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Abstract

Background: It has recently been shown that magnetic resonance (MR) “native T1” mapping is
capable of characterizing abnormal microcirculation in patients with obstructive coronary artery
disease (CAD). In studies involving women with signs and symptoms of ischemia and no
obstructive CAD (INOCA), however, the potential role of native T1 as an imaging marker and its
association with indices of diastolic function or vasodilator-induced myocardial ischemia have not
been explored. We investigated whether native T1 in INOCA is associated with reduced
myocardial perfusion reserve index (MPRI) or with diastolic dysfunction.

Methods: Twenty-two female patients with INOCA and twelve female reference controls with
matching age and body-mass index were studied. The patients had evidence of vasodilator-induced
ischemia without obstructive CAD or any prior infarction. All 34 subjects underwent stress/rest
MR including native T1 mapping (MOLLI 5(3)3) at 1.5-Tesla.

Results: Compared with controls, patients had similar morphology/function. As expected, MPRI
was significantly reduced in patients compared to controls (1.78 £ 0.39 vs. 2.49 + 0.41, p
<0.0001). Native T1 was significantly elevated in patients (1040.1 + 29.3 ms vs. 1003.8 + 18.5 ms,
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p < 0.001) and the increased T1 showed a significant inverse correlation with MPRI (r = -0.481, p
= 0.004), but was not correlated with reduced diastolic strain rate.

Conclusions: Symptomatic women with INOCA have elevated native T1 compared to matched
reference controls and there is a significant association between elevated native T1 and impaired
MPRI, considered a surrogate measure of ischemia severity in this cohort. Future studies in a
larger cohort are needed to elucidate the mechanism underlying this inverse relationship.
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coronary microvascular dysfunction; nonobstructive coronary artery disease; microvascular
angina; myocardial T1; myocardial perfusion; coronary microcirculation

INTRODUCTION

Cardiovascular disease is the leading cause of mortality in women in the United States with
approximately 400,000 deaths occurring annually, and a majority of these deaths are due to
ischemic heart disease.! However, more than 50% of women who present with symptoms of
ischemic heart disease have no obstructive coronary artery disease (CAD).2 As a result,
many of these symptomatic women are inappropriately deemed to be low-risk patients
according to traditional stenosis-based management strategies due to the lack of obstructive
CAD and often-preserved left ventricular (LV) ejection fraction (EF). In fact, women with
signs and symptoms of ischemia and no obstructive CAD (INOCA) often have coronary
microvascular dysfunction (CMD),3# demonstrated by the National Heart, Lung and Blood
Institute-sponsored Women’s Ischemia Syndrome Evaluation (WISE) clinical studies.>-
Defined by an abnormal response to gold-standard invasive coronary reactivity testing of
microvascular pathways, CMD carries a higher risk of major adverse cardiac events
compared to healthy or asymptomatic women, despite the absence of obstructive CAD.27:8
Elevated rates of heart failure hospitalization — predominantly with preserved EF — are
also observed in these women,8 leading to the hypothesis that CMD and microvascular
angina® may be mechanistically linked to the subsequent development of heart failure with
preserved EF (HFpEF).10

Native or pre-contrast myocardial T1 mapping using cardiac magnetic resonance (MR)
imaging has emerged as a powerful non-invasive marker of myocardial disease, providing
novel insight into myocardial tissue characteristics. Native T1 is sensitive to water content in
the intracellular and extracellular myocardial compartments as well as the intravascular
space (in form of intramyocardial blood). Diffusely elevated native T1 values are known to
be suggestive of expanded extracellular matrix in the presence of diffuse myocardial
fibrosis!112 and/or increased intramyocardial blood, e.g., in patients with aortic stenosis.13

Recently, Liu et al.}4 have shown that, in patients with obstructive CAD, native myocardial
T1 “reactivity” can detect the myocardial territory affected by significant epicardial stenosis.
This feature in obstructive CAD is primarily driven by elevated native T1 at rest.1® Patients
with INOCA often have nonobstructive CAD in form of diffuse coronary atherosclerosis as
has been observed in intravascular ultrasound studies of WISE6 and another similar cohort.
17 1n this pilot study of WISE women, we aimed to determine if there is abnormally elevated
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native T1 in women with INOCA compared to matched normal controls, and to evaluate the
relationship between native T1 and MR-derived indices of perfusion reserve and diastolic
function in this cohort.

