or higher. The income-to-poverty
ratio was defined as annual family income divided by
the poverty threshold adjusted for family size and infla-
tion and used as a measure of income. Smoking was
self-reported and was classified as non-smoker, current
smoker, and former smoker. Current excessive alcohol
use was defined as drinking more than four drinks a
day on average in the past 12 months. Time of health-
care visits was collected based on questions asking ‘times
receive healthcare over past year’. The use of statin,
metformin, and antihypertensive drug was assessed by
self-report and identified by a unique generic drug code
from the Multum Lexicon drug database used for drug
classification.”” History of cardiovascular disease and
cancer was ascertained by the self-report and cardiovas-
cular disease including stroke, congestive heart failure,
angina, and myocardial infarction.

During the examination in the mobile examination
center, waist circumference was measured to the nearest
0.1 cm at the superior border of the iliac crest. Weight
and height were measured, and the body mass index
(BMI) was calculated as weight in kilogram divided by
height in meter squared. Systolic and diastolic blood
pressures (BPs) were measured by trained staff, and mean
BP was determined as the mean of three or four reading
according to the standardized protocol. Blood samples
were collected, stored at —20°C, and sent to the central
laboratories for the measurement of hemoglobin Alc
(HbAlc) and total cholesterol. A subgroup of participants
fasted for the measurement of triglycerides, high-density
lipoprotein cholesterol (HDL-C), glucose, and insulin.
The homeostasis model assessment was calculated to
determine measurements of insulin resistance (homeo-
static model assessment for insulin resistance (HOMA-
IR)) and B-cell function (homeostasis model assessment
of B-cell function (HOMA-B)) using the formula devel-
oped by Matthews et al.'* A subgroup of participants was
selected to have an oral glucose tolerance test (OGTT)
and obtain 2-hour postload glucose levels. Documenta-
tion of the laboratory methodologies, including the cali-
bration of measurements to ensure consistency across
different survey cycles, is available online (https://www.
cdc.gov/nchs/nhanes/index.htm).

Obesity was defined as BMI of 30 or higher, hyperten-
sion as systolic BP of 2130 mm Hg, diastolic BP of >80 mm
Hg or the use of antihypertensive medications; dyslipid-
emia as total cholesterol of >240 mg/dL or the use of
lipid-lowering medications. Pre-diabetes was defined as
an HbAlc of 5.7%—6.4% or a fasting plasma glucose of
100-125 mg/dL among those without reported diabetes.

Physical activity was assessed by the Global Physical
Activity Questionnaire, a validated tool that assesses
leisure-time physical activity, occupation-related phys-
ical activity, and transportation-related physical activity.
Leisure-time and occupation-related physical activity
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included questions to assess the intensity (vigorous
vs moderate), frequency (per week), and duration
(minutes) in a typical week. Transportation-related phys-
ical activity included questions to assess the number of
days in a typical week and the mean duration per day
that they participated in the activity. As validated," the
total amount of physical activity was calculated as minutes
of moderate-intensity activity plus twice the minutes of
vigorous-intensity activity of all three domains. A partic-
ipant was classified as adhering to the PAG if they had
at least 150 min/week of aerobic physical activity. Seden-
tary time was assessed as the reported hours per day in a
typical week.

Statistical analysis

Appropriate 12-year sampling weights were constructed
according to the NHANES recommendation to make sure
the results are generalizable to the non-institutionalized
US population.'® All statistical analysis was conducted
in R V.4.1.0 with the ‘survey’ package after accounting
for the complex sampling design. All statistical tests
were two-sided, and p<0.05 was considered statistically
significant. Skewed continuous variables including BMI,
systolic BP, HDL-C, triglycerides, insulin, OGTT, HOMA-
IR, and HOMA- were log-transformed for analysis and
then back-transformed to the geometric mean for the
presentation of the results. Continuous variables were
expressed as means (SE or 95% CI) and categorical vari-
ables as percentages (SE).

The logistic regression model was used to test the trends
in adherence to PAG for aerobic physical activity across
time, with the survey cycle as an independent variable.
The linear regression model was used to test the trend
in sedentary time in a similar manner. The non-linearity
of the trend was tested by adding a quadratic term of
the survey cycle into the regression model. We further
tested the trends in adherence to PAG for aerobic phys-
ical activity and sedentary time by adjusting covariates in
the regression models. Based on existing literature,” !
the following covariates were selected: age; gender; race/
ethnicity; education; income; smoke; alcohol use; obesity;
hypertension; dyslipidemia; time of healthcare visits; use
of statin, metformin, and antihypertensive drug; history
of cardiovascular disease and cancer; and survey cycle.
To test whether trends in adherence rates and sedentary
time differ across subgroups by age (18-44 years, 45—64
years, and =65 years), gender, race/ethnicity, education,
and income, a two-way interaction term between survey
cycle and subgroups status was added to the model.

