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Abstract

Background

The burden of non-obstructive coronary artery disease (CAD) in the society is high, and

there is currently limited evidence-based recommendation for risk stratification and treat-

ment. Previous studies have demonstrated an association between increasing extent of

non-obstructive CAD and cardiovascular events. Whether hypertension, a modifiable car-

diovascular risk factor, is associated with extensive non-obstructive CAD in patients with

symptomatic chronic coronary syndrome (CCS) remains unclear.

Methods

We included 1138 patients (mean age 62±11 years, 48% women) with symptomatic CCS

and non-obstructive CAD (1–49% lumen diameter reduction) by coronary computed tomog-

raphy angiography (CCTA) from the Norwegian Registry for Invasive Cardiology (NORIC).

The extent of non-obstructive CAD was assessed as coronary artery segment involvement

score (SIS), and extensive non-obstructive CAD was adjudicated when SIS >4. Hyperten-

sion was defined as known hypertension or use of antihypertensive medication.

Results

Hypertension was found in 45% of patients. Hypertensive patients were older, with a higher

SIS, calcium score, and prevalence of comorbidities and statin therapy compared to the nor-

motensive (all p<0.05). There was no difference in the prevalence of hypertension between

sexes. Univariable analysis revealed a significant association between hypertension and

non-obstructive CAD. In multivariable analysis, hypertension remained associated with

extensive non-obstructive CAD, independent of sex, age, smoking, diabetes, statin treat-

ment, obesity and calcium score (OR 1.85, 95% CI [1.22–2.80], p = 0.004).
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Conclusion

In symptomatic CCS, hypertension was associated with extensive non-obstructive CAD by

CCTA. Whether hypertension may be a new treatment target in symptomatic non-obstruc-

tive CAD needs to be explored in future studies.

Clinical trial registration

ClinicalTrials.gov: Identifier NCT 04009421.

Introduction

Non-obstructive coronary artery disease (CAD) is commonly detected by coronary computed

tomography angiography (CCTA) in patients with chronic coronary syndrome (CCS) [1].

Even though non-obstructive CAD is associated with an adverse prognosis, recommendations

for risk stratification and management are still inadequate [2–5]. High coronary calcium score

as well as extent of coronary artery atherosclerosis by CCTA have previously been identified as

important risk markers [6, 7]. In particular, extensive non-obstructive CAD has been associ-

ated with the highest cardiovascular (CV) event rate [7]. According to previous research, statin

therapy seems to be beneficial, particularly in high-risk individuals, while aspirin may be

harmful in subgroups of patients with low risk [8–10]. Recently, a dedicated risk score model

for non-obstructive CAD combining clinical and angiographic characteristics was suggested

to identify high-risk individuals [11].

Hypertension has been established as a modifiable CV risk factor through several studies

demonstrating a significant CV risk reduction by antihypertensive treatment [12, 13]. The bur-

den of hypertension in the world remains high and is expected to increase further in the

upcoming years [14]. It has been demonstrated that CAD is more prevalent among hyperten-

sive subjects and that the risk of CAD increases with increasing systolic blood pressure (BP)

[15]. Hypertensive mediated organ damage like left ventricular hypertrophy and increased

arterial stiffness have also been associated with myocardial ischemia in symptomatic non-

obstructive CAD [16, 17].

Even though current guidelines recommend initiation of antihypertensive drug treatment

in patients with high normal BP or hypertension with established CV disease or subclinical

atherosclerosis detected by CV imaging, recommendations for antihypertensive treatment in

patients with CCS and non-obstructive CAD remain unclear [12, 13, 18, 19]. Hence, the aim

of this study was to investigate the independent relationship between hypertension and extent

of non-obstructive CAD by CCTA in patients with CCS from a large clinical registry.

Methods

Study population and data source

We conducted a cross-sectional registry-based study using the Norwegian Registry of Invasive

Cardiology (NORIC), a national quality control registry. The study includes a total of 1138

individuals electively referred to CCTA due to suspected CAD and stable chest pain or dys-

pnoea. The patients were diagnosed with atherosclerotic plaques in the coronary arteries with

a lumen diameter reduction between 1–49% by CCTA at the Department of Heart Disease,

Haukeland University Hospital, Bergen, Norway, between January 2016 and September 2019.

Patients with smooth coronary arteries, obstructive CAD, previous myocardial infarction,
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heart surgery and percutaneous coronary interventions were excluded. Clinical and CCTA

characteristics of the study population were extracted from the registry. The study was

approved by the South-East Regional Ethical Committee for Medical and Health Research Eth-

ics in Norway (reference number REK 2017/1573). The participants’ records and information

were de-identified; hence the requirement of informed consent from participants was waived.

The study was also registered at ClinicalTrials.gov with identification number NCT04009421.

Cardiovascular risk factors

Patient information on demographics, CV risk factors and CV disease were reported on a stan-

dardized questionnaire and quality controlled against patients’ records by the registry staff.

Systemic arterial hypertension was defined as known hypertension or use of antihypertensive

medication. Diabetes mellitus was defined as known diabetes or on antidiabetic treatment.

