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The influence of prehypertension, controlled
and uncontrolled hypertension on left ventricular
diastolic function and structure in the general
Korean population

Ju Young Jung1,2,8, Sung Keun Park1,3,8, Chang-Mo Oh4, Jeong Gyu Kang1, Joong-Myung Choi2,
Jae-Hong Ryoo2 and Jae-Hon Lee5,6,7

Although hypertension is a clear risk factor for cardiovascular disease, how prehypertension and controlled hypertension

influence left ventricular (LV) diastolic function and structure remain to be elucidated. Thus, this study was intended to

investigate the link between LV diastolic dysfunction and structural changes in different categories of hypertension. A cohort

of 52 111 Korean adults receiving echocardiograms was enrolled. The study population was stratified into five groups according

to the following categories of hypertension and blood pressure (BP): normotensive (o120/80 mm Hg), prehypertensive

(120–139/80–89 mmHg), controlled hypertensive (o140/90 mm Hg), newly recognized hypertensive and uncontrolled

hypertensive (⩾140/90 mm Hg). Multivariate logistic regression analyses were used to assess the odds ratios (ORs) for LV

hypertrophy (LVH) and increased relative wall thickness (RWT), and the adjusted mean values of diastolic parameters were used

to examine differences in LV diastolic function. We found a significant relationship between elevated BP and LVH. In addition,

an association was observed with LV remodeling (increased RWT). The ORs of LV hypertrophy, remodeling and adjusted mean

values of echocardiographic parameters showed dose–response relationships across the study groups, in the order (from lowest to

highest) of normotensive, prehypertensive, controlled hypertension, newly recognized hypertension and uncontrolled hypertension.

The full adjusted ORs of increased RWT were 1.65 (95% confidence interval (CI): 1.45–1.87) in prehypertension, 2.02

(95% CI: 1.74–2.34) in controlled hypertension, 2.85 (95% CI: 2.35–3.43) in newly recognized hypertension and 3.31

(95% CI: 2.68–4.07) in uncontrolled hypertension. The present study results suggest the importance of early detection and

proper management of hypertension.
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INTRODUCTION

Hypertension is a well-known risk factor for cardiovascular (CV) and
all-cause mortality.1,2 Although the treatment of hypertension has
been improving for decades, many hypertensive patients remain in an
uncontrolled state.3 In the 1999 to 2000 National Health and
Nutrition Examination Survey (NHANES), blood pressure (BP) was
found to be adequately controlled in only 31% of hypertensive
patients.4 In addition, it is thought that many adults are unaware that
they have nonoptimal BP levels, such as prehypertension or high
normal BP. Although prehypertension is not considered serious, its

high prevalence rate may pose substantial health problems. Previous
studies have also reported the clinical significance of prehypertension
or ‘high normal BP’ as an independent predictor of future CV events
and mortality.1,2,5 The NHANES 2005–2006 data indicate that ∼ 25%
of the US adult population has prehypertension.6 Thus, given that
more than half of adults have nonoptimal BP levels,1–4,6 the adverse
influence of elevated BP on the CV system is an important clinical
issue in public health. In particular, studies have suggested a clinical
association among all categories of high BP, prior subclinical
LV changes and adverse CV outcomes.7–15 In previous studies,
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prehypertension has been found to be an independent risk factor for
unfavorable left ventricular (LV) functional and structural changes,7–11

and individuals with LV diastolic dysfunction, remodeling and
hypertrophy have higher risks of CV and all-cause mortality.12–15

Nonetheless, to date, only a few studies have investigated the
association between all categories of BP and subclinical LV functional
and structural changes in a general population. Thus, this study was
conducted to evaluate the risk for subclinical LV diastolic dysfunction
and geometric change across all categories of blood pressure, including
controlled hypertension, in the general Korean population.

METHODS

Study design and population
A cross-sectional study was conducted to investigate the clinical association
between BP categories and subclinical LV changes. Relevant clinical and
echocardiographic data were obtained from the Kangbuk Samsung Health
Study. The Kangbuk study primarily consisted of Korean men and women
undergoing a medical health check-up program at the Health Promotion
Center of Kangbuk Samsung Hospital, Sungkyunkwan University, Seoul,
Republic of Korea. Among patients in the original study, 55 214 men and
women had received at least one echocardiogram, including tissue Doppler
echocardiography, between January 2013 and December 2014.
Among the 55 214 participants, 3103 did not meet the final inclusion criteria.

