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Purpose: To determine whether left atrial (LA) strain quantification 
with cardiac magnetic resonance (MR) imaging feature 
tracking is associated with the severity of LA fibrofatty 
myocardial remodeling at histologic analysis.

Materials and 
Methods:

This prospective case-control study was approved by 
the institutional review board. LA strain was evaluated 
with cardiac MR feature tracking between January 2014 
and March 2015 in 13 consecutive patients (mean age, 
61 years 6 19; nine male) with mitral regurgitation in 
the 24 hours before mitral valve surgery and 13 age- and 
sex-matched healthy control subjects. LA strain param-
eters were compared first between control subjects and 
patients and then according to atrial fibrillation and mi-
tral regurgitation status. Associations between LA strain 
and histology of preoperative biopsies were reported by 
using receiver operating characteristic curve analysis and 
Spearman correlation.

Results: Peak longitudinal atrial strain (PLAS) was significantly 
lower in patients with mitral regurgitation than in healthy 
control subjects (P , .001). Increased LA remodeling was 
significantly related to altered LA strain, and the strongest 
association was found between PLAS and the degree of 
fibrofatty myocardial replacement at histologic analysis (r 
= -0.75, P = .017). LA end-diastolic volume was increased 
in patients with mitral regurgitation when compared with 
that in healthy volunteers (P , .001) because of volume 
overload; however, volume did not correlate with the his-
tologic degree of LA fibrofatty replacement (r = 20.35, P 
= .330).

Conclusion: LA strain, especially PLAS, correlates strongly with the 
degree of fibrofatty replacement at histologic analysis. 
Such functional imaging biomarker in combination with 
LA volumetry could help to guide clinical decisions, since 
myocardial structural remodeling is a known morphologic 
substrate of LA dysfunction leading to atrial fibrillation 
with adverse outcome.
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is associated with the severity of LA 
fibrofatty myocardial remodeling at 
histology.

Materials and Methods

Study Population
This prospective case-control study 
was approved by our institutional re-
view board, and signed informed con-
sent was given by all participants. All 
adult patients undergoing open sur-
gery for mitral regurgitation without 
cardiocirculatory assist devices were 
eligible. Exclusion criteria were con-
traindications to cardiac MR imaging 
and inability to perform cardiac MR 
imaging in the 24 hours prior to car-
diac surgery. Thirteen patients (nine 
male, four female) undergoing mitral 
valve replacement with left atriotomy 
in our cardiac surgery department 
were included consecutively between 
January 2014 and March 2015. Cardiac 
MR imaging was also performed in 13 

thus preventing the development of 
heart failure.

Several studies have investigated 
imaging methods to assess left atrial 
(LA) cardiomyopathy, such as ven-
tricular and atrial late-gadolinium-en-
hancement (LGE) (11,12) T1 mapping 
(13). Others assessed LA wall strain 
with echocardiographic speckle track-
ing (14) or magnetic resonance (MR) 
imaging feature tracking (15). The 
concepts of these methods are differ-
ent, since T1 mapping and LGE are 
used to directly investigate structural 
properties of the LA myocardium, 
while strain measurement is based 
on LA wall elastic function and me-
chanics. An association between LA 
strain and LA LGE has been reported 
(16). However, the maximum spa-
tial resolution achieved in vivo with 
LGE sequences around 1 mm (17) is 
questionable to assess the 1–2-mm 
thick LA wall, as it is prone to par-
tial volume effects (18). Precise strain 
measurement is more dependent on 
temporal resolution than on spatial 
resolution and is attainable with car-
diac MR imaging cine steady-state 
free precession sequences (19).

