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Abstract

OBJECTIVE: Women with symptoms and/or signs of myocardial ischemia but no obstructive 

coronary artery disease (INOCA) often have coronary vascular dysfunction and elevated risk for 

adverse cardiovascular events. We hypothesized that ultra-high sensitivity cardiac troponin I (u-

hscTnI), a sensitive indicator of ischemic cardiomyocyte injury, is associated with coronary 

vascular dysfunction in women with INOCA.

APPROACH and RESULTS: Women (N=263) with INOCA enrolled in the Women’s Ischemic 

Syndrome Evaluation -Coronary Vascular Dysfunction (WISE-CVD) study underwent invasive 

coronary vascular function testing and u-hscTnI measurements (Simoa HD-1 Analyzer, Quanterix 

Corporation, Lexington, MA). Logistic regression models, adjusted for traditional cardiovascular 

risk factors, were used to evaluate associations between u-hscTnI and coronary vascular function. 

Women with coronary vascular dysfunction (microvascular constriction and limited coronary 

epicardial dilation) had higher plasma u-hscTnI levels (both p=0.001). u-hscTnI levels were 

associated with microvascular constriction (OR=1.38 per doubling of u-hscTnI, 95%CI 1.03-1.84; 

p=0.033) and limited coronary epicardial dilation (OR=1.37 per doubling of u-hscTnI, 95%CI 

1.04-1.81; p=0.026). u-hscTnI levels were not associated with microvascular dilation or coronary 

epicardial constriction.

CONCLUSIONS: Our findings indicate that higher u-hscTnI is associated with coronary vascular 

dysfunction in women with INOCA. This suggests that ischemic cardiomyocyte injury in the 
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setting of coronary vascular dysfunction has the potential to contribute to adverse cardiovascular 

outcomes observed in these women. Additional studies are needed to confirm and investigate 

mechanisms underlying these findings in INOCA.

Graphic Abstract:

Majority of women with INOCA have coronary vascular dysfunction which is associated with 

cardiomyocyte injury.
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Background

The number of women with symptoms and/or signs of ischemia but no obstructive coronary 

artery disease (INOCA) are increasing 1. These women often have coronary vascular 

dysfunction, including limited coronary artery dilation and/or constriction in response to 

vasoactive agents 2–5. We and others have previously observed that these women are at 

elevated risk of major adverse cardiovascular outcomes 3, 6–9. Reduced coronary 

microvascular dilation assessed by coronary flow reserve (CFR) in response to intra-

coronary adenosine (IC-ADO) and coronary epicardial and/or microvascular constriction in 

response to intra-coronary acetylcholine (IC-ACH) are associated with higher risk of adverse 

cardiovascular outcome, versus those with normal responses 2, 4, 5. Further, over a 9.7 years 

(median follow-up), the Women’s Ischemia Syndrome Evaluation [WISE] observed that 

limited coronary microvascular dilation, assessed invasively using vasoactive agents, 

predicted higher rates of death and first indexed non-fatal myocardial infarction, non-fatal 

stroke and non-fatal heart failure 3. Furthermore, we found that epicardial coronary 

constriction in response to IC-ACH was associated with increased risk of hospitalization due 

to angina. The mechanisms linking these findings to the development of adverse 

cardiovascular outcomes remain unknown.

High sensitivity cardiac troponin (hscTnI) assays are increasingly used and recently 

achieved regulatory approval in the United States 10. These assays enable detection of low 

concentrations of circulating cardiac troponins 11 and higher levels are associated with 

higher risk of adverse cardiovascular outcomes in the general population; patients with and 

without obstructive coronary artery disease (CAD) 12–17. The latest generation of cardiac 
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troponin assays with improved analytical sensitivity (i.e. ultra-high sensitivity cardiac 

troponin [u-hscTnI]) have been introduced recently. These assays are capable of detecting 

even lower concentrations of troponin and these levels appear to represent cardiomyocyte 

injury, but not necessarily necrosis 11, 18.

