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Abstract. – OBJECTIVE: Left atrial (LA) re-
modelling is an interesting pathological aspect 
in hypertrophic cardiomyopathy (HCM) which 
has not been yet fully understood. Also, a com-
prehensive evaluation of LA alterations in HCM 
is still lacking. Cardiac magnetic resonance 
imaging (cMRI) can precisely characterize LA 
function and structure. We sought to thorough-
ly assess LA remodelling using cMRI in patients 
with HCM.

PATIENTS AND METHODS: We enrolled 105 pa-
tients with HCM and 105 healthy controls. LA pa-
rameters determined by cMRI comprise LA volume 
(LAV), total ejection fraction (LATF), total strain LA- 
εt, passive ejection fraction (LAPF), passive strain 
LA-εe, active ejection fraction (LAAF), active strain 
LA-εa. LA sphericity index (LASI) and LA strain were 
also determined. Parameters of LV systolic and di-
astolic functions were also assessed. 

RESULTS: LAV and LASI were significantly in-
creased, while LA phasic functions were decreased 
in patients with HCM (p<.001). LATF was inverse-
ly correlated with LV long-axis strain (r= -0.466, 
p<.0001) and mass (r= -0.515, p<.0001), and as well 
with filling pressures, described by E/E’ (r= -0.424, 
p<.0001). LA volumes, phasic functions and geom-
etry were negatively associated with LV measure-
ments, whereas a positive correlation between the 
LATF and LA strain (r = 0.496, p<.0001) was found. 
In addition, LAV was closely related to diastolic 
dysfunction severity (p<.0001).

CONCLUSIONS: In patients with HCM, all three 
LA phasic functions were impaired, being direct-
ly related to LA enlargement. LASI and LA strain 
predicted LA reservoir function impairment.
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Abbreviations
LA-εa: left atrial active strain;  ep: left atrial passive strain; 
LA-εt: left atrial total strain; A: transmitral late velocity; 
AQ: transmitral late peak flow-rate; cMRI: cardiac ma-
gnetic resonance imaging; DT: transmitral deceleration 
time; E: transmitral early velocity; EQ: transmitral ear-
ly peak flow-rate; FV: transmitral filling volume; HCM: 
hypertrophic cardiomyopathy; IVRT: isovolumic relaxa-
tion time; LA-LGE: left atrial late gadolinium enhance-
ment; LA: left atrium; LAAF: left atrial active emptying 
fraction; LAPF: left atrial passive emptying fraction; 
LASI: left atrial sphericity index; LATF: left atrial total 
emptying fraction; LAV: left atrial volume; LV, left ven-
tricle; PC-cMRI: phase contrast-cMRI; SCD: sudden car-
diac death; SSFP: fast steady-state free precession.

Introduction

Hypertrophic cardiomyopathy (HCM) is the 
most common genetic cardiovascular disease, deter-
mined by mutations of the sarcomere encoding pro-
teins1. Left atrial (LA) remodeling is consistent in 
patients with HCM, determining LA dysfunctions. 
LA phasic functions comprise a reservoir role, stor-
ing pulmonary venous return during ventricular sys-
tole, a conduit function, during early left ventricular 
(LV) diastole when the pulmonary flow crosses from 
LA to LV, and a booster pump function, the active 
filling of the LV during diastole, dependent on atrial 
contractility. In patients with HCM, LA malfunction 
and enlargement result due to LV diastolic dysfunc-
tions, LV outflow tract obstruction and mitral regur-
gitation2.Therefore, a comprehensive assessment of 
LA volumes and phasic functions could aid to pre-
dict LV diastolic dysfunction.
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Cardiac magnetic resonance imaging (cMRI) en-
sures an accurate morphological and functional eval-
uation of the LA, along with precise tissue character-
ization3,4. Recently, LA late gadolinium enhancement 
(LA-LGE) and strain have been strongly associated 
with LA dysfunction5, although the role of atrial my-
opathy has not yet fully been unraveled6. Further-
more, LA sphericity index (LASI) is a marker of LA 
remodeling and LV diastolic dysfunction which can 
become altered even before LA’s dilation7. However, 
data regarding the association of LA parameters with 
LV diastolic dysfunction in HCM are still scarce.

Moreover, LA remodeling parameters could 
improve the prediction of cardiovascular outcome 
in patients with HCM, while LA dysfunction has 
been closely associated with heart failure symp-
toms and atrial fibrillation8,9.

