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Abstract

Background: Women with signs and symptoms of ischemia and no obstructive

coronary artery disease (INOCA) are at risk of heart failure with preserved ejec-

tion fraction (HFpEF); however, the mechanism for HFpEF progression remains

unclear. Studies in INOCA have largely focused on left ventricular function. The

left atrium serves an important role in maintaining transmitral flow, and is

impaired in HFpEF; however, it remains unclear if left atrial function is impaired

in INOCA.

Hypothesis: Left atrial function is progressively worse in INOCA and HFpEF com-

pared to controls.

Methods: We compared 39 reference control subjects to 64 women with INOCA

and 22 subjects with HFpEF. Left atrial strain was assessed by feature tracking using

magnetic resonance cine images.

Results: Peak left atrial strain was reduced in HFpEF compared to controls

(22.9 ± 4.8% vs 25.9 ± 3.2%, P < .01), but similar in INOCA (24.8 ± 4.5%) compared

to HFpEF and controls (P = .18). However, left ventricular end-diastolic pressure

(LVEDP) was elevated in 33% of INOCA participants, suggesting that left atrial stiff-

ness (LVEDP/LA strain) is elevated in a large portion of women with INOCA.

Conclusions: Taken together, we interpret these data to support our working

hypothesis that INOCA is a pre-HFpEF state, with left atrial stiffness preceding overt

left atrial dysfunction; representing a putative therapeutic target to prevent HFpEF

progression in this at-risk population.
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1 | INTRODUCTION

Ischemic heart disease is the leading cause of death in women, with

annual mortality rates exceeding all forms of cancer combined.1 Work

from the NHLBI-Sponsored Women's Ischemia Syndrome Evaluation

(WISE) study suggests that most women presenting with signs and

symptoms of ischemia have no obstructive coronary artery disease

(INOCA),2 and that these women are at increased risk of developing

heart failure3; confirmed to be almost exclusively heart failure with

preserved ejection fraction (HFpEF).4 However, despite our increased

understanding, the pathophysiologic mechanism(s) driving heart fail-

ure progression in INOCA remains incompletely understood.

Consistent with the HFpEF phenotype, our group has shown that

women with INOCA often have left ventricular diastolic dysfunc-

tion5-8; however, these investigations have focused almost exclusively

on left ventricular relaxation. The left atrium also contributes in gener-

ating the transmitral pressure gradient needed to fill the ventricle, and

multiple investigations have shown that left atrial function provides

important insight into the adaptive changes that contribute to ventric-

ular filling.9-17 To the best of our knowledge, no study has evaluated

left atrial function in women with INOCA. Given that left atrial func-

tion is often impaired in HFpEF,16,18-21 we hypothesized that left

atrial function would also be impaired in INOCA.

2 | METHODS

2.1 | Study population

To test our specific hypothesis, left atrial function was assessed in

40 reference control women, 64 women with INOCA, and 23 women

and men with HFpEF, enrolled in the WISE-HFpEF study

(NCT02582021, enrolled in October2015-Feb 2020), or recruited as

part of our reference control registry. Women with INOCA presented

with persistent signs and symptoms of ischemia but had <50% coronary

artery stenosis confirmed by angiography. As part of the larger trial

design, left ventricular end-diastolic pressure (LVEDP) was measured by

a pressure catheter inserted through a peripheral artery and placed into

the lumen of the left ventricle. Women and men with stable chronic

HFpEF were recruited from the outpatient setting if they met modified

European Society of Cardiology criteria22 that included: symptoms of

heart failure, left ventricular ejection fraction ≥45%, structural evidence

of cardiovascular abnormalities (evidence of abnormal filling or relaxa-

tion, left atrial enlargement, or left ventricular hypertrophy documented

by echocardiogram), and evidence of elevated left ventricular filling

pressure (LVEDP or pulmonary capillary wedge pressure at rest

>15 mmHg and/or with exercise ≥25 mmHg, b-type natriuretic peptide

>100 pg/mL, or current use of diuretic). HFpEF subjects were excluded

if they had atrial fibrillation at time of imaging, significant valvular heart

disease, significant chronic pulmonary disease, or known history of

hypertrophic or infiltrative cardiomyopathy or constrictive pericarditis.

