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Abstract

Background: Impairment of left atrial (LA) function is linked to left ventricle (LV) mechanics in patients with heart
failure with preserved ejection fraction (HFpEF). In this study, we set forth to determine the difference in LA mechan-
ics compared between HFpEF patients with different degrees of LV strains using the cardiac magnetic resonance
feature tracking technique.

Methods: This retrospective study enrolled 79 patients with prior heart failure event and LV ejection fraction

(LVEF) > 50% (HFpEF group) together with 2:1 matched controls. LV global longitudinal strain (GLS), global circumfer-
ential strain (GCS), and global radial strain (GRS); LA emptying fraction (LAEF); and, LA strains consisting of reservoir
phase strain (LAS,), conduit phase strain (LAS_4), and contraction phase strain (LAS,,) were derived from cine images.
All LA parameters were compared between HFpEF subgroups (lower and higher LV strain stratified by the median of
each LV strain value) and controls.

Results: A total of 237 subjects were included. HFpEF had a lower LAEF and LA strain values compared with con-
trols. The mean GLS value was significantly different between HFpEF and controls (—13.3+£3.4% vs. — 154+ 2.2%,
p<0.001). HFpEF with lower GLS (value > — 13.1%) had significantly impaired LA mechanical parameters compared
with both HFpEF with higher GLS and controls independent of potential confounders, as follows: LAEF (38.8 +-16.6%
vs. 486 £ 15.7% and 54.2+12.2%), LAS, (146 £7.1% vs. 24.3+£9.6% and 26.7 £8.8%), and LAS 4 (— 6.6 £ 3.9%
vs.—12.94£6.0% and — 14.7 £ 7.4%) (post hoc analysis of variance p <0.05 for all comparisons). Similarly, HFpEF

with lower GCS (value > — 16.6%) or lower GRS (value <27.9%) also had significant impairment of LAS, and LAS 4
compared with the higher strain group and controls. Abnormal LAEF (< 50%) and abnormal LAS, (< 23%) are inde-
pendently associated with NYHA class > Il (Odds ratio [OR] 3.894 [95% Cl 2.202-6.885] p < 0.001, adjusted OR 3.382
[1.791-6.389] p<0.001 for abnormal LAEF; and OR 2.613 [1.497-4.562] p=0.001, adjusted OR 2.064 [1.118-2.110]
p=0.021 for abnormal LAS)).

Conclusions: Patients with HFpEF were found to have impaired LV and LA mechanics. Abnormal LA mechanics was
highly prevalent in HFpEF patients with lower LV strain and significantly associated with the symptomatic status of the
patients.

Keywords: Heart failure with preserved ejection fraction, Left atrial strain, Left atrial function, Cardiac magnetic
resonance, Feature tracking
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Introduction
The left atrium (LA) plays a major role in heart failure
(HF) with preserved ejection fraction (HFpEF) [1, 2].
When atrial compliance is lost, progressive volume-pres-
sure overload eventually leads to deterioration of atrial
function [3, 4]. This change subsequently contributes to
the disease progression of HFpEF [4, 5]. The relation-
ship between left ventricular (LV) and LA physiology is
dynamic depending on the stage of heart failure [6].
Cardiac magnetic resonance (CMR) feature tracking
(CMR-FT) is an emerging technique for the evaluation
of LV and LA strain that demonstrates the deforma-
tion of structures [7, 8]. The advantage of this technique
arises from the use of the steady-state free precession
(SSFP) sequence, which has a relatively high signal-to-
noise ratio, contrast-to-noise ratio [8], and it is rou-
tinely included in the current standard CMR protocol
[9]. Moreover, the LA longitudinal strain value can
also be derived from the same images, which enhances
the benefit of this imaging technique. Previous studies
have reported a difference in LA strain among different
grades of LV diastolic function [10-12], and patterns
of strain impairment in different stages of HFpEF have
been purposed [6]; however, differential impairment of
LA mechanics influenced by impaired LV mechanics in
such population is not well understood. We hypothesized
that HFpEF patients would have impaired LV and LA
strain compared to controls, and that HFpEF with lesser
LV strain values would have more impairment of LA
mechanics. The aims of this study were 1) to determine
the difference in LA volume and mechanical parameters,
including LA emptying fraction (LAEF), LA expansion
index, and LA strain, between HFpEF and controls; and,
2) to determine the differences in LA parameters com-
pared among HFpEF patients with different degrees of
LV strain using CMR-FT.

Methods

Study population

Patients that underwent CMR during August 2017 to
March 2021 and that satisfied all of the following criteria
were consecutively included: 1) age > 18 years, 2) history
of at least 1 prior HF event, 3) LVEF >50%, and 4) was
referred for adenosine stress or viability protocol CMR.
Prior HF event was defined as new or worsening symp-
toms of HF with two types objective evidence from phys-
ical examination or one type of evidence from physical
examination with one positive laboratory criterion, and
receiving initiation or intensification of treatment spe-
cifically for HF [13]. The electronic database was use to
filter out patients with exclusion criteria. The exclusion
criteria included LVEF by CMR<50% and moderate to
severe left-sided valvular heart diseases including aortic
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or mitral stenosis and regurgitation. The electronic medi-
cal records of all included subjects were reviewed. Con-
trol subjects with LVEF >50% without a history of HF
together with a negative ischemia result and absence of
myocardial scar were selected from the same period and
matched at a ratio of 2:1 (Fig. 1) using propensity scoring
based on age, gender, and comorbidities.

Image acquisition

All images were acquired using a 3-T magnetic reso-
nance scanner (Ingenia; Philips Medical System, Best,
the Netherlands) with a 32-channel dStream coil. The
standard protocol included 1) black blood axial images;
2) SSEP cine images in a short axis stack with complete
LV coverage, and 2-, 3-, and 4-chamber long axis views;
3) adenosine-stress perfusion scan; and, 4) LGE images.
SSEP sequences were acquired during expiratory breath-
holds with retrospective ECG gating. All cine images
were acquired in 25 phases per cardiac cycle with 8 mm
slice thickness without gap. The average parameters were,
as follows: field of view 270 x 320 mm?, echo time 1.4 ms,
repetition time 2.9 ms, flip angle 45°, and acquired voxel
size 1.5x1.4x8 mm? The temporal resolution was
34+ 6 ms.