The aim of this study was to comprehensively 
characterize LA remodeling and alterations using 
cMRI in patients with HCM.

Patients and Methods

Study Population
We conducted a prospective, case-control 

study on 105 patients with HCM and 105 con-
trols who were examined in the Department of 
Internal Medicine, Iuliu Hatieganu University of 
Medicine and Pharmacy, Cluj-Napoca, Romania, 
between March 2019 and March 2021. The inclu-
sion criteria corresponded to international defini-
tions of HCM10. The study design and exclusion 
criteria are presented in Figure 1. Additionally, 
the healthy volunteers, age and gender matched, 
served as control group, and underwent a similar 
investigation protocol. The investigation protocol 
comprised demographic and clinical data, stan-
dard cardiovascular evaluation and cMRI.

cMRI
cMRI assessments were performed using a 

1.5T MR scanner (Magnetom Altea, Siemens 
Medical Solutions, Erlangen, Germany) during 
apnoea, using a standard ECG-gated scanning 
protocol, consistent with international recommen-
dations11. All images were evaluated by two ex-
perienced observers, blinded to all clinical data. 
The acquisition of fast steady-state free preces-
sion (SSFP) sequences was performed to detect 
ventricular function and mass using conventional 
two-, three-, four-chambers, completely enclos-
ing both ventricles: repetition-time (TR) 3.6 ms; 
echo-time (TE) 1.8 ms; flip angle 60°; slice thick-

ness 6 mm; field-of-view 360 mm; image matrix 
of 192x192 pixels; voxel size 1.9x1.9x6 mm; 
25-40 ms temporal resolution reconstructed to 
25 cardiac phases. LGE was used to detect focal 
myocardial fibrosis 10 minutes after intravenous 
administration of 0.2 mmol/kg gadoxetic acid 
(Clariscan, GH Healthcare AS, Oslo, Norway) in 
long- and short axis-views, using a phase-sensi-
tive inversion-recovery gradient-echo sequence. 
LV late gadolinium enhancement (LV-LGE) se-
quence parameters were presented by: TR 4.8 ms, 
TE 1.3 ms and inversion time 200 to 300 ms. In-
version time was adjusted to optimize nulling of 
apparently normal myocardium. 

All normal reference ranges for cMRI param-
eters of LV systolic and diastolic function and, as 
well as, of LA measurements were considered as 
previously recommended by Kawel-Boehm et al12 
and Petersen et al13.

cMRI Analysis 

Quantitative Evaluation of LV Systolic Function
LV end-diastolic (LVEDV) and end-systolic 

(LVESV) volumes, LV ejection fraction (LVEF) 
and mass (LVM) were measured on short-axis 
cine-SSFP images. Epicardial and endocardial 
borders were traced semi-automatically at end-di-
astole and end-systole using specialized software 
(Syngo Virtual Cockpit, Siemens Medical Solu-
tions, Erlangen, Germany). All volumes were in-
dexed to body surface area (BSA). Furthermore, 
to accurately characterize LV systolic function, 
LV longitudinal-axis strain (LV-LAS) was as-
sessed13. LV-LGE was assessed using short-axis 
images, with a 17-segments model and quantified 
using a signal intensity threshold of >5 standard 
deviation (SD) above a remote reference for nor-
mal myocardium, and LV-LGE mass was quan-
tified using a dedicated software (cvi42, Circle 
Cardiovascular Imaging Inc., Calgary, CA)14. The 
extent of LV-LGE was expressed in grams (g) in 
report with LVM. LA-LGE, representing atrial fi-
brosis, was recorded as present or absent, as ex-
emplified in Figure 2.
Quantitative Evaluation of LV Diastolic Function