Body mass index (BMI) was calculated as body weight divided by height in meters squared,

and obesity was defined as BMI�30kg/m2. Smoking was classified as current or former smok-

ers. GFR was estimated using the CKD-EPI equation [20]. Clustering of CV risk factors was

considered present if at least 3 CV risk factors were detected in the same individual.

Coronary CT angiography

CCTA was performed on clinical indication by dual source scanners (Somatom Definition

Flash 2x 128-slice or Somatom Force 2 x 192-slice, Siemens, Germany) with electrocar-

diographic gated acquisition following current guidelines [21]. In patients with heart rate> 60

beats per minute, metoprolol 1 mg/ml (maximum 20 mg) was administered intravenously

until heart rate was < 60 beats per minute. An initial non-contrast enhanced scan was per-

formed first to determine coronary calcium score. Then all patients received non-ionic con-

trast intravenously as iomeprol 400mg I/ml (Iomeron, Bracco, Milan, Italy) according to body

weight. In addition, 0.4 mg nitroglycerine was administered sublingual prior to CCTA in

order to improve image quality.

All CCTA images were analysed by experienced readers using a dedicated analysis software,

SyngoVia (Siemens, Germany). Coronary artery calcium score was reported as area-density

(Agatston score) in HU. Non-obstructive disease was visually identified as a stenosis with

1–49% lumen diameter reduction in any segment of the coronary arteries using the modified

20-segment American Heart Association classification [22]. All patients with at least 1 stenosis

of�50% were excluded [22]. Segment involvement score (SIS) was calculated as the number

of segments with 1–49% stenosis, and extensive non-obstructive CAD was defined as SIS>4

[7, 22]. Furthermore, subjects with left main stem (LMS) lesions, proximal left anterior

descending (LAD) lesions or triple-vessel involvement were identified.

Statistical analysis

Statistical analyses were performed using IBM SPSS statistics version 25 (IBM Corporation,

Armonk, New York, USA). Categorical variables were presented as percentages and numbers.

Continuous variables were presented as mean± SD or as median and interquartile range where

appropriate. The patient population was divided into groups of hypertension and no hyperten-

sion. The groups were compared using unpaired Student’s t-test for continuous variables, Chi-

Square test for categorical variables and Mann-Whitney U test for variables with skewed distri-

bution. Univariable logistic regression analysis was carried out to explore the association

between CV risk factors and extensive non-obstructive CAD. Multivariable logistic regression

analysis was used to explore whether hypertension remained independently associated with

extensive non-obstructive CAD after adjusting for known covariables. Both uni- and
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multivariable analyses were reported as odds ratio (OR) with 95% confidence intervals (CI). A

two-sided p-value < 0.05 was considered significant.

Results

Patient characteristics

Hypertension was present in 45% of the patient population (Table 1). Patients with hyperten-

sion were older, with a higher prevalence of obesity, diabetes and statin treatment (all p<0.05,

Table 1). Hypertensive patients had lower estimated GFR compared to patients with no hyper-

tension (all p<0.05, Table 1). There was no significant sex difference in the prevalence of

hypertension (Table 1). Chest pain was the most common symptom in both groups (Table 1).

Clustering of CV risk factors was present in 40% with hypertension compared to 2% without

hypertension (p<0.001).

Mean coronary artery SIS was higher in patients with hypertension compared to those

without hypertension (p<0.05, Table 1), and extensive non-obstructive CAD was more preva-

lent among hypertensive individuals (p<0.05, Fig 1). Furthermore, there was a higher preva-

lence of triple-vessel disease and LMS disease in patients with hypertension compared to

patients without hypertension (all p<0.05, Fig 1). Coronary artery calcium score was also sig-

nificantly higher in patients with hypertension compared to patients without hypertension

(p< 0.05, Table 1).

Covariables of extensive non-obstructive CAD

In univariable logistic regression analysis presence of hypertension, diabetes, statin treatment,

as well as higher age, higher calcium score, and female sex were significantly associated with

extensive non-obstructive CAD (Table 2). There was no association between extensive non-

obstructive CAD and smoking habit or obesity (Table 2). After adjusting for calcium score,

statin treatment, sex, age, smoking, diabetes and obesity in multivariable logistic regression

analysis, the presence of hypertension in patients with CCS increased the chance of having

Table 1. Clinical and CCTA characteristics of the total population and in subgroups of patients with and without hypertension.

Total population Hypertension No hypertension P-value

N = 1138 N = 513 (45%) N = 625 (55%)

Age ±SD, years 62±11 64±10 61±11 <0.001

Female, % 48 51 46 0.170

BMI ±SD, kg/m2 27.6±4.7 28.6±4.8 26.7±4.4 <0.001

Obesity, % 26 34 19 <0.001

Diabetes mellitus, % 10 14 7 <0.001

Smoking, % 69 66 71 0.073

Serum creatinin ±SD, μmol/L 77.9±17.2 79.1±18.8 76.9±15.7 0.033

Estimated GFR ±SD, mL/min/1.73m2 82.9±15.6 80.4±16.4 84.9±14.7 <0.001

Chest pain, % 79 77 81 0.064

Dyspnea, % 21 23 19 0.064

Statin treatment, % 39 50 29 <0.001

Calcium score, HU 40(7–120) 50(10–146) 30(5–97) 0.001

SIS 3(3) 3(3) 2(3) <0.001

Data are mean ±SD, median (IQR; Q1-Q3) or number (%).

