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Aims Coronary artery calcium score (CACS) is widely used for cardiovascular risk stratification in asymptomatic popula-
tion. We assessed the association of new blood pressure (BP) classification using the 2017 American College of
Cardiology/American Heart Association guidelines with coronary artery calcification (CAC) progression according
to age in asymptomatic adults.

...................................................................................................................................................................................................
Methods
and results

Overall, 10 839 asymptomatic Korean adults (23.4% aged <_45 years) who underwent at least two CACS evalua-
tions for health check-up were enrolled. Participants were categorized by age (<_45 and >45 years) and BP [normal
(<120/<80 mmHg, untreated), elevated (120–129/<80 mmHg, untreated), Stage 1 hypertension (untreated BP 130–
139/80–89 mmHg) or Stage 2 hypertension (BP >_140/>_90 mmHg or anti-hypertensive use)] groups. CAC progres-
sion was defined as a difference of >_2.5 between the square root (�) of the baseline and follow-up CACS. During
a mean 3.3-year follow-up, the incidence of CAC progression was 13.5% and 36.3% in individuals aged <_45 and
>45 years, respectively. After adjustment for age, sex, diabetes, dyslipidaemia, obesity, current smoking, and base-
line CACS, hazard ratios (95% confidence interval) for CAC progression in elevated BP, Stage 1 hypertension, and
Stage 2 hypertension compared to normal BP were 1.43 (0.96–2.14) (P = 0.077), 1.64 (1.20–2.23) (P = 0.002), and
2.38 (1.82–3.12) (P < 0.001) in the <_45 years group and 1.11 (0.95–1.30) (P = 0.179), 1.17 (1.04–1.32) (P = 0.009),
and 1.52 (1.39–1.66) (P < 0.001) in the >45 years group, respectively.

...................................................................................................................................................................................................
Conclusion Newly defined Stage 1 hypertension is independently associated with CAC progression in asymptomatic adults re-

gardless of age.
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Introduction

High blood pressure (BP) is one of the most important risk factors
for cardiovascular (CV) morbidity and mortality.1,2 The American
College of Cardiology (ACC)/American Heart Association (AHA)
have recently lowered the BP thresholds for the diagnosis of hyper-
tension; newly defining Stage 1 hypertension as a systolic BP of 130–
139 mmHg or a diastolic BP of 80–89 mmHg.3 This reinforced criter-
ion for hypertension could emphasize the significance of BP in pre-
venting adverse CV events. However, the new guidelines could also
lead to the overdiagnosis of hypertension and result in unnecessary
treatment, particularly in young adults or adults with a low CV risk
burden. Several recent studies have reported the usefulness of this
new guideline,4,5 but there has been no consensus in clinical practice.
Moreover, the additional values of reinforced BP classification for the
risk of atherosclerosis progression beyond traditional risk factors re-
main uncertain.

In the asymptomatic population, coronary artery calcium score
(CACS) has been widely used for CV risk stratification because
CACS provides strong prognostic information across diverse age
groups, sex, ethnicities, and baseline traditional risk factors.6–8

Furthermore, the progression of coronary artery calcification (CAC)
is known as a significant predictor of mortality.9 Recent data from the
Heinz Nixdorf Recall study revealed that CAC progression had an in-
dependent prognostic benefit in the absence of heavy CAC at

baseline,10 suggesting that early detection of the presence and pro-
gression of CAC is important in reducing the risk of adverse clinical
events in the asymptomatic population. However, data regarding the
significance of the newly defined Stage 1 hypertension and the risk of
CAC progression among different age groups are limited. Therefore,
this study aimed to evaluate the association between the reinforced
criteria for hypertension and CAC progression according to age in
asymptomatic Korean adults.