Transmitral flow and myocardial velocities 
were recorded using ECG-gated phase con-
trast-cMRI (PC-cMRI). Two series of images 
were acquired during consecutive breath-holds, 
at the tips of the mitral leaflets, perpendicular to 
the transmitral flow (flip angle 20°, slice thick-
ness 8 mm, pixel spacing = 1.9×1.9 mm, matrix 
256×128): (1) transmitral through-plane flow 
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velocity (encoding-velocity Venc=180 cm/s, 
echo time TE=3.1 ms, repetition time TR=7.6 
ms, views per segment=2, temporal resolu-
tion=15 ms) and (2) longitudinal myocardial 
velocity (Venc=15 cm/s or 20 cm/s, TE=5 ms, 
TR=9.5 ms, views per segment=2; temporal 
resolution=20 ms). A 50% rectangular field-
of-view was used to minimize background off-
sets15. PC-cMRI dataset which included a dy-
namic modulus series (providing information 
about the variation in mitral valve orifice geom-
etry during the cardiac cycle) and the associated 
velocity-encoded dynamic series, were acquired 
during an entire cardiac cycle. These contours 

were superimposed on velocity PC-cMRI imag-
es for flow analysis. Transmitral blood flow and 
myocardial velocity PC-cMRI were analyzed 
by an operator blinded to clinical data. 

Applying previously described algorithms, 
diastolic function parameters were determined: 
transmitral early (E, cm/s) and late (A, cm/s) 
peak velocities; early (EQ, mL/s) and late (AQ, 
mL/s) peak flow-rates; transmitral filling vol-
ume (FV); transmitral deceleration time (DT, 
ms) and isovolumic relaxation time (IVRT, in 
ms); myocardial longitudinal early (E’, in cm/s) 
and late (A’, in cm/s) peak velocity on LV lat-
eral wall.

Figure 1. Flow chart detailing the identification of the study cohort. 
Abbreviations: cMRI, cardiac magnetic resonance imaging.
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Quantitative Assessment LA Volume and 
Function

LA volumes were measured on 2- and 4-cham-
ber cine images: maximum LA volume at LV 
end-systole (LAVmax), pre-atrial contraction LA 
volume (LAVpreA), and minimum LA volume 
(LAVmin). The LA endocardial border was manu-
ally delineated using a point-and-click approach, 
while the pulmonary veins and LA appendage 
were excluded. LA linear dimension was the 
long-axis length of LA from each chamber16. 
LASI was calculated using this formula: LASI = 
LAVmax/ (4π/3)(maximum LA length/2)7.

As previously recommended, LA phasic func-
tions were determined as follows: LA total emptying 
volume = LAVmax – LAVmin; LA total emptying frac-
tion (LATF) = (LAVmax – LAVmin)/LAVmax; LA pas-
sive emptying volume = LAVmax – LAVpreA; LA pas-
sive emptying fraction (LAPF)= (LAVmax – LAVpreA) 
/LAVmax; LA active emptying volume = LAVpreA − 
LAVmin and the LA active emptying fraction (LAAF) 
= (LAVpreA − LAVmin)/ LAVpreA

2.LA strain was ob-
tained by identifying end-ventricular diastole as the 
time reference in line with prior recommendations. 
Using 2 and 4-chamber views, Q-Strain v2.0 (Medis 
Suite v3.1, Medical Imaging Systems, Raleigh, NC, 
USA) was employed to determine three categories 
of LA strain measured as percentage: total strain (et), 
active strain (ea) and passive strain (ep)

17. 

Statistical Analysis
All data were tested for normality using the 

Kolmogorov-Smirnov test. Data are presented as 
median, mean ± SD or percentage. The correlations 
between LV geometry parameters, LA function and 
LV diastolic function were analyzed using the Pear-
son’s or Spearman correlation test. The differences 
in calculated LA and LV geometry/function for the 
HCM patients versus healthy volunteers, in terms of 
sensitivity, specificity, negative and positive predic-
tive values, as well as overall accuracy, were evalu-
ated using a receiver operating characteristic (ROC) 
analysis to define optimal thresholds. Cohen’s Kappa 
inter- and intra-observer coefficient calculation was 
performed. The intra- and inter-observer variability 
for the LAV, LASI, LA strain measurements and LV 
diastolic dysfunction parameters were assessed by 
the Cohen’s Kappa inter- and intra-observer coeffi-
cient calculation and Bland Altman analysis. Mul-
tivariate analysis was performed by constructing a 
multiple logistic regression model, including the OR 
(95% CI) calculation.

Retrospective test power calculation and prospec-
tive sample size were estimated, with type I and type 

Figure 2. A, cMRI of 4-chamber; B, 2-chamber; C, 3-cham-
ber representing LA with replacement fibrosis found as LGE.
Abbreviations: cMRI, cardiac magnetic resonance imaging; 
LGE, late gadolinium enhancement.
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II variation according to sample size. The statistical 
analysis was performed using the MedCalc (Version 
19.1.7, MedCalc Software, Ostend, Belgium).