BMI: body mass index, CAD: coronary artery disease, GFR: glomerular filtration rate, SIS: segment involvement score, LMS: left main stem, LAD: left anterior

descending.

https://doi.org/10.1371/journal.pone.0262290.t001
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extensive non-obstructive CAD by 81% (p = 0.004, Table 2), independent of the significant

association of higher calcium score (p<0.001), statin treatment (p<0.001) and female sex

(p = 0.035).

Discussion

This study demonstrates that in patients with symptomatic CCS and non-obstructive CAD,

hypertension is associated with more extensive non-obstructive CAD independent of other

known CV risk factors, coronary artery calcium score, sex and statin treatment. In particular,

non-obstructive CAD was more often located in the left main stem in hypertensive patients.

Furthermore, hypertensive patients with non-obstructive CAD were older with higher coro-

nary artery calcium score, clustering of other CV risk factors and higher prevalence of triple-

vessel disease and comorbidities compared to patients without hypertension.

Hypertension is an important CV risk factor associated with increased prevalence and

severity of CAD [15, 23]. The pathophysiological relationship between hypertension and

Fig 1. Non-obstructive coronary artery disease characteristics in patients with and without hypertension.

NOCAD: non-obstructive coronary artery disease, LMS: left main stem, LAD: left anterior descending. �p<0.05

between groups.

https://doi.org/10.1371/journal.pone.0262290.g001

Table 2. Covariables of extensive non-obstructive CAD in univariable and multivariable logistic regression analysis.

Univariable analysis Multivariable analysis

OR 95% CI p-value OR 95% CI p-value

Hypertension 2.07 1.56–2.76 <0.001 1.85 1.22–2.80 0.004

Calcium score 1.01 1.01–1.01 <0.001 1.01 1.01–1.01 <0.001

Statin treatment 1.85 1.39–2.48 <0.001 1.64 1.09–2.48 0.017

Sex 1.36 1.02–1.81 0.037 1.57 1.03–2.40 0.035

Age 1.04 1.03–1.06 <0.001 1.02 1.00–1.04 0.059

Smoking 1.06 0.75–1.49 0.757 1.13 0.73–1.73 0.591

Diabetes mellitus 1.81 1.17–2.78 0.007 1.18 0.63–2.20 0.614

Obesity 1.27 0.92–1.74 0.143 1.55 0.98–2.46 0.063

Variables in the model are as follows: hypertension, calcium score, statin treatment, sex, age, smoking, diabetes mellitus, and obesity.

https://doi.org/10.1371/journal.pone.0262290.t002
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atherosclerosis is well accounted for in previous studies [24, 25]. The elevated BP in hyperten-

sion induces mechanical stress on the arterial walls causing micro-vascular remodeling with

fibromuscular thickening of the intima and media, resulting in luminal narrowing that limits

the myocardial perfusion [25–28]. This initiates endothelial damage with accumulation of low-

density lipoprotein cholesterol and chronic inflammation in the arterial wall [24, 29]. Conse-

quently, hypertension directly contributes to aggravation and acceleration of coronary artery

atherosclerosis. In addition, non-obstructive atherosclerotic lesions are often characterised by

large lipid cores and thin fibrous caps, resulting in increased vulnerability to plaque rupture

and acute CV events [29].

The clinical syndrome of ischemia with non-obstructive coronary arteries (INOCA) is a

common finding in patients undergoing CCTA due to suspected CCS [3]. Myocardial ische-

mia has previously been demonstrated in hypertension without obstructive coronary arteries

and is associated with hypertension mediated target organ damage such as left ventricular

hypertrophy and increased aortic stiffness in patients with symptomatic CCS [16, 17, 30]. Pre-

vious studies emphasise the importance of coronary abnormalities such as micro-vascular and

endothelial dysfunction causing myocardial ischemia in non-obstructive CAD [31–33]. Our

study adds to this by demonstrating more extensive non-obstructive CAD by CCTA and

increased coronary artery calcification by calcium score in hypertensive patients.