Methods

Study population
In this observational, multicentre study, 10 839 self-referred asymptomat-
ic Korean adults were enrolled from the Korea Initiatives on Coronary
Artery Calcification registry. All participants had undergone at least two
CAC scan examinations and had available data regarding BP, history of
hypertension, and anti-hypertensive use between December 2012 and
August 2016. All data were obtained during visits to the six healthcare
centres. Self-reported medical questionnaires were used to retrieve in-
formation on the medical history. BP was measured using an automatic
manometer on the right arm after resting for at least 5 min. Height and
weight were measured with the participants wearing light clothing with-
out shoes. Body mass index (BMI) was calculated as weight (kg)/height
(m2). All blood samples, including total cholesterol, triglyceride, high-
density lipoprotein cholesterol (HDL-C), low-density lipoprotein
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cholesterol (LDL-C), creatinine, glucose, and glycated haemoglobin A1C
(HbA1C) were obtained after at least 8 h of fasting.

Participants were categorized by age (<_45 and >45 years) and BP [nor-
mal BP (untreated systolic/diastolic < 120/<80 mmHg), elevated BP (un-
treated systolic/diastolic = 120–129/<80 mmHg)], Stage 1 hypertension
(untreated systolic/diastolic BP = 130–139/80–89 mmHg) or Stage 2
hypertension (systolic/diastolic BP >_ 140/>_90 mmHg or taking anti-
hypertensive medication).3 Diabetes was defined either as a fasting glu-
cose level of >_126 mg/dL, HbA1C of >_6.5%, a previous diagnosis of dia-
betes, and/or taking anti-diabetic medication.11 Dyslipidaemia was
defined as a total cholesterol level of >_240 mg/dL, a serum LDL-C level
of >_130 mg/dL, a serum HDL-C level of <_40 mg/dL, a serum triglyceride
level of >_150 mg/dL, and/or taking anti-hyperlipidaemic medication.12

Obesity was defined as a BMI of >_25.0 kg/m2.13 Current smoking was
defined as those who currently smoked or had smoked until 1 month be-
fore the study.12

Coronary artery calcium score was measured using the scoring system
previously described by Agatston et al.14 Coronary artery calcification
progression was determined using the SQRT method, defined as a differ-
ence of >_2.5 between the square root (�) of the baseline and follow-up
CACS (D�transformed CACS),9,15 considering the proportion of CACS
of 0 at baseline in the present study. Annualized D�transformed CACS
was defined as D�transformed CACS divided by the inter-scan period.
Computed tomography (CT) to evaluate CACS was performed using
scanners with a >_16-slice multi-detector Siemens 16-slice Sensation
(Siemens, Forchheim, Germany), Philips Brilliance 256 iCT (Philips
Healthcare, Cleveland, OH), Philips Brilliance 40-channel multi-detector
CT (Philips Healthcare), and GE 64-slice Lightspeed (GE Healthcare,
Milwaukee, WI, USA). All CAC scans were performed using a scan
protocol of standard ECG-triggering methods. For each centre, CACS
was evaluated by the experienced CV radiologists and the results of
CACS measurement were reported in the electronic health record, per
routine clinical care in South Korea. Informed consent was obtained from
each participant. The appropriate institutional review board committees
of each centre approved the protocol of the present study.

Statistical analysis
Continuous variables are presented as mean ± standard deviation.
Categorical variables are presented as absolute values and percentage.
One-way analysis of variance was used to compare continuous variables.
The v2 or Fisher’s exact test was used to compare categorical variables,
as appropriate. Univariate linear regression analysis was performed to
identify the association of clinical variables with the annualized
D�transformed CACS. Multiple Cox regression models were used to as-
sess the risk of CAC progression in elevated BP, Stage 1 hypertension,
and Stage 2 hypertension versus normal BP; Model 1 provided the un-
adjusted hazard ratio (HR) and Model 2 provided the adjusted HR after
considering the traditional risk factors of age, sex, diabetes, dyslipidaemia,
obesity and current smoking, and baseline CACS. All statistical analyses
were performed using SAS version 9.1.3 (SAS Institute Inc., Cary, NC,
USA). A P-value of <0.05 was considered significant in all analyses.