Obstructive coronary artery disease was ruled out in HFpEF subjects

using cardiac-computed tomographic angiography.23 Reference control

women did not have any symptoms, risk factors for, or evidence of

ischemic heart disease, confirmed by a standardized 12-lead treadmill

stress test.24 All study subjects gave written informed consent before

undergoing evaluation and the study protocol was approved by the

Institutional Review Board at Cedars-Sinai Medical Center.

2.2 | Cardiac magnetic resonance imaging

In the majority of subjects, cardiac magnetic resonance imaging was per-

formed on a 3.0T scanner (Siemens Healthineers, Erlangen, Germany);

however, a subset of participants (n = 27) underwent cardiac magnetic

resonance imaging on a 1.5T scanner (Siemens Healthineers, Erlangen,

Germany). In all cases, images were electrocardiogram-gated and a

phase-array surface coil (CP Body Array Flex; Siemens Healthineers) was

used. Long-axis views (ie, 4-, 3-, and 2-chamber) along with a series of

short-axis cine images spanning the entire left ventricle were collected

(steady-statefree-precession pulse sequence) for assessment of left ven-

tricular and left atrial morphology and function.

Left ventricular mass and volumes were assessed using the method

of disks, from a series of short-axis cine images spanning the entire left

ventricle, as previously described.25 Briefly, using the commercially

available software (CVI42 version 5.6.8; Circle Cardiovascular Imaging

Inc, Calgary, AB, Canada or CAAS MRV, Pie Medical Imaging, B.V.,

Netherlands), endocardial and epicardial borders were drawn manually

at end-diastole and end-systole on all short-axis slices that included

ventricular mass and volume, with care taken to avoid including blood

volume from the left ventricular outflow tract. Left ventricular mass and

volumes were reported as absolute and indexed to body surface area.26

Left ventricular ejection fraction was calculated as stroke volume

divided by end-diastolic volume, expressed as a percentage.

To evaluate left atrial strain, the horizontal and vertical long-axis

cine images (25 cardiac phases) were analyzed by feature tracking

using the CVI42 software (version 5.6.8; Circle Cardiovascular Imaging

Inc, Calgary, AB, Canada). A single experienced observer (S. K. Z.),

blinded to the clinical status of each subject, manually delineated the

endocardial and epicardial borders of the left atrium, on a single car-

diac phase at left ventricular end-systole (just prior to mitral valve

opening), before applying the feature tracking algorithm across the

remainder of cardiac phases. All strain measurements were performed

in duplicate; however, if discrepancies between repeat measurements

were identified, a third attempt was performed. Data were only

included if it satisfied internal standards, primarily based on image and

tracking quality. Insufficient tracking was defined as a visually appar-

ent deviation of the contours from the endocardial and/or epicardial

borders. In such a case, the contours were manually corrected and the

feature-tracking algorithm was reapplied. A second experienced

observer (M. D. N.), also blinded to the clinical status of the subject,

reviewed and confirmed all included data. Reported strain measure-

ments represent an average of each measurement trial for each sub-

ject. Data were excluded if both reviewers were not satisfied with the

tracking quality. Left atrial function was characterized by three dis-

tinct phases: reservoir, when the left atrium passively receives blood
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from the pulmonary circulation; conduit, when blood flows passively

from the atrium to the ventricle along the transmitral pressure gradi-

ent; and booster, when the left atrium contracts, transferring blood

into the ventricle. Intraobserver variability for reservoir, conduit, and

booster strain, reported as a coefficient of variation, are 2%, 4%, and

<1%, respectively. Left atrial stiffness index was defined by the ratio

between LVEDP and peak reservoir strain, as previously reported.27-31

31 To define the threshold of normal, all control subjects were

assumed to have a LVEDP of 12 mmHg (the upper limit of normal),

with the threshold for abnormal left atrial stiffness set two SD above

the calculated mean.

