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Background-—A recent study reported that morning hypertension is associated with poor cardiovascular outcomes in hypertensive
patients. However, it is unclear whether morning hypertension associated with sustained nocturnal hypertension and that
associated with morning blood pressure (BP) surge differ in terms of their effects on cardiovascular target organ damage and
clinical outcomes. The present study aimed to determine the association of morning hypertension with/without nocturnal
hypertension with vascular target organ damage and central hemodynamics in patients at high risk for cardiovascular disease.

Methods and Results-—Ambulatory BP monitoring was performed and central BP was measured in 1070 consecutive patients with
high cardiovascular risk. We grouped morning hypertension into the following 3 subtypes: (I) morning normotension; (II) morning
hypertension without nocturnal hypertension; and (III) morning hypertension with nocturnal hypertension. Morning hypertension
was noted in 469 (43.8%) patients and morning hypertension with nocturnal hypertension was noted in 374 (34.9%) patients. The
central systolic/diastolic BP and carotid to femoral pulse wave velocity were significantly higher in the subtype III group than in the
subtype I and II groups (all P<0.001). Subtype III (versus subtype I) was an independent predictor of central hypertension and high-
risk arterial stiffness (P<0.001 and P=0.018, respectively) but not vascular damage in a fully adjusted model (model Y).

Conclusions-—Morning hypertension, especially that associated with nocturnal hypertension, is related to high central BP and
increased arterial stiffness. Further studies on whether morning hypertension with or without nocturnal hypertension is related to
clinical outcomes should be performed.

Clinical Trial Registration-—URL: http://www.clinicaltrials.gov. Unique identifier: NCT02003781. ( J Am Heart Assoc. 2017;6:
e005424. DOI: 10.1161/JAHA.116.005424.)
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D uring the past decade, mounting evidence has indicated
that ambulatory blood pressure (BP) monitoring (ABPM)

provides various details on BP profiles, including the average
24-hour BP, daytime and nighttime BP, and circadian
variability, which is superior to clinical BP for the diagnosis
and prognostic evaluation of hypertensive individuals.1–4 As
such, current guidelines recommend the use of ABPM in
routine clinical practice.5

Recent studies have demonstrated that morning hyperten-
sion is associated with target organ damage and adverse
cardiovascular outcomes in patients with hypertension.6–9

The Japan Morning Surge Home Blood Pressure (J-HOP) study
reported that morning systolic BP (SBP) was closely related to
subclinical target organ damage indicators, such as urine
albumin/creatinine ratio and pulse wave velocity (PWV).7 In
the Home Blood Pressure Measurement With Olmesartan
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Naive Patients to Establish Standard Target Blood Pressure
(HONEST) registry, in a cohort of 21 591 patients with
essential hypertension, morning hypertension (morning home
BP ≥145 mm Hg) was associated with adverse cardiovascular
outcomes, even among patients with well-controlled clinical
BP.8,9

Patients with morning hypertension could be categorized
as either those with nocturnal hypertension who have
sustained hypertension upon awakening or those without
nocturnal hypertension who have morning hypertension upon
awakening. Previous studies have shown that both nocturnal
hypertension and early morning BP surge are associated with
a higher risk of target organ damage and cardiovascular
disease (CVD).6,8 However, it is unclear whether morning
hypertension associated with sustained nocturnal hyperten-
sion and that associated with morning BP surge differ in terms
of their effects on cardiovascular target organ damage and
clinical outcomes. In the present study, we aimed to
determine the association of morning hypertension with or
without nocturnal hypertension with vascular target organ
damage and central hemodynamics in a prospective cohort of
patients at high risk for CVD.

Methods

Study Participants
The participants were enrolled in a South Korean govern-
ment–sponsored prospective cohort study (Cardiovascular
and Metabolic Disease Etiology Research Center–High Risk
Cohort [CMERC-HI]; clinicaltrials.gov: NCT02003781). The
institutional review board at Yonsei University College of
Medicine approved the study (2013-0752-027), and all
participants provided informed consent. The inclusion criteria
were as follows: patients with high-risk hypertension, diabetes
mellitus with albuminuria, anuric end-stage renal disease, and
use of dialysis (urine output <200 mL/d); relatives of acute
myocardial infarction patients who were younger than
55 years (for men) or 65 years (for women); patients with
asymptomatic atherosclerotic CVD (abdominal aorta diameter
≥3 cm or ankle-brachial index <0.9, carotid plaque or carotid
intima-media thickness ≥0.9 mm, asymptomatic old cere-
brovascular accident, or >30% stenosis in at least 1 major
coronary artery); rheumatic arthritis patients aged older than
40 years taking methotrexate and steroids; atrial fibrillation
patients with a CHA2DS2-VASc score ≥1; and kidney trans-
plant recipients who underwent transplantation more than
3 months previously. The exclusion criteria were histories of
acute coronary syndrome, symptomatic coronary artery
disease, symptomatic peripheral artery disease, and heart
failure; desired life expectancy less than 6 months because of
non-CVD; pregnancy or breastfeeding; and histories of

contrast allergy and related side effects. The present study
included 1070 consecutive patients from the CMERC-HI
cohort in whom ABPM was performed, and markers for
vascular damage and central hemodynamics were assessed
between December 2013 and February 2016. Patients with
end-stage renal disease and those who underwent kidney
transplantation were excluded in this study.

Clinical and Anthropometric Measurements
All participants underwent baseline evaluations, including an
initial standardized questionnaire. Height, weight, body mass
index, anthropometric data, and sitting brachial BP were
measured (HEM 7080-IC, Omron, Japan). Sitting brachial BP
was measured after 5 minutes of rest in the right arm 3 times
at 2-minute intervals. The mean of the 3 values was used for
analysis. Total cholesterol, low-density lipoprotein cholesterol,
high-density lipoprotein cholesterol, triglycerides, and glucose
levels were measured in blood samples obtained after a
12-hour fast. A resting 12-lead ECG was obtained using the
GE Marquette MUSE system (GE Medical Systems, Milwau-
kee, WI). Participants were considered to be smokers if they
were current or former smokers. Participants were considered
to have dyslipidemia if they had high total cholesterol
(>200 mg/dL), high low-density lipoprotein cholesterol
(>160 mg/dL), low high-density lipoprotein cholesterol
(<40 mg/dL for men, <50 mg/dL for women), or high
triglyceride (>150 mg/dL) levels, or if they were currently
using lipid-lowering drugs. Participants were considered to
have diabetes mellitus if they had a history of diabetes
mellitus, were receiving antidiabetic treatment, or had fasting
plasma glucose levels of >126 mg/dL. Participants were
considered to have hypertension if they had a self-reported
history of hypertension, a history of antihypertensive medi-
cation use, or a BP of ≥140/90 mm Hg at the visit time.

