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Abstract

Background

Women with symptoms and signs of ischemia, preserved left ventricular ejection fraction

(LVEF), and no obstructive coronary artery disease (CAD), often have coronary microvas-

cular dysfunction (CMD), and are at risk of future heart failure with preserved ejection frac-

tion (HFpEF). N-terminal pro-B-type natriuretic peptide (NT-proBNP) is used to evaluate HF

and myocardial ischemia. Relationships between NT-proBNP and CMD are not well defined

in this population.

Methods

We evaluated resting NT-proBNP levels in 208 women with symptoms and signs of ische-

mic heart disease, preserved LVEF and no obstructive CAD undergoing clinically indicated

invasive coronary flow reserve (CFR) as a measure of CMD-related ischemia and resting

left ventricular end-diastolic pressure (LVEDP). Chi-square testing was used for categorical

variables and ANOVA or Kruskal-Wallis tests were used for continuous variables.

Results

Overall, 79% had an elevated resting LVEDP, and mean NT-proBNP was 115 ± 158 pg/mL.

NT-proBNP levels correlated directly with age (r = 0.28, p = <0.0001), and indirectly with

body mass index (r = -0.21, p = 0.0006), but did not independently associate with CFR.

When stratified by NT-proBNP thresholds, higher NT-proBNP was initially associated with
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lower CFR, which did not persist with adjustment for multiple testing (p = 0.01 and 0.36,

respectively).

Conclusion

Among women with symptoms and signs of ischemia, preserved LVEF, no obstructive

CAD, and undergoing clinically indicated functional coronary angiography (FCA) for sus-

pected CMD, while a majority had elevated resting LVEDP, we failed to find an independent

association between CFR and NT-proBNP, although stratified clinical thresholds may relate

to lower CFR. Further work is needed to investigate if these findings support the hypothesis

that CMD-related ischemia may be a precursor to HFpEF.

Introduction

Women with symptoms and signs of myocardial ischemia, preserved left ventricular ejection

fraction (LVEF), and no obstructive coronary artery disease (CAD), often have coronary

microvascular dysfunction (CMD) [1]. While the mechanistic pathways of CMD are not fully

understood, these women are at increased risk of major cardiovascular events, the most preva-

lent of which is hospitalization for heart failure with preserved ejection fraction (HFpEF) at

longer term follow-up [2–4]. This finding has led to the hypothesis that ischemia due to CMD

is precursor to the development of HFpEF [5,6].

To address this hypothesis, we investigated the relationship between CMD-related ischemia

measured by coronary flow reserve (CFR) and N-terminal pro-B-type natriuretic peptide (NT-

proBNP), an established biomarker of clinical heart failure [7–11], which is synthesized and

secreted by ventricular cardiomyocytes under periods of increased myocardial wall stress and

is also expressed in response to ischemia [12,13]. Further, NT-proBNP levels across a wide

range of values non-diagnostic for heart failure (HF) predict mortality in patients with clini-

cally stable CAD [14]. Because women with signs and symptoms of ischemic heart disease

(IHD) without obstructive CAD often have elevated resting left ventricular end-diastolic pres-

sures (LVEDP) [15,16] and are at risk for heart failure hospitalizations [2], we hypothesized

that NT-proBNP is related to CMD-related ischemia. As part of the Women’s Ischemia Syn-

drome Evaluation—Coronary Vascular Dysfunction (WISE-CVD) Study, women were evalu-

ated for CMD by clinically indicated invasive functional coronary angiography (FCA). We

examined relations between NT-proBNP and CMD in the WISE-CVD women who under-

went FCA.

Methods

We analyzed women with FCA in the National Heart, Lung and Blood Institute (NHLBI)-

sponsored WISE-CVD Project (enrolled 2008–2015), a prospective cohort study aimed at

improving pathophysiological understanding in women with IHD and angiographically no

obstructive CAD. All studies were performed at Cedars-Sinai Medical Center, Los Angeles, or

the University of Florida, Gainesville, where institutional review boards approved the project

and all participants provided written informed consent.