Results

Baseline characteristics
The mean age of the 10 839 participants (9154 men, 84.5%) was
51.5± 8.6 years. The proportion of participants aged >45 years was
76.6%. The proportions of participants with normal BP, elevated BP,
Stage 1 hypertension, and Stage 2 hypertension were 38.2%, 8.9%,
17.0%, and 35.9%, respectively. The overall prevalence of diabetes,

dyslipidaemia, obesity, and current smoking were 14.3%, 68.1%,
41.8%, and 28.6%, respectively. Age, BMI, levels of triglyceride, glu-
cose, and HbA1C as well as the prevalence of diabetes, dyslipidaemia,
and obesity significantly increased with a higher BP classification. In
contrast, the levels of HDL-C significantly decreased with a higher BP
classification (Table 1).

Among the overall participants, the mean value of baseline CACS
was 45.9± 174.1, and the proportions of CACS of 0, 1–100, and
>100 were 56.5%, 32.9%, and 10.6%, respectively. In participants
aged <_45 years, the mean value of baseline CACS was 6.9± 39.9, and
the proportions of CACS of 0, 1–100, and >100 were 85%, 13.2%,
and 1.8%, respectively. In participants aged >45 years, the mean value
of baseline CACS was 57.8 ± 196.1 and the proportions of CACS of
0, 1–100, and >100 were 47.8%, 39.0%, and 13.2%, respectively
(Figure 1).

Changes in coronary artery calcification
according to the classification of blood
pressure
The overall incidence of CAC progression in participants with normal
BP, elevated BP, Stage 1 hypertension, and Stage 2 hypertension
were 24.5%, 24.6%, 27.0%, and 41.4%, respectively. CAC progression
was more frequently observed in participants aged >45 years than in
those aged <_45 years (36.3% vs. 13.5%; P < 0.001). In overall partici-
pants, the mean values of annualized D�transformed CACS for nor-
mal BP, elevated BP, Stage 1 hypertension, and Stage 2 hypertension
were 0.48± 1.70, 0.49± 1.33, 0.60 ± 1.32, and 1.03 ± 2.14, respective-
ly. The mean values of annualized D�transformed CACS were signifi-
cantly different among the BP groups in participants aged <_45 years
(normal BP: 0.17 ± 0.73 vs. elevated BP: 0.24 ± 0.68 vs. Stage 1 hyper-
tension: 0.32± 1.11 vs. Stage 2 hypertension: 0.60 ± 1.36; P < 0.001)
and in those aged >45 years (normal BP: 0.60 ± 1.95 vs. elevated BP:
0.62 ± 1.55 vs. Stage 1 hypertension: 0.70± 1.37 vs. Stage 2 hyperten-
sion: 1.09 ± 2.23; P < 0.001) (Figure 2).

Association between clinical variables
and annualized D�transformed coronary
artery calcium score
Table 2 shows that age, male sex, systolic BP, BMI, current smoking,
and the serum levels of triglyceride, HDL-C, glucose, and HbA1C
were significantly associated with the annualized D�transformed
CACS in participants aged <_45 years and >45 years. Diastolic BP and
the serum levels of LDL-C had significant associations with the
annualized D�transformed CACS in participants aged <_45 years only
(Table 2).

Association between blood pressure and
the risk of coronary artery calcification
progression
The results of the Cox regression models for the association be-
tween BP and the risk of CAC progression are presented in Table 3.
Model 1 showed that the risk of CAC progression was significantly
increased in those with elevated BP, Stage 1 hypertension, and Stage
2 hypertension compared with those with normal BP in participants
aged <_45 years. In participants aged >45 years, the risk of CAC pro-
gression was significantly increased in Stages 1 and 2 hypertension,

Stage 1 hypertension and CAC progression 3
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but not in those with an elevated BP, compared with those with nor-
mal BP levels. In model 2, Stages 1 and 2 hypertension, but not ele-
vated BP, were significantly associated with an increased risk of CAC
progression compared with those with normal BP levels after adjust-
ing for age, sex, diabetes, dyslipidaemia, obesity, current smoking, and
baseline CACS in participants aged <_45 years and >45 years. The
results of the restricted cubic spine analysis for the association be-
tween systolic and diastolic BP and the risk of CAC progression in
overall participants are presented in Supplementary material online,
Figure S1.