Image post-processing

Image post-processing and analysis was performed
using CVI42 software version 5.12 (Circle Cardiovas-
cular Imaging, Calgary, Alberta, Canada). The primary
observer who performed the feature tracking analysis was
blinded to the subject group and patient comorbidities.
Basic CMR parameters were measured using software-
based semi-automated function analysis. Parameters
were indexed for body surface area when appropriate.

LV feature tracking analysis
The LV endocardial and epicardial borders were defined
using software-based auto contour detection in 2-, 3-,
and 4-chamber long axis cine images (Fig. 2 and Addi-
tional file 2—4), and in all slices of short axis cine images
with a complete circumference of myocardium (Addi-
tional file 1: Figure S1) with carefully exclusion of pap-
illary muscle and blood pool. Two-dimensional (2D)
feature tracking was analyzed by the software with man-
ual corrections being made, as needed. The peak value of
global longitudinal strain (GLS) was derived from 3 long
axis images (Fig. 2K), while the peak values of global cir-
cumferential strain (GCS) and global radial strain (GRS)
were derived from short axis images (Additional file 1:
Fig. 1). The definitions of these LV strain parameters were
previously described in greater detail [7, 14].

To determine the difference in LA function in HFpEF
using LV strain, the HFpEF group was subdivided into
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5,604 subjects who underwent cardiac magnetic resonance (CMR)
during August 2017 to March 2021 were screened

Y

351 subjects with history of heart failure event were assessed

Y

excluded 261 subjects with LVEF < 50%

« 34 subjects also had moderate
to severe mitral regurgitation

« 9 subjects also had moderatre
aortic regurgitation

y
90 subjects with history of heart failure and LVEF > 50%

« excluded 2 subjects with moderate to
severe aortic stenosis

« excluded 1 subject with severe mitral
stenosis

Y

y

87 subjects were included to retrospective chart review

excluded 8 subjects consistent with HFrEF with
improved LVEF (previous LVEF from
echocardiography < 50%)

Y

y

79 subjects were included to the final analysis (HFpEF group)
(29 males, 50 females)

158 matched controls were randomly selected from the database
(58 males, 100 females)

Y

Fig. 1 Flow diagram of the study protocol

the lower strain and the higher strain groups for GLS, were categorized into the lower strain group for each

GCS, and GRS using the median of each LV strain value  analysis i.e., lower GLS means less negative GLS value;

as the cut-off. Strain values of less negative or less posi- lower GCS means less negative GCS value; and lower

tive than the median, depending on each strain types, GRS means less positive GRS value. Lower strain indi-
cates abnormality in each strain type.
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Fig. 2 Left ventricular and atrial contours demonstrated in long axis images from cardiac magnetic resonance feature tracking (CMR-FT). Left
ventricular (LV) endocardial (red line) and epicardial (green line) borders were semi-automatically drawn in 2-, 3-, and 4-chamber cine images (A-C)
at the end-diastolic phase, while left atrial (LA) strain contours were manually drawn in 2- and 4-chamber cine images (D, E) at the end-diastole
phase as displayed. In-plane motion of each voxel point within the region of interest was subsequently tracked by the software. Examples of

point tracking at peak systolic phase are displayed on both the epicardial (green dots and lines) and endocardial (red dots and lines) borders of

LV (Additional file 2-4) and LA (F, G; Additional file 5-6). The dots represent the current position of tracked voxel points, and the lines represent
deformation from the baseline images. Longitudinal strain values were derived from the time-strain curves of LV global longitudinal strain (GLS)

(H) and LA strain, including left atrial strain during reservoir phase (LAS)), left atrial strain during conduit phase (LAS_y), left atrial strain during
contraction phase (LAS.,) (I)
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LA volume and function analysis

The LA endocardial border was manually traced with
exclusion of pulmonary veins and atrial appendage [15,
16] on 2- and 4-chamber cine images during the ven-
tricular end-diastolic and end-systolic phases to measure
minimum LA volume (LAV,_; ) and maximum LA vol-
ume (LAV,, ), respectively. LA volume was derived by
software-based calculation using the bi-plane area-length
method [16-18]. LAV ;, and LAV . were also indexed
for BSA. LAEF was used to represent the total empty-
ing function of the LA, whereas LA expansion index was
used to represent reservoir function. Phasic LA emptying
fraction (i.e., passive LAEF and active LAEF) and conduit
volume were also measured. The formula for calculating
these parameters were previously described [1, 4, 19].

LA feature tracking analysis

The endocardial and epicardial borders were manually
traced on 2- and 4-chamber long axis images with extrap-
olation across pulmonary veins and the atrial appendage
orifice [20-22] (Fig. 2 and Additional file 5-6). Ven-
tricular end-diastole was defined as the zero-strain ref-
erence according to EACVI/ASE/Industry Task Force
[20]. Automatic 2D feature tracking was then applied
(Additional file 5-6) and the initial contours were care-
fully readjusted to attain a sufficient border for tracking.
Peak strain value and strain value before the atrial con-
traction phase were identified from the derived longitu-
dinal strain—time curve (Fig. 2L). The different types of
longitudinal LA strain were then analyzed to obtain each
phasic LA strain corresponding to its function [1] [i.e.,
strain during reservoir phase (LAS,), strain during con-
duit phase (LAS_4), and strain during contraction phase
(LAS_)] using the following nomenclature and defini-
tions published by the task force [20]:

+ LAS,, the difference between peak strain value and
reference (positive value)

+ LAS_, the difference between pre-atrial contraction
strain value and peak strain value (negative value)

+ LAS,, the difference between pre-atrial contraction
strain value and reference (negative value) (was not
measured in patients with persistent atrial fibrilla-
tion)

Statistical analysis

All statistical analyses were performed using SPSS 21.0
software (SPSS, Inc., Chicago, IL, USA). Baseline char-
acteristics and basic CMR parameters were compared
between the HFpEF group and controls using independ-
ent t-test. LA volume and mechanical parameters were
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tested for differences among the lower strain group,
the higher strain group, and controls using one-way
analysis of variance (ANOVA) and post hoc pairwise
comparisons with Bonferroni correction. For each LA
parameter, multiple linear regression was performed
to adjust for age, gender, LVEF, LV mass index (LVMI),
LGE status (presence or absence of scar), and heart rate.
Reported cut-off for abnormal GLS (value of less nega-
tive than — 16%) [23], abnormal LA volume index (LAVi)
(>34 ml/m?), abnormal LAEF (total LAEF <50%), and
abnormal LAS, (value of less positive than 23%) [24] were
also assessed for sensitivity and specificity to determine
HFpEF and association with the New York Heart Asso-
ciation (NYHA) functional classification adjusted for age,
gender, and atrial fibrillation (AF) using logistic regres-
sion analysis.