A total of 161 patients were excluded because of arrhythmias, such as atrial
fibrillation, atrioventricular block or tachycardia. In addition, 58 patients were
excluded because of systolic LV dysfunction (ejection fraction ⩽ 50%). In all,
1448 patients had a history of cancer; 1017 had a severe medical condition,
such as asthma, chronic obstructive pulmonary disease or end-stage renal
disease; 386 had a history of myocardial infarction or angina; and 33 were
excluded for other reasons, such as missing BP data. The final number of
eligible participants was 52 111 (Figure 1). Ethics approvals for the study
protocol and data analysis were obtained from the institutional review board of
Kangbuk Samsung Hospital. Informed consent was not required because only
retrospective data without personal identifying information were used.

Clinical and laboratory measurements
Study data included medical history, physical examination, echocardiographic
data, information from a self-administered questionnaire, anthropometric
measurements and laboratory measurements. Examining physicians assessed
the medical and drug prescription histories. All study participants were asked to
respond to a health-related behavior questionnaire that included topics of
alcohol consumption, smoking and exercise. The questions about alcohol
intake included the weekly and daily frequency of alcohol consumption. The
degree of physical activity was evaluated with the Korean-validated version of
the International Physical Activity Questionnaire.16 The physical activity of
participants was classified into three categories (inactive, minimally active and
health-enhancing physically active).16,17 Diabetes mellitus was defined on the
basis of a fasting serum glucose level of at least 126 mg dl− 1 or a serum
hemoglobin A1c level of at least 6.5%, a prior diagnosis of diabetes or the
current use of any blood glucose-lowering medications. The body mass index
was calculated by dividing the weight (in kg) by the square of the height
(in m2).
Blood samples were collected after 412 h of fasting and were drawn from

the antecubital vein. The fasting serum glucose was measured using the
hexokinase method. Total cholesterol and triglycerides were measured using
enzymatic colorimetric tests. Low-density lipoprotein cholesterol was measured
using a homogeneous enzymatic colorimetric test, and high-density lipoprotein
cholesterol was measured using the selective inhibition method (Advia 1650
Autoanalyzer, Bayer Diagnostics, Leverkusen, Germany).
Fasting insulin concentrations were measured with an immunoradiometric

assay (Biosource, Nivelles, Belgium), and hemoglobin A1c was measured using
an immunoturbidimetric assay with a Cobra Integra 800 automatic analyzer
(Roche Diagnostics, Basel, Switzerland). Insulin resistance was calculated
on the basis of homeostasis model assessment-insulin resistance (HOMA-IR).

High-sensitivity C-reactive protein was analyzed via particle-enhanced immu-
nonephelometry with a BNII System (Dade Behring, Marburg, Germany).

BP measurements
Trained nurses measured sitting BP levels by using automatic BP equipment
(53000-E2, Welch Allyn, Skaneateles Falls, NY, USA) three times after a 5 min
rest. Each BP measurement occurred during an interval of at least 30 s. Final BP
levels were obtained as the average of the second and third BP measurements.
Hypertension was defined on the basis of a prior diagnosis of hypertension
(including the current use of any antihypertensive medications) or a measured
BP ⩾ 140/90 mm Hg at initial examination. Controlled hypertension and
uncontrolled hypertension were categorized on the basis of measured BP level
(uncontrolled hypertension ⩾ 140/90 mm Hg and controlled hypertension
o140/90 mm Hg) for people with a prior diagnosis of hypertension. According
to the Seventh Report of the Joint National Committee on the Prevention,
Detection, Evaluation, and Treatment of Hypertension (JNC 7), prehyperten-
sion was defined as systolic blood pressure (SBP) of 120–139 mm Hg or
diastolic blood pressure (DBP) of 80–89 mm Hg.1 Normal BP was defined as
an SBP of o120 mm Hg and a DBP of o80 mm Hg.

Echocardiographic data
Two-dimensional transthoracic echocardiography with a 4 MHz, sector-type
transducer probe was performed on each individual (Vivid 7 and E9, GE,
Milwaukee, WI, USA). A trained registered sonographer conducted transthor-
acic echocardiography according to a standardized protocol. Images from
standard parasternal long- and short-axis views were digitally stored and
reviewed. Left ventricular end-diastolic diameter (LVEDD), left ventricular end-
systolic diameter (LVESD), interventricular septum thickness (IVST) and
posterior LV wall thickness (PWT) were routinely measured. The LV mass
was calculated with the following formula: LV mass= 0.8× (1.04[(LVEDD
+IVST+PWT)3− LVEDD)3])+0.6 g,18 and was indexed on the basis of body
surface area). The LV end-systolic volume (LVESV) and LV end-diastolic
volume were calculated with the following formula: 7.0/(2.4+LVESD)×
LVESD3 and 7.0/(2.4+LVEDD)×LVEDD3. Relative wall thickness (RWT)
was calculated with the formula: (2×PWT)/LVEDD. Increased RWT was
defined as RWT 40.42. LV hypertrophy (LVH) was defined as an LV mass
index of ⩾ 115 in males or ⩾ 95 in females.19 LV geometry was categorized
as normal, concentric remodeling, eccentric hypertrophy or concentric
hypertrophy.18