Inclusion criteria for WISE-CVD included women�18 years old, with symptoms (chest

pain, shortness of breath) and signs (abnormal stress testing) leading to a clinically determined

coronary angiogram by a treating physician, preserved ejection fraction (LVEF >50%), and no
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history of heart failure, and no obstructive CAD, defined as�50% luminal diameter stenosis

in�1 epicardial artery. Women in the current analysis also underwent clinically indicated

FCA (n = 208). Exclusion criteria included acute coronary syndrome, prior percutaneous cor-

onary intervention or bypass surgery, primary valvular heart disease, concurrent cardiogenic

shock, chest pain with known non-ischemic pathogenesis, severe renal impairment, and car-

diomyopathy (including hypertrophic cardiomyopathy). Participants underwent a baseline

physical exam that included heart rate, blood pressure, height, weight, body mass index (BMI)

determination, demographics and medical history.

Functional coronary angiography and invasive hemodynamic

measurements

Invasive FCA, with vasoactive agents considered a reference standard for the diagnosis of

CMD [17], was performed using a standardized protocol, including resting LVEDP prior to

any provocative testing [17]. Briefly, a Doppler wire (Flowire, Volcano Inc) was placed in the

proximal left anterior descending artery (LAD). Coronary micro- and macrovascular dilation

and constriction pathways were then investigated by infusing intra-coronary adenosine, ace-

tylcholine, and nitroglycerin directly into most often the LAD, as previously described [17,18].

Hemodynamic data, Doppler coronary blood flow (CBF) velocities, and coronary cine angiog-

raphy were obtained after each infusion. Data were analyzed by the WISE core laboratory,

masked to all clinical data. Coronary microvascular dilation dysfunction was defined as an

adenosine-induced coronary flow reserve (CFR) <2.5, which we used as a measure of CMD-

related ischemia, and has previously been show to predict adverse outcomes in a WISE [19]

and other cohort studies [20]. We also evaluated coronary microvascular constriction dysfunc-

tion, defined as CBF change< 50% in response to acetylcholine [18], coronary macrovascular

constriction dysfunction, defined as a lack of LAD diameter increase to intracoronary acetyl-

choline (ΔAch) [21], and coronary macrovascular dilation dysfunction, defined as a change in

LAD diameter� 20% in response to intracoronary nitroglycerin (ΔNTG). Clinically abnormal

resting LVEDP was < 12 mmHg as previously defined [22–24].

Cardiac magnetic resonance imaging protocol

Cardiac magnetic resonance imaging (CMRI) was performed on all subjects in a supine posi-

tion on a 1.5-Tesla CMRI scanner (Avanto: Siemens Healthcare, Erlangen, Germany) with

ECG gating and a phase-array surface coil (CP Body Array Flex: Seimens Healthcare). A highly

standardized protocol was used and included assessment of left ventricular morphology and

function. Prior to the CMRI, an intravenous line placement was placed for the infusion of

adenosine or regadenoson. Adenosine was used (set at 140mcg/kg/min) unless there was a

contraindication to adenosine, in which case regadenoson was used (0.4 mg/5 mL). Pharmaco-

logical stress and rest first-pass myocardial perfusion imaging was obtained using gadolinium

contrast agent set at 0.05mM/kg. Blood pressure and pulse oxygenation were monitored and

recorded before, during and after infusion. A 12 lead ECG was recorded prior to and following

the CMRI. CMRI images were downloaded to DIACOM formatted CDs and transmitted to

CMRI core laboratory at Cedars-Sinai Medical Center.

NT-ProBNP

Venous blood samples were collected at rest during the baseline visit. Samples were frozen at

-70˚C and shipped for batch analyses at ICL laboratory (Mayo Clinic, Rochester, MN). NT-

proBNP was measured by an automated double incubation sandwich assay on the Roche

Cobas e411 (Roche Diagnostics, Indianapolis, IN 46250). Intra-assay coefficient of variation,
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at increasing NT-proBNP concentrations, are 2.2%, 1.1% and 0.8% at 56.9, 438 and 2092 pg/

mL respectively. Inter-assay coefficient of variation is 7.8%, 3.0% and 2.5% at 36.1, 867 and

1986 pg/mL respectively. Clinical reference ranges vary for men versus women and for age; for

our cohort of women with a mean age of 53 years, the clinical reference range was 5–155 pg/

mL.