Left atrial volume was measured using the same horizontal and

vertical long-axis images, along with the left ventricular outflow tract

view (ie, 3-chamber), as previously described,32 at three specific time

points: end of ventricular systole (immediately prior to mitral valve

opening) to assess left atrial reservoir volume, early ventricular dias-

tole (immediately prior the atrial contraction) to assess left atrial

conduit volume, and at late ventricular diastole (immediately following

mitral-valve closure) to determine left atrial booster volume. Left atrial

ejection fraction was calculated as the difference between reservoir

and booster volume divided by reservoir volume, expressed as a

percentage.

2.3 | Statistical methods

Data were analyzed using IBM SPSS Statistics 24 (version 13.0). All

data are reported as mean ± SD, unless otherwise specified. Group

comparisons were made using either one-way analysis of variance or

Kruskal-Wallis tests and chi-square or Fisher exact tests for categori-

cal variables. Analysis of covariance was also performed on measures

of left atrial function to reduce error associated with between-group

variance in age and body mass index. When necessary, study variables

were transformed to approximate normality. When a significant

TABLE 1 Subjects demographics and resting hemodynamics

Reference control INOCA HFpEF P-value

n 39 64 22 —

Age, years 50 ± 8 55 ± 11a 62 ± 11a,b <.001

Female 39 (100%) 64 (100%) 18 (82%) <.001

Caucasian 23 (59%) 55 (86%) 14 (64%) .004

Body mass index 25.4 ± 3.7 28.1 ± 6.7 30.9 ± 6.8a,b .005

Body surface area, m2 1.7 ± 0.2 1.7 ± 0.2 1.9 ± 0.2a,b .003

Rest hemodynamics

Heart rate, bpm 62 ± 8 63 ± 8 64 ± 11 .56

Systolic blood pressure, mmHg 121 ± 18 119 ± 14 128 ± 21 .19

Diastolic blood pressure, mmHg 61 ± 11 63 ± 10 68 ± 10 .12

LV end-diastolic volume, mL 121 ± 24 119 ± 19 130 ± 44 .82

LV end-systolic volume, mL 38 ± 8 44 ± 10a 52 ± 28a .01

LV stroke volume, mL 83 ± 20 75 ± 12 77 ± 18 .08

LV ejection fraction, % 68 ± 5 63 ± 5a 61 ± 6a <.001

LV mass, g 76.8 ± 14.4 76.2 ± 12.7 87.9 ± 30.9 .25

Medical history

Hypertension 0 (0%) 20 (31%) 18 (82%) <.001

Diabetes 0 (0%) 3 (5%) 4 (18%) .008

Dyslipidemia 0 (0%) 8 (13%) 5 (23%) .001

Myocardial infarction 0 (0%) 16 (25%) 0 (0%) <.001

Medications

Diuretics 0 (0%) 10 (16%) 16 (73%) <.001

Angiotensin converting enzyme inhibitors 0 (0%) 19 (30%) 4 (18%) .002

Angiotensin receptor blockers 0 (0%) 5 (8%) 5 (23%) .03

Beta blockers 0 (0%) 20 (31%) 13 (59%) <.001

Calcium-channel blockers 0 (0%) 22 (34%) 8 (36%) <.001

Nitrates 0 (0%) 29 (45%) 4 (18%) <.001

Note: Values expressed as mean ± SD or n (%).

Abbreviations: HFpEF, heart failure with preserved ejection fraction; INOCA, ischemia and no obstructive coronary artery disease; LV, left ventricular.
aP < .05 vs control.
bP < .05 vs INOCA.
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difference was found, post hoc testing for specific group differences

was performed using LSD (parametric) or Mann-Whitney (nonpara-

metric) comparisons. For all tests, two-sidedP values of ≤.05 were

considered to indicate statistical significance.