LA echocardiographic speckle 
tracking was shown to enable predic-
tion of cardiovascular outcomes (20), 
and it correlates with histologic in-
terstitial fibrosis grade (21). The pur-
pose of our study was to determine 
whether LA strain quantification with 
cardiac MR imaging feature tracking 
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Abbreviations:
AF = atrial fibrillation
EDV = end-diastolic volume
EF = ejection fraction
ESV = end-systolic volume
LA = left atrium
LV = left ventricle
LGE = late gadolinium enhancement
PLAS = peak longitudinal atrial strain
PRAM = peak radial atrial motion fraction
ROC = receiver operating characteristic
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Advances in Knowledge

 n Decreased left atrial (LA) longitu-
dinal strain measured with MR 
imaging in humans is strongly 
associated with increased fibro-
fatty myocardial replacement at 
histologic analysis (r = 20.75, P 
= .017).

 n LA longitudinal strain is signifi-
cantly lower in patients with 
mitral regurgitation than in 
healthy control subjects (P , 
.001), even in the absence of 
atrial fibrillation (P = .003).

 n LA longitudinal strain measured 
with MR feature tracking is 
highly reproducible, with low in-
terobserver coefficients of varia-
tion (5.4%) that are comparable 
to conventional left ventricular 
volumes (3.7%), for which MR 
imaging is an established refer-
ence modality.

Implications for Patient Care

 n LA longitudinal strain may act as 
a noninvasive surrogate of LA 
fibrofatty remodeling and may 
ultimately be useful for early clin-
ical decisions in patients prior to 
atrial fibrillation onset, a major 
and increasing cause of stroke 
and heart failure in aging 
populations.

 n LA cardiomyopathy determined 
noninvasively using MR imaging 
strain may also influence early 
clinical treatment decisions in 
patients with mitral 
regurgitation.

Atrial fibrillation (AF) is the most 
frequent cardiac arrhythmia in 
clinical practice, and it is a ma-

jor cause of stroke (1) and heart fail-
ure (2). Most often, AF is associated 
with profound structural and functional 
alterations of the atrial myocardium, 
promoting a true atrial cardiomyopa-
thy. Fibrosis, which can be interstitial 
or packed with adipose deposits, par-
ticularly in the subepicardium (3), is an 
important component of atrial cardio-
myopathy (4). This histologic remod-
eling and alterations in the excitation-
contraction process of atrial myocytes 
contribute to the development of the 
arrhythmogenic substrate of AF.

Atrial cardiomyopathy can precede 
arrhythmia and is favored by heart fail-
ure, valve diseases, hypertension, obe-
sity, and aging (5,6). Furthermore, its 
severity is an important determinant 
of AF recurrence (7,8) and response 
to treatment (9,10). In this context, it 
is of major clinical interest to have a 
noninvasive biomarker with which to 
quantify the degree of atrial cardio-
myopathy. New imaging biomarkers 
could lead to early clinical decisions 
prior to new-onset AF or in patients 
with moderate mitral regurgitation, 
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Assessment of Cardiac Volumes and 
Function
Left ventricular (LV) and right ven-
tricular volumes and ejection fraction 
(EF) and LV mass were assessed by 
using Medis Suite 2.0.16.0 (Medis 
Medical Imaging Systems, Leiden, the 
Netherlands). LA systolic and diastolic 
volumes were estimated by using the 
biplanar area-length method (22). LA 
end-diastolic volume (EDV) was de-
fined as the maximum volume in LA 
diastole, while LA end-systolic volume 
(ESV) was the minimal volume in LA 
systole. LA EF and mitral regurgita-
tion volume were calculated from LA 
and LV volumes. Furthermore, pa-
tients underwent mitral regurgitation 
quantification with Doppler echocardi-
ography prior to surgery, with use of 
the effective regurgitant orifice area, 
measured with the proximal isoveloc-
ity surface area method, as well as the 
E/A and E/E’ ratios, with E being the 
early diastolic velocity peak; A, the 
late diastolic velocity peak in contin-
uous transmitral Doppler, and E’, the 
early diastolic peak of lateral mitral 
annulus displacement velocity in tissue 
Doppler imaging.

paraformaldehyde 4%. The samples 
were then embedded in paraffin and 
stained with Picro-Sirius red for his-
tologic analysis. Myocardial fibrosis, 
myocytes, and intramyocardial fat 
were semiautomatically segmented on 
the whole slides by using HistoLab, 
version 10.2.1 (Microvision Instru-
ments, Evry, France) by a pathologist 
(F.A., 6 years of experience in cardiac 
histology) who was blinded to clinical 
information and strain results, allow-
ing quantification of the different myo-
cardial components (Figs 1, 2).