Statistical analysis

Baseline characteristics are summarized as mean ± standard deviation (SD). Pearson correla-

tion using log NT-proBNP was performed for statistical analysis. NT-proBNP was log-trans-

formed due to the skewed distribution in this cohort. Correlation was considered statistically

significant if p was< 0.05. Additional NT-proBNP analysis were performed using clinically

defined, thresholds, defined in prior studies to correlate with cardiovascular outcomes, accord-

ing to NT-proBNP levels <100 pg/mL, 100–399 pg/mL, and�400 pg/mL [10,11,25–27]. Sub-

ject characteristics and measurements of CMD were analyzed in these subgroups. Fisher’s

Exact test was used for categorical variables and Kruskal-Wallis tests were used for continuous

variables. A Holm-Bonferroni multiple testing correction (ref) was used to adjust all the p-val-

ues from the tests among these three pre-defined BNP subgroups in Tables 1 and 2 [28].

Multiple linear regression was used to assess the association of the outcome of log trans-

formed NT-proBNP with CFR, adjusting for covariates listed subsequently. Regression analy-

ses were conducted in stages as follows: Model I is unadjusted, Model II is adjusted for age,

and body mass index, Model III is adjusted for age, body mass index, education level, fasting

glucose, history of hypertension, history of diabetes, history of dyslipidemia, high-density lipo-

protein, low-density lipoprotein, creatinine, systolic and diastolic blood pressure, heart rate,

medications (antihypertensive, statin and diabetic medications), physical activity and smoking

status. All analyses were done using SAS version 9.3 (SAS Institute, Cary, NC).

Results

Pertinent baseline characteristics are summarized for the total group and stratified by NT-

proBNP levels (Table 1). Overall group median NT-proBNP was 69 pg/mL (range 9–1406 pg/

mL) with 5% (n = 11/208) of subjects having an NT-proBNP >400 pg/mL. A subset of 186

women with complete LVEDP measurement demonstrated that 79% (n = 146/186) had an

LVEDP (�12mmHg), and 25% (n = 46/186) had an LVEDP >18mmHg. Log NT-proBNP

directly correlated with age (r = 0.28, p =<0.0001), and inversely with BMI (r = -0.21,

p = 0.0006), but not LVEDP.

Analysis using the pre-specified subgroup analysis of clinically-defined thresholds of NT-

proBNP (<100, 100–399, and�400 pg/mL) [10,11,25–27] revealed graded direct relationships

between higher NT-proBNP with age, post-menopausal status, hormone replacement therapy

use, diastolic blood pressure and lower creatinine levels (Table 1). Further, higher NT-proBNP

demonstrated a graded relationship with lower CFR (Table 2, Fig 1), although this did not

remain statistically significant following multiple test adjustment (p = 0.01, and p = 0.36,

respectively, Table 2). Notably, this was most evident in the small subgroup of 11 women

above the clinically “abnormal” NT-proBNP threshold >400 mg/dL, where 6 (46%) had an

abnormal resting LVEDP of>12 mmHg, and 6 (46%) had an abnormal CFR of<2.5.

Linear regression models showed no unadjusted linear association between log NT-proBNP

and CFR (estimate -0.17 per unit increase in CFR, p = 0.14). There were consistent associations

between log NT-proBNP and age and BMI, respectively, with CFR in the model. Increasing

one year of age was associated with 0.029 increase in log NT proBNP (p<0.0001), adjusted for

BMI and CFR. Further, an increase of one unit of BMI was associated with a 0.021 decrease in
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log NT-proBNP (p = 0.017), although CFR had a non-significant decreasing association with

log NT proBNP (p = 0.12). Further adjustment by other factors did not show associations

between CFR and log NT-proBNP.

Discussion

Among women with symptoms and signs of ischemia, preserved LVEF, no obstructive CAD,

while a majority had elevated resting LVEDP, the current analyses do not support a strong asso-

ciation between CFR and NT-proBNP across the cohort. Although CFR indicative of CMD-

related ischemia was lower in the small subgroup of women with elevated NTproBNP>400

mg/dL consistent with heart failure, this was not a common finding. Indeed, given the cohort

exclusion criteria of preserved LVEF and no prior history of heart failure, this low prevalence is

not surprising. Viewing the full cohort findings, our data suggest that further work is needed to

test the hypothesis that CMD-related ischemia may be a precursor to HFpEF in this population.