Assessed for eligibility 

(n= 55,214)

Excluded (n=3,103)

- Presence of arrhythmia (n=161)

- Systolic LV dysfunction (n=58)

- Past history of malignancy (n=1,448)

- Serious medical condition (n=1,017)

- Past history of myocardial infarction (n=386)

- Missing data for blood pressure (n=33)

Study participants

(n= 52,111)

Figure 1 Flowchart for study participant selection.
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Deceleration time was measured via pulsed-wave Doppler ultrasound using

the apical four-chamber view. Peak velocities of the early (E) and late (A)

phases of mitral inflow were also measured, and E/A ratios were calculated. LV

myocardial velocities were evaluated with tissue Doppler imaging. The peak

early diastolic (e′) and late diastolic (a′) velocities were measured at the level of

the septal mitral valve annulus.19

Statistical analyses
All participants were divided on the basis of their BP values and histories of

hypertension: normal, prehypertension, controlled hypertension (history of

hypertension, SBP o140 mm Hg and DBP o90 mm Hg), newly recognized

hypertension and controlled hypertension (history of hypertension, SBP

⩾ 140 mm Hg or DBP ⩾ 90 mm Hg). The data are presented as mean± s.d.

within study groups for continuous variables and as proportions for categorical

variables. The main clinical characteristics and echocardiographic parameters

between five groups were compared using analysis of variance for continuous

variables and χ2 tests for categorical variables.
The odds ratios (ORs) of increased RWT- and LVH-based BP categories

were calculated using multivariate logistic regression analysis. After testing for

multicollinearity, selected variables were enrolled into the adjusting covariates

for multivariate logistic regression analysis. We used two models to evaluate the

adjusted ORs of BP categories for increased RWT and LVH. Model 1 was

adjusted for age and sex, and model 2 was adjusted for covariates related to

obesity, dyslipidemia, diabetes, health-related behaviors and chronic inflamma-

tion (model 1+body mass index, high-density lipoprotein cholesterol, physical

activity, smoking, average alcohol use, diabetes and high-sensitivity C-reactive

protein).

The adjusted mean values of echocardiograph parameters, including septal e'

velocity, E/e' ratio, E/A ratio LA diameter, LV mass, LVMI and RWT, were used

to examine the differences in echocardiographic parameters across the BP

categories. We also analyzed LV structural and functional changes in the

nondiabetic group to assess the independent effect of prehypertension

and hypertension. All statistical analyses were performed using R 3.2.1

(R Foundation for Statistical Computing, Vienna, Austria). The P-values of

o0.05 were considered to be statistically significant.

RESULTS

Clinical characteristics of the study population
A total of 52 111 participants were enrolled (36 973 men and 15 138
women). The mean age of the study population was 40.3± 8.1 years.
The proportion of participants with prehypertension was 17.8%
(n= 9283), 9.2% had controlled hypertension (n= 4795), 3.5% had
newly recognized hypertension (n= 1818) and 2.7% had controlled
hypertension (n= 1129). The main demographic characteristics by
study population are shown in Table 1. In general, compared with the
normotensive group, the prehypertensive group and the three
hypertension groups were more likely to have unfavorable clinical
characteristics and metabolic parameters such as diabetes, increased
body mass index and waist circumference. The proportion of
participants using antihypertensive medication was 68.9% for those
with controlled hypertension and 35.4% for those with uncontrolled
hypertension.

Table 1 Main demographic characteristics

Characteristics

Normal

(N=35 086)

Prehypertension

(N=9283)

Controlled hypertension

(N=4795)

Newly recognized hypertension

(N=1818)

Uncontrolled hypertension

(N=1129) P-value

Sex (n, (%))
Female 13 198 (37.6%) 937 (10.1%) 765 (16.0%) 154 (8.5%) 84 (7.4%) o0.001

Male 21 888 (62.4%) 8346 (89.9%) 4030 (84.0%) 1664 (91.5%) 1045 (92.6%)