In general, larger extent of non-obstructive CAD is associated with an increased risk of CV

events as well as heart failure with preserved ejection fraction [3–5, 7, 28, 34]. As non-obstruc-

tive CAD entails mild plaque to more diffuse and moderate atherosclerosis, the atherosclerotic

burden rather than the stenosis itself has been identified as an important risk marker in non-

obstructive CAD [4, 7, 8, 19, 35, 36]. In particular, Bittencourt et al. demonstrated that larger

extent of non-obstructive CAD was associated with a worse prognosis in patients with CCS in

both non-obstructive as well as obstructive CAD [7]. Furthermore, more extensive non-

obstructive CAD is associated with abnormal fractional flow reserve [37]. In addition, most

coronary atherosclerotic precursors of acute coronary syndromes (ACS) are non-obstructive

at baseline CCTA [38]. Accordingly, detailed assessment of extent of CAD as performed in

this study may be particularly useful in risk stratification in patients with non-obstructive

CAD. Furthermore, it has been demonstrated that coronary artery calcification is a significant

predictor of long-term risk in patients with hypertension [6]. Our study adds to current

knowledge by demonstrating the independent relationship between hypertension and exten-

sive non-obstructive CAD. In individuals with CCS and non-obstructive CAD diagnosing

concomitant hypertension may be clinically important and contribute to identifying individu-

als at particularly high CV risk [6].

Recommendations for risk stratification and treatment in CCS and non-obstructive CAD

are still limited. Furthermore, patients with non-obstructive CAD are often underdiagnosed

and undertreated [5]. This is in line with the low prevalence of statin treatment (39%) detected

in our population of patients with CCS and non-obstructive CAD. Results from the

SCOT-HEART trial suggested that the improved prognosis observed in patients with CCS

who underwent CCTA may be explained by life style intervention and statin treatment moti-

vated by the improved detection of CAD by CCTA, in particularly in patients with non-

obstructive CAD [8]. This is also supported by recent data from Henzel et al. reporting that

lifestyle interventions together with optimal medical treatment may reduce disease progression

in non-obstructive CAD, compared to optimal medical treatment alone [39]. By demonstrat-

ing the independent relationship between hypertension and extensive non-obstructive CAD,

our results suggest hypertension as an additional treatment target that may contribute to opti-

mize the management of patients with CCS and non-obstructive CAD. Whether advanced

coronary artery plaque analysis assessing plaque vulnerability by CCTA may add to risk
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stratification in non-obstructive CAD needs to be explored in future studies. Consequently,

the benefit from early and aggressive optimal BP control in patients with CCS and non-

obstructive CAD should be explored in future randomized follow-up studies [12, 13, 18].

Study limitations

This is a large observational study including over 1000 patients with non-obstructive CAD

defined by CCTA from a clinical registry. The registry only includes patients referred to

CCTA after clinical evaluation by experienced cardiologists, and the study population is there-

fore representative of patients encountered in clinical practice. There are, however, some study

limitations to be considered. First, this is a cross-sectional study and therefore no causal rela-

tionships can be established. Second, the NORIC registry holds limited information on some

patient demographics, such as BP values and antihypertensive medication class, as well as

duration and stage of hypertension and diabetes. Therefore, we were unable to evaluate BP

control in patients with treated hypertension at the time of the CCTA examination and possi-

ble treatment effect on the extent of non-obstructive CAD. Third, only non-obstructive CAD

patients with “stable” chest pain and/or dyspnoea, and a low to moderate CV risk, referred to

CCTA due to suspected CAD are included in the study. This may introduce a selection bias,

and the results cannot be generalized to all patients with CCS [2].

Conclusions

Hypertension is associated with extensive non-obstructive CAD in patients with symptomatic

CCS independent of the significant association of other CV risk factors, sex, calcium score and

statin treatment. Our results emphasise the importance of diagnosing hypertension among

patients with CCS and non-obstructive CAD. Whether early and aggressive antihypertensive

treatment and optimal BP control may delay or reduce disease progression, impact symptoms

and improve prognosis in patients with non-obstructive CAD and CCS should be further eval-

uated in follow-up studies.

Supporting information

S1 Checklist. STROBE checklist.

(DOCX)

Author Contributions

Conceptualization: Mai Tone Lønnebakken.

Formal analysis: Caroline A. Berge, Mai Tone Lønnebakken.

Investigation: Terje H. Larsen.

Methodology: Mai Tone Lønnebakken.

Resources: Svein Rotevatn.

Supervision: Mai Tone Lønnebakken.

Writing – original draft: Caroline A. Berge, Mai Tone Lønnebakken.

Writing – review & editing: Caroline A. Berge, Ingeborg Eskerud, Elise B. Almeland, Terje H.

Larsen, Eva R. Pedersen, Svein Rotevatn, Mai Tone Lønnebakken.

PLOS ONE Hypertension and non-obstructive coronary artery disease

PLOS ONE | https://doi.org/10.1371/journal.pone.0262290 January 21, 2022 7 / 10

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0262290.s001
https://doi.org/10.1371/journal.pone.0262290


References
1. Wang ZJ, Zhang LL, Elmariah S, Han HY, Zhou YJ. Prevalence and Prognosis of Nonobstructive Coro-

nary Artery Disease in Patients Undergoing Coronary Angiography or Coronary Computed Tomography

Angiography: A Meta-Analysis. Mayo Clin Proc. 2017; 92(3):329–46. https://doi.org/10.1016/j.mayocp.