The multivariable linear regression model was used
to examine the association between adherence to PAG
for aerobic physical activity and sedentary time with each
cardiometabolic risk factor after adjusting for the afore-
mentioned covariates. Log transformations were directly
compared across cardiometabolic risk factors, and the
results of linear regression analysis were presented as stan-
dardized beta coefficients. The difference in beta coef-
ficients across different glycemic statuses and different

subgroups by age, gender, race/ethnicity, education, and
income was examined by interaction analyses.

We performed two sensitivity analyses to test the stability
of the results. First, meta-analyses were conducted to
calculate the summary beta coefficients with a 95% CI
based on the results from each of six survey cycles (2007—
2008, 2009-2010, 2011-2012, 2013-2014, 2015-2016,
and 2017-2018) of NHANES, with adjustment for poten-
tial covariates. Second, we defined adherence to PAG
for aerobic activity as those who had moderate-intensity
physical activity beyond the equivalent of 300 min/week
and examined its association with cardiometabolic risk
factors.

In addition, to enrich the clinical value of the current
study, we examined the effects of adherence to the PAG
for aerobic activity and sedentary time on the diagnosis
of diabetes based on the HbAlc data alone. We expanded
our participants to those with either pre-diabetes (those
with an HbAlc of 5.7%-6.4%) or diabetes (those with an
HbAlc of over 6.4%). The associations between adher-
ence to PAG for aerobic activity and sedentary time with
the proportion of diabetes based on HbAlc were exam-
ined with logistic regression analysis with or without
adjusting for covariates.

Data and resource availability

The data from NHANES are openly available online
(https://www.cdc.gov/nchs/nhanes/index.htm). No
applicable resources were generated or analyzed during
the current study.

RESULTS

Baseline characteristics and trends in adherence to the PAG
and sedentary time

Our final dataset comprised 6374 adults aged 18 years
or older with pre-diabetes. The baseline characteristics of
participants are presented in table 1.

The rate of adherence to the PAG for aerobic physical
activity was not significantly changed, from 64.1% (95%
CI 60.4% to 67.9%) in 2007-2008 to 66.4% (95% CI
62.0% to 70.9%) in 2017-2018 (p value for linear trend,
0.599) (figure 1). After adjusting for covariates, the trends
remained insignificant. The sedentary time increased
from 5.6 (95% CI 5.3 to 5.8) hours in 2007-2008 to
6.8 (95% CI: 6.5 to 7.1) hours in 2013-2014 and then
decreased to 6.0 (95% CI 5.6 to 6.3) hours in 2017-2018
(p value for non-linear trend, <0.001) (figure 1). After
adjusting for covariates, the trends remained significant.
The trends in adherence to the PAG and sedentary time
were similar across different subgroups by age, gender,
race/ethnicity, education, and income.

Effects of adherence to the PAG on the cardiometabolic risk
factors

Multivariable-adjusted means of cardiometabolic risk
factors are reported (table 2). Multivariable linear
regression analyses demonstrated a significant relation-
ship between adherence to the PAG for aerobic physical
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Table 1 Characteristics of participants with pre-diabetes, National Health and Nutrition Examination Surveys 2007-2008 to
2017-2018
2017-

Years 2007-2008 2009-2010 2011-2012 2013-2014 2015-2016 2018
Numbers 1134 1192 982 1024 986 1056
Mean age (years) 49.3 (0.8) 49.8 (0.8) 50.8 (0.7) 49.9 (0.6) 50.9 (0.7) 50.5 (0.8)
Age distribution (%)

18-44 37.2 (3.0) 38.2 (2.5) 36.9 (2.5) 39.4 (1.6) 36.0 (2.1) 37.6 (2.1)

45-64 44.3 (3.0) 40.5 (2.1) 41.1 (2.6) 39.1 (1.6) 38.6 (2.4) 39.2 (2.5)

>65 18.6 (1.2) 21.3 (1.0) 22.0(1.1) 21.5(1.9) 25.4 (2.1) 23.2 (2.2
Male (%) 56.4 (1.7) 55.8 (1.5) 54.3 (2.3) 53.8 (2.0) 53.4 (1.8) 54.1 (1.7)
Race/ethnicity (%)