Other categorical variables were compared using chi-
square test or Fischer’s exact test, as appropriate. Correla-
tions are described using Pearson’s correlation coefficient
(r). Categorical variables are expressed as the number
and percentage of subjects, and continuous variables as
mean =+ standard deviation (SD). Statistical significance
was defined as a 2-tailed p-value of less than 0.05.

Results
A total number of 79 HFpEF patients and 158 matched
controls were included in the final analysis (Fig. 1). Most
cine images were of sufficient quality for feature tracking
analysis except 1 subject in the HFpEF group due to the
presence of artifacts. The mean age of total subjects was
70.9£10.5 years, and most subjects were female (63.3%).
The average LVEF was 70.5+£7.0% (range: 52.6—86.5%).
Baseline characteristics of the HFpEF group and the con-
trol group are given in Table 1. The HFpEF group had a
higher prevalence of AF, and 7 of those patients still had
AF rhythm during CMR scan. Mitral regurgitation was
also more common in HFpEF group. Most of HFpEF
patients were in NYHA class II. Diuretic use was sig-
nificantly more common in the HFpEF group than in the
control group, while other cardiovascular medications
were not significantly different between groups. Diagno-
ses of patients in the HFpEF group that had been made
by CMR were coronary artery disease (CAD) (26.6%),
hypertrophic cardiomyopathy (13.9%), LV noncompac-
tion (3.5%), and amyloidosis (2.5%). Ischemic-pattern
scar as assessed by late-gadolinium enhancement (LGE)
visualization was presented in 16.5%. However, the
majority of HFpEF patients in this study (53.2%) did not
fulfill any of the specific criteria for myocardial disease
with the absence of myocardial scar.

All types of LV strain (GLS, GCS, and GRS), the maxi-
mum and minimum LA volume index (LAVi,,,, LAVi_, ),
and all LA mechanical parameters (total LAEF, passive
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Table 1 Baseline characteristics compared between HFpEF and controls
Characteristics HFpEF (n=79) Controls (n=158) p-value
Age (years) 716+£115 7064100 0.491
Male gender 29 (36.7%) 58 (36.7%) 1.000
Body mass index (kg/m?) 268+56 266+46 0.767
NYHA-II 68 (86.1%) - -
NYHA-III 1 (13.9%) - -
Hyperlipidemia 51 (64.6%) 116 (73.4%) 0.159
Diabetes 44 (55.7%) 85 (53.8%) 0.782
Hypertension 61 (77.2%) 14 (72.2%) 0403
History of myocardial infarction 5(6.3%) 0 (0.0%) 0.164
History of revascularization 7 (8.9%) 0 (0%) 0.333
History of atrial fibrillation 19 (24.1%) 2(1.3%) <0.001
Mitral regurgitation 28 (35.4%) 21 (13.3%) <0.001
Medication use’
Aspirin 28 (43.1%) 63 (47.4%) 0.569
Statin 43 (66.2%) 95 (71.4%) 0.448
B-blockers 38 (58.5%) 77 (57.9%) 0.939
ACEi 9 (13.8%) 16 (12.0%) 0.718
ARB 18 (27.7%) 42 (31.6%) 0.576
Diuretics 27 (41.5%) 31 (23.3%) 0.008

Data presented as mean =+ standard deviation or number and percentage

ACEi angiotensin-converting enzyme inhibitors; ARB angiotensin receptor blockers; HFpEF heart failure with preserved ejection fraction; NYHA New York Heart

Association functional class
A p-value <0.05 indicates statistical significance (bold and italic)
 Medication data were available for 83.5% (n = 198) of total subjects

LAEF, active LAEF, LA expansion index, LAS, LAS_,,
and LAS_) were significantly different between HFpEF
and controls (Table 2). GLS had a moderate negative cor-
relation with total LAEF, LA expansion index, and LAS,
(Pearson’s correlation coefficient (r) of —0.406, — 0.406,
and —0.500, respectively). Of the 3 types of LV strain,
GLS was the most closely correlated with evaluated
parameters. All 3 LV strain parameters had a better cor-
relation with LAS, than with LAS,, LAS_, and total
LAEF (Additional file 1: Table S1).

LA volume and mechanical parameters compared

between HFpEF subgroups stratified by type of LV strain
and controls

The median GLS, GCS, and GRS values in the HFpEF
group were—13.1%,—16.6%, and 27.9%, respectively.
Patients in the HFpEF group were stratified into 2 sub-
groups according to the median of each strain, as fol-
lows: 1) HFpEF with lower GLS (value>-13.1%) and
higher GLS (value< —13.1%), 2) HFpEF with lower GCS
(value >-16.6%) and higher GCS (value<16.6%), and 3)
HFpEF with lower GRS (value<27.9%) and higher GRS
(value >27.9%). Total LAEF, LAS, and LAS 4 were all
significantly impaired in HFpEF patients with signifi-
cantly more impairment in the lower GLS group than

in the higher GLS group, and than in the control group
(Fig. 3). Mean LAS_, was only significantly different
between HFpEF with higher GLS and controls, but not
between the lower and higher GLS subgroups. All LA
parameters remained significantly different after adjust-
ing for age, gender, LVEF, LVMI, LGE status, and heart
rate (Additional file 1: Table S2).

When HFpEF patients were stratified by GCS and GRS,
LA volume and mechanical parameters except for total
LAEF and LA expansion index of the lower strain group
were significantly different from other groups. All LA
parameters remained significantly different after adjust-
ing for age, gender, LVEF, LVMI, LGE status, and heart
rate (Additional file 1: Table S3 and S4).