Results

Baseline Characteristics
105 HCM patients and 105 controls were in-

cluded in the final analysis. Baseline characteris-
tics are summarized in Table I.

Out of all patients with HCM, 17 (16.2%) had a 
family history of HCM and 3 (2.8%) had a family his-
tory of sudden cardiac death (SCD). Regarding symp-
toms, 6 (5.7%) experienced syncope, 11 (10.5%) had 
angina and 2 (1.9%) had a history of stroke. In refer-
ence to the risk of SCD, 73.3% (n=77) had low risk 
and only 8.6% (n=9) had intermediate risk.

The intra- and inter-observer variability were 
assessed using Kappa coefficient variation. As 
shown in Table II, both inter- and intra-observer 
reproducibility showed excellent agreements.

LV Geometry and Function
cMRI parameters of LV systolic and diastol-

ic function, along with right ventricular (RV) 
function are shown in Table III. LVEDV index, 

LVESV index, LVM index, maximal LV thickness 
were significantly increased in the HCM group 
(all p<.001), while LAS was greatly decreased 
(p<.001). Furthermore, parameters of LV diastol-
ic dysfunction, such as E, DT, E/E’ ratio, EQ, EQ/
FVand EQ/LVEDV ratio, were substantially al-
tered in diseased group (all p<.001).

LA Geometry and Function
Parameters of LA remodeling and fibrosis 

are presented in Table IV. LAVmax, LAVmin and 
LAVpre-A were significantly increased in the HCM 
group (all p<0.001). All LA phasic functions were 
considerably impaired in HCM patients: LATF, et, 
LAPF, ep, LAAF, and ea (all p<.001). Additional-
ly, LASI was significantly increased in the HCM 
group (p<.001), while 37.1% of patients tested 
positive for LA-LGE.

Furthermore, LA phasic functions and strain, 
along with LASI, were significantly more im-
paired in HCM patients who also had LA enlarge-
ment. Also, more of them had LA-LGE.

Correlations Regarding LA Function in 
HCM Patients 

Figure 3 illustrates multiple relevant associa-
tions between parameters of LA volumes, phasic 

Table I. Baseline characteristics of patients in study.

  Patients with HCM Control patients 
p-value  n=105 n=105

 
Clinical characteristics   
- Age, mean (SD), years 51 (13.6) 51 (13.5) NS
- Male gender, n (%) 76 (72.3) 77 (73.3) NS
- Body-mass index, kg/m2 29.3 (5.1) 27.6 (4.9) <.05
- Hypertension, n (%) 34 (32.4) 27 (25.7) <.05
- Diabetes mellitus, n (%) 26 (24.7) 11 (10.5) NS
Electrocardiogram   
- Paroxysmal atrial fibrillation, n (%) 12 (11.4)  - NA
- Left bundle branch block, n (%) 14 (13.3)  2 (1.9) <.001
- Right bundle branch block, n (%) 10 (9.5)  1 (0.9) <.001
- Significant Q waves, n (%) 7 (6.6)  - NA
Medications   
- Beta-blockers, n (%) 73 (69.5)  12 (11.4) <.001
- ACEIs or ARBs, n (%) 24 (22.8)  17 (16.2) NS
- Calcium channel blockers, n (%) 29 (27.6)  6 (5.7) <.001
- Diuretics, n (%) 28 (26.6)  7 (6.6) <.001
- Antiarrhythmic, n (%) 11 (10.4)  - NA
Biomarker levels   
- NT-proBNP, median (IQR), pg/mL 639.9 (176-2227) 230.0 (60-390) <.001
- eGFR, mean (SD), ml/min/1.73 m2 85.1 (19.1)  87.2 (21.2) NS

Abbreviations: n, number of patients; SD, standard deviation; IQR, interquartile range; HCM, hypertrophic cardiomyopathy, 
NT-proBNP, N-terminal pro-Brain Natriuretic Peptide; eGFR, estimated glomerular filtration rate; ACEI, angiotensin 
converting enzyme inhibitor; ARB, angiotensin receptor blocker; Data are reported as mean (standard deviation) or median 
(IQR) or n (%).
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Table II. Reproducibility inter and intra-reader agreement of cMRI measurements.