Discussion

With the community-based cohort data from six health care centres
in South Korea, Stage 1 hypertension, newly defined by the 2017
ACC/AHA guideline, was independently associated with an increased
risk of CAC progression in asymptomatic adults aged <_45 years as
well as in those aged >45 years. Considering that CAC progression is
a useful prognostic marker in asymptomatic participants, the recently
reinforced BP classification system using the ACC/AHA guideline
may help stratify CV risk beyond the traditional risk factors.

Most young adults with Stage 1 hypertension, as defined by the
new (2017) ACC/AHA guideline, were considered as having a low
CV risk burden and would not be recommended for pharmacological
treatment. If Sage 1 hypertension is not related to the risk of adverse
clinical events in young adults or adults with low CV risk burden,
overdiagnosis of hypertension related to the reinforced BP criteria
can result in unnecessary treatment and increased medical costs. In
the recent Coronary Artery Risk Development in Young Adults
study,4 Yano et al. reported that elevated BP, Stage 1 hypertension,
and Stage 2 hypertension occurring before 40 years of age were asso-
ciated with a significantly higher risk of CV events than normal BP
(HR 1.67, 1.75, and 3.49, respectively) during a median follow-up of
18.8 years. A pooled prospective cohort analysis of 154 407 Chinese

adults identified consistent results, where Stage 1 hypertension was
significantly associated with an increased risk of CV mortality, particu-
larly among young adults and those without a history of CV disease
during a total follow-up of 1 718 089 person-years.5 Consistently,
Son et al.16 reported that compared with a normal BP, Stages 1 and 2
hypertension were associated with an increased risk of subsequent
CV events among 2 488 101 Korean adults aged 20–39 years. These
findings imply that the recent ACC/AHA BP classification system can
assist CV risk stratification.

Coronary artery calcium score has been widely used for estimating
CV risk in the asymptomatic adult population due to its powerful prog-
nostic information across diverse clinical conditions.6–8 In particular, the
low cost, low inter- and intra-observer variability, high reproducibility
across various vendors, and easily obtainable images make CACS an at-
tractive tool for CV risk stratification.6,17–20 A recent cross-sectional
study of 96 166 Koreans reported that the higher BP categories defined
by the 2017 ACC/AHA guidelines were positively related to prevalent
CAC and that correlation began in the elevated BP category, even in a
young, low-risk adult population.21 However, data on the significance of
the reinforced BP criteria regarding CAC changes are limited. Budoff
et al.9 previously identified that CAC progression, particularly when
defined by the SQRT method, added incremental predictive value for all-
cause mortality over baseline CACS, time between scans, demographics,
and CV risk factors. Recently, Lehmann et al.10 reported that CAC pro-
gression did not have a predictive value for the risk of adverse CV events
in cases of CACS of >400 at baseline. In the present study, the propor-
tion of participants with baseline CACS of >400 was only 2.6%. Despite
a significant difference in the incidence of CAC progression between par-
ticipants aged <_45 years and those aged >45 years, the annual changes in
CAC were found to be increased with a higher BP classification in both
age groups. Moreover, stage considering the traditional risk factors and
baseline CACS together in both age groups. Based on the results from
the Heinz Nixdorf Recall study, which emphasized the significance of
prehypertension defined by the Joint National Committee 7 guideline on
accelerated CAC progression,22 a stricter BP control to meet the
enhanced criteria for hypertension could attenuate the progression of
coronary atherosclerosis. Furthermore, this therapeutic strategy may
have benefits for the asymptomatic young adult population, considering
that atherosclerotic CV events commonly occur in conditions with low
CV risk burden.23–26