Glucose (mg dl−1) 93.6±12.8 99.6±17.3 103.4±21.2 102.1±19.6 105.7±26.4 o0.001

Serum creatinine (mg dl−1) 0.9±0.2 0.9±0.1 0.9±0.2 1.0±0.1 1.0±0.2 o0.001

Total cholesterol (mg dl−1) 194.5±33.7 206.5±34.6 195.8±35.8 209.2±35.5 208.3±36.6 o0.001

Triglyceride (mg dl−1) 112.6±75.0 154.6±105.4 149.3±95.2 172.8±113.5 178.0±127.1 o0.001

HDL cholesterol (mg dl−1) 58.0±15.0 53.3±13.7 51.8±12.9 52.1±13.5 51.3±13.2 o0.001

LDL cholesterol (mg dl−1) 120.5±31.1 131.4±31.2 122.4±32.5 132.5±32.6 131.9±32.3 o0.001

HbA1c (%) 5.6±0.4 5.7±0.5 5.8±0.7 5.7±0.6 5.8±0.9 o0.001

Insulin (uU dl−1) 6.2±3.6 8.1±4.8 8.6±5.7 9.0±5.6 9.6±5.8 o0.001

hsCRP (mg l−1) 0.10±0.31 0.13±0.30 0.14±0.31 0.13±0.25 0.13±0.24 o0.001

Height (cm) 168.5±8.2 172.1±7.1 170.1±8.2 171.9±6.9 171.7±6.7 o0.001

Weight (kg) 66.1±11.9 75.1±11.7 75.0±12.7 76.6±12.2 78.3±12.7 o0.001

Waist circumference (cm) 81.8±8.8 88.0±8.4 89.4±8.8 89.5±8.5 90.9±8.8 o0.001

SBP (mm Hg) 104.1±8.3 121.9±6.0 116.7±9.6 135.1±8.9 139.2±11.3 o0.001

DBP (mm Hg) 67.2±6.8 81.2±5.0 76.7±7.5 94.3±5.7 96.0±8.5 o0.001

Heart rate (beats per min) 63.4±8.4 65.9±9.1 65.7±9.2 68.8±9.3 68.9±10.1 o0.001

Age (year) 39.1±7.5 41.2±7.8 46.3±10.1 42.5±6.9 43.8±8.0 o0.001

HOMA-IR 1.5±1.0 2.0±1.4 2.3±1.8 2.3±1.7 2.6±2.0 o0.001

BMI (kg m−2) 23.1±3.0 25.3±3.2 25.8±3.4 25.8±3.3 26.5±3.5 o0.001

Current smoker (%) 18.9% 24.8% 24.2% 28.6% 29.0% o0.001

Average alcohol use (g per day) 11.4±18.8 19.2±23.8 20.0±27.8 22.4±27.4 22.1±29.4 o0.001

HEPA (%) 13.2% 14.9% 17.6% 13.8% 13.5% o0.001

Diabetes (%) 2.9% 6.3% 16.6% 7.2% 13.6% o0.001

Antihypertensive drug (%) — — 68.9% — 35.4% o0.001

Duration of disease (year) 4.7±5.3 3.9±5.2 0.012

Abbreviations: BMI, body mass index; DBP, diastolic blood pressure; HbA1c, hemoglobin A1c; HDL, high-density lipoprotein; HEPA, health-enhancing physically active; HOMA-IR, homeostasis
model assessment of insulin resistance; hsCRP, high-sensitivity C-reactive protein; IPAQ, International Physical Activity Questionnaire; LDL, low-density lipoprotein; SBP, systolic blood pressure.
Continuous variables are expressed as mean (± s.d.), and categorical variables are expressed as number (percentage (%)).
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General echocardiographic characteristics
The echocardiographic parameters related to general LV function
and structure are shown in Table 2. LV dimension parameters
(IVST, PWT, LVEDD, LVESD), LV mass, LVMI (per body surface
area or height2.7) and RWT showed a dose–response relationship
order (from lowest to highest) of normotensive, prehypertensive,
controlled hypertensive and uncontrolled hypertensive groups. Parti-
cipants with prehypertension and hypertension had higher E/e' ratios
and LA diameters and lower E/A ratios and septal e' velocities than
did patients in the normotensive group. In general, participants with
prehypertension and those in the two hypertensive groups had
increased LV mass and impaired diastolic function than did patients
in the normotensive group, and the effect was dose responsive. In
addition, the participants with increased RWT and LVH also showed
similar relationships among study groups. The proportion of LVH was
0.9% in the normotensive group, 1.6% in the prehypertensive group,
4.9% in controlled hypertensives, 3.4% in newly recognized hyperten-
sives and 8.1% in controlled hypertensives. The proportions of
increased RWT and LV geometry changes also showed similar
relationships.