Sensitivity analyses were performed by 1) excluding
the patients with AF, and 2) excluding the patients with
positive LGE. The results of that analysis showed that
HEFpEF with a GLS value > —13.1% still had significantly
impaired LAS, and LAS_4 compared to both HFpEF with
a GLS value< —13.1% and controls (LAS: 17.7+5.3% vs.
26.9+7.8% [p<0.001] and 26.9+8.7% [p <0.001], respec-
tively; LAS 4—7.443.9% vs.—14.4+5.3% [p<0.001]
and —14.8+7.3% [p<0.001], respectively), and after
excluding patients with positive LGE (LAS,: 15.2+£7.5%
vs. 24.3+10.2% [p=0.002] and 26.7£8.8% [p<0.001],
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Table 2 CMR parameters compared between HFpEF and controls

Parameters HFpEF (n=79) Controls (n=158) p-value

Basic parameters
LVEDV index (ml/m?) 66.6+14.9 64.8+12.1 0315
LVESV index (ml/m?) 213482 189+£6.3 0.013
LVEF (%) 68.6+7.6 715+63 0.002
LVMI (g/m2) 640+£19.7 532+£108 <0.001
RVEDV index (ml/m?) 64.1+£168 656+139 0461
RVEF (%) 57.5£100 56.6+£8.5 0467

LV strain parameters
GLS (%) —133+34 —154422 <0.001
GCS (%) —164£36 —189+£28 <0.001
GRS (%) 28.1+88 343481 <0.001

LA volume and mechanical parameters
LAVi o (Ml/?) 4514211 3594103 <0.001
LAViin (Ml/m?) 2734209 16.7+7.2 <0.001
LAEF, total (%) 435+£168 5424122 <0.001
LAEF, passive (%) 208+96 262+95 <0.001
LAEF, active (%) 255111 286+£9.1 0.043
LA expansion index (%) 928+£57.2 1320544 <0.001
Conduit volume index (ml/m?) 275483 261493 0.236
LAS, (%) 195+£9.7 26.7+88 <0.001
LAS 4 (%) —97+£59 —148+74 <0.001
LAS; (%) —10.7£52 —124+43 0.017
Abnormal GLS (= — 16%) 59 (75.6%) 87 (56.1%) 0.004
Abnormal LAVI (>34 ml/m?2) 54 (68.4%) 84 (53.5%) 0.029
Abnormal LAST (< 23%) 49 (62.0%) 60 (38.5%) 0.001
Abnormal LAEF (< 50%) 47 (59.5%) 43 (27.4%) <0.001
Heart rate (beats per minute) 73.0£135 71.0£126 0.237

Data presented as mean =+ standard deviation or number and percentage

CMR indicates cardiac magnetic resonance; HFpEF heart failure with preserved ejection fraction; GCS global circumferential strain; GLS global longitudinal strain;

GRS global radial strain; LAVi,,,, maximal left atrial volume index; LAVi,,,;,

minimal left atrial volume index; LAEF left atrial emptying fraction; LAS,, left atrial strain

during conduit phase; LAS,, left atrial strain during contraction phase; LAS, left atrial strain during reservoir phase; LVEDV left ventricular end-diastolic volume; LVEF
left ventricular ejection fraction; LVESV left ventricular end-systolic volume; LVMI LV mass index; RVEDV right ventricular end-diastolic volume; RVEF right ventricular

ejection fraction
A p-value <0.05 indicates statistical significance (bold and italic)

respectively; LAS 4 —8.0£4.5% vs.—13.3+6.2%
[p=0.029] and—14.6+74% [p<0.001], respec-
tively)—all independent of the aforementioned potential
confounders.

Prevalence of abnormal LA mechanical parameters

and their association with clinical symptoms

Abnormal LAVi (>34 ml/m2), abnormal LAEF (<50%),
and abnormal LAS, (<23%) were more prevalent in
HEpEF group than control group (Table 2). Abnormal
LAEF and abnormal LAS, were also more common in
patients with arterial hypertension or CAD (Additional
file 1: Table S6 and Table S7). Abnormal LAVi, LAEF,
and LAS, were associated with NYHA class >1II when

analyzing the whole cohort and a subgroup of patients
with presence of at least one cardiovascular risk factor
or established CAD (Table 3). When adjusting for age,
gender, and AF, only abnormal LAEF and LAS, were
independently associated with NYHA class >1I. Com-
paring with abnormal LAVi, abnormal GLS (>-16%)
had a higher sensitivity (75.6% versus 43.9%) while
abnormal LAEF and abnormal LAS, had a higher speci-
ficity (72.6% and 62.5% respectively, versus 46.5%) with
a slightly lower sensitivity (59.5% and 62.0% respec-
tively, versus 68.4%) to determine HFpEF. When
combining abnormal LAVi with abnormal LAEF or
abnormal LAS,, the specificity was improved than using
abnormal LAVi alone (75.6% versus 46.5%) (Additional
file 1: Table S8).
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Fig. 3 Comparison of left atrial (LA) mechanical parameters. LA emptying fraction (LAEF) (A), left atrial strain during reservoir phase (LAS,) (B),
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Table 3 Odds ratio of abnormal LAVi, LAEF and LAS, to determine patients with NYHA class > I
Variables Odds ratio (95% Cl) p-value 0Odds ratio (95% Cl) p-value
Analysis of the whole cohort
LAVi> 34 ml/m? 1.877 (1.063-3.314) 0.030 1.297 (0.708-2.375) 0.400
LAEF <50% 3.894 (2.202-6.885) <0.001 3.382(1.791-6.389) <0.001
LAS, <23% 2.613(1.497-4.562) 0.001 2.064 (1.118-2.110) 0.021
Analysis of the patients with at least one CV
risk factor or CAD
LAVi> 34 ml/m? 2.018(1.121-3.634) 0.019 1416 (0.757-2.646) 0276
LAEF <50% 3953 (2.197-7.114) <0.001 3.340 (1.751-6.370) <0.001
LAS, <23% 2410(1.319-4.274) 0.003 1.887 (1.006-3.537) 0.048

A p-value <0.05 indicates statistical significance (bold and italic)

T Odds ratio were adjusted for age, gender, and AF

LAVi left atrial volume index; LAEF LA emptying fraction; LAS,, LA strain during reservoir phase; NYHA New York Heart Association functional class

Patient outcomes

Of those 79 HFpEF patients, 64 patients (81.0%) had a fol-
low-up data. During a median follow-up of 25.3 months
from the date of CMR study (range 4.6—41.2 months),
7 patients (10.9%) had a recurrent heart failure event
that required hospitalization. Five of 7 patients were
from HFpEF with lower GLS (median time-to-event
6.3 months [range 1.6-25.4 months]), and 2 patients were
from HFpEF with higher GLS (time-to-event 6.0 and
17.2 months). Another patient from HFpEF with lower
GLS also had a cardiovascular death from fatal arrhyth-
mia (time-to-event 12.9 months). Due to the small num-
ber of events, survival analysis was not conducted.