Cardiac MR Imaging Protocol
All subjects underwent a routine clini-
cal protocol performed with a 1.5-T im-
ager (Magnetom Aera; Siemens Health-
care, Erlangen, Germany) that included 
steady-state free precession short-axis 
views and longitudinal two-, three-, and 
four-chamber views covering the whole 
heart. The following MR imaging param-
eters were used: repetition time msec/
echo time msec, 50.58/1.16; acquisition 
matrix, 232 3 256; flip angle, 59°; pixel 
size, 1.48 3 1.48 mm; section thickness, 
6 mm; spacing between sections, 7 mm. 
Temporal resolution was 10–40 msec.

age- and sex-matched healthy volun-
teers who were free of cardiovascular 
disease. These subjects comprised the 
control group. Thus, a total of 26 par-
ticipants were included in this study. In 
three patients, LA biopsy material was 
insufficient to warrant state-of-the-art 
histologic analysis; therefore, histo-
logic findings in correlation to cardiac 
MR imaging feature tracking were 
available in 10 patients. Three (23%) 
of 13 patients with new-onset mitral 
valve regurgitation detected in the 4 
weeks prior to surgery were classified 
as having acute mitral regurgitation, 
while the remaining 10 (77%) patients 
were classified as having chronic mi-
tral regurgitation. Five of 13 (38%) pa-
tients were in AF at the time of cardiac 
MR imaging (three permanent AF, two 
paroxysmal AF), while eight (62%) of 
13 were in sinus rhythm.

Tissue Sample and Histologic Analysis
During open mitral valve replace-
ment, a tissue sample was taken from 
the atriotomy border between the 
right pulmonary veins and the infe-
rior vena cava on the LA inferome-
dial wall and fixed in neutral buffered 

Figure 1

Figure 1: Histologic quantitative analysis of left atrial tissue samples. A–C, Representative photomicrographs of picrosirius red–stained atrial myocardial slices 
show various degrees of fibrosis in red, fat in white, and myocytes in yellow. Images were obtained, A, in a 32-year-old female patient with 27% fibrofatty myocardial 
replacement, B, in a 59-year-old male patient with 36% fibrofatty myocardial replacement, and, C, in a 35-year-old female patient with 58% fibrofatty myocardial 
replacement. D–F, Corresponding semiautomated histologic segmentation enables the exact quantification of myocytes, interstitial fibrosis, and intramyocardial fat.
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surgery to collect clinical follow-up in-
formation. Follow-up was achieved in 
nine of 13 patients, as four patients 
were lost to follow-up. At follow-up, 
the nine patients felt subjectively bet-
ter than they felt before surgery, and 
all had a New York Heart Association 
score greater than or equal to III. All 
of the patients with AF before surgery 
still had paroxysmal or permanent AF, 
with the exception of one patient who 
underwent heart transplantation. None 
of the patients without preoperative 
history of AF had AF at follow-up.

Statistical Analyses
Our sample size was based on the 
findings of Kowallick et al (23), who 
showed that a sample size of seven pa-
tients per group is sufficient to detect a 
10% difference and that a sample size 
of four is sufficient to detect a 15% dif-
ference of PLAS by using MR imaging 
feature tracking with a power of 90% 
and an a error of .05. This translates 
to our study sample size of 13 patients 
(five in AF, eight in sinus rhythm) and 
13 control subjects. Statistical analysis 
was performed with Stata software 
(version 11.2; Stata, College Station, 
Tex) and GraphPad Prism (version 
7.1; GraphPad Software, La Jolla, Ca-
lif). Comparisons between groups were 
performed by using the nonparamet-
ric Mann-Whitney test for continuous 
variables and the Fisher exact test for 
categorical variables. These analyses 
were performed in all patients and 
were compared with the control group, 
as well as between patients with acute 
and chronic mitral regurgitation and 
between patients in sinus rhythm and 
AF separately. Spearman correlation 
was used to study the association of 
the histologic LA myocardial fat and fi-
brosis composition with the measured 
LA global and regional strain and LA 
volume parameters. Receiver operating 
characteristic (ROC) analysis was used 
to obtain the optimal cutoff values of 
LA strain parameters and LA volumetry 
to differentiate between patients with 
mitral regurgitation and healthy control 
subjects. Leave-one-out cross-validation 
was used to calculate mean sensitivity 
and specificity of the ROC curves with 