The necessity of pharmacological intervention increases in the
middle-aged and older population because the prevalence of meta-
bolic abnormalities gradually increases with age.27 Pharmacological
agents could have an effect on the progression of coronary athero-
sclerosis;28,29 for this reason, coronary CT angiography (CCTA) has
been proposed to have additional benefits over CACS and the trad-
itional risk factors in asymptomatic patients due to its ability of pro-
viding more detailed coronary atherosclerotic information, including
luminal stenosis severity and plaque composition. However, recent
data from the Coronary CT Angiography Evaluation For Clinical
Outcomes: An International Multicenter (CONFIRM) registry
revealed that further prognostic benefit was not conferred by CCTA
when considering the traditional risk factors and CACS in an asymp-
tomatic population during a mean follow-up of 5.9 ± 1.2 years.30

Compared with the CV risk stratification based on the traditional risk
factors and CACS, the role of CCTA may be limited in the asymp-
tomatic adult population.

Figure 1 Baseline categorical coronary artery calcium score
(CACS).
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..In contrast to the new ACC/AHA guideline, the 2018 European
Society of Cardiology (ESC)/European Society of Hypertension (ESH)
guidelines have retained the traditional definition of hypertension.31

Under the paucity of consensus regarding the definition of hypertension
in recent clinical practice, several studies have suggested the use of
CACS to determine individualized therapeutic goals of BP in the

treatment of hypertension,32–34 as recent studies have shown the useful-
ness of CACS use in other diverse clinical situations.35–37 It may be pos-
sible that CACS helps to identify hypertensive patients who may benefit
from intensive BP control and hence reconcile the target BP differences
between the ACC/AHA and ESC/ESH guidelines. Further outcome
studies are necessary to support this approach.

Figure 2 Comparison of coronary artery calcification (CAC) changes according to blood pressure (BP) classification.

................................................ .................................................. ..................................................

....................................................................................................................................................................................................................

Table 2 Association between clinical variables and the annualized D�transformed CACS

Overall Age �45 years Age >45 years

b (95% CI) P-value b (95% CI) P-value b (95% CI) P-value

Age, per-1 year increase 0.040 (0.036–0.044) <0.001 0.031 (0.021–0.041) <0.001 0.041 (0.035–0.047) <0.001

Male sex 0.492 (0.398–0.586) <0.001 0.372 (0.275–0.468) <0.001 0.496 (0.376–0.617) <0.001

Systolic BP 0.006 (0.004–0.008) <0.001 0.009 (0.006–0.011) <0.001 0.005 (0.002–0.008) 0.001

Diastolic BP 0.005 (0.002–0.009) <0.001 0.012 (0.008–0.015) <0.001 0.002 (-0.002 to 0.006) 0.358

BMI, per-1 kg/m2 increase 0.059 (0.046–0.071) <0.001 0.047 (0.035–0.059) <0.001 0.061 (0.045–0.077) <0.001

Current smoking 0.102 (0.025–0.179) 0.009 0.124 (0.044–0.204) 0.002 0.160 (0.061–0.259) 0.002

Triglyceride, per-1 mg/dL increase 0.001 (0.001–0.002) <0.001 0.002 (0.001–0.002) <0.001 0.001 (0.001–0.002) <0.001

HDL-C, per-1 mg/dL increase -0.003 (-0.005 to 0.001) 0.001 -0.005 (-0.007 to -0.002) <0.001 -0.003 (-0.006 to -0.001) 0.029

LDL-C, per-1 mg/dL increase 0.002 (0.001–0.003) <0.001 0.003 (0.002–0.004) <0.001 0.001 (-0.001 to 0.002) 0.167

Glucose, per-1 mg/dL increase 0.009 (0.007–0.010) <0.001 0.007 (0.005–0.009) <0.001 0.008 (0.006–0.010) <0.001

HbA1C, per-1% increase 0.255 (0.204–0.306) <0.001 0.196 (0.127–0.266) <0.001 0.241 (0.181–0.300) <0.001

BMI, body mass index; BP, blood pressure; CACS, coronary artery calcium score; CI, confidence interval; HbA1C, glycated haemoglobin A1C; HDL-C, high-density lipoprotein
cholesterol; LDL-C, low-density lipoprotein cholesterol.