Intraobserver and interobserver agreement

Two samples, each consisting of 25 subjects (10% of
the total number of subjects), were randomly selected
with a 1:1 ratio between the HFpEF group and the con-
trol group. Evaluation of the different types of LV strain
(GLS, GCS, and GRS) and the different types of LA strain
(LAS,, LAS 4, and LAS_) was performed separately by
the primary observer and another observer (who was
blinded to the objective of this study) to evaluate repro-
ducibility. Overall, GLS had the best intra- and inter-
observer agreement (bias: 0.364+1.30 and 0.86+1.31,
respectively). Bland—Altman plots illustrating intra- and
interobserver variability with limits of agreement esti-
mation for each strain parameter were generated (Addi-
tional file 1: Figure S2 and S3).

Discussion

The present study demonstrates the differences in
LAVi_ ., LAVi_,, total LAEF, LA expansion index, and
each type of phasic LA strain (LAS, LAS 4, and LAS_,)
among HFpEF with lower LV strain, HFpEF with higher
LV strain, and controls. We found that HFpEF with lower

GLS had the highest LAVi_,, and LAVi ;. (surrogates for
chronic LA remodeling), the lowest LA expansion index
and LAS, (reflecting abnormality in reservoir function),
and the worst LAEF and LAS_, (reflecting abnormal-
ity in total and passive emptying function, respectively).
Interestingly, most of the LA volume and mechanical
parameters were not significantly different between those
with higher strain HFpEF and matched controls, which
may indicate similar LA mechanics between higher strain
HFpEF group and those without HE.

Abnormal LAEF (<50%) and abnormal LAS, (<23%)
were more prevalent in HFpEF and in subjects with arte-
rial hypertension and CAD. Abnormal LAEF and abnor-
mal LAS, were independently associated with worse
functional capacity (NYHA class>1II) in the matched
cohort and in a subgroup with presence of at least one
cardiovascular risk factor or established CAD. In con-
trast, the usual cut-off for abnormal LAVi (>34 ml/m2)
was not independent associated with NYHA class>1I
after adjusting by age, gender, and AF in our population,
and had a lower specificity compared to abnormal LAEF
and abnormal LAS, to determine HFpEF.

To the best of our knowledge, this is the first study
to demonstrate different prevalence of abnormal LA
mechanics LA mechanics in HFpEF with lower range ver-
sus higher range of LV strain assessed by CMR-FT tech-
nique. However, the correlation between LA strain and
LV strain was previously reported in echocardiographic-
based studies of LA strain. There is also a previous study
that demonstrated a strong correlation between CMR
and echocardiographic-based strain assessment in cardi-
omyopathy patients [25]. Our findings support evidence
of LA strain impairment in HFpEF compared to controls,
especially for LAS, [17, 19, 26, 27], and LAS 4 [17, 26],
and also provides additional insights in evaluation of LA
mechanical impairment in HFpEF by CMR. This results
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are consistent with a previous study that showed a mod-
erate correlation of LAEF and LAS, with maximal oxygen
uptake in HFpEF but not for the LA volume [26]. The
moderate negative correlation between GLS and LAS,
in this study is also similar to another larger study which
also found that LV function has an influence on the asso-
ciation between impaired LA function and higher risk of
HF hospitalization [28]. These findings support the inter-
related nature of the mechanical processes of both cham-
bers. However, disproportionate LA malfunction from
intrinsic LA abnormalities in some of HFpEF patients
may be another factor that explains why the correlation
of LAS, and GLS is only moderate [29].

In contrast, a different study that used CMR-FT to
compare LA function and strain found no different LA
strain between HFpEF and controls [22]. These differ-
ences in results may be explained by the different defini-
tions of zero-strain reference in the LA strain curve. In
our study, the ventricular end-diastolic phase was the
zero-strain reference, whereas another study used the
onset of LA contraction as the zero-strain reference.
According to EACVI/ASE/Industry Task Force recom-
mendation, the ventricular end-diastole reference is cur-
rently recommended [20].

Compared with those from another study [17], our
control subjects also had more negative LAS_, values.
The possible explanation this difference between stud-
ies is that the mean age of our controls was substantially
higher than the mean age of controls in that study (70.6
vs. 40.6 years, respectively) [17]. A previous study in
healthy adults found that the LA contraction-to-reser-
voir ratio increased significantly with age [30]. Another
CMR-based study also found that active LA emptying
fraction, which also reflects increased active emptying
function, was increased with age in healthy volunteers
[31]. Another possible explanation is the intervendor
inconsistency.

Pathophysiology of deranged LA mechanics in HFpEF

LA mechanical function consists of 3 phases, including
reservoir, conduit (passive emptying), and contractile
(active-emptying) function [1] which is also influenced
by the contraction and compliance of the LV [1, 32, 33].
In HFpEF, abnormal relaxation of the LV increases the
downstream pressure (the LA afterload), which eventu-
ally worsens the emptying function and LA compliance
(Fig. 4). Abnormal LA function, in turn, is associated
with elevated LV end-diastolic pressure [15] and LV
diastolic dysfunction [10—12, 27]. Deterioration of atrial
function leads to maladaptation of LA remodeling, LA
enlargement, and subsequently results in pulmonary
venous congestion [5], as well as more reduced exercise
capacity [5, 26]. LA remodeling also generates substrates
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for AF, which is one of the important comorbidities of
HFpEF [32], and drastically adversely affects LA compli-
ance and mechanics [34]. After excluding patients with
AF, the results also emphasize the significant impairment
of LA mechanics even in patients who have not yet devel-
oped AF.

Clinical implication and future direction

The results of this study provide evidence support-
ing the feasibility and benefit of a dedicated assessment
of LA function and strain in patients with HFpEF [35].
Our study may support the usage of LAEF and LAS,
the concept of HFpEF staging by integration of LV and
LA mechanics [6], and consistent with the knowledge
of previously described HFpEF phenogroup 2 of TOP-
CAT (Treatment of Preserved Cardiac Function Heart
Failure with an Aldosterone Antagonist) trial, of which
pathophysiology is characterized by older age, marked
LA enlargement, and high burden of diastolic dysfunc-
tion [36]. Moreover, LA strain assessment also pre-
dicts AF progression in HFpEF [34] and correlates with
increased myocardial extracellular volume [37] which
indicates accumulation of extracellular matrix in HFpEF
[38]. Treatments that target cardiac fibrosis [39] and LA
reverse remodeling [40] may have benefit in such popula-
tion. Even though evidence supports the prognostic util-
ity of CMR-FT-derived LV strain [41] and LA strain in
HFpEF [22, 42], benefits of HFpEF evaluation according
to integrated data of LV and LA mechanics (i.e. impaired
LV strain with or without impaired LA function) are
still unknown and should be investigated in future
study. LAEF and LAS, may have an additional benefit
to increase diagnosis performance of LAVi to determine
HFpEF in patients undergo CMR, especially those with
NYHA class >1I.