Study Population

Women who were previously evaluated at Cedars-Sinai Medical Center for stable and
persistent signs and symptoms of ischemia in the absence of obstructive CAD and who had
objective evidence of vasodilator-induced ischemia (described below) were studied. All
subjects were enrolled in the Women’s Ischemia Syndrome Evaluation Coronary Vascular
Dysfunction (WISE-CVD) study with approval from the institutional review board.
Reference control subjects (matched to the patient group) were recruited as described below.
All subjects provided informed consent and their treating physicians approved their
participation.

INOCA Subjects.—The enrolled subjects had preserved LV EF, symptoms of ischemia
(chest pain and/or dyspnea), and no evidence of obstructive CAD (defined as =50% luminal
diameter stenosis in =1 epicardial coronary artery) based on prior invasive coronary
angiograms assessed by the WISE-CVD angiographic core laboratory. Among these
subjects, the study was limited to those who had a history of INOCA based on a clinically-
indicated abnormal invasive coronary reactivity test or an abnormal myocardial perfusion
reserve index (MPRI) from a prior adenosine-stress cardiac MR scan. The invasive coronary
reactivity test (within a 5-month period prior to the current study) was performed as
previously described81? and abnormality was defined as having a coronary flow velocity
reserve of < 2.3.”. Abnormal MPRI was defined as a mean value of <1.84. This MPRI
abnormality threshold was determined to be the best predictor of abnormal coronary
reactivity (invasive test) based on receiver-operator characteristic curve analysis in a study of
118 INOCA women from the abovementioned WISE-CVD cohort, conducted prior to the
current study.20 The use of invasive/noninvasive measures of coronary/myocardial flow
reserve to define INOCA in subjects with symptoms of myocardial ischemia and no
obstructive CAD is in accordance with prior inclusion criteria in WISE-related studies2%:21
and also is in accordance with the established literature22 including the recently published
international standardization of diagnostic criteria for microvascular angina.® Exclusionary
criteria included: prior myocardial infarction, chest pain with known nonischemic etiology,
nonischemic cardiomyopathy, acute coronary syndrome, planned or prior percutaneous
intervention or coronary bypass surgery, primary valvular disease, pregnancy, noncardiac
disease with life expectancy <4 years, and any contraindications to MR including
contraindications to gadolinium contrast and vasodilator stress. None of the enrolled patients
were suspected of having or had a history of myocarditis or vasculitis, and none had
evidence of HFpEF or prior hospitalization for heart failure.

Reference Controls.—Healthy women who were matched in age and body mass index to
the INOCA subjects and satisfied all of the following criteria were recruited to serve as
reference controls for the imaging study: (1) no symptoms and no cardiac risk factors
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according to the U.S. National Cholesterol Education Program guidelines; (2) none of the
exclusion criteria described above; (3) no evidence of ischemic heart disease based on a
normal maximal exercise treadmill stress testing with Bruce protocol.

Imaging Protocol

MR imaging was performed on a 1.5 Tesla clinical scanner (Magnetom Avanto, Siemens
Healthcare, Erlangen, Germany) with a vendor-provided 12-channel coil array. All study
subjects underwent a standardized cardiac MR protocol including function, stress/rest
perfusion, and viability imaging. Subjects were instructed to abstain from caffeine intake
and certain medications prior to their scheduled exam as detailed previously.2%

Data Acquisition: Function, Perfusion, and Viability.—Cine function images were
acquired in 10-12 short-axis slices using a standard steady-state free precession (SSFP)
pulse sequence. First-pass perfusion imaging was performed during vasodilator stress
followed by a rest scan (after a minimum 10-minute delay) using a gadolinium-based
contrast agent (Gadodiamide; Omniscan) with a dose of 0.05 mmol/kg per scan (injection
rate: 4 mL/s). Vasodilator stress imaging was performed using adenosine (dose: 140 mcg/kg/
min; infusion time ~ 4 minutes). The pulse sequence for perfusion imaging acquired 3
standard short-axis slices in every heartbeat using a gradient-echo/EPI hybrid sequence with
two-fold parallel imaging acceleration. Following the stress/rest perfusion scans, an
additional bolus of 0.1 mmol/kg contrast was injected and late gadolinium enhancement
(LGE) images were obtained using a standard protocol.2°

Data Acquisition: Native T1 Mapping.—In all subjects, native T1 mapping was
performed in a mid-ventricular short-axis slice using a previously validated pulse sequence
(vendor-provided MOLLI 5(3)3 implemented as “Siemens work-in-progress” package
version 780 employing an adiabatic inversion pulse23 optimized forT1 mapping). Native T1
maps were generated “inline” (within the scanner platform) using phase-sensitive inversion
recovery fitting with a three-parameter signal model?4 following automatic nonrigid motion
correction applied to the acquired T1-weighted images using a previously described method.
24.25 Careful cardiac shimming was performed to avoid confounding effects of off-resonance
on T1 measurements. The MOLLI acquisitions were ECG-triggered and obtained during an
11-heartbeat breath-hold at end-expiration. Typical imaging parameters included flip angle:
35°, repetition/echo time: 2.7/1.1 ms, slice thickness: 8 mm, in-plane resolution: 1.4 x 1.8
mm?, parallel imaging factor: 2.