Parameters Coefficient Kappa 95% Confidence Interval Standard Error 

Inter-observer
LAVmax 0.90 0.861 to 0.935 .045
LAVmin 0.93 0.878 to 0.962 .017
LAVpreA 0.92 0.866 to 0.912 .047
LASI 0.94 0.856 to 0.952 .037
E/E’ ratio 0.92 0.845 to 0.933 .027
Intra-observer
LAVmax 0.93 0.927 to 0.952 .029
LAVmin 0.95 0.944 to 0.961 .014
LAVpreA 0.91 0.884 to 0.952 .033
LASI 0.94 0.892 to 0.967 .012
E/E’ ratio 0.96 0.949 to 0.989 .008

Abbreviations: LAS, left ventricular longitudinal-axis strain; LAV, left atrial volume; LASI, left atrial sphericity index; E, early 
peak mitral flow velocity; E’, myocardial longitudinal early diastolic peak myocardial velocity.

Table III. Cardiac magnetic resonance imaging indices of systolic and diastolic function. 

Variables HCM patients Control patients p-value  n=105 n=105

LV and RV systolic parameters   
- LVEDV index, mL/m2 75.8 (19.7) 64.4 (19.5) <.001
- LVESV index, mL/m2 28.8 (13.6) 22.5 (7.8) <.001
- LVM index, g/m2 106.2 (32.7) 58.8 (14.1) <.001
- Maximal LV thickness, mm 19 (5.4) 11 (1.6) <.001
- LVEF, % 62.9 (10.5) 65.0 (5.9) NS
- LAS, % -12.8 (3.2) - 20.3 (2.3) <.001
- LV-LGE mass, g 34.8 (13.5) - NA
- LV-LGE mass/LVM, % 17.8 (7.6) - NA
- RVEDV index, mL/m2 43.1 (17.5) 56.7 (16.7) <.001
- RVESV index, mL/m2 25.8 (9.7) 35.1 (10.5) <.001
- RVEF, % 60.6 (6.3) 62.1 (5.2) NS
- TAPSE, mm 18.1 (5.3) 21.2 (2.8) <.001
- Hypertrophic phenotype
Concentric/septal/apical 11/89/5 - NA
LV diastolic parameters   
- E, cm/s 42.7 (12.4) 34.9  (9.1) <.001
- A, cm/s 34.6 (10.3) 32.1 (7.0)    NS
- DT, ms 181 (30.5) 210 (30.4) < .001
- IVRT, ms 65 (28.5) 68 (19.7)    NS
- E’, cm/s 4.8 (1.8) 5.8 (2.1) < .001
- A’, cm/s 4.0 (1.8) 3.6 (1.9)    NS
- E/A ratio 1.29 (0.43) 1.13 (0.36)  <.01
- E/E’ ratio 9.5 (2.7) 6.4 (1.6) < .001
- EQ, mL/s 351 (116.4) 284 (100.2) < .001
- AQ, mL/s 286 (78.8) 253 (83.2)    NS
- EQ/LVEDV, s-1 1.8 (0.81) 2.5 (1.03) < .001
- EQ /FV, s-1 4.8 (1.26) 4.1 (0.82) < .01

Abbreviations: n, number of patients; SD, standard deviation; IQR, interquartile range; FV, mitral filling volume; LAS, left 
ventricular longitudinal-axis strain; LV-LGE, left ventricular late gadolinium enhancement; LVEDV, left ventricular end-diastolic 
volume; LVESV, left ventricular end-systolic volume; LVM, left ventricular mass; LVEF, left ventricular ejection fraction; LAV, 
left atrial volume; LASI, left atrial sphericity index; LA-LGE, left atrial late gadolinium enhancement; LAPF, left atrial passive 
emptying fraction; LAAF, left atrial active emptying fraction; LATF, left atrial total emptying fraction; A, late peak mitral flow 
velocity; A’, myocardial longitudinal late diastolic peak myocardial velocity; E, early peak mitral flow velocity; E’, myocardial 
longitudinal early diastolic peak myocardial velocity; AQ, late peak mitral flow-rate; EQ, early peak mitral flow-rate; DT, early 
diastolic filling deceleration time; TAPSE, tricuspid annular plane systolic excursion; RVEDV, right ventricular end-diastolic 
volume; RVESV, right ventricular end-systolic volume; RVEF, right ventricular ejection fraction. Data are reported as mean 
(standard deviation) or median (IQR) or n (%).
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functions, and geometry, and of LV systolic and 
diastolic functions. Thus, LATF was inverse-
ly correlated with LAS (r= -0.466, p<.0001), 
and with LVM (r= -0.515, p<.0001). E/E’ ra-
tio showed negative correlation with LATF (r= 
-0.424, p<.0001). Moreover, LA volumes, phasic 
functions and geometry were negatively associ-
ated with LV ones; therefore, as LATF was got 
higher, the LAVmin and LASI were decreasing (r= 
-0.648, p<.0001). Besides this, a positive correla-
tion between the LATF and LA strain (r = 0.496, 
p<.0001) was also observed.