Mexican American 13.1 (2.5) 13.8 (2.8) 13.8 (2.2) 15.7 (2.6) 15.8 (2.8) 15.7 (2.4)

Non-Hispanic white 71.7 (4.0) 67.7 (3.6) 68.3 (3.4) 64.4 (3.5) 62.3 (3.8) 63.9 (2.1)

Non-Hispanic black 10.3 (2.0) 12.2 (0.9) 11.4 (2.1) 12.3(1.7) 11.0 2.2) 10.0 (1.5)

Other 5.0 (1.0) 6.3 (1.1) 6.5 (1.1) 7.7 (1.1) 10.9 (1.6) 10.4 (1.5)
Education (%)

Less than high school 20.9 (1.9) 21.2 (1.8) 18.5 (2.0) 18.2 (1.9) 16.7 (2.1) 11.3(1.1)

High school graduate 26.6 (2.0) 24.4 (1.8) 22.1 (2.7) 22.4 (2.0) 23.3 (2.8) 32.1 (1.9)

Some college 26.0 (2.4) 28.2 (1.1) 31.0 (2.6) 31.6 (2.0) 30.8 (2.2) 29.5 (2.2)

College graduate 26.5 (2.2) 26.1 (2.2) 28.4 (2.9) 27.7 (1.6) 29.2 (3.6) 27.2 (3.1)
Income-to-poverty ratio <1 (%) 13.8 (1.8) 14.8 (1.6) 14.5 (2.0) 17.8 (1.8) 15.9 (1.4) 12.4 (1.9)
Smoke (%)

Non-smoker 49.5 (2.5) 54.8 (2.5) 51.1 (2.8) 54.3 (2.4) 52.0 (2.5) 55.4 (2.0)

Current smoker 22.7 (1.6) 19.8 (1.4) 23.2 (2.1) 19.9 (1.8) 19.3 (2.3) 18.3 (1.6)

Former smoker 27.8 (2.4) 25.4 (2.6) 25.7 (1.9) 25.9 (1.8) 28.7 (2.5) 26.3 (1.9)
Excessive alcohol use (%) 10.1 (1.3) 10.5 (1.4) 10.4 (1.7) 9.4 (1.2) 12.1(1.7) 7.7 (1.4)
Obesity (%) 34.4 (2.2) 42.1 (1.3) 40.5 (2.4) 43.7 (2.2) 43.1 (2.3) 43.5 (2.2)
Hypertension (%) 49.5 (1.3) 48.6 (2.4) 50.5 (2.9) 53.5 (1.8) 52.3 (3.0) 53.2 (2.6)
Dyslipidemia (%) 29.4 (1.7) 33.7 (1.7) 33.2 (2.7) 33.3 (1.8) 33.1 (2.0) 29.4 (1.5)
Healthcare visits <1 (%) 36.9 (2.9) 34.5 (1.6) 34.1 (1.9) 33.1 (2.0) 37.0 (2.1) 34.8 (2.6)
Statin use (%) 28.6 (1.8) 31.2 (1.9) 33.4 (3.0) 34.7 (2.2) 34.9 (2.4) 32.0 (2.4)
Metformin use (%) 1.1 (0.5) 1.7 (0.7) 1.1 (0.6) 2.5(0.8) 3.9(1.1) 2.6 (0.9)
Antihypertensive drug use (%) 11.1 (2.1) 13.4 (1.7) 11.3 (2.7) 9.7 (2.1) 10.8 (2.0) 8.1 (1.2
History of CVD (%) 8.5 (1.0) 9.3 (1.0) 10.4 (1.9) 9.3 (1.3) 10.1 (1.3) 8.6 (1.4)
History of cancer (%) 8.9 (1.2) 10.4 (1.4) 9.8 (1.4) 12.7 (1.5) 13.2 (1.3) 11.2 (1.5)

Data are presented as mean with SE in parentheses.
CVD, cardiovascular disease.

activity and levels of waist circumference, BMI, HDL-C,
triglycerides, insulin, 2-hour postload plasma glucose,
HOMA-IR, and HOMA-B. There was no significant rela-
tionship between adherence to the PAG and levels of
systolic BP, diastolic BP, and HbAlc (table 2).