3 | RESULTS

Data analysis for left atrial strain was successful in all but two subjects

(2%) who were excluded from the final analysis due to technical chal-

lenges associated with image analysis, leaving a total of 39 reference

controls, 64 INOCA, and 22 HFpEF subjects. In 3 of the 22 (14%) sub-

jects with HFpEF, conduit and booster strain were not easily discern-

ible, and therefore not included in the analysis.

Subject characteristics are depicted in Table 1. HFpEF subjects

were on average older, and had a higher body mass index and body

surface area, compared to the other groups. The majority of HFpEF

participants were classified as NYHA class II (NYHA class: I, n = 1; II,

n = 16; and III, n = 5). Left ventricular end-diastolic volume and left

ventricular mass were similar between groups; however, left ventricu-

lar end-systolic volume was higher in HFpEF and INOCA, compared

to controls, resulting in a small but significant difference in left ven-

tricular ejection fraction between groups (Table 1).

Consistent with prior reports, left atrial reservoir strain was

lower in HFpEF than reference controls, as was left atrial conduit

strain (Figure 1). In contrast, left atrial reservoir strain and conduit

strain were similar between both controls and INOCA, and HFpEF

and INOCA (Figure 1). A similar between-group pattern was also

observed in left atrial volume, with HFpEF having the highest reser-

voir, conduit, and booster volume compared to controls, with

INOCA in the middle (Table 2). After adjusting for age and body

mass index, group differences in left atrial strain were eliminated;

however, the group differences in left atrial volume persisted

(Table 2).

F IGURE 1 A, High resolution horizontal long-axis cine image showing left atrial (LA) strain vectors (yellow) derived from the feature tracking
algorithm, at each phase of the cardiac cycle: reservoir, conduit, and booster. B, Strain curves from a representative subject from each of the
three groups: control (blue), ischemia and no obstructive coronary artery disease (gold), and heart failure with preserved ejection fraction (red).
Each LA phase is also highlighted in the background: pink, reservoir; green, conduit; and blue, booster. C, Summary data showing LA reservoir
(left) conduit (middle) and booster (right) strain across the heart failure continuum
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Remarkably, 33% of INOCA participants had a LVEDP > 12 mmHg,

with 19% having an LVEDP ≥ 16 mmHg. Thus, even though left atrial

reservoir strain was similar between INOCA and controls, by

definition,28-31 a large cohort of INOCA participants had increased left

atrial stiffness (Figure 2). Indeed, by assuming all control participants

had an LVEDP of 12 mmHg (ie, the upper limit of normal), average left

atrial stiffness in the control group was estimated to be 0.47 ± 0.06;

placing the threshold for normal at 0.59 (ie, 2 SD above the mean).

Based on these conservative estimates, 13 of 64 (20%) INOCA partici-

pants had elevated left atrial stiffness (Figure 2).

4 | DISCUSSION

Multiple investigations have shown that left atrial function provides

important insight into the adaptive changes that contribute to ventric-

ular filling.9-17 This investigation sought to assess left atrial function in

INOCA, to expand our pathophysiologic understanding of progression

to heart failure in this patient cohort. Our data confirm prior

reports16,18-21 showing reduced reservoir strain in HFpEF compared

to reference controls. Moreover, while we did not observe a frank

reduction in left atrial strain in INOCA compared to controls, left atrial

stiffness was elevated in roughly 20% of INOCA participants.

Together, these data support left atrial dysfunction as a putative

mechanism contributing to HFpEF progression in INOCA.

Previous work by our group has established impaired left ventric-

ular early diastolic strain rate and peak ventricular untwisting rate, as

hallmark features of INOCA.7,8,33 Here we extend these observations

by evaluating left atrial function for the first time in INOCA, and relate

these data to HFpEF. Consistent with recent reports, we observed a

marked reduction in left atrial reservoir strain in HFpEF compared to

reference controls.18,20,21,34 In contrast to our original hypothesis;