Furthermore, there was a significant correla-
tion between LAVmin and the severity of LV dia-
stolic dysfunction. It was significantly decreased 
in HCM patients with a 1st degree diastolic dys-
function (42 patients) when compared to HCM 
patients with a 2nd degree diastolic dysfunction (41 
patients) (17.3 vs. 20.8 mL/m2, p<.0001). More-
over, patients with a 3rd degree diastolic dysfunc-
tion (22 patients) had higher LAVminthan those 
with a 2nd degree diastolic dysfunction (24.9 vs. 
20.8 mL/m2, p<.0001) (Figure 4).

Univariable and Multivariable Cox analysis
Even though in univariate analysis numerous 

cMRI parameters showed significant correlations 
with HCM. After the adjustment for confounders 
only LAVmin, LASI, LA-et, E/E’ ratio remained 

independently associated with the disease (Table 
V). Thereafter, the ability of several LA geome-
try and phasic function parameters in identifying 
the presence of HCM was evaluated using ROC 
curve analyses (Figure 5). For LA strain, ROC 
curve analysis showed an area under the ROC 
curve (AUC) of 0.979 (95%CI: 0.949 to 0.994, 
p<.0001). The optimal cut-off value for LA strain 
was 36%, yielding a 97.1% sensibility and 91.4% 
specificity, for HCM.

Discussion

In our study, we have identified significant 
associations between LA geometry and func-
tion parameters determined by cMRI and LV 
diastolic dysfunction in patients with HCM. 
Therefore, our main findings encompass:(1) 
LA remodeling and enlargement were closely 
related with LV diastolic dysfunction and its se-
verity; (2) defective LA phasic functions were 
significantly decreased in HCM subjects, inde-
pendent of LA volumes, although their progres-
sion was closely related to LA enlargement; (3) 
LAS, increased LV filling pressures and LV hy-
pertrophy impacted the LA reservoir function; 
(4) LASI and LA strain were closely related to 
LA reservoir dysfunction.

Table IV. Comparison between LA geometry and function parameters between HCM and healthy subjects.

Variables HCM patients Control patients p-value  n=105 n=105

LA volumes indexed   
- LAVmax index, mL/m2 39.8 (7.6) 30.1 (6.6) < .001
- LAVmin index, mL/m2 20.6 (6.1) 13.9 (2.8) < .001
- LAVpre-A index, mL/m2 32.1 (6.3) 24.7 (4.2) < .001
Reservoir function   
- LATF, % 49.2 (6.2) 61.8 (3.9) < .001
- LA- et, % 31.2 (2.1) 39.8 (3.1) < .001
Conduit function   
- LAPF, % 20.2 (5.9) 28.2 (8.2) < .001
- LA-ep, % 15.2 (3.3) 18.2 (3.2) < .001
Atrial booster function   
- LAAF, % 36.1 (8.9) 41.8 (8.1) < .001
- LA-ea, % 20.8 (2.2) 28.9 (3.8) < .001
LA geometry   
- LASI 0.47 (0.17) 0.33 (0.16) <.001
- LA-LGE +, n (%) 39 (37.1) - NA
Severe mitral regurgitation, n (%) 21 (18.1) - NA

Abbreviations: n, number of patients; LA-et, left atrial total strain; LA-ep, left atrial passive strain; LA-ea, left atrial active strain; 
LAV, left atrial volume; LASI, left atrial sphericity index; LA-LGE, left atrial late gadolinium enhancement; LAPF, left atrial 
passive emptying fraction; LAAF, left atrial active emptying fraction; LATF, left atrial total emptying fraction.
Data are reported as mean (standard deviation) or median (IQR) or n (%).
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cMRI has recently become the investigation 
of choice for structural and functional evaluation 
of both HCM and LA remodeling18. Using cMRI 
in patients with HCM, this study was the first to 
estimate LV diastolic function in conjunction with 