Accordingly, we hypothesized that u-hscTnI, an indicator of cardiomyocyte injury, is 

associated with coronary vascular dysfunction in women with INOCA.

Methods

Women with INOCA, enrolled in the NHLBI-funded Women’s Ischemia Syndrome 

Evaluation - Coronary Vascular Dysfunction (WISE-CVD) study (NCT00832702), were 

studied. Briefly, this is prospective cohort study at Cedars-Sinai Medical Center, Los 

Angeles and the University of Florida, Gainesville, as previously published 19, 20. INOCA is 

defined as symptoms (usually angina and/or dyspnea) with signs suggesting ischemia (ECG 

changes during exercise, wall motion or perfusion abnormalities during echocardiography or 

nuclear imaging) 21 and absence of obstructive CAD by core laboratory (epicardial coronary 

artery diameter stenosis <50%). A subgroup of these women (N=263), underwent coronary 

vascular function testing and had u-hscTnI assessment.

Inclusion, exclusion criteria, demographic and clinical data were obtained from 

questionnaires and medical records and included age, body-mass index (BMI), history of 

smoking, diabetes mellitus (fasting blood glucose level >126 mg/dL or treatment with 

insulin or oral anti-diabetic medications), hypertension (systolic blood pressure >140 

mmHg, diastolic blood pressure >90 mmHg on at least 3 occasions or treatment with 

antihypertensive medications), dyslipidemia (total cholesterol ≥200 mg/dL, low-density 

lipoprotein >130 mg/dL, or treatment with lipid-lowering medications), and use of hormonal 

replacement therapy, as previously published 19, 20. The protocol was approved by 

institutional review boards at each site and all subjects provide written informed consent.

Coronary Vascular Function Testing

Women were asked to hold long-acting nitrates, calcium-channel blockers, β-blockers, and 

angiotensin-converting enzyme inhibitors and angiotensin-II-receptor blockers 48 hours 

before the procedure 22. Women were also instructed to stop using sublingual nitroglycerin, 

refrain from smoking, and drinking caffeinated beverages for at least 12 hours before testing. 

The invasive testing protocol was previously described 2, 3, 5, 22, and performed in an 

outpatient setting via percutaneous femoral approach. After diagnostic angiography 

confirmed absence of obstructive CAD in any vessel, a Doppler-tipped guidewire (0.014-

inch FloWire, Volcano Corporation, San Diego, California) was advanced through the 

diagnostic catheter to assess blood flow velocity and positioned in the left anterior 

descending coronary artery (or left circumflex coronary artery if anatomic issues prohibited 

safe access to the left anterior descending coronary artery). Recordings were made once a 

stable Doppler signal in the proximal or mid-vessel was obtained. Intra-coronary adenosine 

bolus injections (18–36 mcg) were used to assess coronary microvascular dilation. Average 

peak velocity at baseline and after adenosine injection were obtained and coronary flow 

reserve (CFR) was calculated using ≥2.32 as the sex-specific normal threshold as previously 
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published 2. A graded IC-ACH infusion was infused (0.182 mcg/ml and 18.2 mcg/ml over 3 

minute) to assess coronary epicardial and microvascular constriction. Coronary 

microvascular constriction was defined as limited increase by <50% in coronary blood flow 

(CBF) from baseline in response to IC-ACH, while, coronary epicardial constriction was 

defined as any decrease in epicardial coronary artery diameter in response to IC-ACH. 23. 

Finally, coronary epicardial dilation was assessed using IC-NTG (200 mcg), with normal 

response defined as ≥20% diameter increase 3, 22, 24.