Data Analysis

LV Function and Viability.—LV function and mass was assessed by manually tracing the
epicardial and endocardial borders of short-axis cine images using the CAAS MRV software
(Pie Medical Imaging, Maastricht, Netherlands). LV mass index was calculated by
normalizing the mass to body surface area (BSA). LV EF was calculated as stroke volume
divided by end-diastolic volume. Strain analysis using tissue/feature tracking was performed
in short-axis cine images using the “cvi42” software (Circle CVI, Calgary, Canada). LGE
images were read by two experienced clinical investigators to identify areas of focal/diffuse
enhancement. For INOCA subjects, visual inspection of the cine SSFP images (normalized
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intensities) was performed in cvi42 (mid slice only; two readers in consensus) to detect T2-
weighted intensity heterogeneity as a sign of overt/localized edema according to prior work
by Kumar et al.28

Myocardial Perfusion Reserve Index.—First-pass myocardial perfusion images were
analyzed to quantify MPRI on a segmental basis using CAAS MRV. MPRI for each segment
was calculated as the ratio of normalized stress upslope to normalized rest upslope.29 The
average of the segmental MPRI values was used as the “mean MPRI” for each studied
subject.

T1 Mapping.—In all subjects, native T1 values were analyzed for the mid-ventricular slice
from the inline-generated T1 maps using cvi42, blinded to function and strain. Raw T1
images (before and after inline motion correction) and T1 maps were examined for image
quality prior to analysis. Mean “global” native T1 values were measured using conservative
endocardial and epicardial segmentation,2’ taking care to exclude partial volume effects
from the blood-pool and surrounding tissue/fat (representative example shown in
Supplementary Figure 1). Six AFIA myocardial segments were automatically delineated
using the right-ventricular insertion points as landmarks. In addition to the global native T1
value, the septal native T1 was measured in each case by averaging the T1 values from
antero-and infero-septal segments.

Statistical Methods

RESULTS

Statistical analyses were performed using GraphPad Prism (GraphPad, La Jolla, California,
United States). Differences between INOCA subjects and reference controls were compared
using unpaired Student t-tests. Bivariate correlations were assessed using the Pearson
coefficient. All statistical tests were two-tailed with a p value < 0.05 considered statistically
significant. Continuous variables are described as mean * standard deviation.

Baseline Characteristics

One INOCA subject was excluded from the study prior to data analysis due to poor image
quality of the generated T1 maps, leaving 22 INOCA subjects. The subject characteristics
and clinical information for reference controls (n=12 females) and INOCA subjects (n=22
females) are described in Table 1. By design, the reference control subjects were well
matched with INOCA subjects for sex, age, body mass index, and surface area (Table 1).

Structure and Function

INOCA subjects had preserved LV EF (mean EF: 68.2 £ 6.2%). No significant difference
was observed in LV volumes, mass, mass index, or EF between INOCA subjects and
reference controls. Only one subject had LV hypertrophy based on > 70 g/m? abnormality
threshold?8 for BSA-indexed LV mass in females (all other subjects had mass index < 60
g/m?). Additionally, no difference was observed in peak circumferential systolic strain or
systolic strain rate. Compared with controls, the peak circumferential diastolic strain rate
was reduced in INOCA subjects compared to reference controls (102.7 £ 29.9 vs. 126.0
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+ 34.9 %ls, p = 0.055). Visual inspection of cine SSFP myocardial signal intensities did not
detect overt/localized edema in any of the subjects.28

Tissue Characterization: Perfusion and Viability

As expected, mean MPRI was significantly lower in INOCA subjects compared to reference
controls (1.78 £ 0.39 vs. 2.49 £ 0.41, p < 0.0001). Positive LGE findings (focal or diffuse/
patchy enhancement) were not observed in any of the INOCA subjects or any of the
reference control subjects. Moreover, no significant correlation was found between MPRI
and diastolic strain rate.