were peak longitudinal atrial strain 
(PLAS) and peak radial atrial motion 
fraction (PRAM) corresponding to the 
atrial reservoir function, as well as pre 
a-wave longitudinal strain and radial 
atrial motion fraction corresponding to 
the LA booster pump function. Strain 
rates were calculated as the first tem-
poral derivative of the strain curves: 
PLAS and PRAM rate was calculated as 
the first positive peak (reservoir func-
tion), E wave longitudinal strain rate 
and radial motion rate (E-S rate and 
E-M rate, respectively) was calculated 
as the first negative peak (atrial con-
duit function), and A wave longitudinal 
strain rate and radial motion rate (A-S 
rate and A-M rate, respectively) was 
calculated as the second negative peak 
(atrial booster pump function) (Fig 3).  
In addition to global LA strains, re-
gional strain values were calculated in 
the anterior, posterior, inferior, lateral, 
and septal LA wall.

Reproducibility
Cardiac MR imaging LA volumetry, 
LV volumetry, and LA strain measure-
ments were assessed by two indepen-
dent readers (J.L., A.H.) to analyze the 
reproducibility.

Follow-up
All patients were contacted by tele-
phone between 12 and 27 months 
(mean, 22 months) after mitral valve 

Feature Tracking
LA feature tracking was performed by 
using dedicated cardiac MR imaging 
feature-tracking software (24). The en-
docardial borders were manually traced 
by two independent blinded reviewers 
(J.L., A.H.; 3 and 6 years of experience 
in cardiac imaging, respectively) on a 
drag-and-draw basis on a single-phase 
steady-state free precession cine im-
age corresponding to atrial diastole. To 
be equally distributed on all segments, 
markers were automatically defined as 
the crossings of radii originating from 
the LA center of mass and the endo-
cardial border. Imaging features in a 
6 3 6 pixel region of interest around 
these markers were used to track the 
endocardial border throughout the car-
diac cycle by using spatial correlation. 
Finally, an elastic constraint was ap-
plied on resulting endocardial contours. 
Longitudinal strain was defined as the 
temporal variation of the LA contour 
length and was calculated as (L(t)2L0)/
L0, where L0 is the initial length and 
L(t) is the length at a given time. The 
radial motion fraction was defined as 
the radial relative displacement toward 
the LA center of mass.

Global and per-segment longitudinal 
strain and radial motion fraction were 
assessed separately in two-, three-, and 
four-chamber views. Mean strain was 
calculated as the mean of the three 
global strains. The analyzed metrics 

Figure 2

Figure 2: Histologic quantitative analysis of a sample with important fibrofatty myocardial replacement. A, 
Representative photomicrograph of a picrosirius red–stained atrial myocardial slice in a 64-year-old male 
patient shows fibrosis in red, fat in white, and myocytes in yellow. B, Corresponding semiautomated histology 
image shows total fibrofatty replacement of 38%.
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comparable to the standard measure-
ments of LV EDV, LV ESV, and LV EF.

Best correlation was achieved be-
tween a decrease in global PLAS and 
an increase in total fat and fibrosis in 
the myocardium (r = 20.75, P = .017). 
In addition to global LA strains, re-
gional PLAS correlated well with his-
tology when estimated at the anatomic 
location where the tissue sample was 
taken (r = 20.78, P = .011) and when 
estimated for the lateral free wall (r = 
20.83, P = .005). This correlation was 
lower for PLAS of less mobile LA seg-
ments between the pulmonary veins (r 
= 20.65, P = .049) and the interatrial 
septal wall (r = 20.48, P = .166). Pa-
tients with chronic mitral regurgitation 
showed significantly lower strain values 
and higher degree of myocardial fibro-
fatty replacement than did patients with 
acute mitral regurgitation. Of note, all 
of the patients with acute mitral regur-
gitation had a moderate degree of his-
tologic LA fibrofatty replacement and 
intermediate LA strain values. There 
was no significant correlation between 
any strain value and myocardial fat 
alone. Detailed correlation coefficients 
between different LA strain parameters 

Moreover, no significant differences 
were found between the two groups in 
terms of diastolic function indexes (E/A 
ratio, P = .99; E/E’ ratio, P = .51).

