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1 | INTRODUCTION

Abstract

Hypertension affects about one in three US adults, from recent surveillance, or four
in nine based on the 2017 ACC/AHA Hypertension Guideline; about half of them
have their blood pressure controlled, and nearly one in six are unaware of their hyper-
tension status. National estimates of hypertension awareness, treatment, and control
in the United States are traditionally based on measured BP from National Health and
Nutrition Examination Survey (NHANES); however, at the state level, only self-re-
ported hypertension awareness and treatment are available from BRFSS. We used
national- and state-level representative samples of adults (>20 years) from NHANES
2011-2014 and BRFSS 2013 and 2015, respectively. The authors generated multivari-
able logistic regression models using NHANES to predict the probability of hyperten-
sion and undiagnosed hypertension and then applied the fitted model parameters to
BRFSS to generate state-level estimates. The predicted prevalence of hypertension
was highest in Mississippi among adults (42.4%; 95% Cl: 41.8-43.0) and among women
(42.6%; 41.8-43.4) and highest in West Virginia among men (43.4%; 42.2-44.6). The
predicted prevalence was lowest in Utah 23.7% (22.8-24.6), 26.4% (25.0-27.7), and
21.0% (20.0-22.1) for adults, men, and women, respectively. Hypertension predicted
prevalence was higher in most Southern states and higher among men than women in
all states except Mississippi and DC. The predicted prevalence of undiagnosed hyper-
tension ranged from 4.1% (3.4-4.8; Kentucky) to 6.5% (5.5-7.5; Hawaii) among adults,
from 5.0% (4.0-5.9; Kentucky) to 8.3% (6.9-9.7; Hawaii) among men, and from 3.3%
(2.5-4.1; Kentucky) to 4.8% (3.4-6.1; Vermont) among women. Undiagnosed hyper-

tension was more prevalent among men than women in all states and DC.

in the United States and contributes over $50 billion in direct medi-

cal costs and indirect costs due to lost productivity from premature

Hypertension is a leading risk factor for cardiovascular disease
and is a significant contributor to morbidity and mortality, affect-
ing nearly one out of three adults, or about 75 million people in the
United States according to recent surveillance estimates, or four of
nine according to the 2017 ACC/AHA Hypertension Guideline.
Each year, hypertension contributes to more than 400 000 deaths

death.* Among those with hypertension, only about half have their
blood pressure (BP) under control.? About one in six, or 11 million
US adults with hypertension are not aware that they have it and are
not being treated.? While there have been significant increases in
hypertension awareness, treatment, and control over the past de-

cade, the prevalence of hypertension remains largely unchanged.’
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Surveillance of hypertension, both diagnosed and undiagnosed, and
its treatment and control is important to identify high-risk popula-
tions and refine interventions to improve prevention, management,
and control of this prevalent chronic condition.

National surveillance of hypertension, including the objectives
and measures reported by the Department of Health and Human
Services Healthy People 2020 program and the Million Hearts®
initiative, primarily relies upon data from the National Health and
Nutrition Examination Survey (NHANES), which assesses partici-
pants’ BP through direct measurement using a standardized pro-
tocol.2P< At the subnational level, however, there are currently no
comprehensive surveys or data systems that capture measured BP,
to provide objective estimates of hypertension. State-, county-, or
local-level estimates of hypertension based on measured BP exist
only for states or localities that have performed health examination
surveysf"'8 Most often, estimates of hypertension at the state level
rely upon information reported by participants in surveys, like the
Centers for Disease Control and Prevention’s (CDC) Behavioral Risk
Factor Surveillance System (BRFSS).Y However, self-reported infor-
mation is subject to recall bias and does not allow for estimates of
undiagnosed hypertension or BP control.? To address this lack of
subnational objective data, two previous studies used both NHANES
and BRFSS and regression modeling techniques to estimate the
prevalence of uncontrolled hypertension by state for 1988-1992 and
2001-2003, and by county for 2001 and 2009.2%! Our current study
expands on this work to (a) provide updated state-level estimates of
hypertension and undiagnosed hypertension in 2013-2015; and (b)
unlike previous studies, we calculated the variance of the prevalence
estimates, to provide confidence intervals (Cl’s) and allow for statis-
tical testing. The variance calculated in this study takes into account
the complex sampling designs of both surveys, plus the error inherent
to the regression models. We also provided the step-by-step meth-

ods, to allow for their application to other data sources or outcomes.

2 | METHODS

2.1 | Datasources

Two sources of data were used for this study. We used NHANES
2011-2014 to develop the prediction models and estimated the
prevalence of hypertension and undiagnosed hypertension at the
state-level based on BRFSS 2013 and 2015.

National Health and Nutrition Examination Survey, conducted
by the CDC'’s National Center for Health Statistics (NCHS), is a
nationally representative survey, designed to assess the health
and nutritional status of the civilian, noninstitutionalized US
population. NHANES includes in-person interviews and physical

?For more information about Healthy People 2020, see: https://www.healthypeople.gov/.
For more information about Million Hearts, see: https://millionhearts.hhs.gov/index.
html.
“For more information about NHANES, see: https://www.cdc.gov/nchs/nhanes/index.
htm.