Tissue Characterization: Native Myocardial T1 Mapping

Six out of 204 myocardial segments in the 34 subjects (3% of all segments) were excluded
due to presence of artifacts in the T1 maps — caused by imperfect motion correction (during
the 11-heartbeat breath-hold) or susceptibility effects. INOCA subjects had both
significantly higher mean global and septal native T1 values compared with reference
controls as shown in Figure 1 (global T1: 1040.1 £29.3 ms vs. 1003.8 + 18.5 ms, p < 0.001;
septal T1: 1054.7 + 30.2 ms vs. 1019.5 + 20.8 ms, p = 0.001). Table 2 summarizes the
imaging results.

Examining the Partial-volume Effect on Native T1

INOCA subjects had a slightly higher mean wall thickness than controls but this difference
was insignificant (controls: 8.6 £ 1.4 mm vs. INOCA: 9.8 + 2.6 mm, p = 0.15). To examine
if the partial-volume effect contributed to the differences in native T1, subjects with the
highest and lowest quartiles of septal wall thickness were analyzed separately. Among all
studied subjects, there was not a significant difference between the native T1 of those with
the thickest wall vs. those with the thinnest wall (thickest quartile: 1045 + 27 ms vs. thinnest
quartile: 1036 + 25 ms, p = 0.62). Additionally, wall thickness was not correlated to global
or septal native T1 (p = 0.20 and p = 0.74, respectively).

Correlates of Native Myocardial T1

LV EF was not correlated with septal or global native T1. No significant correlation was
observed between native T1 (septal or global) and circumferential diastolic strain rate. LV
mass index showed a slight correlation to native T1 that was not statistically significant
(global: r = 0.305, p = 0.079; septal: r = 0.295, p = 0.091). A significant inverse correlation
was observed between native myocardial T1 (both global and septal) and MPRI (global: r =
-0.481, p = 0.004; septal: r = -0.381, p = 0.026). Figure 2 shows the correlation result for
global native T1 against MPRI.

DISCUSSION

The present pilot study applied native myocardial T1 mapping in a distinct population of
women with signs and symptoms of ischemia and no obstructive CAD (INOCA) in
comparison to matched reference controls to: (a) evaluate whether native T1 values are
abnormally elevated in INOCA subjects; and (b) interrogate the link between elevated native
T1 and impaired myocardial perfusion reserve index (MPRI), a surrogate measure of
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vasodilator-induced ischemia, and MR-derived markers of diastolic function. Our results
showed elevated native myocardial T1 values in the INOCA group compared to the
reference controls. Furthermore, in addition to significantly reduced MPRI in INOCA
subjects versus controls, in this study we observed a significant inverse association between
elevated native T1 and MPRI. On the other hand, elevated native T1 was not found to be
related to diastolic dysfunction (reduced circumferential diastolic strain rate). We also did
not find a significant correlation between impaired MPRI (a surrogate marker of
“microvascular ischemia™) and diastolic dysfunction, which is consistent with our prior
study in a similar population that used tagged cine MR for measurement of diastolic strain
rate.21

The list of risk factors for the patient group in our study—specifically the high prevalence of
well-controlled hypertension and low prevalence of diabetes—is consistent with prior WISE
studies’:8:20.21.29 and other large studies involving male/female patients with INOCA;30 and,
along with aging, are considered to be the common risk factors driving the pathophysiology
in such cohorts.22:31 Of note, it has been shown that arterial hypertension is associated with
diffuse remodeling of intramyocardial microvasculature,?2: 32 which can occur in
hypertensive patients with microvascular angina in the absence of LV hypertrophy.33
Although our patient cohort was nearly free of LV hypertrophy (Table 2), the slightly higher
LV mass for INOCA subjects compared to reference controls has also been observed in
previous WISE studies,2%:21 and is consistent with the association between systemic
vasomotor dysfunction and subclinical LV hypertrophy in apparently healthy adults.34
Similarly to our results that showed no significant correlation between MPRI and LV mass
index, a larger WISE study did not observe a correlation between invasively measured
coronary flow velocity reserve and indices of LV mass and LV concentric remodeling.’
Outside the scope of WISE-related investigations, a recent study of women with suspected
CMD as part of the iPOWER study did not observe a relationship between myocardial
perfusion reserve and native T1.3% Aside from notable differences in methodology (e.g.,
perfusion reserve in iPOWER was measured 1-8 months after the MRI study using PET),
this lack of association may be attributed to the major differences in patient characteristics/
demographics and risk-factors, which include the following compared to our WISE patient
population: the iPOWER subjects were ~10 years older, did not all have symptoms of
ischemia (72% vs. 100% in our study), had a notably higher systolic blood pressure (mean
of 146.5 mmHg vs. 128.6 mmHg in our study) and had a 2-fold higher prevalence for
smoking (63% vs. 32% in our study).