Ambulatory BP Monitoring
Twenty-four–hour ABPM was performed using the Takeda TM-
2430 instrument (A&D Medical, Tokyo, Japan), with readings
taken every 30 minutes. Daytime and nighttime periods were
defined according to information provided by the patient.
Ambulatory BP readings were averaged for 24-hour, daytime,
and nighttime values. Patients were classified according to
dipping pattern as follows: dippers (nighttime BP decrease
>10%), nondippers (nighttime BP decrease <10% and >0%),
and reverse dippers (nighttime BP > daytime BP). Morning BP
was defined as the average BP of 4 measurements taken after
awakening. Morning hypertension was defined as a morning
BP >135/85 mm Hg. Nocturnal hypertension was defined as
an average nighttime BP >120/70 mm Hg, as previously
defined.5 The study participants were grouped according to
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the morning BP as follows: subtype I group, patients with normal
morning BP; subtype II group, patients with morning hyperten-
sion and normal nocturnal BP; and subtype III group, patients
with morning hypertension and nocturnal hypertension.

Measurement of Vascular Target Organ Damage
and Central Hemodynamics
All study patients underwent pulse wave measurement, ankle-
brachial index assessment, coronary calcium scan, carotid to
femoral PWV (cfPWV), and central BP measurement in the
morning. The brachial to ankle PWV (baPWV) and ankle-
brachial index were determined using a validated oscillometric
device (VP-1000 plus/VP-2000, Omron, Japan), as previously
described.10,11 Briefly, after an overnight fast and 5 minutes
of rest, the cfPWV was measured in the supine position in a
quiet, temperature-controlled room using a SphygmoCor
device (AtCor Medical, West Ryde, Australia), as previously
described.10 Central hemodynamics were evaluated in the
sitting position after 10 minutes of rest using a commercially
available radial artery tonometry device (SphygmoCor), as
previously described.10,12 Briefly, using a high-fidelity micro-
manometer (Millar Instruments, Houston, TX), peripheral
pressure waveforms were recorded from the radial artery at
the wrist, as previously reported. Central SBP, diastolic BP
(DBP), pulse pressure, augmentation pressure, forward wave
amplitude, and the augmentation index (AIx) were acquired
from pulse waveform analysis. Pulse pressure was calculated
as the difference between systolic and diastolic pressure.
Augmentation pressure was defined as the difference
between the second and first systolic peak pressures, and
the AIx was defined as the ratio of augmentation pressure to
aortic pulse pressure. The AIx was normalized for a heart rate
of 75 beats per minute (AIx at 75/min), as this measurement
is influenced by heart rate.

Coronary Artery Calcium Scan
All examinations were performed using a 320-row computed
tomographic system (Aquilion ONE; Toshiba Medical Systems,
Tokyo, Japan) with patients in the supine position on a table,
and images were acquired during a single breath hold, which
allows image reconstruction in a single cardiac phase. Dual
scanograms were used for planning the examination and
determining the anatomical range to be covered. A nonen-
hanced prospective ECG-gated scan was performed to
measure the coronary artery calcium score (CACS) with the
following parameters: rotation time, 275 ms; slice collimation,
0.5 mm; slice width, 3.0 mm; tube voltage, 100 kV; and
automatic tube current modulation (SURE Exposure 3D
standard, Toshiba Medical Systems Corporation, Otawara,
Japan). Images were analyzed in a core workstation using

dedicated software (TeraRecon version 4.4.11.82.3430.Beta,
Foster City, CA). Agatston calcium scores were calculated to
quantify the extent of coronary artery calcification.13,14

Statistical Analysis
Continuous variables are summarized as mean�SD, and
categorical variables are summarized as a percentage of the
group total. Non-normally distributed variables were log
transformed for statistical analyses. Continuous variables
were compared using independent t tests or the Mann–
Whitney U test for non-normally distributed variables if
needed. Multivariate logistic regression analysis was per-
formed in a model using known cardiovascular risk factors
and confounding variables. A 2-tailed P<0.05 was considered
statistically significant. All statistical analyses were performed
using SPSS version 22.0 software (IBM Corp, Armonk, NY).

Results

Clinical Characteristics and Laboratory Findings
Among the 1070 patients, 601 (56.2%), 95 (8.9%), and 374
(34.9%) were included in the subtype I, subtype II, and subtype
III groups, respectively. Among 469 patients with morning
hypertension, 79.7% showed an associated with nocturnal
hypertension. In 222 uncontrolled hypertensive patients,
according to the clinical BP target, 64.0% showed morning
hypertension and 55.4% showed morning hypertension with
nocturnal hypertension (subtype III). Baseline characteristics
of the study patients are summarized in Table 1. The mean
age of patients was greater in the subtype II group than in the
subtype I group; however, there were no significant differ-
ences in male prevalence among the 3 groups. Waist
circumference and body mass index were significantly higher
in the subtype II and III groups than in the subtype I group.
Office brachial BP was significantly higher in the subtype III
group than in the subtype I and II groups. In addition, the
prevalence of diabetes mellitus and chronic kidney disease
was higher in the subtype III group than in the subtype I and II
groups. Moreover, b-blockers and calcium channel blockers
were more commonly used and serum blood urea nitrogen
levels, creatinine levels, and albumin/creatinine ratio were
significantly higher in the subtype III group than in the subtype
I and II groups.