9For more information about BRFSS, see: https://www.cdc.gov/brfss/.

examinations conducted in a mobile examination center (MEC).
Additional information on the survey design and methods is avail-
able online (https://www.cdc.gov/nchs/nhanes). We combined two
recent cycles of NHANES (2011-2012 and 2013-2014) to generate
stratified, multivariable logistic regression models to predict the
prevalence of hypertension at the national level. The examination
response rate was 69.5% in 2011-2012 and 68.5% in 2013-2014.

Selected variables were included from the in-person interview, in-
cluding history of hypertension and BP medication use, history of high
blood cholesterol and cholesterol-lowering medication use, smoking,
physical activity, alcohol consumption, self-reported history of diabe-
tes, history of cardiovascular disease, and health insurance coverage.
During the physical examination, up to three BP measurements were
taken by a physician on all participants aged 28 years using a man-
ual sphygmomanometer and a standard protocol.12 Approximately
95% of respondents aged 220 years had two or three recorded BP
measurements, which were averaged for this analysis. For those par-
ticipants with only one measurement, the single measure was used.
Hypertension was defined as having high BP (an average systolic BP
>140 mm Hg or an average diastolic BP 290 mm Hg) or current BP-
lowering medication use. Undiagnosed hypertension was defined as
having high BP and never having been told that they had hyperten-
sion or high BP. Participants’ height and weight were also measured
and recorded during the examination and used to calculate body mass
index (BMI; kg/m?). Because BMI in the adult population has a highly
skewed distribution, a natural log transformation was performed for
this analysis. Of the 10 907 adults aged 220 years who were examined
at the MEC during 2011-2014, we excluded 122 pregnant women,
474 participants who were missing hypertension-related data, and
112 who were missing data on model covariates, which yielded an an-
alytic sample of 10 199.

BRFSS is conducted in coordination with US states, territories,
and the CDC and is a state-based system of cross-sectional tele-
phone surveys that collects health-related risk behaviors and pre-
ventive health practices information from more than 400 000 US
adult residents each year. The survey was established in 1984, and
additional information can be found online (https://www.cdc.gov/
brfss/). We combined BRFSS data from 2013 to 2015, because ques-
tions regarding hypertension are asked every odd year on the rotat-
ing core questionnaire. The median weighted response rate for both
landline and cell phones was 45.9% in 2013 and 47.2% in 2015.

Two questions in BRFSS were used to assess the prevalence of
self-reported hypertension. Respondents were asked “Have you ever
been told by a doctor, nurse, or other health professional that you
have high blood pressure?”. Those who answered “yes” to this ques-
tion were then asked, “Are you currently taking medicine for your
high blood pressure?”. Estimates were calculated for the 50 states and
the District of Columbia (DC). Of the 904 967 adults aged >20 years
who were interviewed in 2013 and 2015, we excluded 5113 preg-
nant women, 3356 participants who were missing answers to hyper-
tension-related questions, and 79 072 participants who were missing
responses to other covariate questions. The measures and questions
incorporated from each survey are shown in Table 1.
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TABLE 1 Variables used in regression models to predict the probability of Hypertension: NHANES 2011-2014 and BRFSS 2013/2015

Survey

Model strata

Sex

NHANES

Sex asked if necessary

Hypertension Awareness/Treatment status:

(1) Unaware

(2) Aware/Untreated

(3) Aware/Treated

Outcomes

(1) Hypertension

High blood pressure (BP)

Current blood pressure
lowering medication use

(2) Undiagnosed Hypertension

Model covariates
Age in years®

20-29

30-39

40-49

50-59

60-69

70-79

80+
Race/ethnicity®

Non-Hispanic white

An answer of "No" to the question: "Have you ever
been told by a doctor or other health professional
that you had hypertension, also called high blood
pressure?"

An answer of "Yes" to the question above and
answer of "No" to the question: "Because of your
high blood pressure/hypertension have you ever
been told to take prescribed medicine?"

An answer of "Yes" to both questions above, and
an answer of "Yes" to the question: "Are you now
taking a prescribed medicine?"

High blood pressure (BP) or current use of
BP-lowering medication.

Average of up to 3 consecutive measurements. An
average systolic BP 2140 mm Hg or an average
diastolic BP 290 mm Hg

An answer of "yes" to both questions: "Because of
your high blood pressure/hypertension have you
ever been told to take prescribed medicine?" and
"Are you now taking a prescribed medicine?"

High BP and never having been told that they have
hypertension or high blood pressure

Calculated from date of birth and verified with
participant during screener questionnaire

"Do you consider yourself Hispanic/Latino?" and
"What race do you consider yourself to be?"

BRFSS

Sex asked if necessary

An answer of "No," "Yes, but female told only during
pregnancy,” or "Told borderline high or pre-hyper-
tensive" to the question: "Have you EVER been
told by a doctor, nurse, or other health profes-
sional that you have high blood pressure?"