Sample collection and analysis

Fasting blood samples were collected from the femoral arterial sheath before the use of any 

vasoactive medication, centrifuged and stored at −80 °C. The u-hscTnI assay was carried out 

on Simoa HD-1 Analyzer (Quanterix Corporation, Lexington, MA). The cardiac troponin I 

is sandwiched between an enzyme-labeled detection antibody and a capture antibody 

conjugate to magnetic beads. Beads are subsequently dispersed into femtoliter-scale wells, 

which are scanned on an individual basis for fluorescence 18. The assay has the limit of 

detection of 0.01 pg/mL, the limit of quantification of 0.079 pg/mL and upper dynamic 

range of 1200 pg/mL, and total precision of 10.2%, 6.0%, and 6.2% at 2.0, 5.7, and 54.4 

pg/mL with a 99th percentile value of 4.89 pg/mL (90% confidence intervals [CI] 3.71- 6.25) 

in healthy female population 25. Under local laboratory conditions, the inter-assay 

coefficient of variation is <10% at 0.2871 pg/mL. The u-hscTnI 99th percentiles were also 

calculated as upper limits considering a robust estimation against outliers with 90% CIs.

Statistical analysis

Baseline subjects’ characteristics were summarized with means, medians, standard 

deviations and ranges. For non-normally distributed variables such as u-hscTnI levels, 

Mann-Whitney U tests were used to compare groups in unadjusted analyses. Relationships 

between coronary vascular function and other clinical variables (including age, BMI, history 

of hypertension, dyslipidemia, diabetes, use of statins and hormonal replacement therapy) 

were examined using logistic regression models. For multivariable analyses, u-hscTnI levels 

were examined as continuous variables after log-transformation (base 2) for better 

interpretations. Logistic regression models were also used to examine the relationship 

between coronary vascular function (CFR, CBF, coronary epicardial diameter change in 

response to IC-ACH and IC-NTG) and u-hscTnI levels after adjustment for aforementioned 

clinical variables. All analyses were performed using R (version 3.5.1, http://www.R-

project.org). Two-sided P-value < 0.05 were considered statistically significant.

Results

Pertinent baseline characteristics of the women are summarized in Table 1. Two hundred 

forty-nine women (95%) underwent CFR evaluation, 229 (87%) underwent coronary 

epicardial diameter change evaluation in response to IC-ACH, 195 (74%) underwent CBF 

assessment in response to IC-ACH, and 225 (86%) had coronary epicardial diameter change 

evaluation in response to IC-NTG (Figure 1). CBF correlated with the change in the 

coronary epicardial artery diameter in response to IC-ACH and IC-NTG (r=0.5 and r=0.3; 
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respectively, both p<0.0001). CFR did not correlate with any of the other coronary vascular 

function measures.

Relations between u-hscTnI and Coronary Vascular Function

Compared to women with normal CBF, those with coronary vascular dysfunction had higher 

levels of plasma u-hscTnI (median: 0.9 pg/mL; interquartile range IQR [0.52-2.4] versus 0.6 

pg/mL IQR [0.33-1.05], p=0.001) (Figure 3A). Women with limited epicardial coronary 

artery dilation to IC-NTG, had higher levels of plasma u-hscTnI versus women with normal 

function (median: 0.8 pg/mL IQR [0.46-1.86] versus 0.6 pg/mL IQR [0.43-1.06], p=0.001) 

(Figure 3D). u-hscTnI levels were not significantly different between women with normal 

versus limited CFR and epicardial coronary artery dilation in response to IC-ACH (Figure 
3B and C).

Adjusted logistic regression models indicated that higher u-hscTnI levels were 

independently associated with limitations in both CBF and coronary epicardial artery 

dilation in response to IC-NTG (Table 2). There were no significant associations between u-

hscTnI levels and CFR or coronary epicardial artery diameter change in response to IC-

ACH.

Discussion

Among women with INOCA, higher plasma u-hscTnI levels are associated with limitations 

in both CBF and coronary epicardial diameter change in response IC-NTG, indicative of 

dysfunctional coronary vascular dilation. Further, this association appeared independent of 

traditional cardiovascular risk factors. Our findings suggest that in clinically stable women 

with INOCA, the presence of cardiomyocyte injury might be the underlying mechanistic 

pathway leading to adverse cardiovascular events.