ABPM Data
The 24-hour average SBP/DBP, daytime average SBP/DBP,
and nighttime average SBP/DBP were significantly higher in
the subtype III group than in the subtype I and II groups
(Table 2). As expected, considering the definition of the
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morning hypertension subtypes, the subtype II group had a
significantly higher proportion of patients with extreme
dippers and dippers, whereas the subtype III group had a
significantly higher proportion of patients with nondippers and
reverse dippers. In addition, nocturnal trough SBP was higher
in the subtype III group than in the subtype I and II groups,
whereas the prevalence and degree of morning BP surge were
higher in the subtype II group than in the subtype I group.

Indices of PWV and Central Hemodynamics
The proportion of patients with high-risk cfPWV, defined as a
value >10 m/s, recommended by the current guidelines,5

was significantly higher in the subtype III group than in the

subtype I and II groups. In addition, the heart to carotid PWV,
heart to femoral PWV, femoral to ankle PWV, baPWV, and
central SBP and DBP were significantly higher in the subtype
III group than in the subtype I and II groups. The AIx was
higher in the subtype III group than in the subtype I group. The
central SBP and cfPWV were higher in the subtype II group
than in the subtype I group; however, there were no
significant differences in the PWV indices between the 2
groups (Figure and Table 3).

Coronary Artery Calcium Score
The CACS was higher in patients in the subtype III group than
in the subtype I and II groups; however, there was no

Table 1. Baseline Characteristics of the Study Participants

Subtype I (n=601) Subtype II (n=95) Subtype III (n=374) P Value

Age, y 60�11 63�11* 62�10 0.003

Men, No. (%) 342 (56.9) 45 (47.4) 210 (56.1) 0.217

Waist conference, cm 86�9 89�9* 89�9* <0.001

Body mass index, kg/m2 25.0�3.5 26.0�3.5* 25.9�3.4* <0.001

SBP, mm Hg 123�13 126�15 134�17*† <0.001

DBP, mm Hg 75�9 72�8* 77�11*† <0.001

Heart rate, beat per min 69�11 66�11 67�12 0.047

Smoker, No. (%) 267 (44.4) 40 (42.1) 180 (48.1) 0.414

Hypertension, No. (%) 499 (83.0) 81 (85.3) 330 (88.2) 0.085

Diabetes mellitus, No. (%) 188 (31.3) 27 (28.4) 158 (42.2) 0.001

Hypercholesterolemia, No. (%) 347 (57.7) 59 (62.1) 215 (57.5) 0.700

Cerebrovascular accident, No. (%) 25 (3.5) 3 (2.8) 13 (2.5) 0.593

Chronic kidney disease, No. (%) 132 (22.0) 12 (12.6) 94 (25.1) 0.032

CVD family history, No. (%) 176 (29.3) 25 (26.3) 83 (22.2) 0.051

ACEI/ARB, No. (%) 251 (41.8) 46 (48.4) 156 (41.7) 0.454

b-Blocker, No. (%) 119 (19.8) 20 (21.1) 115 (30.7) <0.001

Calcium channel blocker, No. (%) 205 (34.1) 40 (42.1) 176 (47.1) <0.001

Diuretics, No. (%) 81 (13.5) 22 (23.2) 60 (16.0) 0.044

Aspirin, No. (%) 160 (26.6) 35 (36.8) 113 (30.2) 0.093

Statin, No. (%) 250 (41.6) 47 (49.5) 149 (39.8) 0.235

Glucose, mg/dL 109�28 108�21 113�30 0.040

Total cholesterol, mg/dL 174�38 171�32 171�32 0.439

Blood urea nitrogen, mg/dL 19.5�9.3 18.0�8.6 20.7�10.3*† 0.033

Creatinine, mg/dL 1.1�0.6 1.0�0.6 1.2�0.7† 0.005

eGFR, mL/min per 1.73 m2 77�30 84�31 72�29*† <0.001

ACR, mg/g (n=753) 32�81 15�33 52�98*† 0.001

Data are presented as mean�SD or number (percentage). ACEI/ARB indicates angiotensin-converting enzyme inhibitor/angiotensin II receptor blocker; ACR, albumin/creatinine ratio;
CVD, cardiovascular disease; DBP, diastolic blood pressure; eGFR, estimated glomerular filtration rate; SBP, systolic blood pressure.
*P<0.05 by t test (subtype II or III vs I).
†P<0.05 by t test (subtype III vs II).
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significant difference in the CACS between the patients in the
subtype I and II groups (Table S1). We defined a high-risk
CACS using different CACS cutoffs (300, 400, and 1000 AU);
however, we did not note any significant difference in the
prevalence of high-risk CACS when considering any of the
CACS cutoffs among the subtypes.

Adjusted Logistic Regression Analysis
As demonstrated in Tables 1 through 3, there were significant
differences in the baseline characteristics and measurements
among the subtypes. As such, we adjusted for confounding
factors to determine the independent role of the morning
hypertension subtype in a multivariate regression model. First,
for predicting central hypertension, defined as central SBP
>130 mm Hg or DBP >90 mm Hg, suggested by a recent
study,15 subtype III (versus subtype I) was an independent
predictor in the fully adjusted model (P<0.001, model Y;
Table 4). This independence remained significant even after
further adjusting with daytime average SBP (P=0.013, model
Y+day SBP; Table 4) and cfPWV level (P<0.001, model
Y+cfPWV; Table S2). Second, we adjusted the regression
analysis for predicting high-risk cfPWV (>10 m/s), as defined
by a recent guideline.5 In the same model (model Y), subtype
III was an independent predictor for high-risk cfPWV
(P=0.018, Table 5). There was a tendency towards significant
association after further adjusting with daytime average SBP
(P=0.104, model Y+day SBP, Table 5). However, when we

divided the patients into two groups according to median
heart rate (high, ≤65 beats per minute or low, >65 beats per
minute), morning hypertension subtype III (versus subtype I)
was associated with high-risk cfPWV in only the high heart rate
group (P=0.045 for high heart rate versus P=0.932 for low heart
rate, P for interaction=0.023, model Y+day SBP; Table S3).
When we selected a different cutoff of high-risk cfPWV (eg,
>12 m/s), the independent association of subtype III remained
significant (P=0.026, Table S4). We then analyzed the predic-
tion of each vascular damage marker (CACS >300 AU, ankle-
brachial index <0.9, and baPWV >1800 cm/s). However, we
could not find any independent associations of subtype III
(versus subtype I or II) after adjustment (Table S5). In summary,
there were independent associations of subtype III with the
parameters of central hemodynamics and aortic cfPWV.
However, there were no significant associations of morning
hypertension subtypes with the coronary calcium score and
baPWV after adjustment.