An answer of "Yes" to the question: "Have you
EVER been told by a doctor, nurse, or other health
professional that you have high blood pressure?"
and an answer of "No" to the question: "Are you
currently taking medicine for your high blood
pressure?"

An answer of "Yes" to both questions: "Have you
EVER been told by a doctor, nurse, or other health
professional that you have high blood pressure?"
and "Are you currently taking medicine for your
high blood pressure?"

Predicted by models among those Unaware or
Aware/Untreated (Strata 1 & 2); participants
Aware/Treated are defined as hypertensive (Strata
3).

Not available

An answer of "yes" to both questions: "Have you
ever been told by a doctor, nurse, or other health
professional that you have high blood pressure?"
and "Are you currently taking medicine for your
high blood pressure?"

Predicted by models among those who are unaware
of their hypertension/high blood pressure (Strata
1)

"What is your age?"

"Are you Hispanic or Latino? (Yes or No)" and
"Which one of these groups would you say best
represents your race? (White, Black or African-
American, Asian, Native Hawaiian or Other Pacific
Islander, American Indian or Alaska Native, or
Other)"

(Continues)
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TABLE 1 (Continued)

Survey
Non-Hispanic black
Non-Hispanic Asian
Hispanic
Other
Education (225 y)
<High school

High school graduate

Some college or AA degree

College graduate
Household Income

<$35 000

>$35 000 missing®
Health insurance status?

Yes

No
Body mass index®
Height
Weight
Current smoker

Yes

Alcohol consumption

<1 drink per day

NHANES

"What is the highest grade or level of school you
have completed or the highest degree you have
received?"

"Now | am going to ask about the total combined
income in the last 12 mo, including income from
all sources we have just talked about such as
wages, salaries, Social Security or retirement
benefits, help from relatives and so forth. Can
you tell me that amount before taxes?" (reported
as a range value in dollars)

"Are you covered by health insurance or some
other kind of health care plan? [Include health
insurance obtained through employment or
purchased directly as well as government
programs like Medicare and Medicaid that
provide medical care or help pay medical bills]

(weight [kg]/height [m?])
Measured

Measured

An answer of "Yes" to the question: "Have you
smoked at least 100 cigarettes in your entire life?"
and an answer of "Every day" or "Some days" to
the question: "Do you now smoke cigarettes...?"

An answer of "No" to the question: "Have you
smoked at least 100 cigarettes in your entire life?"
or an answer of "Not at all" to the question: "Do
you now smoke cigarettes...?"

"In any one year, have you had at least 12 drinks of
any type of alcoholic beverage? By a drink, | mean
a 12 oz. beer, a 4 oz. glass of wine, or an ounce of
liquor." and "In your entire life, have you had at
least 12 drinks of any type of alcoholic bever-
age?" and "In the past 12 mo, how often did you
drink any type of alcoholic beverage?" and "In the
past 12 mo, on those days that you drank
alcoholic beverages, on the average, how many
drinks did you have?"

BRFSS

"What is the highest grade or year of school you
completed?”

"Is your annual household income from all
sources...?" (reported as a range value in dollars)

"Do you have any kind of health care coverage,
including health insurance, prepaid plans such as
HMGOs, or government plans such as Medicare?"

(weight [kg]/height [m?])
"About how tall are you without shoes?"

"About how much do you weigh without shoes?"

An answer of "Yes" to the question: "Have you
smoked at least 100 cigarettes in your entire life?"
and an answer of "Every day" or "Some days" to
the question: "Do you now smoke cigarettes every
day, some days, or not at all?"

An answer of "No" to the question: "Have you
smoked at least 100 cigarettes in your entire life?"
or an answer of "Not at all" to the question: "Do
you now smoke cigarettes every day, some days, or
not at all?"

"During the past 30 d, have you had at least one
drink of any alcoholic beverage such as beer, wine,
a malt beverage or liquor?" and "During the past
30 d, how many days per week or per month did
you have at least one drink of any alcoholic
beverage?" and "One drink is equivalent to a
12-ounce beer, a 5-ounce glass of wine, or a drink
with one shot of liquor. During the past 30 d, on
the days when you drank, about how many drinks

did you drink on the average?" .
(Continues)
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Survey NHANES
>1 drink per day missingb

Any leisure-time physical activity

WILEY-—

BRFSS

Yes

No missing
Diabetes
Yes

No

High cholesterol

An answer of "Yes" to the questions: "Over the
past 30 d, did you do any vigorous activities for at
least 10 minutes that caused heavy sweating, or
large increases in breathing or heart rate?" or
"Over the past 30 d, did you do moderate
activities for at least 10 minutes that cause only
light sweating or a slight to moderate increase in
breathing or heart rate?"

An answer of "No" to both questions above

An answer of "Yes" to the question: "Other than
during pregnancy, have you ever been told by a
doctor or health professional that you have
diabetes or sugar diabetes?"