2016.11.016 PMID: 28259226

2. Knuuti J, Wijns W, Saraste A, Capodanno D, Barbato E, Funck-Brentano C, et al. 2019 ESC Guidelines

for the diagnosis and management of chronic coronary syndromes. Eur Heart J. 2020; 41(3):407–77.

https://doi.org/10.1093/eurheartj/ehz425 PMID: 31504439

3. Bairey Merz CN, Pepine CJ, Walsh MN, Fleg JL. Ischemia and No Obstructive Coronary Artery Disease

(INOCA): Developing Evidence-Based Therapies and Research Agenda for the Next Decade. Circula-

tion. 2017; 135(11):1075–92. https://doi.org/10.1161/CIRCULATIONAHA.116.024534 PMID:

28289007

4. Jespersen L, Hvelplund A, Abildstrom SZ, Pedersen F, Galatius S, Madsen JK, et al. Stable angina pec-

toris with no obstructive coronary artery disease is associated with increased risks of major adverse car-

diovascular events. Eur Heart J. 2012; 33(6):734–44. https://doi.org/10.1093/eurheartj/ehr331 PMID:

21911339

5. Herscovici R, Sedlak T, Wei J, Pepine CJ, Handberg E, Bairey Merz CN. Ischemia and No Obstructive

Coronary Artery Disease (INOCA): What Is the Risk? J Am Heart Assoc. 2018; 7(17):e008868. https://

doi.org/10.1161/JAHA.118.008868 PMID: 30371178

6. Valenti V, B OH, Heo R, Schulman-Marcus J, Cho I, Kalra DK, et al. Long-term prognosis for individuals

with hypertension undergoing coronary artery calcium scoring. Int J Cardiol. 2015; 187:534–40. https://

doi.org/10.1016/j.ijcard.2015.03.060 PMID: 25863296

7. Bittencourt MS, Hulten E, Ghoshhajra B, O’Leary D, Christman MP, Montana P, et al. Prognostic value

of nonobstructive and obstructive coronary artery disease detected by coronary computed tomography

angiography to identify cardiovascular events. CircCardiovasc Imaging. 2014; 7(2):282–91. https://doi.

org/10.1161/CIRCIMAGING.113.001047 PMID: 24550435

8. Newby DE, Adamson PD, Berry C, Boon NA, Dweck MR, Flather M, et al. Coronary CT Angiography

and 5-Year Risk of Myocardial Infarction. N Engl J Med. 2018; 379(10):924–33. https://doi.org/10.1056/

NEJMoa1805971 PMID: 30145934

9. Chow BJ, Small G, Yam Y, Chen L, McPherson R, Achenbach S, et al. Prognostic and therapeutic impli-

cations of statin and aspirin therapy in individuals with nonobstructive coronary artery disease: results

from the CONFIRM (COronary CT Angiography EvaluatioN For Clinical Outcomes: An InteRnational

Multicenter registry) registry. Arterioscler Thromb Vasc Biol. 2015; 35(4):981–9. https://doi.org/10.

1161/ATVBAHA.114.304351 PMID: 25676000

10. Hwang IC, Jeon JY, Kim Y, Kim HM, Yoon YE, Lee SP, et al. Association between Aspirin Therapy and

Clinical Outcomes in Patients with Non-Obstructive Coronary Artery Disease: A Cohort Study. PloS

one. 2015; 10(6):e0129584. https://doi.org/10.1371/journal.pone.0129584 PMID: 26035823

11. Hwang IC, Lee H, Yoon YE, Choi IS, Kim HL, Chang HJ, et al. Risk stratification of non-obstructive coro-

nary artery disease for guidance of preventive medical therapy. Atherosclerosis. 2019; 290:66–73.

https://doi.org/10.1016/j.atherosclerosis.2019.09.018 PMID: 31586872

12. Ettehad D, Emdin CA, Kiran A, Anderson SG, Callender T, Emberson J, et al. Blood pressure lowering

for prevention of cardiovascular disease and death: a systematic review and meta-analysis. Lancet.

2016; 387(10022):957–67. https://doi.org/10.1016/S0140-6736(15)01225-8 PMID: 26724178

13. Brunstrom M, Carlberg B. Association of Blood Pressure Lowering With Mortality and Cardiovascular

Disease Across Blood Pressure Levels: A Systematic Review and Meta-analysis. JAMA Intern Med.

2018; 178(1):28–36. https://doi.org/10.1001/jamainternmed.2017.6015 PMID: 29131895

14. Kearney PM, Whelton M, Reynolds K, Muntner P, Whelton PK, He J. Global burden of hypertension:

analysis of worldwide data. Lancet. 2005; 365(9455):217–23. https://doi.org/10.1016/S0140-6736(05)

17741-1 PMID: 15652604

15. Nakanishi R, Baskaran L, Gransar H, Budoff MJ, Achenbach S, Al-Mallah M, et al. Relationship of

Hypertension to Coronary Atherosclerosis and Cardiac Events in Patients With Coronary Computed

Tomographic Angiography. Hypertension. 2017; 70(2):293–9. https://doi.org/10.1161/