Discussion
The present study made some important findings. First, in the
cohort of patients at high risk for CVD, nearly 50% had
morning hypertension, with 80% having nocturnal hyperten-
sion with morning hypertension. Second, morning hyperten-
sion with elevated nocturnal hypertension was associated
with significant increases in the indices of central hemody-
namics and vascular organ damage. Third, morning

Table 2. Ambulatory BP Monitoring Data in Terms of Morning Hypertension Subtypes

Subtype I Subtype II Subtype III P Value

Total SBP, mm Hg 122�10 125�14 141�11*† <0.001

Total DBP, mm Hg 75�7 74�5 82�10*† <0.001

Day SBP, mm Hg 127�101 135�10* 145�12*† <0.001

Day DBP, mm Hg 78�7 80�7 85�9*† <0.001

Night SBP, mm Hg 113�12 111�8 133�13*† <0.001

Night DBP, mm Hg 69�8 65�3* 77�7*† <0.001

Extreme dipper 74 (12.3) 33 (34.7) 15 (4.0) <0.001

Dipper 249 (41.1) 49 (51.6) 139 (37.2) 0.035

Nondipper 234 (38.9) 13 (13.7) 167 (44.7) <0.001

Reverse dipper 44 (7.3) 0 (0) 53 (14.2) <0.001

Morning peak SBP, mm Hg 135�15 169�20* 165�19* <0.001

Morning mean SBP, mm Hg 122�10 144�7* 150�12*† <0.001

Nocturnal trough SBP, mm Hg 104�14 101�12 123�15*† <0.001

Morning BP surge, mm Hg 18�14 43�14* 28�16*† <0.001

Morning BP surge, No. (%) 214 (35.6) 87 (91.6) 224 (59.9) <0.001

Data are presented as mean�SD or number (percentage). BP indicates blood pressure; DBP, diastolic blood pressure; SBP, systolic blood pressure.
*P<0.05 by t test (subtype II or III vs I).
†P<0.05 by t test (subtype III vs II).

DOI: 10.1161/JAHA.116.005424 Journal of the American Heart Association 5

Morning Hypertension and Central Hemodynamics Oh et al
O
R
IG

IN
A
L
R
E
S
E
A
R
C
H



hypertension subtype III was independently associated with
central hypertension and increased arterial stiffness.

The fact that nearly half of the study patients had morning
hypertension has clinical significance in that despite control
of office BP, elevated morning BP has been shown to be an
adverse prognostic factor for both target organ damage and
adverse cardiovascular outcomes.6–9,16 The reason for the
higher prevalence of morning hypertension in this study
(47.5%) compared with that reported in the HONEST study
(16.5%)8,9 may be related to the different definitions of
morning hypertension (home morning SBP ≥145 mm Hg in
the HONEST study), the difference in the use of ABPM, and
the high cardiovascular risk of this cohort. The high preva-
lence of morning hypertension can also be explained by the
fact that nocturnal hypertension and the nondipping pattern
of nocturnal BP are highly prevalent in patients with diabetes
mellitus or chronic kidney disease.17–20 In a cross-sectional

analysis from the African American Study of Kidney Disease,
the nondipping pattern was observed in 80% of the study
participants, and 70% of 377 participants with well-controlled
office BP had masked hypertension. The results from this
cohort support this finding as well.17 As such, the assessment
of ambulatory BP to evaluate nocturnal hypertension and
morning hypertension should be part of the routine manage-
ment in patients at high risk for CVD.

Another key finding of this study was that sustained
elevation of morning BP that extended from elevated noctur-
nal hypertension and not morning hypertension due to early
morning surge was significantly associated with markers of
aortic target organ damage. Previous studies also reported
that target organ damage was more prevalent in patients with
nocturnal hypertension.17 In addition, the J-HOP study showed
that morning hypertension was related to target organ
damage indicators, such as urine albumin/creatinine ratio.7

Figure. Central hemodynamic parameters according to morning hypertension subtypes. A, Central systolic blood pressure (SBP), (B) central
diastolic blood pressure (DBP), (C) carotid-femoral pulse wave velocity (PWV). Subtype I indicates morning normotension; subtype II, morning
hypertension without nocturnal hypertension; subtype III, morning hypertension with nocturnal hypertension.
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Recent studies have shown that arterial stiffness and central
hemodynamic load are independent prognostic predictors of
adverse cardiovascular outcomes.21,22 Growing evidence
suggests that central BP may be more relevant than brachial
BP for predicting target organ damage and cardiovascular
outcomes.15,23–25 Arterial stiffness is one of the earliest
manifestations of adverse structural and functional changes
within the arterial wall. It results in augmentation of the
central aortic pressure in central hemodynamics.22 The
significance of this study is that it is the first report to show
the interrelationship of central hemodynamics and arterial
stiffness with morning hypertension, especially the morning
hypertension subtype associated with nocturnal hypertension.

There has been some controversy with regard to the
clinical implications of morning hypertension, especially
morning hypertension associated with morning BP surge. In
the study by Verdecchia et al,26 which was a cohort study of
3012 patients followed up for a mean period of 8.44 years,
blunted morning surge, rather than excessive morning surge,
was associated with adverse cardiovascular events. In
addition, a study by Bombelli et al27 reported that morning
BP surge was not associated with cardiovascular death, all-
cause death, or target organ damage in a cohort of 2051
patients followed up for 16 years. In contrast, nocturnal
hypertension has been consistently shown to be associated
with adverse cardiovascular events and cardiovascular target

organ damage.2,28 As such, we can suggest that morning
hypertension associated with elevated nocturnal BP may be a
subtype with a higher risk of cardiovascular end organ
damage and adverse events. It will be interesting to further
reanalyze the negative results from the aforementioned study
to determine the difference in clinical outcomes according to
the morning hypertension subtypes.