An answer of "No" or "Borderline" to the above
question

Yes An answer of "Yes" to the question: "Have you ever
been told by a doctor or other health professional
that your blood cholesterol level was high?"

No An answer of "No" to the question: "Have you ever

had your blood cholesterol checked?" or an
answer of "No" to the question above

An answer of "Yes" to the question: "During the
past month, other than your regular job, did you
participate in any physical activities or exercises
such as running, calisthenics, golf, gardening, or
walking for exercise?"

An answer of "No' to the question above

An answer of "Yes" to the question: "Have you ever
been told by a doctor that you have diabetes?"

An answer of "No," "No, pre-diabetes or borderline
diabetes," or "Yes, but female told only during
pregnancy" to the question above

An answer of "Yes" to the question: "Have you
EVER been told by a doctor, nurse or other health
professional that your blood cholesterol is high?"

An answer of "No" to the question: "Have you ever
had your blood cholesterol checked?" or an answer
of "No" to the question above

History of CVD

Yes An answer of "yes" to any of the following
questions: "Has a doctor or other health

An answer of "yes" to any of the following
questions: "Has a doctor, nurse, or other health

professional ever told you that you had...?": "... professional ever told you that you had any of the

coronary heart disease?", "angina, also called
angina pectoris?", "a heart attack (also called
myocardial infarction?", "a stroke?"

No An answer of "no" to all of the questions.

ollowing?": "angina or coronary heart disease", "a
foll (G heart d

, y ial i ion",
heart attack, also called myocardial infarction”, "a
stroke"

An answer of "no" to all of the questions.

BRFSS, Behavioral Risk Factor Surveillance System; CVD, cardiovascular disease; NHANES, National Health and Nutrition Examination Survey

#Variables must be included in the regression models by force.

Due to the high proportion of participants missing data in either survey dataset or analytic sample for these variables (>10%), “missing” categories were

created and included in the models.

2.2 | Statistical methods and data analysis

Detailed methods, formulas, and model validation results are provided
in the supporting document. Briefly, using the NHANES data, we gener-
ated stratified, multivariable logistic regression models to estimate the
national-level prevalence of hypertension. We then applied the model
coefficients to BRFSS 2013 and 2015 to predict the prevalence of hy-
pertension and undiagnosed hypertension at the state-level among men,
women, and overall. To generate 95% Cls and test for significant differ-
ences from the median state-level predicted prevalence (t test), we used
the jackknife repeated sampling technique to estimate the variance.
We stratified the analysis by self-reported hypertension status;
participants were classified into three hypertension status groups:
(a) Those who were never told they had hypertension (“Unaware”);

(b) those who had been told they had hypertension but were not
currently taking prescribed medication (“Aware/Untreated”); and (c)
those who had been told they had hypertension and were currently
taking prescribed medication (“Aware/Treated”). We further strati-
fied the groups by sex, creating a total of six analytic strata (Table 1).

Age was included in the models as a categorical variable (20-29;
30-39; 40-49; 50-59; 60-69; >70). Race/ethnicity was classified into
four groups: non-Hispanic white, non-Hispanic black, Hispanic, and
other races including multiracial. Educational level was defined for
those aged 225 years: <high school graduate, high school graduate,
some college or associate degree, and college graduate. Household
income was categorized into two groups: <$35 000 per year and
>$35 000 per year; two categories were defined to preserve model
degrees of freedom. Because of a high proportion of missing values
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(>10% in BRFSS), participants missing household income were cate-
gorized as such and included in the models. Health insurance cover-
age was dichotomized as yes or no. Smoking status was categorized
as current smoker, yes or no. Self-reported consumption of alcohol
was averaged and categorized as none, <1 alcoholic beverage per day,
or 21 alcoholic beverage per day. Participants missing information on
alcohol consumption were included in the analysis, due to the high
proportion missing (about 10% of participants). Leisure-time aerobic
physical activity was classified as any physical activity or none. BMI
was log-transformed as a continuous variable. Participants’ self-re-
ported history of cardiovascular disease, diagnosed diabetes, and
high blood cholesterol (yes or no) was also considered in the models.

We included four variables (a) age groups; (b) race/ethnicity; (c)
health insurance status; and (d) log-transformed BMI by force in
regression models, which were known to be associated with blood
pressure (BP) and/or uncontrolled hypertension. Additionally, eight
variables were considered as potential covariates and some of them

were selected by backward model selection method to get a best-fit-
ted model for each analytic stratum.

The BRFSS samples were also stratified into the 6 groups by sex
and by self-reported hypertension status, which were used for the re-
gressions described above. The groups were then pooled using appro-
priate sample weights to predict estimates of probabilities by state.
We thus predicted state-level estimates of the prevalence of hyper-
tension and the prevalence with uncontrolled hypertension among all
adults, men, and women, respectively. Detailed formulas are described
in the Section “Estimating the State-level Prevalence using regression
models” in the Supporting information.