however, we did not observe differences in left atrial strain between

INOCA and controls; nor did the differences between HFpEF and

TABLE 2 Left atrial morphology and
function

Control INOCA HFpEF P-value Adjusted P-value

Left atrial volume index, mL/m2

Reservoir 23.7 ± 3.3 30.4 ± 5.5a 34.9 ± 10.3a,b <.001 <.001

Conduit 18.8 ± 2.8 24.4 ± 4.9a 27.1 ± 6.4a <.001 <.001

Booster 13.9 ± 2.4 17.9 ± 4.0a 20.9 ± 5.7a,b <.001 <.001

Left atrial ejection fraction, %

43.2 ± 5.2 41.3 ± 6.0 35.9 ± 8.9a,b .005 .03

Left atrial strain, %

Reservoir 25.9 ± 3.2 24.8 ± 4.5 23.0 ± 4.8a .03 .47

Conduit 16.0 ± 3.8 14.8 ± 4.1 12.8 ± 5.0a .03 .98

Booster 9.1 ± 1.7 9.3 ± 2.2 9.4 ± 3.8 .73 .68

Note: Data adjusted for age and body mass index.

Abbreviations: HFpEF, heart failure with preserved ejection fraction; INOCA, ischemia and no obstructive

coronary artery disease.
aP < .05 vs control.
bP < .05 vs INOCA.

F IGURE 2 Left atrial stiffness is
elevated in a large number of women
with ischemia but no obstructive
coronary artery disease. Data are divided
into four quadrants. Vertical line drawn at
12 mmHg left ventricular end-diastolic
pressure (LVEDP), the upper limit of
normal. Horizontal line is drawn at 0.59,
which is two standard deviations above
the average reference control left atrial
stiffness index, estimated by assuming all
reference control subjects had an LVEDP
of 12 mmHg. Women with ischemia and
no obstructive coronary artery disease
identified as having elevated left atrial
stiffness denoted in red
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controls remain after adjusting for age and body mass index. How-

ever, LVEDP was elevated in a third of INOCA participants, suggesting

that left atrial stiffness (ie, LVEDP/LA strain) is elevated in a large por-

tion of women with INOCA. While LVEDP was not measured in con-

trol participants, we felt it was reasonable to assume that the filling

pressures were ≤12 mmHg.35 Assuming the upper limit of this

cutpoint for all control subjects, we identified 13 of 64 INOCA partici-

pants with left atrial stiffness values beyond what could reasonably be

explained. This interpretation is further supported by the left atrial

volume data, which showed a stepwise increase in reservoir volume

from control to INOCA to HFpEF; suggesting that the INOCA group

may be operating along the steeper portion of their left atrial compli-

ance curve. Together, these data support our general working hypoth-

esis that INOCA represents a pre-HFpEF state, whereby subclinical

adaptations have not yet manifested into overt remodeling and dys-

function. Whether left atrial stiffness can be reversed in INOCA is

beyond the scope of this investigation, but may represent an impor-

tant therapeutic target. Caution is warranted; however, as simply low-

ering cardiac filling pressures may have a negative consequence on

patients relying on this hemodynamic shift to fill the cardiac cham-

bers. Accordingly, studies addressing the pathophysiologic

mechanism(s) driving changes in cardiac hemodynamics in INOCA

remain critically important.

5 | LIMITATIONS

Measuring LVEDP was not clinically indicated in the HFpEF partici-

pants at the time of enrollment, nor was it justifiable in the control

participants. Surrogate measures of left ventricular filling pressure, like

the ratio between early mitral inflow velocity-to-early annular tissue

velocity, are commonly used to estimate left atrial stiffness.27-31

These measures were only available in a subset of participants; how-

ever, and therefore not included in the body of the manuscript;

despite supporting our overall interpretation (Figure S1). The sample

size particularly for the reference control group and HFpEF partici-

pants was admittedly low; however, the study was adequately

powered to detect differences in our primary endpoint, left atrial res-

ervoir strain. Moreover, the HFpEF participants were older and had a

higher body mass index compared to the other two groups. While sta-

tistical adjustments were made to account for these group differ-

ences, this remains a limitation of this study. Finally, as with other

image analysis, the data herein should be interpreted within the con-

fines of both the image modality used to acquire the data (ie, MRI)

and analysis software used to determine left atrial strain (ie, feature

tracking).