Study limitations

The present study has some limitations that need to be
acknowledged. First, due to our study’s retrospective
cross-sectional design, the diagnosis of HFpEF in this
study was based solely on the decisions arrived at by
primary physicians, and may not be consistent with a
recently reported novel approach to diagnosing HFpEF
[43]. Second, the evaluation for severity of valvular heart
dysfunction in our center was mostly based on a quali-
tative assessment and may be less accurate compared to
a dedicated quantitative assessment [44]. Third, all study
subjects were selected from patients who had indications
for a CMR scan. Thus, the results of all types of LV and
LA strain in the control group may not be the same as
healthy subjects. Fourth, our results are based on sur-
rogates of LA physiology rather than on more accurate
invasive physiologic study. Moreover, this study focused
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Fig. 4 Left ventricular mechanics and effects on left atrial mechanics. Summary of mechanism that explain the relationship between left ventricular
and left atrial mechanics in heart failure with preserved ejection fraction and its role in the development of symptoms; Examples of LA strain—
time curve from of HFpEF with lower LV strain (A) and higher LV strain (B). HFpEF heart failure with preserved ejection fraction; LA left atrial; LV left

on global evaluation of LV strain; more advance diastolic
features such as LV torsion or twist were thus omitted.
Fifth and last, our study did not include an analysis of
follow-up data to identify relationships and effects over
time. As such, a larger prospective study is needed to
evaluate the prognostic utility of CMR-FT in this specific
HFpEF subgroup.

Conclusions

Patients with HFpEF were found to have impaired LV
and LA mechanics. Abnormal LA mechanics was more
prevalent in HFpEF patients with lower LV strain and sig-
nificantly associated with the symptomatic status of the
patients.

Abbreviations

ANOVA: Analysis of variance; BSA: Body surface area; CMR: Cardiac magnetic
resonance; CMR-FT: Cardiac magnetic resonance feature tracking; GCS: Global
circumferential strain; GLS: Global longitudinal strain; GRS: Global radial strain;
HF: Heart failure; HFpEF: Heart failure with preserved ejection fraction; LA: Left
atrium, left atrial; LAEF: Left atrial emptying fraction; LAS_: Left atrial strain
during conduit phase; LAS : Left atrial strain during contraction phase; LAS:
Left atrial strain during reservoir phase; LAVi: Left atrial volume index; LAV .,
Maximum left atrial volume; LAV, ;,: Minimum left atrial volume; LGE: Late gad-
olinium enhancement; LV: Left ventricle, left ventricular; LVEDP: Left ventricular
end-diastolic pressure; LVEDV: Left ventricular end-diastolic volume; LVEF: Left
ventricular ejection fraction; LVESV: Left ventricular end-systolic volume; LVMI:
Left ventricular mass index; RVEDV: Right ventricular end-diastolic volume;
RVEF: Right ventricular ejection fraction; SSFP: Steady-state free precession.



Songsangjinda and Krittayaphong BMC Cardiovascular Disorders

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512872-022-02608-7.

Additional file 1: Supplementary Data.

Additional file 2: Video representing point tracking of LV in 2-chamber
view.

Additional file 3:Video representing point tracking of LV in 3-chamber
view.

Additional file 4: Video representing point tracking of LV in 4-chamber
view.

Additional file 5: Video representing point tracking of LA in 2-chamber
view.

Additional file 6: Video representing point tracking of LA in 4-chamber
view.

Acknowledgements
Not applicable.

Author contributions

TS and RK conducted the studly, interpreted the data, wrote and revised
the manuscript. Both authors read and approved the final version of the
manuscript.

Funding
This was an unfunded study.

Availability of data and materials
The datasets used and/or analyzed during the current study are available from
the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate

This retrospective study was approved by the Siriraj Institutional Review Board
(SIRB) of the Faculty of Medicine Siriraj Hospital, Mahidol University, Bangkok,
Thailand, which waived the requirement for written informed consent.

All methods were carried out in accordance with relevant guidelines and
regulations.

Consent for publication
Not applicable.

Competing interests
There are no competing interests.

Received: 15 November 2021 Accepted: 28 March 2022
Published online: 09 April 2022

References

1. Rossi A, Gheorghiade M, Triposkiadis F, Solomon SD, Pieske B, Butler J. Left
atrium in heart failure with preserved ejection fraction: structure, func-
tion, and significance. Circ Heart Fail. 2014;7(6):1042-9.

2. Hoit BD. Left atrial size and function: role in prognosis. J Am Coll Cardiol.
2014,63(6):493-505.

3. Blume GG, MclLeod CJ, Barnes ME, Seward JB, Pellikka PA, Bastiansen PM,
Tsang TS. Left atrial function: physiology, assessment, and clinical implica-
tions. Eur J Echocardiogr. 2011;12(6):421-30.

4. Thomas L, Marwick TH, Popescu BA, Donal E, Badano LP. Left atrial
structure and function, and left ventricular diastolic dysfunction: JACC
state-of-the-art review. J Am Coll Cardiol. 2019;73(15):1961-77.

(2022) 22:160

20.

21.

Page 12 of 13

Freed BH, Shah SJ. Stepping out of the left ventricle’s shadow: time to
focus on the left atrium in heart failure with preserved ejection fraction.
Circ Cardiovasc Imaging 2017;10(4):e006267.

Bianco CM, Farjo PD, Ghaffar YA, Sengupta PP. Myocardial mechanics in
patients with normal LVEF and diastolic dysfunction. JACC Cardiovasc
Imaging. 2020;13(1 Pt 2):258-71.

Voigt JU, Pedrizzetti G, Lysyansky P, Marwick TH, Houle H, Baumann R,
Pedri S, Ito Y, Abe Y, Metz S, et al. Definitions for a common standard for
2D speckle tracking echocardiography: consensus document of the
EACVI/ASE/Industry Task Force to standardize deformation imaging. Eur
Heart J Cardiovasc Imaging. 2015;16(1):1-11.