Interestingly, subtype II patients did not show any signif-
icant difference in regional PWV using the Omron device but
showed higher central SBP and cfPWV when compared with
the findings in subtype I patients (Table 3). As there was a
graded increase in central aortic stiffness from morning
normotension to morning hypertension due to morning surge
when compared with morning hypertension with nocturnal
hypertension, our data may shed light on the different reports
with regard to the prognostic significance of morning surge
for cardiovascular outcomes. As the aortic PWV is higher for
morning hypertension associated with nocturnal hypertension
than for morning hypertension associated with morning surge,
efforts to determine the subtypes of morning hypertension
may be needed. This has important prognostic implications
since chronotherapy to target both nocturnal hypertension
and morning hypertension may reduce aortic stiffness and
central aortic pressure.29

The explanation for the different interaction of morning
hypertension subtype with aortic stiffness is unclear. Previous

Table 3. PWV and Indices of Central Hemodynamics According to Morning Hypertension Subtypes

Subtype I Subtype II Subtype III P Value

PWV and ABI

hcPWV, cm/s 920�400 891�310 989�346* 0.008

hfPWV, cm/s 1020�298 1032�354 1123�357*† <0.001

Mean faPWV, cm/s 1054�281 1016�176 1087�220† 0.028

Mean baPWV, cm/s 1461�267 1500�277 1603�304*† <0.001

baPWV >1800 cm/s, No. (%) 64 (10.8) 12 (12.6) 72 (19.5) 0.001

ABI 1.13�0.08 1.13�0.09 1.14�0.09* 0.046

ABI <0.9, No. (%) 8 (1.3) 4 (4.2) 10 (2.7) 0.110

Central hemodynamics

SBP, mm Hg 115�15 120�17* 127�18*† <0.001

DBP, mm Hg 75�9 74�8 78�11*† <0.001

AIx 27.4�13.2 30.3�12.8 30.2�10.7* 0.002

cfPWV, m/s 8.8�1.9 9.4�2.3* 10.0�2.4* <0.001

cfPWV >10 m/s, No. (%) 112 (20.7) 27 (30.3) 127 (39.6) <0.001

cfPWV >12 m/s, No. (%) 34 (6.3) 9 (10.1) 62 (19.3) <0.001

Central hypertension, No. (%) 97 (17.9) 24 (27.0) 148 (46.1) <0.001

Data are presented as mean�SD or number (percentage). ABI indicates ankle-brachial index; AIx, augmentation index; baPWV, brachial to ankle pulse wave velocity; cfPWV, carotid to
femoral pulse wave velocity; DBP, diastolic blood pressure; faPWV, femoral to ankle pulse wave velocity; hcPWV, heart to carotid pulse wave velocity; hfPWV, heart to femoral pulse wave
velocity; PWV, pulse wave velocity; SBP, systolic blood pressure.
*P<0.05 by t test (subtype II or III vs I).
†P<0.05 by t test (subtype III vs II).
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studies have demonstrated a significant association of
increased heart rate with PWV.30,31 Although the mechanism
behind this phenomenon has yet to be firmly established,
passive decrease in arterial compliance due to reduced time
for elastic recoil has been suggested to be an explanation for
this phenomenon.31,32 We postulate that the effect of
nocturnal hypertension and morning hypertension on arterial
stiffening is accentuated in arteries passively stiffened by
increased baseline heart rate. With regard to the significant
association of morning hypertension related to nocturnal
hypertension with central aortic BP and aortic PWV, we
postulate that the increased hemodynamic stress that is
related to nocturnal/morning hypertension over time will
result in increased aortic stiffness, which, in turn, will increase
central aortic BP and vice versa.29 However, as this was a
cross-sectional analysis, we cannot rule out the possibility
that increased aortic stiffness and central hemodynamic loads
are responsible for elevated nocturnal hypertension and
morning hypertension in these patients. According to previous
trials such as the Conduit Artery Function Evaluation (CAFE)
study,33 b-blocker use may be related to impaired central
hemodynamics in hypertensive patients.34 In our study,
although more b-blockers were used in patients with morning
hypertension subtype III, b-blocker administration was not an
independent predictor for central hypertension in our adjusted

model. Further, prospective analyses on the association
between morning hypertension subtypes and progression of
aortic stiffness are needed.

Study Strengths
The strength of this study is that comprehensive assessment
of markers of target organ damage and determination of their
association with morning hypertension with or without
nocturnal hypertension were performed in a relatively large
cohort at high risk for CVD. However, our study had some
limitations. First, owing to the cross-sectional design of the
study, we could not distinguish the cause-effect relationship.
Second, we could not evaluate the prognostic significance of
the different morning hypertension subtypes. However, as this
is an ongoing prospective longitudinal study, we will be able to
address these issues in the future. Third, because this study
was performed in a population with relatively high cardiovas-
cular risk, the results of this study should be generalized with
caution. A further study in patients with relatively low to
moderate cardiovascular risk who are assumed to have
morning hypertension subtype II (morning surge) will be

Table 4. Multivariate Logistic Regression Analysis for Central
Hypertension

OR (95% CI) P Value

Model Y

Age, y 1.024 (1.004–1.044) 0.019

Brachial SBP, mm Hg 1.104 (1.086–1.123) <0.001

Heart rate, beats per min 0.975 (0.957–0.992) 0.005

ACEI/ARB 1.687 (1.115–2.552) 0.013

Subtype II vs I 1.253 (0.662–2.369) 0.489

Subtype III vs I 2.249 (1.523–3.322) <0.001

Model Y+day SBP

Age, y 1.024 (1.004–1.044) 0.017

Brachial SBP, mm Hg 1.101 (1.082–1.119) <0.001

Heart rate, beats per min 0.976 (0.958–0.994) 0.008

ACEI/ARB 1.728 (1.141–2.619) 0.010

Subtype II vs I 1.134 (0.594–2.167) 0.703

Subtype III vs I 1.806 (1.133–2.881) 0.013

Model Y includes age, sex, body mass index, brachial systolic blood pressure (SBP), heart
rate, hypertension, hypercholesterolemia, diabetes mellitus, family history of
cardiovascular disease, smoking, angiotensin-converting enzyme inhibitor (ACEI) or
angiotensin receptor blocker (ACE) use, calcium channel blocker use, b-blocker use,
diuretic use, statin use, aspirin use, blood urea nitrogen, creatinine, glucose, and
cholesterol. Central hypertension is defined as central SBP ≥130 mm Hg or central
diastolic blood pressure ≥90 mm Hg. OR indicates odds ratio.