Our analyses stratified by clinically relevant NT-proBNP levels demonstrating higher NT-

proBNP associated with lower CFR are consistent prior reports. Specifically, in the Multi-

Table 1. Baseline demographics.

Median and range, Mean±SD, or

N (%)

n = 208 NT-pro BNP <100pg/mL

n = 144

NT-pro BNP 100-399pg/

mL n = 53

NT-pro BNP�400pg/mL

n = 11

p-value Holm adjusted p-

value

Serum NT-proBNP pg/mL

(median, range)

65 (9,

1406)

45 (9,98) 153 (100, 373) 510 (418, 1406) - -

Age (years) 53± 11 51 ± 11 58 ±10 61 ±13 0.0001 0.0043

BMI (kg/m2) 31 ± 8 31.5 ± 8 29 ± 8 29 ± 6 0.07 1

Caucasian 145 (70%) 97 (67%) 39 (74%) 9 (83%) 0.54 1

Post-menopausal 135 (65%) 86 (60%) 39 (74%) 10 (91%) 0.04 1

History of Diabetes 25 (12%) 20 (14%) 4 (8%) 1 (9%) 0.52 1

History of HTN 79 (38%) 48 (33%) 25 (47%) 6 (55%) 0.10 1

History of DYS 25 (12%) 17 (12%) 6 (11%) 2 (18%) 0.75 1

History of Tobacco use (current

and former)

92 (44%) 63 (44%) 22 (42%) 7 (64%) 0.40 1

Aspirin 131 (63%) 94 (65%) 28 (53%) 9 (82%) 0.13 1

Statin 70 (34%) 46 (32%) 20 (38%) 4 (36%) 0.73 1

ACE-I or ARB 41 (20%) 27 (19%) 10 (19%) 4 (36%) 0.37 1

Beta Blocker 49 (24%) 28 (19%) 18 (34%) 3 (27%) 0.09 1

Diuretics 31 (15%) 18 (13%) 9 (17%) 4 (36%) 0.08 1

Hormone Therapy 89 (43%) 52 (36%) 30 (57%) 7 (64%) 0.01 0.36

Systolic Blood Pressure (mmHg) 128 ± 19 127 ± 18 128 ± 20 137 ± 20 0.20 1

Diastolic Blood Pressure (mmHg) 71 ± 11 72 ± 11 68 ± 12 75 ± 13 0.06 1

Total Cholesterol (mg/dl) 184 ± 41 184 ± 42 187 ± 35 165 ± 45 0.53 1

Low Density Lipoprotein (mg/dl) 101 ± 33 103 ± 35 95 ± 28 97 ± 36 0.66 1

High Density Lipoprotein (mg/dl) 58 ± 16 56 ± 15 64 ± 20 60 ± 7 0.13 1

Triglycerides (mg/dl) 143 ± 134 146 ± 140 140 ± 129 99 ± 28 0.85 1

Fasting Glucose (mg/dl) 98 ± 30 100 ± 34 93 ± 16 93 ± 13 0.69 1

Creatinine (mg/dl) 0.85 ± 1.13 0.86 ± 1.32 0.84 ± 0.18 0.77 ± 0.12 0.01 0.36

Hemoglobin (g/dL) 1 ± 2.1 13.2 ± 2.4 13 ± 1.1 13 ± 1.3 0.73 1

ACE-I = Angiotensin converting enzyme inhibitor, ARB = Angiotensin receptor blocker, BMI = body mass index, HTN = hypertension, DYS = dyslipidemia, NT-pro

BNP = N-terminal pro-B-type natriuretic peptide. The tests for categorical variable comparisons across BNP categories was Fisher’s Exact test, the test for continuous

variables was Kruskal-Wallis test (non-normal distribution or outliers).

https://doi.org/10.1371/journal.pone.0243213.t001
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Ethnic Study of Atherosclerosis (MESA) in a population with a wider range of flow reserve val-

ues, myocardial perfusion reserve in asymptomatic subjects free of overt CVD was inversely

related to NT-proBNP, suggesting that subclinical CMD is related to elevated levels of NT-

proBNP [29]. Notably, this MESA study demonstrated that one of the strongest predictors of

NT-proBNP was older age, male sex, and diabetes. Conversely, the WISE-CVD population

was middle-aged, all-female, with lower prevalence of diabetes and used CFR to evaluate

CMD. However, both results suggest potential relations between CMD and NT-proBNP.