Pedrizzetti G, Claus P, Kilner PJ, Nagel E. Principles of cardiovascular mag-
netic resonance feature tracking and echocardiographic speckle tracking
for informed clinical use. J Cardiovasc Magn Reson. 2016;18(1):51.
Kramer CM, Barkhausen J, Bucciarelli-Ducci C, Flamm SD, Kim RJ, Nagel

E. Standardized cardiovascular magnetic resonance imaging (CMR) proto-
cols: 2020 update. J Cardiovasc Magn Reson. 2020;22(1):17.

Guan Z, Zhang D, Huang R, Zhang F, Wang Q, Guo S. Association of left
atrial myocardial function with left ventricular diastolic dysfunction in
subjects with preserved systolic function: a strain rate imaging study. Clin
Cardiol. 2010;33(10):643-9.

. Singh A, Addetia K, Maffessanti F, Mor-Avi V, Lang RM. LA strain for

categorization of LV diastolic dysfunction. JACC Cardiovasc Imaging.
2017;10(7):735-43.

Fernandes RM, Le Bihan D, Vilela AA, Barretto RBM, Santos ES, Assef JE,
Pedra SRF, Sousa A, Timerman A. Association between left atrial strain
and left ventricular diastolic function in patients with acute coronary
syndrome. J Echocardiogr. 2019;17(3):138-46.

Hicks KA, Tcheng JE, Bozkurt B, Chaitman BR, Cutlip DE, Farb A, Fonarow
GG, Jacobs JP, Jaff MR, Lichtman JH, et al. 2014 ACC/AHA key data
elements and definitions for cardiovascular endpoint events in clinical
trials: a report of the American College of Cardiology/American Heart
Association Task Force on Clinical Data Standards (Writing Committee
to Develop Cardiovascular Endpoints Data Standards). J Am Coll Cardiol.
2015;66(4):403-69.

Scatteia A, Baritussio A, Bucciarelli-Ducci C. Strain imaging using cardiac
magnetic resonance. Heart Fail Rev. 2017,22(4):465-76.

Posina K, McLaughlin J, Rhee P, Li L, Cheng J, Schapiro W, Gulotta RJ,
Berke AD, Petrossian GA, Reichek N, et al. Relationship of phasic left
atrial volume and emptying function to left ventricular filling pressure:
a cardiovascular magnetic resonance study. J Cardiovasc Magn Reson.
2013;15:99.

Khan MA, Yang EY, Zhan Y, Judd RM, Chan W, Nabi F, Heitner JF, Kim RJ,
Klem I, Nagueh SF, et al. Association of left atrial volume index and all-
cause mortality in patients referred for routine cardiovascular magnetic
resonance: a multicenter study. J Cardiovasc Magn Reson. 2019;21(1):4.
Kowallick JT, Kutty S, Edelmann F, Chiribiri A, Villa A, Steinmetz M, Sohns
JM, Staab W, Bettencourt N, Unterberg-Buchwald C, et al. Quantification
of left atrial strain and strain rate using Cardiovascular Magnetic Reso-
nance myocardial feature tracking: a feasibility study. J Cardiovasc Magn
Reson. 2014;16:60.

Wandelt LK, Kowallick JT, Schuster A, Wachter R, Stumpfig T, Unterberg-
Buchwald C, Steinmetz M, Ritter CO, Lotz J, Staab W. Quantification of
left atrial volume and phasic function using cardiovascular magnetic
resonance imaging-comparison of biplane area-length method and
Simpson’s method. Int J Cardiovasc Imaging. 2017;33(11):1761-9.
Santos AB, Kraigher-Krainer E, Gupta DK, Claggett B, Zile MR, Pieske B,
Voors AA, Lefkowitz M, Bransford T, Shi V, et al. Impaired left atrial func-
tion in heart failure with preserved ejection fraction. Eur J Heart Fail.
2014;16(10):1096-103.

Badano LP, Kolias TJ, Muraru D, Abraham TP, Aurigemma G, Edvardsen

T, D'Hooge J, Donal E, Fraser AG, Marwick T, et al. Standardization of left
atrial, right ventricular, and right atrial deformation imaging using two-
dimensional speckle tracking echocardiography: a consensus document
of the EACVI/ASE/Industry Task Force to standardize deformation imag-
ing. Eur Heart J Cardiovasc Imaging. 2018;19(6):591-600.

Yang,Yin G, JiangY, Song L, Zhao S, Lu M. Quantification of left atrial
function in patients with non-obstructive hypertrophic cardiomyopathy
by cardiovascular magnetic resonance feature tracking imaging: a feasi-
bility and reproducibility study. J Cardiovasc Magn Reson. 2020;22(1):1.


https://doi.org/10.1186/s12872-022-02608-7
https://doi.org/10.1186/s12872-022-02608-7

Songsangjinda and Krittayaphong BMC Cardiovascular Disorders

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33

34.

35.

36.

37.

38.

39.

Chirinos JA, Sardana M, Ansari B, Satija V, Kuriakose D, Edelstein |, Oldland
G, Miller R, Gaddam S, Lee J et al. Left atrial phasic function by cardiac
magnetic resonance feature tracking is a strong predictor of incident
cardiovascular events. Circ Cardiovasc Imaging 2018;11(12):e007512.
Yingchoncharoen T, Agarwal S, Popovic ZB, Marwick TH. Normal

ranges of left ventricular strain: a meta-analysis. J Am Soc Echocardiogr.
2013;26(2):185-91.

Morris DA, Takeuchi M, Krisper M, Kohncke C, Bekfani T, Carstensen T, Has-
sfeld S, Dorenkamp M, Otani K, Takigiku K, et al. Normal values and clinical
relevance of left atrial myocardial function analysed by speckle-tracking
echocardiography: multicentre study. Eur Heart J Cardiovasc Imaging.
2015;16(4):364-72.

Williams LK, Urbano-Moral JA, Rowin EJ, Jamorski M, Bruchal-Garbicz B,
Carasso S, Pandian NG, Maron MS, Rakowski H. Velocity vector imaging
in the measurement of left ventricular myocardial mechanics on cardiac
magnetic resonance imaging: correlations with echocardiographically
derived strain values. J Am Soc Echocardiogr. 2013;26(10):1153-62.

von Roeder M, Rommel KP, Kowallick JT, Blazek S, Besler C, Fengler K, Lotz
J, Hasenfuss G, Lucke C, Gutberlet M et al. Influence of left atrial func-
tion on exercise capacity and left ventricular function in patients with
heart failure and preserved ejection fraction. Circ Cardiovasc Imaging
2017;10(4).