LA measurements, showing a direct correlation 
between progressive LAVmin and the harshness 
of LV diastolic dysfunction. Recently, Chacko 
et al19 compared HCM and hypertensive patients 
to evaluate the relationship between LV diastolic 

Figure 3. Scatter plots showing linear relationships between LA and LV function and geometry parameters. 
Abbreviations: LA-et, left atrial total strain; LAS, left ventricular long-axis strain; LASI, left atrial sphericity index; LATF, left 
atrial total emptying fraction; LAVmin, minimum left atrium volume; LVM, left ventricular mass.
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dysfunction and its thickness by cMRI, using only 
diastolic parameters, such as peak filling rate and 
time-to-peak filling. In contrast, our analyses of 
diastolic dysfunction comprised an extended eval-
uation and combination of multiple parameters. 

The use of cMRI in the evaluation of LA is 
quite laborious and the normal ranges for LAVs 
have only recently emerged12,13. It has been sug-
gested that a 15% enlargement of LA might 
predict its remodeling20. In our study, LAVmax, 
LAVpre-A and LAVmin were in the normal range, 
similar to other published studies21,22. Moreover, 
larger LAVs in the HCM group, suggested early 
LA structural remodeling. 

On the other hand, LA functional remodeling 
clearly occurs in HCM patients, as previously 
proposed by Kowallick et al23. All three LA phasic 
functions were substantially decreased in HCM 
group when compared to healthy subjects, hinting 
that LA dysfunction might be independent from 
the structural one. Conversely, we found a strong 
association between LV hypertrophy and LA dys-
function, particularly the reservoir function. LV 
hypertrophy and diastolic dysfunction are two 
complementary processes that include impaired 
LV volumes and compliance24, which might also 
impact LA’s normal functioning. 

LA enlargement has been related to LV di-
astolic dysfunction, recent data showing that 
LA dysfunction and functional remodeling are 
present from early stages of cardiac diseases, 
when LAVs are still normal. Moreover, in-
creased LV filling pressures are significantly 
associated with decreased LA reservoir func-
tion, expressed as LATF, suggesting that both 
LV hypertrophy and diastolic dysfunction pro-
mote LA remodeling5. In addition, all three LA 
strain parameters (total, active, passive), mark-
ers of early diastolic dysfunction, were modi-
fied in HCM patients, emphasizing the strong 
mutualism between LV diastolic dysfunction 
and LA dysfunction25. Data regarding LA strain 
were consistent with the results of Yang et al2 
in patients with non-obstructive HCM; the 
study demonstrated that segmental LA strain 
and strain rate analysis were decreased in this 
group, however, they found no difference in 
LA booster pump function. To our knowledge, 
there are no studies to evaluate a specific con-
nection between LV diastolic dysfunction and 
an extended LA function, including LA strain 
in those with HCM.

Another aspect in patients with HCM is that 
LVEF is preserved, except end-staged diseases, 

Figure 4. Association between LAVmin and the severity of LV diastolic dysfunction. 
Abbreviations: LAVmin, minimum left atrial volume; LV, left ventricle.
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suggesting that there is no association between 
LV systolic function and LA dysfunction. How-
ever, when LAS, a specific surrogate of sub-
clinical LV systolic dysfunction, was used, the 
results were quite unexpected. There was a sig-
nificant correlation between impaired LAS and 
decreased LATF, indicating that LV function-
al changes could predict LA dysfunction. In an 
echocardiography-based study conducted by 
Hiemstra et al26, they demonstrated that global 
longitudinal strain and LAV index were indepen-
dent predictors of outcomes in HCM population. 
Nevertheless, there are no data available regard-
ing LV and LA function determined by cMRI in 
patients with HCM.

Other markers of LA remodeling process, 
LAVmin and LASI, were also modified in the 
HCM group, and considerably correlated with 
LATF, demonstrating that altered LA geometry 

could predictand determine atrial dysfunction. 
LA spherical remodeling causes increased atri-
al stretch with consecutive structural and func-
tional damage of the LA tissue, increasing the 
risk of AF7.