HYPERTENSIONAHA.117.09402 PMID: 28607128

16. Eskerud I, Gerdts E, Larsen TH, Lonnebakken MT. Left ventricular hypertrophy contributes to Myocar-

dial Ischemia in Non-obstructive Coronary Artery Disease (the MicroCAD study). Int J Cardiol. 2019;

286:1–6. https://doi.org/10.1016/j.ijcard.2019.03.059 PMID: 30952529

17. Lonnebakken MT, Eskerud I, Larsen TH, Midtbo HB, Kokorina MV, Gerdts E. Impact of aortic stiffness

on myocardial ischaemia in non-obstructive coronary artery disease. Open Heart. 2019; 6(1):e000981.

https://doi.org/10.1136/openhrt-2018-000981 PMID: 31217997

PLOS ONE Hypertension and non-obstructive coronary artery disease

PLOS ONE | https://doi.org/10.1371/journal.pone.0262290 January 21, 2022 8 / 10

https://doi.org/10.1016/j.mayocp.2016.11.016
https://doi.org/10.1016/j.mayocp.2016.11.016
http://www.ncbi.nlm.nih.gov/pubmed/28259226
https://doi.org/10.1093/eurheartj/ehz425
http://www.ncbi.nlm.nih.gov/pubmed/31504439
https://doi.org/10.1161/CIRCULATIONAHA.116.024534
http://www.ncbi.nlm.nih.gov/pubmed/28289007
https://doi.org/10.1093/eurheartj/ehr331
http://www.ncbi.nlm.nih.gov/pubmed/21911339
https://doi.org/10.1161/JAHA.118.008868
https://doi.org/10.1161/JAHA.118.008868
http://www.ncbi.nlm.nih.gov/pubmed/30371178
https://doi.org/10.1016/j.ijcard.2015.03.060
https://doi.org/10.1016/j.ijcard.2015.03.060
http://www.ncbi.nlm.nih.gov/pubmed/25863296
https://doi.org/10.1161/CIRCIMAGING.113.001047
https://doi.org/10.1161/CIRCIMAGING.113.001047
http://www.ncbi.nlm.nih.gov/pubmed/24550435
https://doi.org/10.1056/NEJMoa1805971
https://doi.org/10.1056/NEJMoa1805971
http://www.ncbi.nlm.nih.gov/pubmed/30145934
https://doi.org/10.1161/ATVBAHA.114.304351
https://doi.org/10.1161/ATVBAHA.114.304351
http://www.ncbi.nlm.nih.gov/pubmed/25676000
https://doi.org/10.1371/journal.pone.0129584
http://www.ncbi.nlm.nih.gov/pubmed/26035823
https://doi.org/10.1016/j.atherosclerosis.2019.09.018
http://www.ncbi.nlm.nih.gov/pubmed/31586872
https://doi.org/10.1016/S0140-6736%2815%2901225-8
http://www.ncbi.nlm.nih.gov/pubmed/26724178
https://doi.org/10.1001/jamainternmed.2017.6015
http://www.ncbi.nlm.nih.gov/pubmed/29131895
https://doi.org/10.1016/S0140-6736%2805%2917741-1
https://doi.org/10.1016/S0140-6736%2805%2917741-1
http://www.ncbi.nlm.nih.gov/pubmed/15652604
https://doi.org/10.1161/HYPERTENSIONAHA.117.09402
https://doi.org/10.1161/HYPERTENSIONAHA.117.09402
http://www.ncbi.nlm.nih.gov/pubmed/28607128
https://doi.org/10.1016/j.ijcard.2019.03.059
http://www.ncbi.nlm.nih.gov/pubmed/30952529
https://doi.org/10.1136/openhrt-2018-000981
http://www.ncbi.nlm.nih.gov/pubmed/31217997
https://doi.org/10.1371/journal.pone.0262290


18. Williams B, Mancia G, Spiering W, Agabiti Rosei E, Azizi M, Burnier M, et al. 2018 ESC/ESH Guidelines

for the management of arterial hypertension. Eur Heart J. 2018; 39(33):3021–104. https://doi.org/10.

1093/eurheartj/ehy339 PMID: 30165516

19. Mortensen MB, Dzaye O, Steffensen FH, Bøtker HE, Jensen JM, Sand NPR, et al. Impact of Plaque

Burden Versus Stenosis on Ischemic Events in Patients With Coronary Atherosclerosis. J Am Coll Car-

diol. 2020; 76(24):2803–13. https://doi.org/10.1016/j.jacc.2020.10.021 PMID: 33303068

20. Levey AS, Stevens LA, Schmid CH, Zhang YL, Castro AF, Feldman HI, et al. A new equation to esti-

mate glomerular filtration rate. Ann Intern Med. 2009; 150(9):604–12. https://doi.org/10.7326/0003-

4819-150-9-200905050-00006 PMID: 19414839

21. Abbara S, Arbab-Zadeh A, Callister TQ, Desai MY, Mamuya W, Thomson L, et al. SCCT guidelines for

performance of coronary computed tomographic angiography: a report of the Society of Cardiovascular