All LA strains and strain rates were 
significantly different between patients 
with mitral regurgitation and control 
subjects, with the exception of longitu-
dinal E-S rate (Table 2). Patients with 
mitral regurgitation had lower strain 
values, higher LA volumes, and lower 
LA EF than did control subjects. The 
same held true for patients with AF 
as compared with patients in sinus 
rhythm. The performance of PLAS as 
the overall best strain parameter is 
shown in more detail in Figure 4. Car-
diac MR imaging parameters, including 
LV and LA volumetry and mean strain 
values, are presented in Table 2.

To assess interrater variability, co-
efficients of variation between two in-
dependent readers were calculated as 
follows: LV EDV, 3.7%; LV ESV, 7.2%; 
LV EF, 3.6%; LA EDV, 6.5%; LA ESV, 
8.0%; LA EF, 22.6%; PLAS, 5.4%; 
pre-A-wave longitudinal strain, 15.7%; 
PLAS rate, 9.3%; longitudinal, E-S rate, 
8.7%; and longitudinal A-S rate, 19.9%. 
Interrater variability of PLAS was thus 

standard deviations. Cutoff values were 
identified on the averaged ROC curve by 
using the Youden index. Coefficients of 
variation were calculated between two 
independent readers for LA volumetry, 
LV volumetry, and LA strain parame-
ters to assess interrater variability. P 
, .05 indicated a significant difference.

Results

The baseline characteristics of the 
study population are listed in Table 1.  
The patients in sinus rhythm and the 
patients in AF matched the age of the 
healthy control subjects. Patients in 
AF took more antihypertensive drugs 
than did patients in sinus rhythm. On 
the other hand, they showed less mi-
tral valve prolapse associated with dys-
trophy; however, they tended to have 
more rheumatic, infectious, and is-
chemic causes of mitral valve disease. 
Mitral regurgitation quantification with 
Doppler echocardiography showed no 
significant differences in the effective 
regurgitant orifice area between pa-
tients in sinus rhythm (mean, 0.77 cm2 
6 0.33 [standard devitation]) and those 
in AF (mean, 0.60 cm2 6 0.41; P = .51). 

Figure 3

Figure 3: LA strain measurements on a four-chamber steady-state free precession cine view in a 63-year-old male healthy volunteer. A, PRAM and, B, PLAS 
correspond to LA reservoir function, while pre-A-wave longitudinal strain (pre-A-LS) and pre-A-wave radial motion fraction (pre-A-RM) correspond to atrial booster 
pump function. C, D, Strain rate peaks correspond to the longitudinal and radial reservoir (PRAM rate in C, PLAS rate in D ), conduit (E-M rate in C, E-S rate in D ), and 
booster pump (A-M rate in C, A-S rate in D ) function. Red = global strain and strain rates, yellow, green, and blue correspond to LA segmental measurements on the 
cardiac MR image (left).
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imaging study (r = 20.66 for fibrosis, r 
= 20.75 for fat and fibrosis) was consis-
tent with such echocardiographic find-
ings, although a direct comparison is 
rendered difficult by the differences in 
the studied populations. Indeed, Cam-
eli et al (21) considered a more homo-
geneous patient population, excluding 
those with AF, diabetes, or hyperten-
sion. Our results also show a strong 
correlation between regional PLAS and 
myocardial fibrofatty infiltration in the 
LA segment, including at the atriotomy 
site where the tissue sample was taken 
(r = 20.78, P = .01). However, there 
was a slightly higher correlation with 
PLAS measured on the mobile lateral 
wall, while correlations were lower in 
less mobile LA segments (posterior 
segment between the pulmonary veins 
and septal wall). Our study population 
was too small to determine the extent 
to which these differences were due to 
heterogeneous fibrofatty remodeling of 
the LA wall due to regional variations 

was possible with a mean sensitivity 
of 93% 6 8 and a mean specificity of 
77% 6 3. A mean PLAS cutoff value 
of less than 12% 6 0.5 enables differ-
entiation of patients with LA fibrofatty 
replacement at histology of more than 
45% versus those with LA fibrofatty 
replacement at histology of less than 
45%, with a mean sensitivity of 100% 
6 0 and a mean specificity of 83% 6 6.