LV diastolic function and structure according to BP category
Multivariate logistic regression analysis of increased RWT and LVH
according to BP and hypertension category is presented in Table 3.
Unadjusted ORs showed a very clear dose–response relationship
across the study groups. The statistically significant dose–response

relationships across the study groups were consistently indicated in
models 1 and 2. In model 2, the adjusted ORs of increased RWT were
1.65 (95% confidence interval (CI): 1.45–1.87) in the prehypertensive
group, 2.02 (95% CI: 1.74–2.34) in controlled hypertensives, 2.85
(95% CI: 2.35–3.43) in newly recognized hypertensives and 3.31
(95% CI: 2.68–4.07) in uncontrolled hypertensives. The fully adjusted
ORs of LVH were 2.10 (95% CI: 1.63–2.70) in the prehypertensive
group, 3.02 (95% CI: 2.33–3.91) in controlled hypertensives, 5.03
(95% CI: 3.56–6.99) in newly recognized hypertensives and 10.94
(95% CI: 7.99–14.87) in uncontrolled hypertensives.
The adjusted mean values of echocardiographic parameters are

shown in Table 4. The adjusted mean E/e' ratio, indicating increased
LV filling pressure,20 was 7.56 (95% CI: 7.52–7.59) in normotensives,
7.89 (95% CI: 7.85–7.94) in prehypertensives, 8.14 (95% CI:
8.09–8.20) in controlled hypertensives, 8.28 (95% CI: 8.20–8.36) in
newly recognized hypertensives and 8.54 (95% CI: 8.45–8.64) in
uncontrolled hypertensives (model 2). These findings suggested that
individuals with well-controlled hypertension had more favorable
LV diastolic function than those with uncontrolled or untreated
hypertension. Adjusted mean values of LA diameter, LV mass,
LVMI and RWT also showed similar relationships across the BP
and hypertensive categories in a dose–response manner. In general,
prehypertensive and hypertensive groups had more impaired LV
diastolic function and geometry changes than did the normotensive
group. The participants with uncontrolled hypertension had the worst
LV deterioration features among the study groups.

Table 2 Main echocardiographic characteristics

Characteristics

Normal

(N=35086)

Prehypertension

(N=9283)

Controlled hypertension

(N=4795)

Newly recognized hypertension

(N=1818)

Uncontrolled hypertension

(N=1129) P-value

IVST (mm) 7.8±1.2 8.5±1.1 8.8±1.2 8.9±1.2 9.3±1.3 o0.001

PWT (mm) 7.6±1.1 8.4±1.1 8.6±1.2 8.7±1.1 9.1±1.3 o0.001

LVEDD (mm) 48.6±3.9 49.8±3.9 49.8±4.1 50.0±4.0 50.4±4.1 o0.001

LVESD (mm) 30.5±3.4 31.1±3.5 30.7±3.7 31.2±3.6 31.3±3.8 o0.001

LA diameter (mm) 33.0±4.3 35.4±4.3 36.7±4.7 36.0±4.5 37.1±4.6 o0.001

E (cm s−1) 71.8±14.6 66.8±13.9 66.8±14.1 63.9±13.9 63.3±14.1 o0.001

A (cm s−1) 49.9±11.5 54.8±12.5 61.5±15.6 59.5±12.7 62.3±13.6 o0.001

E/A ratio 1.5±0.4 1.3±0.3 1.1±0.4 1.1±0.3 1.1±0.3 o0.001

E/e' 7.2±1.5 7.7±1.7 8.4±2.0 8.2±1.8 8.6±2.0 o0.001

Deceleration time (ms) 179.9±36.0 180.8±35.8 190.2±40.2 184.2±37.7 188.1±39.4 o0.001

Septal e' (cm s−1) 10.2±2.0 9.0±2.0 8.2±2.0 8.0±1.9 7.6±1.9 o0.001

Septal a' (cm s−1) 7.9±1.5 8.5±1.6 8.7±1.5 8.8±1.5 8.8±1.5 o0.001

Ejection fraction 66.8±5.5 67.2±5.7 68.3±5.9 67.1±5.9 67.5±6.0 o0.001

LV mass (g) 125.8±30.8 146.3±30.4 151.5±33.6 156.0±33.6 166.7±39.3 o0.001

LVMI (/BSA) 71.3±13.4 77.3±13.9 80.7±16.0 81.7±15.4 86.5±18.6 o0.001

LVMI (/height2.7) 30.6±6.4 33.8±6.8 36.2±8.1 36.2±7.6 38.8±9.1 o0.001

RWT 0.315±0.047 0.337±0.049 0.348±0.056 0.352±0.053 0.363±0.059 o0.001

LVEDV (ml) 111.7±20.9 118.3±20.8 118.3±22.0 119.2±21.9 121.5±22.6 o0.001

LVESV (ml) 37.2±10.0 38.9±10.4 37.8±10.8 39.4±10.9 39.8±11.8 o0.001

LVH (n, (%)) 311 (0.9%) 149 (1.6%) 234 (4.9%) 62 (3.4%) 92 (8.1%) o0.001

Increased RWT (n, (%)) 808 (2.3%) 488 (5.3%) 435 (9.1%) 187 (10.3%) 149 (13.2%) o0.001