6 | CONCLUSIONS

The data herein suggest that left atrial stiffness is elevated in a large

cohort of women with INOCA. Future investigations are needed to

define the mechanism contributing to left atrial stiffness in this patient

cohort and to determine if lowering left atrial stiffness can prevent

heart failure progression in this at risk population.

ACKNOWLEDGMENTS

This work was supported by the National Institutes of Health, nos.

N01-HV-68164, N01-HV-68163, N01-HV-68162, N01-HV-6816,

U01 HL649241, U01 HL649141, R00 HL124323, UL1TR000124,

T32 HL69751, K23HL127262, K23HL105787, MO1-RR00425,

K23HL125941, U01 64829, R03 AG032631, and UL1TR000064, and

grants from the Women's Guild of Cedars-Sinai Medical Center; the

Gustavus and Louis Pfeiffer Research Foundation; the Barbra

Streisand Women's Cardiovascular Research and Education Program,

Cedars-Sinai Medical Center; the Ladies Hospital Aid Society of West-

ern Pennsylvania; QMED, Inc, the Edythe L. Broad Women's Heart

Research Fellowship, Cedars-Sinai Medical Center, Los Angeles; the

American Heart Association (16SDG27260115, 18PRE33960358),

and the Harry S. Moss Heart Trust. The authors thank Dr Daisha

Cipher for her assistance and expert advice on statistical analysis.

CONFLICT OF INTEREST

C. Noel Bairey Merz: Abbott Diagnostics, Sanofi Vascular, iRhythm.

ORCID

Michael D. Nelson https://orcid.org/0000-0002-3232-8639

REFERENCES

1. Go AS, Mozaffarian D, Roger VL, et al. Heart disease and stroke

statistics–2013 update: a report from the American Heart Associa-

tion. Circulation. 2013;127(1):e6-e245.

2. Bairey Merz CN, Shaw LJ, Reis SE, et al. Insights from the NHLBI-

Sponsored Women's Ischemia Syndrome Evaluation (WISE) Study:

Part II: gender differences in presentation, diagnosis, and outcome

with regard to gender-based pathophysiology of atherosclerosis and

macrovascular and microvascular coronary disease. J Am Coll Cardiol.

2006;47(3):S21-S29.

3. Gulati M, Cooper-DeHoff RM, McClure C, et al. Adverse cardiovascu-

lar outcomes in women with nonobstructive coronary artery disease:

a report from the Women's Ischemia Syndrome Evaluation Study and

the St James Women Take Heart Project. Arch Intern Med. 2009;169

(9):843-850.

4. Bakir M, Nelson MD, Jones E, et al. Heart failure hospitalization in

women with signs and symptoms of ischemia: a report from the

women's ischemia syndrome evaluation study. Int J Cardiol. 2016;

223:936-939.

5. Bakir M, Wei J, Nelson MD, et al. Cardiac magnetic resonance imag-

ing for myocardial perfusion and diastolic function-reference control

values for women. Cardiovasc Diagn Ther. 2016;6(1):78-86.

6. Nelson MD. Left ventricular diastolic dysfunction in women with non-

obstructive ischemic heart disease: insights from magnetic resonance

imaging and spectroscopy. Am J Physiol Regul Integr Comp Physiol.

2017;313(4):R322-R329.

7. Nelson MD, Szczepaniak LS, Wei J, et al. Diastolic dysfunction in

women with signs and symptoms of ischemia in the absence of

obstructive coronary artery disease: a hypothesis-generating study.

Circ Cardiovasc Imaging. 2014;7(3):510-516.

8. Wei J, Mehta PK, Shufelt C, et al. Diastolic dysfunction measured by

cardiac magnetic resonance imaging in women with signs and symp-

toms of ischemia but no obstructive coronary artery disease. Int J Car-

diol. 2016;220:775-780.