Discussion

Our results show that decreased LA 
strain, notably PLAS, is directly cor-
related to the histologic degree of LA 
fibrofatty remodeling, which is the mor-
phologic substrate of LA cardiomyopa-
thy. The two existing studies compar-
ing echocardiographic speckle tracking 
and histologic findings reported a cor-
relation between PLAS and fibrosis of 
20.82 (21) and 20.55 (24). The cor-
relation between PLAS and LA intersti-
tial fibrosis in the present cardiac MR 

and histologic findings are shown in 
Table E1 (online).

Even if PLAS and LA EF were 
strongly linked (Fig 5), there was no 
significant correlation between LA 
myocardial fibrofatty replacement and 
LA volumes (r = 0.18, P = .632 for LA 
EDV; r = 20.38, P = .279 for LA EF). 
However, ROC analysis with leave-one-
out cross-validation revealed that LA 
EDV was a good index with which to 
differentiate patients with mitral regur-
gitation from healthy control subjects, 
with a mean area under the curve of 
0.98 6 0.01 (P , .001), a mean sensi-
tivity of 86% 6 2, and a mean specific-
ity of 100% 6 0 using a mean indexed 
LA EDV cutoff of more than 64 mL/m2 
6 0.2. PLAS showed a slightly lower 
mean area under the curve of 0.92 6 
0.01 (P , .001) to differentiate patients 
with mitral regurgitation from control 
subjects. With an optimum mean PLAS 
cutoff value of less than 30% 6 1, dif-
ferentiation between the two groups 

Table 1

Baseline Characteristics of the Study Population

Characteristic
Control Subjects 
(n = 13)

Patients 
(n = 13) P Value

Patients in Sinus Rhythm 
(n = 8)

Patients in AF 
(n = 5) P Value

Age (y)* 57 6 9 61 6 19 .426 62 6 20 59 6 20 .942
Sex (M/F) 9/4 9/4 ..999 2 (25%) 2 (40) ..999
Body mass index (kg/m2)* 25 6 5 24 6 3 .739 24 6 3 25 6 4 .435
New York Heart Association functional classification III 0 (0) 7 (55) .005 3 (38) 4 (80) .266
Chronic renal failure 0 (0) 3 (23) .220 1 (13) 2 (40) .511
One or more cardiovascular risk factor 0 (0) 5 (38) .039 3 (38) 2 (40) ..999
NT-proBNP level (pg/mL) … 4404 6 5818 … 3987 6 6001 4989 6 6191 .268
Antihypertensive drugs
 1 0 (0) 12 (92) ,.001 7 (88) 5 (100) ..999
 2 0 (0) 7 (55) .005 2 (25) 5 (100) .021
Atrioventricular blockage 0 (0) 2 (15) .480 2 (25) 0 (0) .487
Mitral valve prolapse 0 (0) 9 (69) ,.001 7 (88) 2 (40) .217
Mechanism
 Dystrophy 0 (0) 9 (69) ,.001 7 (88) 2 (40) .217
 Rheumatic 0 (0) 2 (15) .480 1 (13) 2 (40) .511
 Endocarditis 0 (0) 2 (15) .480 1 (13) 1 (20) ..999
 Ischemic 0 (0) 1 (8) ..999 0 (0) 1 (20) .385
Treatment
 Annuloplasty 0 (0) 9 (69) ,.001 7 (88) 2 (40) .217
 Valve replacement 0 (0) 3 (23) .220 1 (13) 2 (40) .511
 Transplantation 0 (0) 1 (8) ..999 0 (0) 1 (20) .417

Note.—Unless otherwise indicated, data are number of patients, and data in parentheses are percentage. P values were calculated with the Mann-Whitney U test or Fisher exact test, as appropriate. 
NT-proBNP = N-terminal pro–B-type natriuretic peptide.

* Data are mean 6 standard deviation
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of mechanical properties based on LA 
geometry.