LV Geometry change o0.001

Normal geometry 33 894 (96.9%) 8665 (93.4%) 4175 (87.1%) 1582 (87.1%) 919 (81.4%) o0.001

Concentric remodeling 769 (2.2%) 463 (5.0%) 385 (8.0%) 172 (9.5%) 118 (10.5%) o0.001

Eccentric hypertrophy 275 (0.8%) 124 (1.3%) 184 (3.8%) 47 (2.6%) 61 (5.4%) o0.001

Concentric hypertrophy 36 (0.1%) 25 (0.3%) 50 (1.0%) 15 (0.8%) 31 (2.7%) o0.001

Abbreviations: A, maximum velocity of active mitral filling; BSA, body surface area; E, maximum velocity of passive mitral filling; Increased RWT, RWT 40.42; IVST, interventricular septum
thickness; LA, left atrial; LV, left ventricular; LVEDD, left ventricular end-diastolic diameter; LVEDV, left ventricular end-diastolic volume; LVESD, left ventricular end-systolic diameter; LVESV, left
ventricular end-systolic volume; LVH, left ventricular hypertrophy (LVMI 4115 (male); LVMI 495 (female)); LVMI, left ventricular mass index; PWT, posterior LV wall thickness; RWT, relative wall
thickness.
Continuous variables are expressed as mean (± s.d.), and categorical variables are expressed as number (percentage (%)).
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Table 3 The odds ratio of increased RWT and LV hypertrophy (OR (95% CI))

Unadjusted model Model 1 Model 2

Characteristics OR (95% CI) OR (95% CI) OR (95% CI)

Increased RWT
Normal 1.00 (Reference) 1.00 (Reference) 1.00 (Reference)

Prehypertension 2.35 (2.10–2.64) 1.89 (1.68–2.12) 1.65 (1.44–1.87)

Controlled hypertension 4.23 (3.75–4.77) 2.67 (2.35–3.04) 2.02 (1.74–2.34)

Newly recognized hypertension 4.86 (4.11–5.73) 3.69 (3.11–4.36) 2.85 (2.35–3.43)

Uncontrolled hypertension 6.45 (5.34–7.75) 4.56 (3.76–5.51) 3.31 (2.68–4.07)

LVH
Normal 1.00 (Reference) 1.00 (Reference) 1.00 (Reference)

Prehypertension 1.82 (1.49–2.21) 2.19 (1.77–2.69) 2.10 (1.63–2.70)

Controlled hypertension 5.72 (4.81–6.79) 3.25 (2.65–3.99) 3.02 (2.33–3.91)

Newly recognized hypertension 3.94 (2.96–5.16) 5.30 (3.93–7.06) 5.03 (3.56–6.99)

Uncontrolled hypertension 9.89 (7.74–12.53) 11.98 (9.09–15.68) 10.94 (7.99–14.87)

Abbreviations: CI, confidence interval; LV, left ventricular; LVH, left ventricular hypertrophy; OR, odds ratio; RWT, relative wall thickness.
Multiple logistic regression analysis was used to examine the odd ratios of prehypertension and hypertension for increased RWT and LV hypertrophy.
Model 1 covariates: age and sex.
Model 2 covariates: model 1+smoking, average alcohol use (g per day), physical activity (International Physical Activity Questionnaire (IPAQ)), body mass index (BMI), high-density lipoprotein (HDL)
cholesterol, diabetes and high-sensitivity C-reactive protein (hsCRP).