6 K.-B. Won et al.
D

ow
nloaded from

 https://academ
ic.oup.com

/ehjopen/article/1/1/oeab009/6348170 by C
hungang U

niversity user on 05 July 2024



..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..There are several limitations to the present study. First, all
participants voluntarily visited the hospital for a general health
examination. Thus, a selection bias may be present. Second, the
proportion of participants aged <_45 years was only 23.4%.
However, despite the relatively small sample size of participants
aged <_45 years, the present study identified a significant associ-
ation between the newly defined Stage 1 hypertension and CAC
progression beyond the traditional risk factors in this population.
Third, the use of pharmacological agents was not controlled dur-
ing the follow-up period due to the observational design of this
study. Fourth, different CT scanners were used among the par-
ticipating centres; however, all participants were examined using
the same CT scanner with identical ECG-triggering method dur-
ing the initial and follow-up image acquisitions. In addition, CAC
progression was defined using the SQRT method, considering
inter-scan variability in the present study. Fifth, the current study
did not perform the variability analysis based on the firm evi-
dence regarding variability and reproducibility of CACS meas-
urement.6,17,19 Finally, the generalizability of our results may be
limited considering that all participants were Korean.
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Conclusions

Stage 1 hypertension, newly defined by the 2017 ACC/AHA guide-
line, is independently associated with an increased risk of CAC pro-
gression in asymptomatic Korean adults, irrespective of age. The
reinforced ACC/AHA guideline for the diagnosis of hypertension
may assist CV risk stratification beyond the traditional risk factors in
the asymptomatic adult population.
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Table 3 Cox regression models for the association between BP and the risk of CAC progression

Overall Age �45 years Age >45 years

HR (95% CI) P-value HR (95% CI) P-value HR (95% CI) P-value

Model 1

Normal BP 1 — 1 — 1 —

Elevated BP 1.20 (1.04–1.38) 0.011 1.58 (1.06–2.34) 0.024 1.16 (0.99–1.34) 0.062

Stage 1 hypertension 1.27 (1.14–1.42) <0.001 1.83 (1.35–2.47) <0.001 1.20 (1.07–1.35) 0.002

Stage 2 hypertension 2.09 (1.93–2.26) 0.001 3.12 (2.42–4.02) <0.001 1.84 (1.69–1.99) <0.001

Model 2

Normal BP 1 — 1 — 1 —

Elevated BP 1.14 (0.99–1.31) 0.077 1.43 (0.96–2.14) 0.077 1.11 (0.95–1.30) 0.179

Stage 1 hypertension 1.20 (1.08–1.34) 0.001 1.64 (1.20–2.23) 0.002 1.17 (1.04–1.32) 0.009

Stage 2 hypertension 1.58 (1.46–1.72) <0.001 2.38 (1.82–3.12) <0.001 1.52 (1.39–1.66) <0.001

BP, blood pressure; CAC, coronary artery calcification; CACS, coronary artery calcium score; CI, confidence interval; HR, hazard ratio.
Model 1: unadjusted.
Model 2: adjusted for age, sex, diabetes, dyslipidaemia, obesity, current smoking, and baseline CACS.
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7. Erbel R, Möhlenkamp S, Moebus S, Schmermund A, Lehmann N, Stang A,
Dragano N, Grönemeyer D, Seibel R, Kälsch H, Bröcker-Preuss M, Mann K,
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