Women with evidence of INOCA are increasingly prevalent. Estimates from the ACC-

NCDR and the Women's Ischemia Syndrome Evaluation (WISE) databases suggest that at 

least 3-4 million women in the United States alone with no obstructive CAD at angiography 

incur health-care costs similar to obstructive CAD 26, 27. The majority of these women have 

coronary vascular dysfunction 2–5, which may be comprehensively evaluated with invasive 

physiological assessments using vasoactive agents 1, 3. Currently invasive coronary vascular 

function testing available in relatively few centers in the United States, despite wide-spread 

use of fractional flow reserve testing for obstructive CAD.

Introduction of high-sensitivity troponin immunoassays created a revolution in identification 

of patients at higher risk of developing adverse cardiovascular events despite having 

troponin levels below the 99th percentile of the upper limit in healthy individuals, but above 

the limit of detection 11, 18. hsTnI and u-hscTnI assays allow measurement of troponin at 

very low concentrations, therefore enabling detection of cardiomyocytes injury. In a 

population based cohort28, it was observed that hsTnT levels were associated with structural 

heart disease and subclinical ischemia. More importantly, patients with higher levels were at 

increased risk of cardiovascular death versus those with undetected levels. In large registry 

cohort 17, that included patients with myocardial infarction and no obstructive CAD 
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(MINOCA), hsTnT levels were strong, independent predictors of adverse outcomes. 

Although the underlying etiology of MINOCA in these patients was not investigated, the 

majority of women with MINOCA have underlying coronary vascular dysfunction (i.e. 

limited dilation or constriction) 1. Our results extend these findings by providing, for the first 

time, new information about relationships between coronary vascular dysfunction and u-

hscTnI troponin.

Cardiac myocytes are sensitive to oxygen and demands for work as oxygen sensors 29. A 

limitation in adequate myocardial oxygenation due to supply/demand mismatch triggers a 

complex and integrated events resulting in release of vasoactive metabolites from 

cardiomyocytes, which act on vascular endothelial cells attempting to increase CBF 30, 31. In 

the presence of endothelial dysfunction, failure of appropriate epicardial and/or 

microvascular dilation limits the increase in CBF and subsequently leads to myocardial 

ischemia, cardiomyocyte injury and release of cardiac troponin 32–34 (Graphic Abstract). 
This may explain, at least in part, our novel findings of elevated u-hscTnI levels in women 

with limited CBF. Others 35 suggested that in patients without obstructive CAD, there was 

no correlation between coronary microvascular dilation assessed by CFR and levels of 

hscTnI, using only a high sensitivity assay. We extended these findings and found that u-

hscTnI levels were higher in women with microvascular constriction, assessed by CBF.

Previous studies suggested that the dilator response to nitroglycerin decreased with 

increasing age, perhaps secondary to decreased sensitivity of aging vascular smooth muscle 

cells or presence of mild atherosclerosis, preventing appropriate dilation 36, 37. However, 

when adjusting for other clinical variables, including age, we found independent 

associations between higher levels of u-hscTnI levels and limited coronary dilation in 

response to IC-NTG. This underscores the relationship between cardiomyocytes injury and 

coronary epicardial dilation. These results need to be further investigated in larger cohort.

Strengths and Limitations

The strengths of our study include comprehensive invasive physiological assessments of 

coronary vascular function and use, for the first time, of the u-hscTnI assay. This assay is 

very sensitive, detect cardiac troponin levels 100-fold lower versus commercially available 

hscTnI assays (Abbott ARCHITECT analyzer). Other strengths that helped to limit 

heterogeneity in this study include the fact that our selected cohort of women was 

sufficiently symptomatic to warrant referral for invasive coronary angiography and 

comprehensive testing excluded other etiologies of cardiomyocyte injury, secondary to either 

increase oxygen demand or decreased supply (such as anemia, arrhythmias and left 

ventricular hypertrophy). Limitations include that our results, from two centers with long 

experience in this area, may not be applicable to other centers and populations. Additionally, 

the extent of atherosclerosis was not assessed in this study, however a prior WISE IVUS 

sub-study found that in a sample of similar women, the majority have an atherosclerosis 

burden that is concealed by positive remodeling 38, which could potentially be related to 

higher u-hscTnI due to distal micro-emboli formation. Finally, the u-hscTnI assay has the 

ability to detect very low cardiac troponin levels. Therefore, despite carefully selected cohort 

and comprehensive adjustments, other etiologies of cardiomyocyte injury cannot be fully 
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excluded. Furthermore, u-hscTnI levels were associated with coronary microvascular 

constriction, and coronary epicardial dilation; a mixed pattern that needs further exploration 

in subsequent studies.