Computed Tomography Guidelines Committee. J Cardiovasc Comput Tomogr. 2009; 3(3):190–204.

https://doi.org/10.1016/j.jcct.2009.03.004 PMID: 19409872

22. Leipsic J, Abbara S, Achenbach S, Cury R, Earls JP, Mancini GJ, et al. SCCT guidelines for the inter-

pretation and reporting of coronary CT angiography: a report of the Society of Cardiovascular Com-

puted Tomography Guidelines Committee. J Cardiovasc Comput Tomogr. 2014; 8(5):342–58. https://

doi.org/10.1016/j.jcct.2014.07.003 PMID: 25301040

23. Kannel WB, Dawber TR, Kagan A, Revotskie N, Stokes JJAoim. Factors of risk in the development of

coronary heart disease—six-year follow-up experience: the Framingham Study. Ann Intern Med. 1961;

55(1):33–50. https://doi.org/10.7326/0003-4819-55-1-33 PMID: 13751193

24. Frohlich EDJH. Risk mechanisms in hypertensive heart disease. Hypertension.1999; 34(4):782–9.

https://doi.org/10.1161/01.hyp.34.4.782 PMID: 10523361

25. Hollander W. Role of hypertension in atherosclerosis and cardiovascular disease. Am J Cardiol. 1976;

38(6):786–800. https://doi.org/10.1016/0002-9149(76)90357-x PMID: 136891

26. Ford TJ, Corcoran D, Berry C. Stable coronary syndromes: pathophysiology, diagnostic advances and

therapeutic need. Heart. 2018; 104(4):284–92. https://doi.org/10.1136/heartjnl-2017-311446 PMID:

29030424

27. Rizzoni D, Palombo C, Porteri E, Muiesan ML, KozàkovàM, La Canna G, et al. Relationships between

coronary flow vasodilator capacity and small artery remodelling in hypertensive patients. J Hypertens.

2003; 21(3):625–31. https://doi.org/10.1097/00004872-200303000-00030 PMID: 12640258

28. Camici PG, Crea F. Coronary microvascular dysfunction. N Engl J Med. 2007; 356(8):830–40. https://

doi.org/10.1056/NEJMra061889 PMID: 17314342

29. Libby P, Theroux P. Pathophysiology of Coronary Artery Disease. Circulation. 2005; 111(25):3481–8.

https://doi.org/10.1161/CIRCULATIONAHA.105.537878 PMID: 15983262

30. Lonnebakken MT, Rieck AE, Gerdts E. Contrast stress echocardiography in hypertensive heart dis-

ease. Cardiovasc Ultrasound. 2011; 9:33. https://doi.org/10.1186/1476-7120-9-33 PMID: 22093163

31. Lee B-K, Lim H-S, Fearon WF, Yong AS, Yamada R, Tanaka S, et al. Invasive evaluation of patients

with angina in the absence of obstructive coronary artery disease. Circulation. 2015; 131(12):1054–60.

https://doi.org/10.1161/CIRCULATIONAHA.114.012636 PMID: 25712205

32. Pepine CJ, Ferdinand KC, Shaw LJ, Light-McGroary KA, Shah RU, Gulati M, et al. Emergence of non-

obstructive coronary artery disease: a woman’s problem and need for change in definition on angiogra-

phy. J Am Coll Cardiol. 2015; 66(17):1918–33. https://doi.org/10.1016/j.jacc.2015.08.876 PMID:

26493665

33. Pepine CJ, Anderson RD, Sharaf BL, Reis SE, Smith KM, Handberg EM, et al. Coronary microvascular

reactivity to adenosine predicts adverse outcome in women evaluated for suspected ischemia: results

from the National Heart, Lung and Blood Institute WISE (Women’s Ischemia Syndrome Evaluation)

study. J Am Coll Cardiol. 2010; 55(25):2825–32. https://doi.org/10.1016/j.jacc.2010.01.054 PMID:

20579539

34. Maddox TM, Stanislawski MA, Grunwald GK, Bradley SM, Ho PM, Tsai TT, et al. Nonobstructive coro-

nary artery disease and risk of myocardial infarction. Jama. 2014; 312(17):1754–63. https://doi.org/10.

1001/jama.2014.14681 PMID: 25369489

35. Schulman-Marcus J, Hartaigh BO, Gransar H, Lin F, Valenti V, Cho I, et al. Sex-Specific Associations

Between Coronary Artery Plaque Extent and Risk of Major Adverse Cardiovascular Events: The CON-

FIRM Long-Term Registry. JACC Cardiovasc Imaging. 2016; 9(4):364–72. https://doi.org/10.1016/j.