A concatenated dataset using analytic sample datasets from both
NHANES and BRFSS was first built. For the BRFSS samples, we com-
bined strata which had only one or relatively few primary sample
units (PSU), with their adjacent strata to form somewhat larger “pseu-
dostrata” or “sampling error calculation strata.” Then, we divided the
combined PSUs within each pseudostratum into random groups to
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FIGURE 1 Model-predicted prevalence of hypertension among adults (220 y) by state and sex—BRFSS 2013/2015. Diamonds represent the
first quartile (Q1). Squares indicate the second quartile (Q2). Circles indicate the 3rd quartile (Q3). Triangles indicate the 4th quartile (Q4). Black
square indicates the median prevalence of all states. Solid (blue)-filled shapes are significantly different from the median of all states, while
white shapes are not significantly (P-value <0.05). Panel A, All adults (220; Q1 range: 23.7-30.8; Q2 range: 31.0-32.6; Q3 range: 32.7-36.2; Q4
range: 36.5-42.4). Panel B, Men (Q1 range: 26.4-32.4; Q2 range: 32.8-34.5; Q3 range: 34.6-37.5; Q4 range: 37.9-43.4). Panel C, Women (Q1
range: 21.0-28.7; Q2 range: 29.2-31.0; Q3 range: 31.4-34.3; Q4 range: 35.5-42.6). BRFSS, Behavioral Risk Factor Surveillance System
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FIGURE 2 Map of model-predicted prevalence of hypertension among adults (220 y) by sex —BRFSS 2013/2015. BRFSS, Behavioral Risk
Factor Surveillance System. AK, Alaska; AL, Alabama; AR, Arkansas; AZ, Arizona; CA, California; CO, Colorado; CT,,Connecticut; DC, District of
Columbia; DE, Delaware; FL, Florida; GA, Georgia; HI, Hawaii; IA, lowa; ID, Idaho; IL, lllinois; IN, Indiana; KS, Kansas; KY, Kentucky; LA, Louisiana;
MA, Massachusetts; MD, Maryland; ME, Maine; MI, Michigan; MN, Minnesota; MO, Missouri; MS, Mississippi; MT, Montana; NC, North Carolina;
ND, North Dakota; NE, Nebraska; NH, New Hampshire; NJ, New Jersey; NM, New Mexico; NV, Nevada; NY, New York; OH, Ohio; OK, Oklahoma;

OR, Oregon; PA, Pennsylvania; RI, Rhode Island; SC, South Carolina; SD, South Dakota; TN, Tennessee; TX, Texas; UT, Utah; VA, Virginia; VT,
Vermont; WA, Washington; WI, Wisconsin; WV, West Virginia; WY, Wyoming. Panel A, All adults (>20). Panel B, Men. Panel C, Women

form pseudoPSUs or “sampling error computation units” in order to
simplify variance estimation and reduce computation time. We applied
a jackknife resampling technique for each state by deleting one pseu-
dostratum at a time to estimate its variance of the estimated preva-
lence. More details are described in the Section “Variance estimation
using a Jackknife resampling technique” in the Supporting information.

All statistical analyses were performed using SAS (Release 9.4;
Cary, NC, USA) with procedures to incorporate the sampling weights
and complex sampling designs.

3 | RESULTS

The sample sizes and characteristic distributions for each stra-
tum in NHANES and BRFSS are provided in Table 2. In NHANES
2011-2014, there were a total of 10 199 adults in the sample; 6458
had never been told they had hypertension (“Unaware”), 948 re-
ported having been told they had hypertension but were not cur-
rently taking BP-lowering medication (“Aware/Untreated”), and 2793
reported being told they had hypertension and taking BP-lowering
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FIGURE 3 Model-predicted prevalence of undiagnosed hypertension among adults (>20 y) by state and sex—BRFSS 2013/2015.
Diamonds represent the first quartile (Q1). Squares indicate the second quartile (Q2). Circles indicate the 3rd quartile (Q3). Triangles indicate
the 4th quartile (Q4). Black square indicates the median prevalence of all states. Solid (blue)-filled shapes are significantly different from the
median of all states, while white shapes are not significantly (P-value <0.05). Panel A, All adults (220; Q1 range: 4.1-4.7; Q2 range: 4.7-5.0;
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[Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURE 4 Map of model-predicted prevalence of undiagnosed hypertension among adults (220 y) by sex—BRFSS 2013/2015.