In the subgroup analysis (table 3), the changes in
cardiometabolic risk factors between those who adhered
or did not adhere to the PAG for aerobic physical activity
were broadly consistent in different subgroups except for
the waist circumference by age (p value for interaction,
0.029), diastolic BP by age (p value for interaction, 0.018),

HDL-C by age (p value for interaction, 0.006) and educa-
tion (p value for interaction, 0.011), and triglycerides by
gender (p value for interaction, 0.044), and HbAlc by
age (p value for interaction, 0.038).

In the sensitivity analyses, according to the results
of meta-analyses, there was a significant relationship
between adherence to the PAG for aerobic physical
activity and levels of waist circumference, BMI, HDL-C,
insulin, 2-hour postload plasma glucose, HOMA-IR,
and HOMA-B (online supplemental table I). When
adherence to PAG was defined as those who had
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Rate, %
Hours per week

2007-08 2009-10 2011-12 2013-14 2015-16 2017-18

Figure 1 Crude weighted trends in adherence to Physical
Activity Guidelines for Americans for aerobic physical activity
and sedentary time among US adults with pre-diabetes,
National Health and Nutrition Examination Surveys 2007-
20008 to 2017-2018. Data were weighted to be nationally
representative. Error bars indicate 95% CI.

moderate-intensity physical activity beyond the equiv-
alent of 300 minutes a week minutes a /week, there
was a significant relationship between adherence to the
PAG and levels of waist circumference, BMI, HDL-C,
triglycerides, insulin, 2h -hour post-load plasma glucose,
HOMA-IR, and HOMA- (online supplemental table
D).

Effects of sedentary time on the cardiometabolic risk factors
Multivariable linear regression analyses showed that
there was a significant relationship between seden-
tary time and levels of the waist circumference, BMI,
HDL-C, insulin, 2-hour postload glucose, HOMA-IR,
and HOMA- (table 4).

Effects of adherence to the PAG for aerobic activity and
sedentary time on the diagnosis of diabetes

The associations between adherence to PAG for aerobic
activity and sedentary time with the proportion of
diabetes based on HbAlc were examined and the results
are presented in online supplemental tables III and IV.
According to the results, the associations were significant
without covariate adjustment and turned insignificant
after the adjustment.

DISCUSSION

In this nationally representative study of US adults, we
investigated the trends in adherence to the PAG and
sedentary time in adults with pre-diabetes. We found that
the proportion of people meeting the PAG did not signifi-
cantly change from 2007 to 2008 to 2017-2018. Despite
the guideline recommendations from professional soci-
eties, more than one-third of the population with pre-
diabetes failed to meet the minimum requirement of
PAG. Previous studies have reported the trends in adher-
ence to the PAG in the USA.® '™ However, all these
studies except one reported adherence rates based only
on the leisure-time domain of aerobic physical activity.”
Therefore, the reported adherence rates in these studies
could not reflect the aerobic physical activity from work
and transportation. Furthermore, we limited our partici-
pants to those with pre-diabetes, among which the trends
in adherence to the PAG have not been reported before.
We found that the trends were similar across different
subgroups by age, gender, race/ethnicity, education,
and income. In contrast to the adherence to the PAG
for aerobic physical activity, the time spent on sedentary
behavior increased significantly during the past decade,
and it was the highest during 2013-2014. The trend was

Table 2 Differences in the cardiometabolic risk factors between adults who adhere or did not adhere to the recommended

physical activity

Risk factors Non-adherence Adherence Beta coefficient (95% CI) P value
Waist (cm) 105.0 (104.1 to 105.9) 102.8 (102.0 to 103.7) -2.201 (-3.225 t0 -1.178) <0.001
BMI 30.5 (30.0 to 31.0) 28.9 (28.6 to 29.3) —-0.052 (-0.072 to -0.032) <0.001
Systolic BP (mm Hg) 125.1 (123.9 to 126.3) 125.4 (124.2 to 126.5) 0.281 (-1.217 to 1.779) 0.710
Diastolic BP (mm Hg) 70.1 (69.0 to 71.1) 70.5 (69.7 to 71.4) 0.477 (-0.912 to 1.866) 0.496
HDL-C (mg/dL) 50.6 (49.6 to 51.6) 52.5 (51.5 to 53.5) 0.037 (0.012 to 0.062) 0.005
Triglycerides (mg/dL) 117.3 (112.5 to 122.3) 111.2 (108.0 to 114.5) —-0.054 (-0.101 to —0.006) 0.027
Insulin (WU/mL) 14.1 (13.4 to 14.7) 12.5 (12.0 to 13.0) -0.117 (-0.167 to —0.066) <0.001
2-hour glucose (mg/dL) 124.3 (121.2 to 127.4) 119.0 (116.3 to 121.8) —-0.042 (-0.079 to —0.007) 0.021
HOMA-IR 3.7 (3.5t0 3.9) 3.3(3.1t03.4) —-0.119 (-0.172 to —0.066) <0.001
HOMA-B 118.8 (113.7 to 124.2) 106.4 (102.7 to 110.3) —-0.110 (-0.158 to —0.062) <0.001
HbA1c 5.62 (5.59 to 5.65) 5.61 (5.59 to 5.63) —0.008 (-0.043 to 0.027) 0.657