Table 5. Multivariate Logistic Regression Analysis for High-
Risk cfPWV (10 m/s)

OR (95% CI) P Value

Model Y

Age, y 1.099 (1.075–1.123) <0.001

Body mass index, kg/m2 1.058 (1.004–1.114) 0.034

Brachial SBP, mm Hg 1.044 (1.031–1.057) <0.001

Heart rate, beats per min 1.044 (1.027–1.062) <0.001

Diabetes mellitus 1.651 (1.097–2.487) 0.016

locker 1.600 (1.019–2.514) 0.041

Creatinine, mg/dL 2.273 (1.292–3.997) 0.004

Subtype II vs I 1.186 (0.642–2.192) 0.585

Subtype III vs I 1.586 (1.082–2.325) 0.018

Model Y+day SBP

Age, y 1.099 (1.076–1.123) <0.001

Body mass index, kg/m2 1.057 (1.004–1.114) 0.036

Brachial SBP, mm Hg 1.043 (1.029–1.056) <0.001

Heart rate, beats per min 1.044 (1.027–1.062) <0.001

Diabetes mellitus 1.632 (1.081–2.462) 0.020

locker 1.613 (1.026–2.535) 0.038

Creatinine, mg/dL 2.258 (1.285–3.969) 0.005

Subtype II vs I 1.143 (0.611–2.139) 0.676

Subtype III vs I 1.469 (0.924–2.335) 0.104

Model Y as in Table 4. High-risk carotid to femoral pulse wave velocity (cfPWV) is defined
as aortic cfPWV >10 m/s. OR indicates odds ratio; SBP, systolic blood pressure.
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interesting. Fourth, drug adherence and the administration
timing of hypertensive medication could be important con-
founders. However, we were not able to analyze for drug
adherence and thus could not control for it in the analysis.
Finally, this study included only Korean individuals. A recent
study reported ethnic differences in the degree of morning BP
surge between Japanese and European hypertensive
patients.35 Therefore, a further study to confirm our findings
is warranted in Western populations.

Conclusions
We propose, for the first time, that morning hypertension,
especially that associated with nocturnal hypertension, is
related to an increased risk of cardiovascular target organ
damage, especially central hemodynamics, such as higher
central BP and increased arterial stiffness.

Sources of Funding
This work was supported by a grant from the Korean Health
Technology R&D Project, Ministry of Health & Welfare,
Republic of Korea (HI13C0715), and supported by Basic
Science Research Program through the National Research
Foundation of Korea (NRF) funded by the Ministry of Science,
ICT and Future Planning (NRF-2015R1A2A2A01007346).

Disclosures
None.

References
1. Pickering TG, Shimbo D, Haas D. Ambulatory blood-pressure monitoring. N

Engl J Med. 2006;354:2368–2374.

2. Dolan E, Stanton A, Thijs L, Hinedi K, Atkins N, McClory S, Den Hond E,
McCormack P, Staessen JA, O’Brien E. Superiority of ambulatory over clinic
blood pressure measurement in predicting mortality: the Dublin outcome
study. Hypertension. 2005;46:156–161.

3. Mancia G, Verdecchia P. Clinical value of ambulatory blood pressure: evidence
and limits. Circ Res. 2015;116:1034–1045.

4. Shimbo D, Abdalla M, Falzon L, Townsend RR, Muntner P. Role of ambulatory
and home blood pressure monitoring in clinical practice: a narrative review.
Ann Intern Med. 2015;163:691–700.

5. Mancia G, Fagard R, Narkiewicz K, Redon J, Zanchetti A, Bohm M, Christiaens
T, Cifkova R, De Backer G, Dominiczak A, Galderisi M, Grobbee DE, Jaarsma T,
Kirchhof P, Kjeldsen SE, Laurent S, Manolis AJ, Nilsson PM, Ruilope LM,
Schmieder RE, Sirnes PA, Sleight P, Viigimaa M, Waeber B, Zannad F; Task
Force M. 2013 ESH/ESC guidelines for the management of arterial
hypertension: the Task Force for the management of arterial hypertension
of the European Society of Hypertension (ESH) and of the European Society of
Cardiology (ESC). J Hypertens. 2013;31:1281–1357.

6. Kario K, Pickering TG, Umeda Y, Hoshide S, Hoshide Y, Morinari M, Murata M,
Kuroda T, Schwartz JE, Shimada K. Morning surge in blood pressure as a
predictor of silent and clinical cerebrovascular disease in elderly hyperten-
sives: a prospective study. Circulation. 2003;107:1401–1406.

7. Hoshide S, Kario K, Yano Y, Haimoto H, Yamagiwa K, Uchiba K, Nagasaka S,
Matsui Y, Nakamura A, Fukutomi M, Eguchi K, Ishikawa J; Group JHS.
Association of morning and evening blood pressure at home with asymp-
tomatic organ damage in the J-HOP Study. Am J Hypertens. 2014;27:939–947.

8. Kario K, Saito I, Kushiro T, Teramukai S, Ishikawa Y, Mori Y, Kobayashi F,
Shimada K. Home blood pressure and cardiovascular outcomes in patients
during antihypertensive therapy: primary results of HONEST, a large-scale
prospective, real-world observational study. Hypertension. 2014;64:989–996.

9. Kario K, Saito I, Kushiro T, Teramukai S, Tomono Y, Okuda Y, Shimada K.
Morning home blood pressure is a strong predictor of coronary artery disease:
the HONEST Study. J Am Coll Cardiol. 2016;67:1519–1527.

10. Youn JC, Kim JY, Park S, Kwon J, Lee HS, Shin DH, Lee SH, Kang SM, Hoon Son
N, Jang Y. Comparison of arterial stiffness indices measured by the Colins and
SphygmoCor systems. Hypertens Res. 2012;35:1180–1184.

11. Munakata M. Brachial-ankle pulse wave velocity in the measurement of arterial
stiffness: recent evidence and clinical applications. Curr Hypertens Rev.
2014;10:49–57.