The primary imaging marker for noninvasive assessment of INOCA or suspected CMD is
myocardial perfusion reserve, which has been established based on PET studies?2 36 37 and
MR-measured MPRI.20 However, MR-based quantification of perfusion reserve requires
administration of gadolinium-based contrast agents, which have recently been under
increased scrutiny in the imaging community38 and may pose limitations especially for
serial assessment in therapeutic studies given the large cumulative gadolinium dose needed
for serial imaging. In such scenarios and if the association between impaired MPRI and
elevated native T1 observed in our pilot study is confirmed in a larger INOCA study, native
myocardial T1 may evolve as a gadolinium-free surrogate imaging marker of disease
severity/progression for evaluating the effectiveness of novel therapies239 in this cohort.
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Hypothesis on the Link Between Elevated Native T1 and Impaired Vasodilator Reserve

The multi-factorial nature of native T1 as an imaging marker and the small sample size in
the presented pilot study do not allow us to elucidate the mechanism for the observed
increase in native T1 in INOCA subjects, e.g., to differentiate the potential contribution of
diffuse fibrosis versus intramyocardial blood volume to the elevated native T1. However, the
lack of association between impaired MPRI and diastolic dysfunction combined with the
significant correlation between impaired MPRI and native T1 leads us to hypothesize that
the increased native T1 observed in this relatively younger cohort of INOCA subjects
without LV hypertrophy may be secondary to elevated intramyocardial water content
(intramyocardial blood volume and/or intracellular water content) at rest. Additional support
for this hypothesis is that the difference in native T1 in our patient cohort versus controls is
similar to the difference seen at 1.5 Tesla in resting native T1 of obstructive CAD patients
versus controls by Liu et al.,14 which is also explained by microcirculatory autoregulation,®
and is notably lower than the difference seen in cohorts with known diffuse myocardial
fibrosis.40 Other factors such as myocardial edema may contribute to elevated native T1 -
although, in the current study, we did not observe any overt localized edema. Future studies
involving multi-parametric tissue characterization — including T2 mapping for detection of
diffuse/subclinical edema — and stress/rest native T1 mapping!* using heart-rate-
independent techniques®! may be able to provide more insight into the underlying
mechanisms contributing to elevated native T1 and its inverse association with MPRI in this
cohort.

Study Limitations

Our imaging protocol used a clinically-available perfusion MR technique that did not
include the acquisition of an unsaturated arterial input function to reliably enable the
quantification of absolute myocardial blood flow. Therefore, our analysis, similarly to
previous WISE studies, 20 2% was limited to a semi-quantitative measure of perfusion reserve
(i.e., MPRI) — which has been shown to be non-inferior to fully-quantitative analysis in
detection of obstructive CAD*2 and a potential prognostic marker in INOCA.43
Nevertheless, future work using absolute quantification of myocardial blood flow#44° at
peak hyperemia vs. rest can provide additional insight into the mechanism for impaired
perfusion reserve and its association with elevated native T1. The mean normal native T1
value determined in this study is within the range of previously reported normal values at 1.5
Tesla.46-48 Also, the difference between global and septal T1 in our study (~20 ms) is likely
due to known off-resonance effects in MOLLI sequences, and is consistent with previous
studies at 1.5 Tesla.#® The current study was limited to T1 mapping in a mid-ventricular
slice with the underlying assumption that the mid slice is representative of the diffuse/global
pathophysiology in INOCA.

CONCLUSIONS

Women with signs and symptoms of ischemia (chest pain and/or shortness of breath) in the
absence of obstructive CAD show an elevated native myocardial T1 compared to matched
reference controls. Our findings in this cohort show an inverse association between elevated
native myocardial T1 and MR-derived myocardial perfusion reserve index, which is
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considered a surrogate measure of ischemia severity in this cohort. The underlying
mechanism for this association remains to be investigated in future studies. If this inverse
relationship is confirmed in a larger study, it would represent a step towards demonstrating
the utility of native T1 mapping in assessment of patients with INOCA as it may lead to
native T1 evolving as a non-contrast surrogate marker of disease severity/progression in this
cohort with implications for serial imaging-based evaluation of therapies without using
Gadolinium-based contrast agents.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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. Women with signs and symptoms of myocardial ischemia and no obstructive
coronary artery disease (INOCA) often have coronary microvascular
dysfunction.