Our results are also consistent with 
those in publications without histology. 
Ring et al (25) showed reduced LA res-
ervoir and booster pump strain at echo-
cardiography in patients with severe 
mitral regurgitation referred to surgery 
as compared with those without a sur-
gical indication. In the present study, 
patients with chronic mitral regurgita-
tion had significantly lower PLAS than 
did patients with acute mitral regurgita-
tion. Moreover, PLAS was significantly 
lower in patients in AF when compared 
with PLAS in patients with mitral regur-
gitation in sinus rhythm. This is consis-
tent with findings of recent cardiac MR 
imaging feature-tracking studies that 
show lower strain values in patients 
with AF when compared with those in 
healthy volunteers (16). The link be-
tween decreased PLAS and paroxysmal 

Table 2

MR Imaging Parameters

Parameter
Control Subjects 
(n = 13)

Patients 
(n = 13) P Value

Patients in Sinus Rhythm 
(n = 8)

Patients in AF 
(n = 5) P Value

LV
 EDV index (mL/m2) 81 6 14 117 6 24 ,.001 120 6 24 113 6 24 .622
 ESV index (mL/m2) 29 6 6 58 6 26 ,.001 51 6 16 69 6 34 .354
 Mass index (mL/m2) 56 6 14 69 6 10 .010 70 6 12 68 6 9 .833
 EF (%) 63 6 7 51 6 16 .030 57 6 12 41 6 18 .127
Mitral regurgitation fraction … 43 6 16 … 48 6 19 36 6 9 .435
LA
 EDV index (mL/m2) 43 6 14 92 6 25 ,.001 82 6 20 107 6 27 .127
 ESV index (mL/m2) 19 6 7 65 6 30 ,.001 50 6 21 89 6 28 .019
 EF (%) 56 6 7 31 6 17 ,.001 39 6 16 18 6 6 .011
Mean longitudinal LA strain
 PLAS (%) 35.6 6 8.6 17.0 6 9.7 ,.001 22.3 6 8.6 8.5 6 2.7 .011
 Pre-A-LS (%) 17.7 6 4.4 5.1 6 4.8 ,.001 6.8 6 5.6 2.3 6 0.6 .354
Mean longitudinal LA strain rate
 PLAS rate (%/sec) 1.43 6 0.32 0.78 6 0.37 ,.001 0.97 6 0.35 0.47 6 0.12 .030
 Longitudinal E-S rate (%/sec) 21.34 6 0.42 20.92 6 0.52 .026 21.20 6 0.47 20.47 6 0.14 .003
 Longitudinal A-S rate (%/sec) 21.42 6 0.38 20.50 6 0.41 ,.001 20.68 6 0.45 20.23 6 0.07 .093
Mean radial LA motion fraction
 PRAM (%) 24.2 6 5.5 7.2 6 5.5 ,.001 10.1 6 5.4 2.8 6 0.6 .006
 Pre-A-RM (%) 8.1 6 2.8 2.8 6 3.7 .001 4.0 6 4.0 3.4 6 8.7 .127
Mean radial LA motion rate
 PRAM rate (%/sec) 0.99 6 0.26 0.41 6 0.28 ,.001 0.56 6 0.26 0.18 6 0.06 .006
 Radial E-M rate (%/sec) 20.82 6 0.26 20.51 6 0.35 .014 20.68 6 0.35 20.24 6 0.11 .011
 Radial A-M rate (%/sec) 21.30 6 0.39 20.30 6 0.29 ,.001 20.41 6 0.31 20.08 6 0.08 .065

Note.—Data are mean 6 standard deviation. P values were calculated with the Mann-Whitney U test. Longitudinal A-S rate/radial A-M rate = booster function longitudinal strain rate/radial motion fraction rate, 
longitudinal E-S rate/radial E-M rate = conduit function longitudinal strain rate/radial motion fraction-rate, pre-A-LS = pre-A-wave longitudinal strain, pre-A-RM = pre-A-wave radial motion fraction.