Data are presented as mean with 95% Cls in parentheses.

The P values with statistic significance were boldfaced.
.BMI, body mass index; BP, blood pressure; HbA1c, hemoglobin A1c; HDL-C, high-density lipoprotein cholesterol; HOMA-IR, Homeostatic
Model Assessment for Insulin Resistance; HOMA-f, homeostasis model assessment of 3-cell function.
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Table 3 P values of interaction testing for age, gender, race/ethnicity, education and income

Risk factors Age Gender Race/ethnicity Education Income
Waist (cm) 0.029 0.598 0.100 0.577 0.344
BMI 0.101 0.097 0.351 0.578 0.056
Systolic BP (mm Hg) 0.251 0.158 0.336 0.263 0.417
Diastolic BP (mm Hg) 0.018 0.749 0.371 0.476 0.904
HDL-C (mg/dL) 0.006 0.189 0.497 0.011 0.210
Triglycerides (mg/dL) 0.052 0.044 0.639 0.212 0.876
Insulin (MU/mL) 0.111 0.361 0.074 0.534 0.604
2-hour glucose (mg/dL) 0.912 0.125 0.078 0.841 0.103
HOMA-IR 0.141 0.432 0.845 0.449 0.755
HOMA-B 0.068 0.243 0.075 0.815 0.273
HbA1c 0.038 0.941 0.282 0.442 0.458

BMI, body mass index; BP, blood pressure; HbA1c, hemoglobin Alc; HDL-C, high-density lipoprotein cholesterol; HOMA-IR, Homeostatic
Model Assessment for Insulin Resistance; HOMA-B, homeostasis model assessment of -cell function.

consistent across different subgroups examined. Notwith-
standing, the good news is that the sedentary time has
decreased since 2013-2014 for two consecutive survey
cycles, even though the reasons for this decrease remain
unknown and warrant further investigation.

It is well known that exercise training improves body
composition, glycemic control, cardiovascular risk,
and physical functioning in patients with diabetes and
pre-diabetes.”” *' Tt is recommended that patients with
diabetes or pre-diabetes should aim to accumulate a
minimum of 210 min of moderate-intensity or 125 min
of vigorous-intensity exercise each week.”” This recom-
mendation is different from the PAG for aerobic physical
activity. In fact, the optimal duration of physical activity
in patients with pre-diabetes remains undefined. Most
studies targeting pre-diabetes have demonstrated bene-
fits in glycemic control and reduction in the incidence of

diabetes from around 210 min/week or more,%_27 and a

dose-response relationship has been identified.?**” Even
though the recommendation from the PAG that an indi-
vidual should engage in at least 150 min of moderate-
intensity aerobic activity a week is highly practicable and
well fitted for patients with chronic diseases, its effect on
an individual with pre-diabetes is worth investigating,
given the disparities of different recommendations and
lacking evidence-based guidelines.

To the best of our knowledge, this is the first study that
evaluates the effects of adherence to PAG for aerobic phys-
ical activity and sedentary time on the cardiometabolic
risk factors among individuals with pre-diabetes. Previous
studies have examined the association of adherence to
PAG for aerobic physical activity with mortality.** The
results showed that adults who adhere to recommended
physical activity of PAG had a greatly reduced risk of

Table 4 Standardized beta coefficients for the association between total sedentary time (hours) and cardiometabolic risk

factors
Beta coefficient (95% CI) P value

Waist 0.263 (0.108 to 0.419) 0.001
BMI 0.008 (0.005 to 0.011) <0.001
Systolic BP (mm Hg) -0.141 (-0.342 to 0.061) 0.017
Diastolic BP (mm Hg) -0.007 (-0.179 to 0.166) 0.939
HDL-C (mg/dL) —0.005 (-0.008 to —0.001) 0.005
Triglycerides (mg/dL) 0.008 (-0.001 to 0.016) 0.066
Insulin (UU/mL) 0.013 (0.007 to 0.019) <0.001
2-hour glucose (mg/dL) 0.009 (0.004 to 0.014) <0.001
HOMA-IR 0.013 (0.007 to 0.020) <0.001
HOMA-3 0.009 (0.002 to 0.017) 0.020
HbA1c 0.000 (-0.004 to 0.004) 0.935