. In this pilot study, native T1 was significantly elevated in INOCA patients
compared to matched reference controls.

. The increased native T1 showed a significant inverse correlation with
myocardial perfusion reserve index.

. Native myocardial T1 may evolve as a useful imaging marker in serial studies

of INOCA patients.
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Septal Native Myocardial T1

Native myocardial T1 in subjects with ischemia and no obstructive coronary artery disease
(INOCA) is compared with matched reference controls. Left: comparison of global T1;
mean value for reference controls: 1003.8 + 18.5 ms vs. 1040.1 + 29.3 ms for INOCA
subjects, p < 0.001. Right: comparison of septal T1; mean value for reference controls:
1019.5 + 20.8 ms vs. 1054.7 + 30.2 ms for INOCA subjects, p = 0.001.
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Figure 2:
Evaluation of the linear association between elevated native myocardial T1 and reduced

perfusion reserve quantified by myocardial perfusion reserve index (MPRI). A statistically
significant inverse correlation is observed between global native myocardial T1 and MPRI (r
=-0.481, p = 0.004).
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Table 1.
Baseline characteristics.

Baseline clinical and demographic characteristics of the study population.

Variable Reference INOCA p value
Controls Subjects

Number 12 22
Females 12 (100%) 22 (100%)
Age (years) 49.2+11 526 +13 0.436
BMI (Kg/m2) 255+45 27.2+53 0344
BSA (m2) 178020 1.82+019 0.506
Risk Factors:

Hypertension 0 11 (50%)

Type Il Diabetes 0 3(14%)

Ever Smoker 0 7 (32%)

Dyslipidemia 0 10 (45%)

Family History of CAD 0 16 (73%)
Medications:

Beta blockers 0 10 (45%)

Calcium channel blockers 0 4 (18%)

Nitrates 0 6 (27%)

Aspirin 0 14 (64%)

ACE inhibitors 0 3 (14%)

Statins 0 12 (55%)
Symptoms:

Chest pain 0 11 (50%)

Dyspnea 0 15 (68%)

Values are mean + standard deviation, or number (percentage).

BMI = body mass index; BSA = body surface area; CAD = coronary artery disease; INOCA = ischemia and no obstructive CAD; ACE =
Angiotensin-converting enzyme.
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Table 2.
Imaging data for patients and controls.

Cardiac magnetic resonance measures for the reference controls (n=12 females) and INOCA subjects (n=22
females).

Reference INOCA p value
Controls Subjects
MPRI 249+041 1.78 £0.39 <0.0001 "
Presence of LGE 0 0 -
LV EF (%) 67.7+1.7 68.2+6.2 0.787
LV ED volume (ml) 1275+ 18.3 127.1+25.4 0.964
LV ES volume (ml) 41.2+6.32 41.2+155 0.998
LV stroke volume (ml) 84.0+12.4 859+ 14.1 0.690
LV mass (g) 744+173 855217 0.136
LV mass index (g/m?) 417+70 47.1+121 0.169
Presence of LV hypertrophy 0 1(5%) -
Cardiac output 532+1.21 5.86 + 1.58 0.332
Systolic circumferential -19.7+224 -183%3.33 0.235
strain (%)
Systolic circumferential -94.1+13.0 -94.8+19.3 0.919
strain rate (%/s)
Diastolic circumferential 126.0 £34.9 102.7 £29.9 0.055
strain rate (%0/s)
Global native 1003.8+185 1040.1£293 .(go1*
myocardial T1 (ms)
Septal native 1019.5+208 1054.7+302 goo1*

myocardial T1 (ms)
Resting systolic BP (mmHg) 121.7 +14.3 128.6 +18.9 0.210
Resting HR (beats per minute) 60.9 + 10.9 66.9 +8.3 0.286
Stress HR (beats per minute) 96.7 +19.1 92.6 +12.7 0.474
Resting rate-pressure product 7409+1493 8623+1711 0.129
Stress rate-pressure product 11425+2467 11813+ 1965 0.629

*
indicates statistical significance.
Values are mean + standard deviation or number (percentage).

INOCA = ischemia and no obstructive coronary artery disease; ED = end diastolic; ES = end systolic; EF = ejection fraction; LGE = late
gadolinium enhancement; LV = left ventricular; MPRI = myocardial perfusion reserve index; BP = blood pressure; HR = heart rate.
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