Conclusions

In clinically stable women with INOCA, we present for the first-time evidence that higher u-

hscTnI is independently associated with coronary vascular dysfunction. Our findings suggest 

that cardiomyocyte injury in the setting of coronary vascular dysfunction may contribute to 

the adverse cardiovascular outcomes observed in these women. Additional studies to 

confirm and investigate these findings with regard to mechanisms and prognosis in INOCA 

are needed.
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Abbreviations and Acronyms

INOCA Ischemia but no obstructive coronary artery disease

u-hscTnI Ultra-high sensitivity cardiac troponin

CFR Coronary flow reserve

IC-ADO Intra-coronary adenosine

IC-ACH Intra-coronary acetylcholine

IC-NTG Intra-coronary nitroglycerin

CBF Coronary blood flow

CAD Coronary artery disease

CI Confidence interval
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Highlights

• Women with symptoms and/or signs of ischemia but no obstructive coronary 

artery disease (INOCA) are increasing.

• Higher u-hscTnI is independently associated with coronary vascular 

dysfunction.

• Cardiomyocyte injury in the setting of coronary vascular dysfunction may 

contribute to the adverse cardiovascular outcomes observed in these women.
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Figure 1: Distribution of Selected Coronary Vascular Function Testing in 263 Women with 
Evidence of Ischemia and no Obstructive Coronary Artery Disease.
Most women underwent evaluation of >1 coronary vascular function pathway. Green 

represents women who underwent evaluation of coronary microvascular dilation using 

coronary flow reserve (CFR); orange represents women who underwent evaluation of 

coronary microvascular constriction using coronary blood flow (CBF); yellow represents 

women who underwent evaluation of coronary epicardial constriction using change in 

coronary artery diameter in response to intracoronary acetylcholine (IC-Ach); blue 

represents women who underwent evaluation of coronary epicardial dilation using change in 

in response to intracoronary nitroglycerin (IC-NTG).
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Figure 2: 
Box Plots demonstrating the relationship between the ultra-high sensitivity troponin I (u 

hscTnI) levels (log transformed) and (A) Normal and limited coronary blood flow response 

to intra-coronary acetylcholine (normal response defined as an increase in coronary blood 

flow in response to acetylcholine by ≥50%), (B) Normal and limited microvascular dilation 

to intra-coronary adenosine (normal coronary flow reserve ≥2.32), (C) Normal and limited 

coronary dilation in response to intra-coronary acetylcholine (normal response defined as an 

increase in coronary artery diameter in response to acetylcholine by ≥0%), (D) Normal and 

limited coronary artery dilation in response to intra-coronary nitroglycerin (normal response 

defined as an increase in coronary artery diameter in response to nitroglycerin by ≥20%).
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Table 1:

Pertinent Baseline Characteristics of the Women (N =263)

Age, years (mean±SD) 54±11

Body mass index, kg/m2 (mean±SD) 29±7

History of:

 - Diabetes, n (%) 27 (10%)

 - Hypertension, n (%) 115 (44%)

 - Dyslipidemia, n (%) 63 (24%)

 - Smoking, n (%) 91 (35%)

 - Family history of CAD, n (%) 108 (41%)

 - Pregnancy, n (%) 206 (78%)

Current use of hormonal replacement therapy, n (%) 39 (15%)

 - u-hscTnI (ng/L), median (IQR) 0.81 (0.44-1.52)

Medications

 - Beta blockers, n (%) 63 (24%)

 - ACEI/ARB, n (%) 59 (22%)

 - CCB, n (%) 41 (16%)

 - Statins, n (%) 85 (32%)

Coronary vascular function measures

 - Coronary flow reserve, median (IQR) 2.7 (2.3-3.0)