jcmg.2016.02.010 PMID: 27056154

36. Paul TK, Sivanesan K, Schulman-Marcus J. Sex differences in nonobstructive coronary artery disease:

Recent insights and substantial knowledge gaps. Trends Cardiovasc Med. 2017; 27(3):173–9. https://

doi.org/10.1016/j.tcm.2016.08.002 PMID: 27617797

PLOS ONE Hypertension and non-obstructive coronary artery disease

PLOS ONE | https://doi.org/10.1371/journal.pone.0262290 January 21, 2022 9 / 10

https://doi.org/10.1093/eurheartj/ehy339
https://doi.org/10.1093/eurheartj/ehy339
http://www.ncbi.nlm.nih.gov/pubmed/30165516
https://doi.org/10.1016/j.jacc.2020.10.021
http://www.ncbi.nlm.nih.gov/pubmed/33303068
https://doi.org/10.7326/0003-4819-150-9-200905050-00006
https://doi.org/10.7326/0003-4819-150-9-200905050-00006
http://www.ncbi.nlm.nih.gov/pubmed/19414839
https://doi.org/10.1016/j.jcct.2009.03.004
http://www.ncbi.nlm.nih.gov/pubmed/19409872
https://doi.org/10.1016/j.jcct.2014.07.003
https://doi.org/10.1016/j.jcct.2014.07.003
http://www.ncbi.nlm.nih.gov/pubmed/25301040
https://doi.org/10.7326/0003-4819-55-1-33
http://www.ncbi.nlm.nih.gov/pubmed/13751193
https://doi.org/10.1161/01.hyp.34.4.782
http://www.ncbi.nlm.nih.gov/pubmed/10523361
https://doi.org/10.1016/0002-9149%2876%2990357-x
http://www.ncbi.nlm.nih.gov/pubmed/136891
https://doi.org/10.1136/heartjnl-2017-311446
http://www.ncbi.nlm.nih.gov/pubmed/29030424
https://doi.org/10.1097/00004872-200303000-00030
http://www.ncbi.nlm.nih.gov/pubmed/12640258
https://doi.org/10.1056/NEJMra061889
https://doi.org/10.1056/NEJMra061889
http://www.ncbi.nlm.nih.gov/pubmed/17314342
https://doi.org/10.1161/CIRCULATIONAHA.105.537878
http://www.ncbi.nlm.nih.gov/pubmed/15983262
https://doi.org/10.1186/1476-7120-9-33
http://www.ncbi.nlm.nih.gov/pubmed/22093163
https://doi.org/10.1161/CIRCULATIONAHA.114.012636
http://www.ncbi.nlm.nih.gov/pubmed/25712205
https://doi.org/10.1016/j.jacc.2015.08.876
http://www.ncbi.nlm.nih.gov/pubmed/26493665
https://doi.org/10.1016/j.jacc.2010.01.054
http://www.ncbi.nlm.nih.gov/pubmed/20579539
https://doi.org/10.1001/jama.2014.14681
https://doi.org/10.1001/jama.2014.14681
http://www.ncbi.nlm.nih.gov/pubmed/25369489
https://doi.org/10.1016/j.jcmg.2016.02.010
https://doi.org/10.1016/j.jcmg.2016.02.010
http://www.ncbi.nlm.nih.gov/pubmed/27056154
https://doi.org/10.1016/j.tcm.2016.08.002
https://doi.org/10.1016/j.tcm.2016.08.002
http://www.ncbi.nlm.nih.gov/pubmed/27617797
https://doi.org/10.1371/journal.pone.0262290


37. Imai S, Kondo T, Stone GW, Kawase Y, Ahmadi AA, Narula J, et al. Abnormal Fractional Flow Reserve

in Nonobstructive Coronary Artery Disease. Circ Cardiovasc Interv. 2019; 12(2):e006961. https://doi.

org/10.1161/CIRCINTERVENTIONS.118.006961 PMID: 30767658

38. Chang H-J, Lin FY, Lee S-E, Andreini D, Bax J, Cademartiri F, et al. Coronary Atherosclerotic Precur-

sors of Acute Coronary Syndromes. J Am Coll Cardiol. 2018; 71(22):2511–22. https://doi.org/10.1016/j.

jacc.2018.02.079 PMID: 29852975

39. Henzel J, Kępka C, Kruk M, Makarewicz-Wujec M, Wardziak Ł, Trochimiuk P, et al. High-Risk Coronary

Plaque Regression After Intensive Lifestyle Intervention in Nonbstructive Coronary Disease: A Ran-

domized Study. JACC Cardiovasc Imaging. 2020. https://doi.org/10.1016/j.jcmg.2020.10.019 PMID:

33341413

PLOS ONE Hypertension and non-obstructive coronary artery disease

PLOS ONE | https://doi.org/10.1371/journal.pone.0262290 January 21, 2022 10 / 10

https://doi.org/10.1161/CIRCINTERVENTIONS.118.006961
https://doi.org/10.1161/CIRCINTERVENTIONS.118.006961
http://www.ncbi.nlm.nih.gov/pubmed/30767658
https://doi.org/10.1016/j.jacc.2018.02.079
https://doi.org/10.1016/j.jacc.2018.02.079
http://www.ncbi.nlm.nih.gov/pubmed/29852975
https://doi.org/10.1016/j.jcmg.2020.10.019
http://www.ncbi.nlm.nih.gov/pubmed/33341413
https://doi.org/10.1371/journal.pone.0262290