Figure 4

Figure 4: Graph shows PLAS in control subjects and patients with mitral regurgitation, as 
well as in patient subgroups. Comparison between the control group (mean age, 57 years 6 9, 
nine male) and all patients (mean age, 61 years 6 19, nine male) with mitral regurgitation is 
shown to the left of the first dashed line. Patients with mitral regurgitation are divided into those 
with acute (,4 weeks) mitral regurgitation and those with chronic (.4 weeks) mitral regurgi-
tation, shown to the right of the first dashed line. Differentiation of patients in sinus rhythm and 
those in AF is shown on the side of the second dashed line.
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a consequence of LA volume overload 
due to mitral regurgitation.

With the demonstration of a strong 
correlation between LA strain and 
degree of fibrofatty myocardial infil-
tration, LA strain and, notably, PLAS 
could be used as surrogate quantitative 
biomarkers for myocardial fibrofatty 
replacement in LA cardiomyopathy. 
Moreover, patients with acute mitral 
regurgitation and some patients with 
chronic mitral regurgitation had only 
moderate LA strain reduction and a 
moderate degree of LA fibrofatty re-
placement. On the other hand, all pa-
tients in permanent AF had severely 
reduced LA strain and marked LA fi-
brofatty replacement. Accordingly, one 

published normal indexed values of LA 
EDV (range, 26–52 mL/m2) in healthy 
men (27,28) and with Kawel-Boehm et 
al (27) and Le Tourneau et al (28) show-
ing that an LA EDV index greater than 
60 mL/m2 is associated with reduced 
5-year survival. Consequently, LA EDV 
could be used to screen for possible LA 
involvement in patients with mitral re-
gurgitation (LA EDV .65 mL/m2). LA 
cardiomyopathy severity could then be 
graded by using LA strain in the se-
lected patients. However, these obser-
vations will have to be confirmed in a 
larger population, especially in patients 
with causes of LA cardiomyopathy other 
than mitral regurgitation, since the in-
creased LA EDV in this study could be 

AF in patients with mitral regurgitation 
is also consistent with the findings of 
echocardiographic speckle tracking 
studies (26). Of note, in our study, 
PLAS remained significantly lower in 
patients with mitral regurgitation, even 
in the absence of AF.

While significantly correlated with 
LA EF, PLAS and other strain indexes 
were stronger correlates of the histo-
logic fibrofatty replacement grade, and 
LA EDV did not correlate with histo-
logic findings. Nevertheless, LA EDV 
seemed to be useful to differentiate be-
tween patients with mitral regurgitation 
and healthy control subjects when using 
an LA EDV index cutoff of more than 
65 mL/m2. This cutoff is consistent with 

Figure 5

Figure 5: Graphs show Spearman correlation between PLAS, LA volumetry, and histology. On the first line, correlation between PLAS 
and histologic degree of myocardial remodeling is shown in, A, with myocardial interstitial fibrosis and in, B, with the total amount of fat 
and fibrosis in myocardial volume. C, D, Spearman correlation between PLAS and LA EDV in C and LA EF in D. Dashed lines indicate 
upper and lower 95% confidence intervals. Gray lines indicate cutoff values calculated with ROC analysis (65 mL /m2 for LA EDV, 29% 
PLAS to differentiate between control subjects and patients and 12.5% PLAS to differentiate between patients with more or less than 
45% of LA fibrofatty replacement).
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was the inherent restriction to a patient 
population with mitral regurgitation un-
dergoing surgery with LA atriotomy. 
Nevertheless, this setting allowed for 
in vivo tissue sampling for histologic 
analysis, which would not have been 
possible in patients with new-onset AF 
or with LV diastolic dysfunction alone. 
These promising results should lead 
to studies in other patients with other 
causes of LA cardiomyopathy.

Cardiac MR imaging LA strain in-
dexes and, notably, PLAS are strongly 
related to the degree of myocardial fibro-
fatty remodeling in LA cardiomyopathy 
and are highly reproducible. LA EDV was 
used to differentiate between patients 
with mitral regurgitation and healthy vol-
unteers but did not correlate with the de-
gree of LA myocardial tissue remodeling. 
A possible implication to guide clinical 
decisions in patients with mitral regurgi-
tation or primary AF is that prevention 
is promising but remains to be proven in 
large clinical studies.
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