BRFSS, Behavioral Risk Factor Surveillance System. AK, Alaska; AL, Alabama; AR, Arkansas; AZ, Arizona; CA, California; CO, Colorado;
CT,,Connecticut; DC, District of Columbia; DE, Delaware; FL, Florida; GA, Georgia; HI, Hawaii; 1A, lowa; ID, Idaho; IL, lllinois; IN, Indiana;

KS, Kansas; KY, Kentucky; LA, Louisiana; MA, Massachusetts; MD, Maryland; ME, Maine; MI, Michigan; MN, Minnesota; MO, Missouri; MS,
Mississippi; MT, Montana; NC, North Carolina; ND, North Dakota; NE, Nebraska; NH, New Hampshire; NJ, New Jersey; NM, New Mexico;
NV, Nevada; NY, New York; OH, Ohio; OK, Oklahoma; OR, Oregon; PA, Pennsylvania; RI, Rhode Island; SC, South Carolina; SD, South
Dakota; TN, Tennessee; TX, Texas; UT, Utah; VA, Virginia; VT, Vermont; WA, Washington; WI, Wisconsin; WV, West Virginia; WY, Wyoming.
Panel A, All adults (>20). Panel B, Men. Panel C, Women

medication (“Aware/Treated”). In BRFSS 2013 and 2015, a total hypertension (“Unaware”), 53 437 reported having been told they
of 817 426 adults were interviewed and had complete data on all had hypertension but were not taking BP-lowering medication
model covariates; 480 503 reported never being told that they had (“Aware/Untreated”), and 283 486 reported being told that they
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had hypertension and were taking BP-lowering medication (“Aware/
Treated”).

Model parameters selected varied by sex and hypertension
awareness and treatment status. Fitted models contain six or seven
covariates including four forced ones. Household income and smok-
ing status were not included in any stratum. Three covariates (alcohol
consumption, history of high blood cholesterol, and cardiovascular
disease), in addition, to the forced four covariates, were selected for
the hypertension unaware group among men, while only history of
high blood cholesterol was selected for the aware/untreated men
and alcohol consumption and history of cardiovascular disease were
selected for the aware/treated men. Alcohol consumption, any phys-
ical activity status, and history of high blood cholesterol were se-
lected for the unaware women, but educational level was selected
for the other hypertension awareness and treatment status groups.
Two covariates, educational level and history of high blood choles-
terol, were selected for the aware/untreated women, while educa-
tional level and history of diagnosed diabetes were selected for the
aware/treated women.

The estimated coefficients of the fitted logistic regression mod-
els for all six strata are shown in Table S4. For models for all six
strata, the predicted probability of hypertension tended to increase
with age. Non-Hispanic whites had a lower predicted probability of
hypertension than other race-ethnic groups, except for the unaware
men group. Those who had health insurance tended to have lower
predicted probability of hypertension except for the unaware or
aware/treated men groups.

3.1 | Hypertension

Among all adults aged 220 years, the predicted prevalence of
hypertension ranged from 23.7% (95% Cl: 22.8%-24.6%) in Utah
to 42.4% (95% Cl: 41.8%-43.0%) in Mississippi (Figure 1A and
Table S1). The median predicted prevalence was 32.7% (95% ClI:
31.9%-33.4%) in lllinois, and the interquartile range (IQR) was
30.8% (Montana; 95% Cl: 29.7%-32.0%) to 36.2% (Missouri;
95% Cl: 35.3%-37.0%). The predicted prevalence of hyperten-
sion was significantly higher than the median in most Southern
and Eastern states (Maine, Rhode Island, Pennsylvania, Ohio,
Indiana, Mississippi, Virginia, Maryland, Louisiana, Alabama,
West Virginia, Tennessee, Kentucky, South Carolina, Arkansas,
Oklahoma, North Carolina, Georgia, Delaware, Mississippi,
Florida, and Missouri; Figure 1A and Table S1; P < 0.05). The pre-
dicted prevalence of hypertension was significantly lower than
the median in most of the western states (Utah, Colorado, Alaska,
California, Idaho, Wyoming, Washington, Nevada, Arizona, New
Mexico, Montana, and Oregon) (Figure 1A and Table S1, P < 0.05).
The predicted prevalence was also significantly lower than the
median in Massachusetts, New Hampshire, Vermont, Minnesota,
Nebraska, New York, Texas, and DC.

The predicted prevalence of hypertension among men ranged
from 26.4% (95% Cl. 25.0%-27.7%) in Utah to 43.4% (95% CI:
42.2%-44.6%) in West Virginia, while among women, it ranged

from 21.0% (95% Cl: 20.0%-22.1%) in Utah to 42.6% (95% ClI:
41.8%-43.4%) in Mississippi. The predicted prevalence of hyper-
tension was higher among men than women in all states except
Mississippi and DC. The median predicted prevalence among men
and women was 34.6% (Vermont; 95% Cl: 33.1%-36.1%) and 31.0%
(New York; 95% Cl: 30.1%-32.0%), respectively. The IQR of predicted
prevalence among men was 32.4% (Texas; 95% Cl: 31.6%-33.3%) to
37.5% (Maine; 36.1%-38.9%), and the IQR among women was 28.7%
(Massachusetts; 95% Cl: 27.5%-29.9%) to 34.3% (Florida; 95% ClI:
33.2%-35.4%). The predicted prevalence of hypertension showed
strong geographic patterns, with highest burden localized to south-
ern states and lowest burden localized to western states for each sex

as well as for all adults (Figure 2).