A more recent study by Hirakawa et al. [30] of clinically stable HF patients without obstruc-

tive CAD examined relationships between endothelial-independent CMD and plasma B-type

natriuretic peptide (BNP) levels, as well as whether each measure correlated with myocardial

fibrosis. Trans-cardiac BNP release was determined by sampling from the coronary sinus and

aorta while cardiac magnetic resonance imaging evaluated the presence of myocardial scar

(late gadolinium enhancement). These investigators also found CFR inversely correlated with

plasma BNP levels and trans-cardiac BNP levels, however only among those with late gadolin-

ium enhancement myocardial scar. A BNP level>180 pg/mL independently predicted CFR

<2.5 in this population with confirmed heart failure [30]. This group previously reported

endothelium-dependent microvascular dysfunction correlated with cardiac fibrosis in heart

failure patients without obstructive CAD [31]. Our findings extend these observations, and

suggest that ventricular scar and fibrosis may be the relatively greater contributors to future

heart failure, compared to ischemia [32].

We found that women with higher NT-proBNP levels and lower CFR were more often

post-menopausal and on hormone replacement therapy. There are conflicting data related to

menopause and hormone replacement therapy and NT-proBNP. More recent studies have

shown that post-menopausal status and estrogen use does not appear to be associated with

increased levels of NT-proBNP [33,34]. Other baseline differences in our women with higher

NT-proBNP included lower creatinine levels measured at baseline. This is in contrast to previ-

ous studies showing higher levels of NT-proBNP related to lower glomerular filtration rate

Table 2. CMRI and CMD variables by NT-proBNP groups (n = 208).

Mean ±SD or % NT-pro BNP <100 pg/mL

n = 144

NT-pro BNP 100–399 pg/mL

n = 53

NT-pro BNP�400 pg/mL

n = 11

p-value Holm adjusted p-

value

FCA variables

CFR 2.7 ± 0.6 2.8 ± 0.6 2.6 ± 0.6 2.3 ± 0.7 0.01 0.36

CBF response (%) 67.72 ± 90.35 73.52 ± 95.39 55.43 ± 71.12 31.91 ± 48.58 0.25 1

ΔAch (%) -9.43 ± 20.07 -10.75 ± 20.72 -6.46 ± 17.84 -6.15 ± 22.4 0.43 1

ΔNTG (%) 5.08 ± 20.84 4.6 ± 20.87 6.75 ± 20.66 2.85 ± 23.61 0.80 1

LVEDP (mmHg) 15 ± 5 15 ± 5 15 ± 5 16 ± 9 0.98 1

CMRI variables

Ejection Fraction % 67±7 67 ± 7 69 ± 8 65 ± 11 0.82 1

Left Ventricular Mass

(g)

95±18 95 ±18 89 ± 12 107 ± 30 0.07 1

End Diastolic Volume 124±25 124±26 121±19 126±32 0.80 1

End Systolic Volume 41±14 41±14 38±11 43±17 0.79 1

Stroke Volume 83±18 83±17 83±15 83±30 0.86 1

Ach = acetylcholine, CBF = coronary blood flow, CFR = coronary flow reserve, FCA = functional coronary angiography, LVEDP = left ventricular end diastolic filling

pressure, NTG = nitroglycerin, NT-pro BNP = N-terminal pro-B-type natriuretic peptide.

The tests for categorical variable comparisons across BNP categories was Fisher’s Exact test, the test for continuous variables Kruskal-Wallis test (non-normal

distribution or outliers).

https://doi.org/10.1371/journal.pone.0243213.t002
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[35,36]. This inconsistency could be due to our unique female-specific population, relatively

small sample size, or other unknown factors, and underscore the need for research in women

and sex-specific investigation.