12. Yang WI, Park S, Youn JC, Son NH, Lee SH, Kang SM, Jang Y. Augmentation
index association with reactive hyperemia as assessed by peripheral arterial
tonometry in hypertension. Am J Hypertens. 2011;24:1234–1238.

13. Agatston AS, Janowitz WR, Hildner FJ, Zusmer NR, Viamonte M Jr, Detrano R.
Quantification of coronary artery calcium using ultrafast computed tomogra-
phy. J Am Coll Cardiol. 1990;15:827–832.

14. Nakazato R, DeyD, Gutstein A, LeMeunier L, Cheng VY, Pimentel R, PazW,Hayes
SW, Thomson LE, Friedman JD, Berman DS. Coronary artery calcium scoring
using a reduced tube voltage and radiation dose protocol with dual-source
computed tomography. J Cardiovasc Comput Tomogr. 2009;3:394–400.

15. Cheng HM, Chuang SY, Sung SH, Yu WC, Pearson A, Lakatta EG, Pan WH,
Chen CH. Derivation and validation of diagnostic thresholds for central blood
pressure measurements based on long-term cardiovascular risks. J Am Coll
Cardiol. 2013;62:1780–1787.

16. Kuriyama S, Otsuka Y, Iida R, Matsumoto K, Tokudome G, Hosoya T. Morning
blood pressure predicts hypertensive organ damage in patients with renal
diseases: effect of intensive antihypertensive therapy in patients with diabetic
nephropathy. Intern Med. 2005;44:1239–1246.

17. Pogue V, Rahman M, Lipkowitz M, Toto R, Miller E, Faulkner M, Rostand S,
Hiremath L, Sika M, Kendrick C, Hu B, Greene T, Appel L, Phillips RA; African
American Study of Kidney D, Hypertension Collaborative Research G.
Disparate estimates of hypertension control from ambulatory and clinic blood
pressure measurements in hypertensive kidney disease. Hypertension.
2009;53:20–27.

18. Wang C, Deng WJ, Gong WY, Zhang J, Zhang QZ, Ye ZC, Lou T. Nocturnal
hypertension correlates better with target organ damage in patients with
chronic kidney disease than a nondipping pattern. J Clin Hypertens (Green-
wich). 2015;17:792–801.

19. Wang C, Deng WJ, Gong WY, Zhang J, Tang H, Peng H, Zhang QZ, Ye ZC, Lou T.
High prevalence of isolated nocturnal hypertension in Chinese patients with
chronic kidney disease. J Am Heart Assoc. 2015;4:e002025. DOI: 10.1161/
JAHA.115.002025.

20. Oh SW, Han SY, Han KH, Cha RH, Kim S, Yoon SA, Rhu DR, Oh J, Lee EY, Kim
DK, Kim YS; APrODiTe Investigators. Morning hypertension and night non-
dipping in patients with diabetes and chronic kidney disease. Hypertens Res.
2015;38:889–894.

21. Vlachopoulos C, Aznaouridis K, O’Rourke MF, Safar ME, Baou K, Stefanadis C.
Prediction of cardiovascular events and all-cause mortality with central
haemodynamics: a systematic review and meta-analysis. Eur Heart J.
2010;31:1865–1871.

22. Cavalcante JL, Lima JA, Redheuil A, Al-Mallah MH. Aortic stiffness: current
understanding and future directions. J Am Coll Cardiol. 2011;57:1511–1522.

23. Roman MJ, Devereux RB, Kizer JR, Lee ET, Galloway JM, Ali T, Umans JG,
Howard BV. Central pressure more strongly relates to vascular disease and
outcome than does brachial pressure: the Strong Heart Study. Hypertension.
2007;50:197–203.

24. Wang KL, Cheng HM, Chuang SY, Spurgeon HA, Ting CT, Lakatta EG, Yin FC,
Chou P, Chen CH. Central or peripheral systolic or pulse pressure: which best
relates to target organs and future mortality? J Hypertens. 2009;27:461–467.

25. Huang CM, Wang KL, Cheng HM, Chuang SY, Sung SH, Yu WC, Ting CT,
Lakatta EG, Yin FC, Chou P, Chen CH. Central versus ambulatory blood
pressure in the prediction of all-cause and cardiovascular mortalities. J
Hypertens. 2011;29:454–459.

26. Verdecchia P, Angeli F, Mazzotta G, Garofoli M, Ramundo E, Gentile G, Ambrosio
G, Reboldi G. Day-night dip and early-morning surge in blood pressure in
hypertension: prognostic implications. Hypertension. 2012;60:34–42.

27. Bombelli M, Fodri D, Toso E, Macchiarulo M, Cairo M, Facchetti R, Dell’Oro R,
Grassi G, Mancia G. Relationship among morning blood pressure surge, 24-
hour blood pressure variability, and cardiovascular outcomes in a white
population. Hypertension. 2014;64:943–950.

28. Ohkubo T, Hozawa A, Yamaguchi J, Kikuya M, Ohmori K, Michimata M,
Matsubara M, Hashimoto J, Hoshi H, Araki T, Tsuji I, Satoh H, Hisamichi S, Imai

DOI: 10.1161/JAHA.116.005424 Journal of the American Heart Association 9

Morning Hypertension and Central Hemodynamics Oh et al
O
R
IG

IN
A
L
R
E
S
E
A
R
C
H

https://doi.org/10.1161/JAHA.115.002025
https://doi.org/10.1161/JAHA.115.002025


Y. Prognostic significance of the nocturnal decline in blood pressure in
individuals with and without high 24-h blood pressure: the Ohasama study.
J Hypertens. 2002;20:2183–2189.

29. Laurent S, Boutouyrie P. The structural factor of hypertension: large and small
artery alterations. Circ Res. 2015;116:1007–1021.

30. Lantelme P, Mestre C, Lievre M, Gressard A, Milon H. Heart rate: an important
confounder of pulse wave velocity assessment. Hypertension. 2002;39:1083–
1087.

31. Tan I, Spronck B, Kiat H, Barin E, Reesink KD, Delhaas T, Avolio AP, ButlinM.Heart
rate dependency of large artery stiffness. Hypertension. 2016;68:236–242.