3.2 | Undiagnosed hypertension

The predicted prevalence of undiagnosed hypertension ranged
from 4.1% (95% Cl: 3.4%-4.8%) in Kentucky to 6.5% (95% ClI:
5.5%-7.5%) in Hawaii (Figure 3A and Table S2). The median
predicted prevalence of undiagnosed hypertension was 5.0%
(Arizona; 95% Cl: 4.4%-5.7%), and the IQR was 4.7% (Georgia;
95% Cl: 4.1%-5.3%) to 5.2% (Missouri; 95% Cl: 4.4%-6.0%).
The median predicted prevalence was 6.0% (Arizona; 95% CI:
5.2%-6.9%) among men and 4.1% (Michigan; 95% Cl: 3.1%-5.0%)
among women. The predicted prevalence of undiagnosed hyper-
tension ranged from 5.0% in Kentucky (95% Cl: 4.0%-5.9%) to
8.3% in Hawaii (95% Cl: 6.9%-9.7%) among men and from 3.3% in
Kentucky (95% Cl: 2.5% to 4.1%) to 4.8% in Vermont (95% Cl: 3.4%
to 6.1%) among women. The IQR of predicted prevalence was 5.8%
(South Carolina; 95% Cl: 5.0%-6.6%) to 6.2% (Virginia; 95% ClI:
5.4%-7.1%) among men and 3.7% (DC; 95% Cl: 2.8%-4.6%) to 4.2%
(Washington; 95% Cl: 3.2%-5.2%) among women (Figure 3B,C and
Table S2).

The predicted prevalence of undiagnosed hypertension was
higher among men than women in all states and DC. Geographic
patterns in the predicted prevalence of undiagnosed hyperten-
sion were evident, but less pronounced than with the predicted
prevalence of hypertension. The predicted prevalence in northern
states tended to be higher and the predicted prevalence in south-
ern states tended to be lower than the median among all adults,
men, and women (Figure 4). States having higher hypertension
predicted prevalence tended to have lower undiagnosed hyperten-
sion predicted prevalence, while states having lower hypertension
predicted prevalence tended to have higher undiagnosed hyper-
tension predicted prevalence. Among all adults, only in Hawaii
was the predicted prevalence significantly higher than the median
(5.0% in Arizona). In Alabama, Tennessee, Kentucky, and West
Virginia, the predicted prevalence was significantly lower than the
median (Arizona; Figure 3A and Table S2). Among men, only one
state (Hawaii) had significantly higher predicted prevalence than
the median (Arizona) and three states (Tennessee, West Virginia,
and Kentucky) had significantly lower predicted prevalence. Among

women, none of the states had significantly higher predicted
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prevalence than the median 4.1% in Michigan and none of the
states had significantly lower predicted prevalence than the median
(Figure 3B,C and Table S2).

4 | DISCUSSION

This study examined state-level prevalence estimates of hyperten-
sion and undiagnosed hypertension, building, and expanding on
previous studies by estimating the variance of the computed preva-
lence, which allowed for the calculation of 95% Cl's and statistical
testing. Geographic patterns and trends in hypertension predicted
prevalence were apparent in this study, as reported previously.'%3
Greater hypertension predicted prevalence was observed in the
southern states, which was also noted in a comparable study assess-
ing hypertension at the county-level.** While the predicted preva-
lence of undiagnosed hypertension was lower in the southern states,
its geographic patterns were less pronounced. Sex differences were
evident, with the predicted prevalence of hypertension and undiag-
nosed hypertension both generally higher among men than women.

Our methodology differs from previous analyses; in addition to
predicting prevalence estimates using a modeling strategy, we also
estimated the variance of these estimates, which took into account
the sample design of both NHANES and BRFSS surveys, plus the
error inherent in the regression models. This additional statistical
inference provides Cl’s as well as point estimates for state-level
prevalence of hypertension and undiagnosed hypertension and al-
lows for statistical comparisons. Variance estimates were calculated
using the delete-one-jackknife method, which is useful in settings
where standard variance estimation techniques are not applicable or
difficult to implement. Modeled estimates such as these can guide
programs and help identify disparate groups and/or geographic re-
gions, to better focus prevention programs and interventions. This
methodology can be used for other diseases or conditions, when
performing regression on one complex survey and applying those
models to the population from a different complex survey, and sub-
sequently obtaining variance estimates for statistics of interest.

This study has several limitations to be considered. Limitations
pertaining to NHANES and BP measurement have been published
elsewhere.'®> Hypertension and undiagnosed hypertension may be
underestimated in NHANES due to the ineligibility of military per-
sonnel and those living in institutions, including nursing and assisted
living facilities. This study was unable to take into account those
who were using lifestyle or dietary approaches to reduce their BP,
specially affecting the ability to determine the need for treatment
among those with a previous diagnosis of hypertension (ie, aware/
untreated).