In our cohort, while the majority had an elevated resting LVEDP, women with clinical

heart failure were excluded, and few women (5%) met the clinical threshold “heart failure”

level of NT-proBNP >400pg/mL. The exact mechanism for these elevated LVEDP measure-

ments in these women is not understood. The women were on average overweight, over a

third had history of hypertension and 12% diabetes. We have previously observed impaired

ventricular diastolic function in women with CMD [37], which we have hypothesized contrib-

utes to the elevated LVEDP [37]. Elevated LVEDP is an independent predictor of future HF

[38] and correlates with NT-proBNP [39,40]. Interestingly, LVEDP did not relate with NT-

proBNP in this analysis, and thus it is possible that NT-proBNP requires a minimum LVEDP

elevation or ischemia threshold to be surpassed to become elevated. Previous reports demon-

strate poor relations between LVEDP and NT-proBNP in obese patients [41] which was

Fig 1. Scatter plot of CFR by NT-proBNP categories. Mean and 95% confidence interval for the mean of each category in red (Kruskal-

Wallis test, p = 0.01) (total n = 184).

https://doi.org/10.1371/journal.pone.0243213.g001
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evident in our cohort. This explanation is also consistent with previous reports in asymptom-

atic patients [39,40].

An NT-proBNP� 400 pg/mL has been associated with higher rates of HF and cardiovascu-

lar events in patients with stable obstructive CAD. [11,26] and our results evaluated only the

central parts of the curvilinear relationship between CFR and NT-proBNP [42], because

healthy women and stage C and D of heart failure were not included in our cohort. However,

all levels of NT-proBNP provide prognostic information on all-cause mortality, independent

of invasive measures of left ventricular function and severity of obstructive CAD [14]. Our

clinically relevant thresholds of NT-proBNP, were associated with reduced CFR, and these

thresholds are independent predictors of clinical adverse events [2,43]. Our NT-proBNP posi-

tive relations to age and negative relation to BMI are also consistent with previous work [44–

47]. Our current results extend these previous observations by demonstrating that relations

between age and NT-proBNP appear to be maintained in women younger than previously

studied [44,45], and contribute to knowledge gaps regarding CMD, a relatively newer recog-

nized and increasing burden in women and men [48].

Limitations

Our study is limited by a relatively small sample size, especially those with NT-proBNP level

�400 pg/dL due to our exclusion of heart failure, in our cohort of women with signs and

symptoms of ischemia, preserved LVEF and no obstructive CAD. Because our study is a cross-

sectional design of women with a high prevalence of CMD, with a limited range of coronary

flow reserves, it is possible that we have underestimated the true extent of the associations. Spe-

cifically, we used linear regression analyses to assess the relationship between NT-proBNP and

CFR which is curvilinear [42], due to our cohort not including reference control and Class C

and D heart failure women. Serial measurements or even trans-myocardial gradients, may pro-

vide more detailed information about relations between CMD-related ischemia and NT-

proBNP. It is possible that our results were influenced by medications known to lower NT-

proBNP, including the use of ACE-inhibitor or angiotensin receptor blocker, beta blocker

[49], and hormone replacement therapy that can increase NT-proBNP levels [50]. We pur-

posely did not exclude women on these medications in our analysis because we believe that it

is important to test the predictive value of NT-proBNP under “real-life” circumstances; never-

theless, medication use did enter the regression modeling. Further, the aim of the hypothesis

testing done was to explore associations of the NT-proBNP in all the women with data avail-

able in this cohort. It was not a randomized clinical trial and no control group was available

for analysis. We have added a Holm-Bonferroni multiple testing correction for all the hypothe-

sis tests looking at differences among the categorical NT-proBNP subgroups for potential con-

founding. The only significant difference among these groups after applying this correction

was in age. Finally, LVEDP and NT-proBNP were measured at fasting, resting conditions,

while stress-LVEDP would be more sensitive and diagnostic for heart failure [51].

Conclusions

Among women with symptoms and signs of ischemia, preserved LVEF and no obstructive

CAD, and undergoing clinically-indicated FCA for suspected CMD, while a majority had ele-

vated resting LVEDP, we failed to find an association between CFR and NT-proBNP. CFR

indicative of CMD-related ischemia was lower when stratified by clinical thresholds of NT-

proBNP in the small subgroup of women with elevated NTproBNP >400 mg/dL consistent

with heart failure, however this was not a common finding. Further work is needed to
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investigate if these findings support the hypothesis that CMD-related ischemia may be a pre-

cursor to HFpEF in this population and require further investigation.
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20. Britten MB, Zeiher AM, Schächinger V. Microvascular dysfunction in angiographically normal or mildly

diseased coronary arteries predicts adverse cardiovascular long-term outcome. Coron Artery Dis.