ZAMANI ET AL. 991

https://orcid.org/0000-0002-3232-8639
https://orcid.org/0000-0002-3232-8639


9. Carluccio E, Biagioli P, Mengoni A, et al. Left atrial reservoir function

and outcome in heart failure with reduced ejection fraction. Circ

Cardiovasc Imaging. 2018;11(11):e007696.

10. Ersboll M, Andersen MJ, Valeur N, et al. The prognostic value of left

atrial peak reservoir strain in acute myocardial infarction is dependent

on left ventricular longitudinal function and left atrial size. Circ Cardi-

ovasc Imaging. 2013;6(1):26-33.

11. Galli E, Fournet M, Chabanne C, et al. Prognostic value of left atrial

reservoir function in patients with severe aortic stenosis: a 2D

speckle-tracking echocardiographic study. Eur Heart J Cardiovasc

Imaging. 2016;17(5):533-541.

12. Hinojar R, Zamorano JL, Fernandez-Mendez M, et al. Prognostic value

of left atrial function by cardiovascular magnetic resonance feature

tracking in hypertrophic cardiomyopathy. Int J Cardiovasc Imaging.

2019;35(6):1055-1065.

13. Malagoli A, Rossi L, Bursi F, et al. Left atrial function predicts cardio-

vascular events in patients with chronic heart failure with reduced

ejection fraction. J Am Soc Echocardiogr. 2019;32(2):248-256.

14. Sanchis L, Andrea R, Falces C, et al. Prognostic value of left atrial

strain in outpatients with de novo heart failure. J Am Soc Echocardiogr.

2016;29(11):1035-1042. e1031.

15. Sonaglioni A, Vincenti A, Baravelli M, et al. Prognostic value of global

left atrial peak strain in patients with acute ischemic stroke and no

evidence of atrial fibrillation. Int J Cardiovasc Imaging. 2019;35(4):

603-613.

16. Reddy YNV, Obokata M, Egbe A, et al. Left atrial strain and compli-

ance in the diagnostic evaluation of heart failure with preserved ejec-

tion fraction. Eur J Heart Fail. 2019;21(7):891-900.

17. von Roeder M, Rommel KP, Kowallick JT, et al. Influence of left atrial

function on exercise capacity and left ventricular function in patients

with heart failure and preserved ejection fraction. Circ Cardiovasc

Imaging. 2017;10(4):e005467.

18. Al Saikhan L, Hughes AD, Chung WS, Alsharqi M,

Nihoyannopoulos P. Left atrial function in heart failure with mid-

range ejection fraction differs from that of heart failure with pre-

served ejection fraction: a 2D speckle-tracking echocardiographic

study. Eur Heart J Cardiovasc Imaging. 2019;20(3):279-290.

19. Kowallick JT, Kutty S, Edelmann F, et al. Quantification of left atrial

strain and strain rate using cardiovascular magnetic resonance myo-

cardial feature tracking: a feasibility study. J Cardiovasc Magn Reson.

2014;16(1):60.

20. Melenovsky V, Hwang SJ, Redfield MM, Zakeri R, Lin G, Borlaug BA.

Left atrial remodeling and function in advanced heart failure with pre-

served or reduced ejection fraction. Circ Heart Fail. 2015;8(2):

295-303.

21. Santos AB, Kraigher-Krainer E, Gupta DK, et al. Impaired left atrial

function in heart failure with preserved ejection fraction. Eur J Heart

Fail. 2014;16(10):1096-1103.

22. Ponikowski P, Voors AA, Anker SD, et al. 2016 ESC guidelines for the

diagnosis and treatment of acute and chronic heart failure: the task

force for the diagnosis and treatment of acute and chronic heart fail-

ure of the European Society of Cardiology (ESC) developed with the

special contribution of the Heart Failure Association (HFA) of the

ESC. Eur Heart J. 2016;37(27):2129-2200.

23. Lee JH, Han D, Hartaigh BO, et al. Influence of symptom typicality for

predicting MACE in patients without obstructive coronary artery dis-

ease: from the CONFIRM Registry (Coronary Computed Tomography

Angiography Evaluation for Clinical Outcomes: an International Multi-

center Registry). Clin Cardiol. 2018;41(5):586-593.