  - Limited coronary flow reserve, N (%) 74 (30%)

 - CBF in response to IC-ACH (%), median (IQR) 38.6 (6.5-100.4)

  - Limited CBF, N (%) 107 (55%)

 - Coronary diameter dilation in response to IC-ACH (%), median (IQR) 1.02 (−7.1-9.2)

  - Limited coronary epicardial constriction in response to IC-ACH, N (%) 105 (46%)

 - Coronary diameter dilation in response to IC-NTG (%), median (IQR) 15 (6.0-24.1)

  - Limited coronary epicardial dilation in response to IC-NTG, N (%) 144 (64)

SD: standard deviation, u-hscTnI: ultra-high sensitivity troponin, IQR: interquartile range, ACEI: angiotensin converting enzyme inhibitor, ARB: 
angiotensin-receptor blocker, CBF: coronary blood flow, IC-ACH: intra-coronary acetylcholine, IC-NTG: intra-coronary nitroglycerin. Normal 
coronary flow reserve ≥2.32, Normal coronary blood flow (CBF) ≥50%, normal coronary epicardial diameter change in response to IC-ACH ≥0% 
and normal coronary epicardial diameter change in response to IC-NTG ≥20%.
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Table 2:

Determinants of coronary vascular function using multivariable logistic regression models

Odds ratio 95% confidence interval p value

Coronary blood flow in response to acetylcholine <50%

Age, year 1.02 0.98-1.06 0.38

BMI, kg/m2 1.02 0.97-1.07 0.48

Hypertension 0.77 0.36-1.63 0.49

Diabetes 0.53 0.15-1.86 0.32

Smoking history 0.89 0.44-1.80 0.89

Hyperlipidemia 0.61 0.23-1.63 0.33

Use of statin therapy 0.61 1.01-6.47 0.047

Current use of HRT 1.41 0.56-3.57 0.47

u-hscTnI, pg/mL (per 100% increase) 1.38 1.03-1.84 0.033

Coronary epicardial constriction in response to acetylcholine

Age, year 1.02 0.99-1.06 0.19

BMI, kg/m2 1.06 1.01-1.11 0.019

Hypertension 0.97 0.48-1.95 0.93

Diabetes 2.82 0.92-8.65 0.07

Smoking history 0.73 0.38-1.40 0.35

Hyperlipidemia 0.94 0.39-2.24 0.88

Use of statins therapy 2.15 0.96-4.82 0.06

Current use of HRT 1.67 0.70-3.96 0.25

u-hscTnI, pg/mL (per 100% increase) 1.22 0.95-1.57 0.11

Coronary flow reserve in response to adenosine <2.32

Age, year 1.00 0.97-1.03 0.84

BMI, kg/m2 1.01 0.97-1.06 0.62

Hypertension 1.09 0.57-2.09 0.79

Diabetes 1.12 0.39-3.25 0.83

Smoking history 2.19 1.16-4.13 0.016

Hyperlipidemia 0.89 0.38-2.10 0.80

Use of statins therapy 1.35 0.62-2.95 0.45

Current use of HRT 0.81 0.35-1.87 0.61

u-hscTnI, pg/mL (per 100% increase) 0.98 0.79-1.22 0.88

Coronary epicardial dilation in response to nitroglycerin <20%

Age, year 1.02 0.98-1.05 0.30

BMI, kg/m2 0.97 0.92-1.01 0.16

Hypertension 0.84 0.41-1.71 0.63

Diabetes 1.44 0.46-4.44 0.53

Smoking history 1.64 0.84-3.19 0.15
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Odds ratio 95% confidence interval p value

Hyperlipidemia 0.63 0.25-1.57 0.33

Use of statins therapy 0.93 0.40-2.15 0.86

Current use of HRT 2.18 0.92-5.20 0.079

u-hscTnI, pg/mL (per 100% increase) 1.37 1.04-1.81 0.026

BMI: body mass index, HRT: hormonal replacement therapy, u-hscTnI: ultra-high sensitivity troponin I
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