2004; 15(5):259–64. https://doi.org/10.1097/01.mca.0000134590.99841.81 PMID: 15238822

21. Halcox JP, Schenke WH, Zalos G, Mincemoyer R, Prasad A, Waclawiw MA, et al. Prognostic value of

coronary vascular endothelial dysfunction. Circulation. 2002; 106(6):653–8. https://doi.org/10.1161/01.

cir.0000025404.78001.d8 PMID: 12163423

22. Pepine C, Hill J, Lambert C. History of the development and application of cardiac catheterization. Diag-

nostic and Therapeutic Cardiac Catheterization Baltimore: Williams & Wilkins. 1989:3–9.

23. Davidson CJ, Bonow RO. Cardiac catheterization. Heart disease 5th ed Philadelphia: WB Saunders.

1997:177–203.

24. Mann DL, Zipes DP, Libby P, Bonow RO. Braunwald’s heart disease: a textbook of cardiovascular med-

icine: Elsevier Health Sciences; 2014.

25. Bibbins-Domingo K, Gupta R, Na B, Wu AH, Schiller NB, Whooley MA. N-terminal fragment of the pro-

hormone brain-type natriuretic peptide (NT-proBNP), cardiovascular events, and mortality in patients

PLOS ONE NT-proBNP and CMD in women with preserved ejection fraction

PLOS ONE | https://doi.org/10.1371/journal.pone.0243213 December 3, 2020 10 / 12

https://doi.org/10.1007/s10741-014-9445-8
http://www.ncbi.nlm.nih.gov/pubmed/24969534
https://doi.org/10.1136/hrt.2005.071233
http://www.ncbi.nlm.nih.gov/pubmed/16698841
https://doi.org/10.1007/s10741-014-9439-6
http://www.ncbi.nlm.nih.gov/pubmed/24986335
https://doi.org/10.1161/01.HYP.0000216794.24161.8c
https://doi.org/10.1161/01.HYP.0000216794.24161.8c
http://www.ncbi.nlm.nih.gov/pubmed/16585413
https://doi.org/10.1161/JAHA.114.000907
https://doi.org/10.1161/JAHA.114.000907
http://www.ncbi.nlm.nih.gov/pubmed/25053234
https://doi.org/10.1096/fj.02-0796fje
https://doi.org/10.1096/fj.02-0796fje
http://www.ncbi.nlm.nih.gov/pubmed/12709407
https://doi.org/10.1016/j.pharmthera.2003.11.001
http://www.ncbi.nlm.nih.gov/pubmed/14761702
https://doi.org/10.1056/NEJMoa042330
http://www.ncbi.nlm.nih.gov/pubmed/15716560
https://doi.org/10.1185/030079904125003359
https://doi.org/10.1185/030079904125003359
http://www.ncbi.nlm.nih.gov/pubmed/15140345
https://doi.org/10.1016/j.jcin.2012.01.023
http://www.ncbi.nlm.nih.gov/pubmed/22721660
https://doi.org/10.1161/01.CIR.0000115525.92645.16
http://www.ncbi.nlm.nih.gov/pubmed/14970106
https://doi.org/10.1016/j.jacc.2010.01.054
https://doi.org/10.1016/j.jacc.2010.01.054
http://www.ncbi.nlm.nih.gov/pubmed/20579539
https://doi.org/10.1097/01.mca.0000134590.99841.81
http://www.ncbi.nlm.nih.gov/pubmed/15238822
https://doi.org/10.1161/01.cir.0000025404.78001.d8
https://doi.org/10.1161/01.cir.0000025404.78001.d8
http://www.ncbi.nlm.nih.gov/pubmed/12163423
https://doi.org/10.1371/journal.pone.0243213


with stable coronary heart disease. JAMA. 2007; 297(2):169–76. https://doi.org/10.1001/jama.297.2.

169 PMID: 17213400

26. Omland T, Pfeffer MA, Solomon SD, de Lemos JA, RøsjøH, Šaltytė Benth J, et al. Prognostic value of
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