24. 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. Circulation.

2017;135(11):1075-1092.

25. Thomson LE, Wei J, Agarwal M, et al. Cardiac magnetic resonance

myocardial perfusion reserve index is reduced in women with coro-

nary microvascular dysfunction. A National Heart, Lung, and Blood

Institute-sponsored study from the Women's Ischemia Syndrome

Evaluation. Circ Cardiovasc Imaging. 2015;8(4).e002481

26. Du Bois D, Du Bois EF. Clinical calorimetry: tenth paper a formula to

estimate the approximate surface area if height and weight be known.

Arch Intern Med. 1916;18(6–2):863-871.
27. Alsaied T, Niss O, Tretter JT, et al. Left atrial dysfunction in sickle cell

anemia is associated with diffuse myocardial fibrosis, increased right

ventricular pressure and reduced exercise capacity. Sci Rep. 2020;10

(1):1767.

28. Kurt M, Wang J, Torre-Amione G, Nagueh SF. Left atrial function in

diastolic heart failure. Circ Cardiovasc Imaging. 2009;2(1):10-15.

29. Meyhofer S, Schmid SM, Hohl M, Reil JC. Disturbed ventricular-

arterial coupling and increased left atrial stiffness in a patient with

heart failure with preserved ejection fraction and hyperaldosteronism:

a case report. Eur Heart J Case Rep. 2019;3(4):1-6.

30. Moon I, Lee SY, Lee E, et al. Extensive left atrial ablation was associ-

ated with exacerbation of left atrial stiffness and dyspnea.

J Cardiovasc Electrophysiol. 2019;30(12):2782-2789.

31. Telles F, Nanayakkara S, Evans S, et al. Impaired left atrial strain predicts

abnormal exercise haemodynamics in heart failure with preserved ejec-

tion fraction. Eur J Heart Fail. 2019;21(4):495-505.

32. Maceira AM, Cosin-Sales J, Roughton M, Prasad SK, Pennell DJ. Refer-

ence left atrial dimensions and volumes by steady state free precession

cardiovascular magnetic resonance. J Cardiovasc Magn Reson. 2010;

12:65.

33. Nelson MD, Sharif B, Shaw JL, et al. Myocardial tissue deformation is

reduced in subjects with coronary microvascular dysfunction but not

rescued by treatment with ranolazine. Clin Cardiol. 2017;40(5):

300-306.

34. Leng S, Tan RS, Zhao X, Allen JC, Koh AS, Zhong L. Validation of a rapid

semi-automated method to assess left atrial longitudinal phasic strains

on cine cardiovascular magnetic resonance imaging. J Cardiovasc Magn

Reson. 2018;20(1):71.

35. Bouchard RJ, Gault JH, Ross J Jr. Evaluation of pulmonary arterial

end-diastolic pressure as an estimate of left ventricular end-diastolic

pressure in patients with normal and abnormal left ventricular perfor-

mance. Circulation. 1971;40:1072-1079.

SUPPORTING INFORMATION

Additional supporting information may be found online in the

Supporting Information section at the end of this article.

How to cite this article: Zamani SK, Samuel TJ, Wei J, et al.

Left atrial stiffness in women with ischemia and no obstructive

coronary artery disease: Novel insight from left atrial feature

tracking. Clin Cardiol. 2020;43:986–992. https://doi.org/10.

1002/clc.23395

992 ZAMANI ET AL.

https://doi.org/10.1002/clc.23395
https://doi.org/10.1002/clc.23395

	Left atrial stiffness in women with ischemia and no obstructive coronary artery disease: Novel insight from left atrial fea...
	1  INTRODUCTION
	2  METHODS
	2.1  Study population
	2.2  Cardiac magnetic resonance imaging
	2.3  Statistical methods

	3  RESULTS
	4  DISCUSSION
	5  LIMITATIONS
	6  CONCLUSIONS
	ACKNOWLEDGMENTS
	  CONFLICT OF INTEREST
	REFERENCES