Ben-Arzi A, Hazanov E, Ghanim D, Rozen G, Marai |, Grosman-Rimon L,
Kachel E, Amir O, Carasso S. Left atrial minimal volume: association with
diastolic dysfunction and heart failure in patients in sinus rhythm or
atrial fibrillation with preserved ejection fraction. BMC Med Imaging.
2021;21(1):76.

Santos AB, Roca GQ, Claggett B, Sweitzer NK, Shah SJ, Anand IS, Fang

JC, Zile MR, Pitt B, Solomon SD et al. Prognostic relevance of left atrial
dysfunction in heart failure with preserved ejection fraction. Circ Heart
Fail 2016;9(4):2002763.

Patel RB, Lam CSP, Svedlund S, Saraste A, Hage C, Tan RS, Beussink-Nelson
L, Tromp J, Sanchez C, Njoroge J, et al. Disproportionate left atrial myopa-
thy in heart failure with preserved ejection fraction among participants of
the PROMIS-HFpEF study. Sci Rep. 2021;11(1):4885.

Evin M, Redheuil A, Soulat G, Perdrix L, Ashrafpoor G, Giron A, Lamy J,
Defrance C, Roux C, Hatem SN, et al. Left atrial aging: a cardiac magnetic
resonance feature-tracking study. Am J Physiol Heart Circ Physiol.
2016;310(5):H542-549.

Maceira AM, Cosin-Sales J, Prasad SK, Pennell DJ. Characterization of left
and right atrial function in healthy volunteers by cardiovascular magnetic
resonance. J Cardiovasc Magn Reson. 2016;18(1):64.

Delgado V, Di Biase L, Leung M, Romero J, Tops LF, Casadei B, Marrouche
N, Bax JJ. Structure and function of the left atrium and left atrial append-
age: AF and stroke implications. J Am Coll Cardiol. 2017;70(25):3157-72.
Vieira MJ, Teixeira R, Goncalves L, Gersh BJ. Left atrial mechanics: echocar-
diographic assessment and clinical implications. J Am Soc Echocardiogr.
2014,27(5):463-78.

Reddy YNV, Obokata M, Verbrugge FH, Lin G, Borlaug BA. Atrial dysfunc-
tion in patients with heart failure with preserved ejection fraction and
atrial fibrillation. J Am Coll Cardiol. 2020;76(9):1051-64.

Obokata M, Reddy YNV, Borlaug BA. Diastolic dysfunction and heart
failure with preserved ejection fraction: understanding mechanisms

by using noninvasive methods. JACC Cardiovasc Imaging. 2020;13(1 Pt
2):245-57.

Cohen JB, Schrauben SJ, Zhao L, Basso MD, Cvijic ME, Li Z, Yarde M, Wang
Z, Bhattacharya PT, Chirinos DA, et al. Clinical phenogroups in heart
failure with preserved ejection fraction: detailed phenotypes, prognosis,
and response to spironolactone. JACC Heart Fail. 2020;8(3):172-84.
Yamada A, Hashimoto N, Fujito H, Hatta T, Saito Y, Otsuka N, Wakamatsu
Y, Arai M, Watanabe R, Kurokawa S, et al. Comprehensive assessment of
left atrial and ventricular remodeling in paroxysmal atrial fibrillation by
the cardiovascular magnetic resonance myocardial extracellular volume
fraction and feature tracking strain. Sci Rep. 2021;11(1):10941.

Duca F, Kammerlander AA, Zotter-Tufaro C, Aschauer S, Schwaiger ML,
Marzluf BA, Bonderman D, Mascherbauer J. Interstitial fibrosis, functional
status, and outcomes in heart failure with preserved ejection fraction:
insights from a prospective cardiac magnetic resonance imaging study.
Circ Cardiovasc Imaging 2016;9(12):e005277

Wintrich J, Kindermann |, Ukena C, Selejan S, Werner C, Maack C, Laufs

U, Tschope C, Anker SD, Lam CSP, et al. Therapeutic approaches in heart

(2022) 22:160

40.

41.

42.

43.

44,

Page 13 of 13

failure with preserved ejection fraction: past, present, and future. Clin Res
Cardiol. 2020;109(9):1079-98.

Thomas L, Abhayaratna WP. Left atrial reverse remodeling: mecha-
nisms, evaluation, and clinical significance. JACC Cardiovasc Imaging.
2017;10(1):65-77.

Romano S, Judd RM, Kim RJ, Heitner JF, Shah DJ, Shenoy C, Evans K,
Romer B, Salazar P, Farzaneh-Far A. Feature-tracking global longitudinal
strain predicts mortality in patients with preserved ejection fraction: a
multicenter study. JACC Cardiovasc Imaging. 2020;13(4):940-7.

Pellicori P, Zhang J, Lukaschuk E, Joseph AC, Bourantas CV, Loh H, Bra-
gadeesh T, Clark AL, Cleland JG. Left atrial function measured by cardiac
magnetic resonance imaging in patients with heart failure: clinical
associations and prognostic value. Eur Heart J. 2015;36(12):733-42.
Pieske B, Tschope C, de Boer RA, Fraser AG, Anker SD, Donal E, Edelmann
F, Fu M, Guazzi M, Lam CSP, et al. How to diagnose heart failure with
preserved ejection fraction: the HFA-PEFF diagnostic algorithm: a con-
sensus recommendation from the Heart Failure Association (HFA) of the
European Society of Cardiology (ESC). Eur Heart J. 2019;40(40):3297-317.
Uretsky S, Argulian E, Narula J, Wolff SD. Use of cardiac magnetic reso-
nance imaging in assessing mitral regurgitation: current evidence. J Am
Coll Cardiol. 2018;71(5):547-63.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Impact of different degrees of left ventricular strain on left atrial mechanics in heart failure with preserved ejection fraction
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Introduction
	Methods
	Study population
	Image acquisition
	Image post-processing
	LV feature tracking analysis
	LA volume and function analysis
	LA feature tracking analysis
	Statistical analysis

	Results
	LA volume and mechanical parameters compared between HFpEF subgroups stratified by type of LV strain and controls
	Prevalence of abnormal LA mechanical parameters and their association with clinical symptoms
	Patient outcomes
	Intraobserver and interobserver agreement

	Discussion
	Pathophysiology of deranged LA mechanics in HFpEF
	Clinical implication and future direction
	Study limitations

	Conclusions
	Acknowledgements
	References