In addition, the results of this analysis should be interpreted by
taking into account the limitations of the statistical methodology and
the assumptions made prior to analysis. The wording of some of sur-
vey questions and response options differs between NHANES and
BRFSS and for survey years. This difference could affect the prev-

alence estimates. The NHANES questionnaires were administered

in-person, while those for the BRFSS were administered over the
telephone and all of the information collected during the BRFSS sur-
vey is based on self-report which is subject to recall bias and nonre-
sponse rates. For example, while height and weight which were used
to calculate BMI are measured in the NHANES survey, that informa-
tion is based on self-report in BRFSS and could be underestimated.
Misreporting of self-reported height and weight has been reported in
previous research, but BMI based on self-report is highly correlated
with BMI based on physical measurements with r = 0.90 to 0.95.1

Moreover, the 2017 ACC/AHA guideline is not applied to this
study, because the study used awareness of hypertension to model
the prevalence of hypertension and undiagnosed hypertension,
which relies on self-report of health care provider diagnosis which
was based on JNC7 guideline.®>® The impact of the 2017 ACC/AHA
hypertension guideline on this type of analysis can be applied to data
collected from 2018 onward.

Further, there are factors associated with the risk and preva-
lence of hypertension and undiagnosed hypertension which could
not be accounted for in the current methodology, specifically het-
erogeneous probabilities of those conditions across regions within
identical socioeconomic and demographic population groups. The
methods used in this analysis assume that the probability of hav-
ing hypertension or undiagnosed hypertension is constant across all
states, given the factors used in the regression models. By applying
the same models to each state, it is possible to underestimate or
overestimate the prevalence, which might exhibit atypical character-
istics that are not captured.

Some states with higher hypertension prevalence had lower
prevalence of undiagnosed hypertension. From the definitions of
predicted prevalence of hypertension and undiagnosed hyperten-
sion in the supporting document, the ratio of predicted prevalence
of hypertension to predicted prevalence of undiagnosed hyperten-
sion becomes number of hypertension over the number of unaware
people with hypertension. Therefore, when two states have same
predicted prevalence of hypertension but one state has much large
unaware population, that state would have higher predicted preva-
lence of undiagnosed hypertension.

A combination of community and clinical approaches to hyperten-
sion will be necessary to improve hypertension control. Public health
approaches can be undertaken to reduce the burden of hypertension
and uncontrolled hypertension. These approaches should focus on the
leading modifiable risk factors for hypertension, including poor diet,
high sodium intake, overweight or obesity, and limited physical activ-
ity.17 Public health approaches include policy initiatives that focus on
environmental and systems changes related to these risk factors. At
the clinical level, health information technology (HIT) can be useful for
identifying persons with elevated BP who are either undiagnosed or
uncontrolled and monitoring them so that their risk factors, including
lifestyle risk factors, can be reduced, and beginning medication treat-
ment when necessary.18 Other HIT approaches used strategically, such
as registries, clinical decision support, patient reminders, and patient
portals, can be effective in improving BP measurement and hyper-

tension control. Team-based care, recommended by the Community
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Preventive Services Task Force, is also an effective strategy for improv-
ing hypertension control, by promoting improved communication with
patients and other health care providers and adherence to evidence-
based guidelines.’”"?! In addition to these approaches, improved self-
management strategies and other innovations in technology, such as
BP self-monitoring and telemonitoring, can play an important role in
achieving greater hypertension control.??

Improving hypertension control will assist with meeting the
national Healthy People 2020 objectives of reducing the propor-
tion of adults with hypertension by 10% (HDS-5.1) and increasing
the proportion of adults with hypertension whose BP is under
control to 61.2% (HDS-12).2% The improvement in hypertension
control has been identified as a priority within Healthy People
and has been selected as the only Healthy People 2020 Heart
Disease and Stroke Leading Health Indicator (LHI). The distinc-
tion of hypertension control as a LHI highlights the importance
of the factor in the overall prevention, treatment, and control
of cardiovascular disease. Healthy People 2020 also provides
evidence-based resources to address and improve hypertension
control (https://www.healthypeople.gov/topicsobjectives2020/
ebr.aspx?topicld=2121).

Other national efforts are also targeting improvements in hy-
pertension prevention, treatment, and control. The Million Hearts®
initiative, co-led by CDC and the Centers for Medicare and Medicaid
Services, is focusing efforts on preventing 1 million or more heart
attacks and strokes in the United States by 2022.%* Million Hearts®
seeks to improve the cardiovascular health of the nation by focus-
ing on priority areas in the community (reducing sodium intake,
decreasing tobacco use, increasing physical activity) and in the
clinical environments (improving the ABCS [appropriate aspirin use
for those at risk, BP control, cholesterol management, and smoking
cessation], increasing cardiac rehabilitation use, engaging patients
in heart-healthy behaviors). Diverse, yet targeted, activities in the
community and clinical environments, supported and implemented
using evidenced-based interventions and engaged partners, will be
needed to improve the management of hypertension and reduced

long-term risk of cardiovascular disease.

5 | DISCLAIMER

The findings and conclusions in this report are those of the authors
and do not necessarily represent the official position of the Centers

for Disease Control and Prevention.
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