Opposed to Williams et al27, there was no dif-
ference regarding LA function in the HCM group, 
between the obstructive and non-obstructive 
forms of HCM. A possible explanation could be 
that in our study, LAVs were in the normal range, 
thus involving patients with an incipient form of 
the disease.

Regarding the feasibility and reproducibility of 
cMRI in the evaluation of LA function, the values 
characterizing LA in the controls were like those 
encountered in the study of Maceira et al22. Further-
more, cMRI is an accurate method for a compre-
hensive evaluation of LA function by strain with 
a good intra- and inter-observer reliability21; LA 

Abbreviations: cMRI, Cardiac Magnetic Resonance Imaging; LV, left ventricle; LVEDV; left ventricular end-diastolic volume; LVESV, left 
ventricular end-systolic volume; LVM, left ventricular mass; LVEF, left ventricular ejection fraction; LAV, left atrial volume; LASI, left atrial 
sphericity index; LA-et, left atrial total strain; LA-ep, left atrial passive strain; LA-ea, left atrial active strain; LAV, left atrial volume; RV, right 
ventricle; RVEDV; right ventricular end-diastolic volume; RVESV, right ventricular end-systolic volume; E, early peak mitral flow velocity; E’, 
myocardial longitudinal early diastolic peak myocardial velocity; DT, early diastolic filling deceleration time; NT-proBNP, N-terminal pro-Brain 
Natriuretic Peptide. Adjustment models: age, gender with the addition of significant parameters of univariable analysis.

Table V. Univariable and Multivariable Logistic Regressions Analyses testing the independent relation of variables associated with HMC.

  Univariable Analysis Multivariable Analysis 

  Unadjusted OR p-value Adjusted OR p-value
  (95% CI)  (95% CI) 

Age 1.01 (0.98-1.02) NS  
Gender 1.05 (0.57-1.92) NS  
Body mass index 1.06 (1.01-1.13) NS  
LVEDV index, mL/m2 1.03 (1.01-1.04) <.001  
LVESV index, mL/m2 1.07 (1.03-1.09) <.001  
LVEF, % 0.97 (0.94-1.01) NS  
LVM index, g/m2 1.12 (1.08-1.16) <.0001  
LAS, % 2.11 (1.75-2.56) <.0001  
RVEDV index, mL/m2 0.95 (0.93-0.97) <.001  
RVESV index, mL/m2 0.91 (0.88-0.94) <.001  
RVEF, % 0.95 (0.91-1.00) NS  
LAV max index, mL/m2 1.20 (1.14-1.24) <.0001  
LAV min index, mL/m2 1.63 (1.43-1.85) <.0001 1.47 (1.16-1.87) .001
LAV preA index, mL/m2 1.35 (1.24-1.47) <.0001  
LASI 1.27 (1.13-1.31) <.0001 1.12 (1.06-1.34) .002
LATF, % 1.61 (1.51-1.76) <.0001  
LAPF, % 1.91 (1.72-1.98) <.0001 1.65 (1.40-1.81) .0001
LAAF, % 1.67 (1.56-188) <.0001  
LA-et, % 1.41 (1.32-1.53) <.0001  
LA-ep, % 1.63 (1.51-1.72) <.0001 1.62 (1.46-1.84) .003
LA-ea, % 1.39 (1.28-1.52) <.0001  
E/E’ ratio 1.85 (1.54-2.22) <.0001 1.80 (1.18-2.78) .0001
DT, ms 0.97 (0.96-0.98) <.001  
NP-proBNT, pg/dL 1.02 (1.01-1.03) <.001  
Severe mitral regurgitation 2.32 (1.36-2.81) <.0001 2.62 (1.94-5.41) .003
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strain values in our study for healthy subjects were 
in concordance with afore mentioned studies.

Study Limitations
First, the role of cMRI in evaluating LV diastolic 

dysfunction is still in progress and further post-pro-
cessing adjustment and standardization methods 
are still required, using echocardiography as a stan-
dard28. Moreover, we included only patients with 
HCM and preserved LVEF. Additionally, we exclud-
ed patients with AF which also negatively influences 
LA booster function and filling pressures9.

Conclusions

Patients with HCM and LA replacement fibro-
sis express more decreased LA phasic functions, 
being closely related to LV myocardial diastolic 
dysfunction and LA enlargement. Therefore, fur-
ther studies should evaluate their ability of prog-
nosis prediction in these subjects.
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