BMI, body mass index; BP, blood pressure; HbA1c, hemoglobin Alc; HDL-C, high-density lipoprotein cholesterol; HOMA-IR, Homeostatic
Model Assessment for Insulin Resistance; HOMA-f, homeostasis model assessment of 3-cell function.
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all-cause and cause-specific mortality. Another study has
explored the relationship between adherence to physical
activity and the impact of that adherence on cardiorespi-
ratory fitness in a population with diabetes.” The results
showed that adherence to recommended physical activity
was the significant predictor of measured peak oxygen
consumption to fatfree mass. In our population with pre-
diabetes, adherence to PAG for aerobic physical activity
was negatively associated with waist circumference, BMI,
triglycerides, insulin, 2-hour postload plasma glucose,
HOMA-IR, and HOMA- and was positively associated
with HDL-C after accounting for potential confounders.
The current study also proved that sedentary time was
positively associated with levels of waist circumference,
BMI, insulin, 2-hour postload glucose, HOMA-IR, and
HOMA-B.

In agreement with our findings, Swindell et al found
that objectively measured physical activity and sedentary
time were associated with cardiometabolic risk factors in
adults with pre-diabetes.' Moreover, their results showed
that the accumulation of total physical activity over the
day is as important as achieving the intensity of moderate-
vigorous physical activity. These results, together with our
findings, support the beneficial role of adherence to PAG
for aerobic physical activity in improving cardiometabolic
health in participants with pre-diabetes.

We tried to find out if physical activity and sedentary
behavior would have an impact on the risk of pre-diabetes
to diabetes conversion. We found that participants who
adhere to PAG or had reduced sedentary behavior were
less likely to be diagnosed with diabetes based on their
HbAlc level. However, the results turned insignificant
after adjusting for potential covariates, suggesting other
factors might mediate the effects of physical activity and
sedentary behavior on the conversion of pre-diabetes to
diabetes.

This study has important public health implications.
Both physical inactivity and prolonged sedentary time
are associated with a high risk of adverse cardiometabolic
health conditions in individuals with pre-diabetes.” 2" *!
Sedentary behavior has been proven not to be just the
opposite part of physical activity,” and it is associated
with cardiometabolic risk factors independent of total
physical activity.”® Moreover, evidence shows that high
levels of moderate-intensity physical activity (about 60-75
min/day) are needed to eliminate the increased risk of
death associated with prolonged sedentary time.** Thus,
advanced efforts are needed to reduce the total sitting
time and then to increase the total time of physical
activity for individuals with pre-diabetes considering the
fact that they are at a higher risk of adverse cardiometa-
bolic events.

Strengths and limitations

Our study has several strengths. First, we used the nation-
ally representative data to allow the generalization of the
results to the entire US non-institutionalized adult popu-
lation. Second, the measurement of fasting glucose and

insulin was calibrated according to the recommendation
of NHANES for a comparable assessment across survey
years. Third, we performed sensitivity analyses to prove
the robustness of our results.

Our study also has some limitations. First, the infor-
mation on physical activity was self-reported, which
might lead to recall bias. A previous study based on
NHANES 2005-2006 found that physical activity esti-
mates varied substantially, depending on whether self-
reported or measured via accelerometer.”” Therefore,
our results should be interpreted with caution. Second,
the PAG also suggested that adults should engage in
muscle-strengthening activities for at least 2 days a week.
However, the information about muscle-strengthening
activity was not reported in NHANES 2007-2018. Third,
this is a cross-sectional examination, so causal interfer-
ences between adherence to PAG and cardiometabolic
risk cannot be made. Future research should investigate
whether there is a longitudinal relationship between
them.

CONCLUSIONS

In summary, this nationally representative estimate
suggests that there is no significant change in adherence
to PAG for aerobic activity among US adults with pre-
diabetes. The time spent on sedentary behavior peaked
in 2013-2014 and then decreased afterward. Adhering to
the PAG for aerobic activity and reducing sedentary time
significantly improved cardiometabolic health among
adults with pre-diabetes.
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