Table 4 The adjusted mean values of left ventricular diastolic function and LV structure (95% CI)

Characteristics Normal (N=35 086)

Prehypertension

(N=9283)

Controlled hypertension

(N=4795)

Newly recognized hypertension

(N=1818)

Uncontrolled hypertension

(N=1129)

E/e'
Model 1 7.33 (7.31–7.35) 7.82 (7.79–7.85) 8.18 (8.13–8.22) 8.24 (8.17–8.31) 8.58 (8.50–8.68)

Model 2 7.56 (7.52–7.59) 7.89 (7.85–7.94) 8.14 (8.09–8.20) 8.28 (8.20–8.36) 8.54 (8.45–8.64)

E/A ratio
Model 1 1.48 (1.48–1.49) 1.34 (1.33–1.34) 1.33 (1.32–1.34) 1.21 (1.20–1.23) 1.18 (1.16–1.20)

Model 2 1.47 (1.46–1.48) 1.36 (1.35–1.37) 1.37 (1.35–1.38) 1.25 (1.23–1.26) 1.23 (1.21–1.25)

Septal e' (cm s−1)
Model 1 10.15 (10.13–10.16) 9.36 (9.33–9.40) 9.24 (9.19–9.29) 8.61 (8.53–8.69) 8.34 (8.53–8.69)

Model 2 9.94 (9.90–9.98) 9.38 (9.32–9.43) 9.37 (9.30–9.43) 8.69 (8.60–8.78) 8.51 (8.41–8.62)

LA diameter (mm)
Model 1 32.8 (32.7–32.8) 34.1 (34.0–34.2) 35.1 (35.0–35.2) 34.6 (34.4–34.8) 35.5 (35.2–35.7)

Model 2 33.9 (33.8–34.0) 34.1 (34.0–34.2) 34.6 (34.4–34.7) 34.2 (34.0–34.4) 34.5 (34.3–34.7)

LV mass (g)
Model 1 121.9 (121.6–122.2) 132.1 (131.5–132.7) 137.7 (136.9–138.6) 140.8 (139.6–142.1) 150.8 (149.2–152.4)

Model 2 127.5 (126.9–128.1) 131.7 (131.0–132.5) 134.8 (133.9–135.8) 138.5 (137.2–139.9) 145.8 (144.2–147.4)

LVMI
Model 1 70.7 (70.5–70.8) 73.7 (73.4–74.0) 75.9 (75.5–76.3) 77.6 (76.9–78.2) 81.8 (81.0–82.6)

Model 2 71.8 (71.5– 72.2) 73.7 (73.3–74.2) 75.5 (75.0–75.9) 77.3 (76.6–78.0) 81.0 (80.2–81.9)

RWT
Model 1 0.314 (0.313–0.314) 0.328 (0.327–0.329) 0.335 (0.334–0.337) 0.342 (0.339–0.344) 0.351 (0.348–0.354)

Model 2 0.321 (0.319–0.322) 0.331 (0.330–0.333) 0.336 (0.334–0.338) 0.343 (0.340–0.345) 0.351 (0.348–0.354)

Abbreviations: A, maximum velocity of active mitral filling; CI, confidence interval; E, maximum velocity of passive mitral filling; LA, left atrial; LV, left ventricular; LVMI, left ventricular mass index;
RWT, relative wall thickness.
Values in table are adjusted mean values for covariates.
Model 1 covariates: age+sex.
Model 2 covariates: model 1+smoking, average alcohol use (g per day), physical activity (International Physical Activity Questionnaire (IPAQ)), body mass index (BMI), high-density lipoprotein (HDL)
cholesterol, diabetes and high-sensitivity C-reactive protein (hsCRP).
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Supplementary Tables 1 and 2 show LV structural and functional
changes in the nondiabetic subgroup of BP and hypertensive groups.
The ORs of LV structure and adjusted mean values of LV parameters
yielded similar findings even in the nondiabetic subgroup.

DISCUSSION

Many studies have demonstrated that hypertension and prehyperten-
sion are significantly associated with LV diastolic dysfunction and
structural changes. However, only a few studies have investigated LV
functional and structural changes across all categories of hypertension
in an Asian population. In addition, little is known about the influence
of newly recognized, controlled and uncontrolled hypertension on LV
functional and structural changes. Here, we had the unique opportu-
nity to assess the risk of LV functional and structural changes across all
categories of BP and hypertension in a general population.
In the present study, we obtained two major findings.
First, there were clear dose–response relationships between unfa-

vorable LV structural changes and BP and hypertension categories in
the order (from lowest to highest) of normotensive, prehypertensive,
controlled hypertensive, newly recognized hypertensive and uncon-
trolled hypertensive groups. In particular, the controlled hypertensive
group had slightly lower SBP and DBP values than did the
normotensive group, and had higher ORs for LV structural change
than did the prehypertensive group. This finding suggests that LV
structural change begins in an early phase of hypertension and
progresses to an irreversible state despite proper control of BP. In
addition, newly recognized hypertension, compared with controlled
hypertension, was more significantly associated with unfavorable LV
structural changes, and uncontrolled hypertension had the most
adverse influence on LV structure. Interestingly, the most common
type of LV structural change across all BP and hypertension categories
was concentric remodeling (increased RWT without LVH), thus
suggesting an adverse influence of elevated BP on CV outcomes.
Previous studies have shown that concentric remodeling is related to
an increased risk of CV events.21–23 Furthermore, we revealed that the
likelihood of increased RWT was significantly elevated in all categories
of hypertension. Thus, our study findings can be extrapolated to
suggest clinical significance of optimal BP and proper management of
hypertension.
The second major finding was the effect of elevated BP on