32. Mangoni AA, Mircoli L, Giannattasio C, Ferrari AU, Mancia G. Heart rate-
dependence of arterial distensibility in vivo. J Hypertens. 1996;14:897–901.

33. Williams B, Lacy PS, Thom SM, Cruickshank K, Stanton A, Collier D, Hughes
AD, Thurston H, O’Rourke M; Investigators C, Anglo-Scandinavian Cardiac
Outcomes Trial I, Committee CS, Writing C. Differential impact of blood
pressure-lowering drugs on central aortic pressure and clinical outcomes:
principal results of the Conduit Artery Function Evaluation (CAFE) study.
Circulation. 2006;113:1213–1225.

34. Trudeau L. Central blood pressure as an index of antihypertensive control:
determinants and potential value. Can J Cardiol. 2014;30:S23–S28.

35. Hoshide S, Kario K, de la Sierra A, Bilo G, Schillaci G, Banegas JR, Gorostidi M,
Segura J, Lombardi C, Omboni S, Ruilope L, Mancia G, Parati G. Ethnic
differences in the degree of morning blood pressure surge and in its
determinants between Japanese and European hypertensive subjects: data
from the ARTEMIS study. Hypertension. 2015;66:750–756.

DOI: 10.1161/JAHA.116.005424 Journal of the American Heart Association 10

Morning Hypertension and Central Hemodynamics Oh et al
O
R
IG

IN
A
L
R
E
S
E
A
R
C
H



 

 

 

 

SUPPLEMENTAL MATERIAL 

 



 

Table S1. Indices of the coronary artery calcium score according to morning 

hypertension subtypes 

  Subtype I Subtype II Subtype III P value 

CACS, AU 168±415 185±346 230±482 0.145 

Log CACS 1.11±1.13 1.24±1.18 1.37±1.15* 0.007 

CACS > 300AU, n(%) 102 (16.7) 19 (21.3) 85 (19.8) 0.328 

CACS > 400AU, n(%) 82 (13.4) 14 (15.7) 71 (16.6) 0.369 

CACS > 1000AU, n(%) 28 (4.6) 4 (4.5) 34 (7.9) 0.067 

Data are presented as mean ± standard deviation or number (percentage). 

*p-value <0.05 in the t-test (subtype II or III vs. I), #p-value <0.05 in the t-test (subtype III vs. 

II) 

CACS, coronary artery calcium score 

  



 

Table S2. Multivariate logistic regression analysis for central hypertension 

 

 

 

 

 

 

  

Model Y as in Table 4 

Central hypertension is defined as central SBP ≥ 130 mmHg or central DBP ≥ 90 mmHg. 

SBP, systolic blood pressure; cfPWV, carotid to femoral PWV; ACEI/ARB, angiotensin 

converting enzyme inhibitor/angiotensin II receptor blocker 

 

 

 

 

 

 

 

Model Y+ cfPWV OR (95% CI) p-value 

  Brachial SBP, mmHg 1.097 (1.078–1.116) < 0.001 

Heart rate, /min 0.966 (0.948–0.985) < 0.001 

ACEI/ARB 1.726 (1.133–2.622) 0.011 

Chronic kidney disease 1.910 (1.039–3.510) 0.037 

cfPWV, m/sec 1.216 (1.096–1.349) < 0.001 

Subtype II vs. I 1.186 (0.622–2.260) 0.605 

Subtype III vs. I 1.806 (1.133–2.881) 0.013 



 

Table S3. Multivariate logistic regression analysis for high-risk cfPWV (10 m/s) 

according to heart rate 

Model Y as in Table 4.  

High-risk cfPWV is defined as aortic cfPWV > 10 m/s. 

SBP, systolic blood pressure; cfPWV, carotid to femoral PWV  

Heart rate >65/min (Model Y + Day SBP) OR (95% CI) p-value 

Age, years old 1.095 (1.065–1.125) < 0.001 

Brachial SBP, mmHg 1.050 (1.031–1.070) < 0.001 

Heart rate, /min 1.034 (1.005–1.063) 0.020 

Diabetes 1.822 (1.040–3.194) 0.036 

Subtype II vs. I 1.492 (0.634–3.511) 0.359 

Subtype III vs. I 1.920 (1.014–3.634) 0.045 

Heart rate ≤65/min (Model Y + Day SBP) OR (95% CI) p-value 

Age, years old 1.119 (1.076–1.164) < 0.001 

Brachial SBP, mmHg 1.040 (1.019–1.061) < 0.001 

Heart rate, /min 1.100 (1.038–1.167) 0.001 

Chronic kidney disease 0.308 (0.110–0.860) 0.025 

Beta blocker 2.732 (1.407–5.305) 0.003 

Creatinine, mg/dL 2.450 (1.061–5.657) 0.036 

Subtype II vs. I 0.970 (0.357–2.634) 0.953 

Subtype III vs. I 1.032 (0.497–2.145) 0.932 



 

Table S4. Multivariate logistic regression analysis for high-risk cfPWV (12 m/s) 

 

 

 

 

 

 

 

Model Y as in Table 4 

SBP, systolic blood pressure; cfPWV, carotid to femoral PWV   

Model Y OR (95% CI) p-value 

Age, years old 1.104 (1.068–1.141) < 0.001 

  Brachial SBP, mmHg 1.059 (1.041–1.077) < 0.001 

Heart rate, /min 1.041 (1.018–1.065) 0.001 

Diabetes 2.442 (1.360–4.386) 0.003 

Glucose, mg/dL 1.011 (1.002–1.019) 0.011 

Subtype II vs. I 0.826 (0.326–2.092) 0.686 

Subtype III vs. I 1.863 (1.077–3.221) 0.026 



 

Table S5. Multivariate logistic regression analysis for vascular damage marker 

 

 

 

 

 

 

Model Y as in Table 4 

CACS, coronary artery calcium score; baPWV, brachial to ankle PWV; ABI, ankle-brachial 

index 

 

Model Y OR (95% CI) p-value 

CACS > 300AU    

Subtype III vs. I 0.947 (0.611–1.469) 0.809 

ABI < 0.9    

Subtype III vs. I 2.250 (0.792–6.390) 0.128 

baPWV > 1800cm/s    

Subtype III vs. I 1.044 (0.655–1.666) 0.856 