subclinical LV diastolic function. All categories of hypertension and
prehypertension were more significantly associated with impaired LV
diastolic function than was the normotensive state. In addition,
echocardiographic parameters related to LV diastolic function showed
a dose–response relationship in all BP and hypertensive groups, and
this relationship was most prominent in the uncontrolled hypertensive
group. These findings indicate that elevated BP, especially in indivi-
duals with uncontrolled hypertension, has the most harmful effects on
the CV system. Furthermore, individuals with controlled hypertension
showed more favorable LV diastolic function than did newly
recognized or uncontrolled hypertensives. The present study results
indicate the importance of early detection and appropriate manage-
ment of hypertension.
Several previous studies have suggested possible predictors of

subclinical LV deterioration, including carotid intima–media thick-
ness, cardio-ankle vascular index and abdominal obesity.24–26 The
present study confirmed that the subclinical range of BP is another
possible predictor. The influences of elevated BP on LV function and
structure have a consistent tendency revealing that adverse events of
LV function and structure begin at a comparatively low BP level
(⩾120/80 mmHg). This finding is consistent with results from a

previous meta-analysis revealing that the BP threshold associated with
CV death could be lowered to 115/75 mmHg.5 In the present study,
the prehypertensive group, compared with the normal group, had
more than twofold ORs of LVH and increased RWT, and the adjusted
mean values also showed that participants with prehypertension had
impaired LV diastolic function and adverse LV structural changes.
These findings are also consistent with previous findings demonstrat-
ing an association between prehypertension and unfavorable LV
outcomes.7–11 However, previous studies had some limitations,
including the small sample size and limited age distribution. In
addition, only a few studies have investigated the influence of elevated
BP on subclinical LV changes in Asian groups. Because our study was
based on large-scale echocardiographic data obtained from an
apparently healthy general Asian population, the influence of elevated
BP on LV function and structure might have been more evident.
Our study also showed a strong association among unrecognized

uncontrolled hypertension and LV deterioration that may provide a
mechanistic explanation for results from previous studies showing
increased morbidity and mortality among people with untreated and
uncontrolled hypertension.1–4,27–29 Nonetheless, a previous study has
demonstrated that more than half of hypertensive patients, despite
improvement in hypertension treatment over decades, remain
uncontrolled.3 Our study participants also included substantial pro-
portions of untreated and uncontrolled hypertension. Thus, consider-
ing the findings that significant unfavorable LV change begins in
unrecognized hypertension and progresses in an uncontrolled hyper-
tensive state, early detection of hypertension and education about
antihypertensive medications should be warranted.
The major strength of our study was the large-scale epidemiologic

study design, including echocardiographic data and detailed histories
of hypertension. Nonetheless, we also recognize several weaknesses
and limitations of the present study.
First, we conducted only single BP measurements because most of

our study participants had annual or biannual health check-ups.
Therefore, our data could not assess daily BP fluctuations. Second, we
could not measure relevant echocardiographic parameters to assess LV
diastolic function, such as lateral e' velocity, isovolumic relaxation time
and LA volume. Third, this was a cross-sectional study. Despite our
use of large-scale echocardiographic data, our study was unable to
address the causal relationship between blood pressure groups and LV
deterioration. Fourth, because our study participants had regular
medical check-ups, the proportion of uncontrolled hypertension was
slightly lower than that in previous studies. Thus, our study may not
adequately reflect the nature of the general population with hyperten-
sion. Fifth, although the duration of the disease or treatment may be a
key point in the LV remodeling, we could not consider this parameter
in this study because there were too many data gaps regarding the
duration of the disease or treatment.
In conclusion, our study showed an adverse influence of all types of

hypertension on LV diastolic function and structure. LV diastolic
dysfunction and remodeling began during prehypertension and
peaked in the uncontrolled hypertensive state through controlled
and newly recognized hypertension. In addition, participants with
undiagnosed hypertension had more significant LV deterioration than
did controlled hypertensives. These findings suggest the clinical
importance of early detection and appropriate control of hypertension.
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