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ARTICLE INFO ABSTRACT
Keywords: Objective: To explore the diagnostic value of cardiac magnetic resonance feature tracking (CMR-
Constrictive pericarditis FT) divided left atrial (LA) strain in differentiating constrictive pericarditis (CP) and restrictive

Restrictive cardiomyopathy
Left atrium
Myocardial strain

cardiomyopathy (RCM).

Methods: Patients with CP (n = 40) and RCM (n = 40), and another 40 normal control group were
retrospectively enrolled over a period of 8 years at a tertiary cardiac centre. Left ventricular (LV)
and biatrial strain and strain rate (SR) were measured. Atrial strain was used to differentiate
between patients with CP and RCM. Then, patients were grouped according to their left ven-
tricular ejection fraction (LVEF), either >50% or < 50%. A deeper analysis was done to evaluate
the diagnostic value of atrial strain in these subgroups. Receiver operating characteristic curves
(ROC) were used to assess the accuracy of myocardial strain based on CMR FT for the differential
diagnosis of CP and RCM.

Results: LV and LA strain and SR were significantly lower in patients with CP and RCM than those
in the normal controls (P < 0.05). LA strain and SR were significantly lower in the RCM group
than in the CP group (P < 0.05). In patients with either LVEF>50% or < 50%, LA strain were
lower in the RCM group than in the CP group (P < 0.05). ROC analysis showed that LA stored
strain (LA-es) had a good differential diagnostic value for CP and RCM, with an area under the
curve (AUC) of 0.811 and an optimal cutoff value of 6.98%, above this value it tends to develop
CP. Further, an excellent differential diagnostic value was found in patients with LVEF < 50%,
with an AUC of 0.955.

Conclusion: LA strain analysis obtained by CMR-FT provides good differential diagnostic value for
distinguishing CP from RCM, especially in patients with LVEF < 50%.
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1. Introduction

Constrictive pericarditis (CP) [1,2]is manifested as pericardial thickening, adhesion and calcification caused by chronic inflam-
matory lesions of the pericardium due to various causes. CP limits the diastolic and systolic function of the heart with resultant a series
of symptoms of circulatory disorders. Restrictive cardiomyopathy (RCM) is characterized by the coexistence of persistent restrictive
pathophysiology, commonly with atrial dilatation, and nondilated ventricles, regardless of ventricular wall thickness and systolic
function [3]. CP is mimic to RCM in pathophysiology and clinical manifestations, which make it presents challenges in the differential
diagnosis. Despite relatively high mortality associated with open repair, most CP can be cured by pericardiectomy if treated promptly
with good prognosis; while RCM has no specific prevention and treatment, and has a poor prognosis and eventually requires heart
transplantation, so correct differential diagnosis is essential [4].

Differentiating RCM from CP by transcatheter endocardial biopsy or exploratory thoracotomy undoubtedly has certain limitations
[5]. Pericardial thickening and "interventricular septal sway" phenomenon with respiratory motion observed by echocardiography or
chest CT often suggest CP [6], however, if pericardial thickening and "interventricular septal sway" phenomenon are atypical, it is
difficult to differentiate these two conditions [7]. In recent years, it has been reported that patients with RCM and CP usually present
with left atrial enlargement and impaired function, thus, assessment of left atrial dysfunction is considered helpful to differentiate the
two scenarios [8,9].

However, increased atrial volume does not explain changes in the atrial function throughout the cardiac cycle. Cardiac magnetic
resonance-feature tracking (CMR-FT), as a new technique that can quantitatively analyze global and regional myocardial mechanical
changes in heart allows quantitatively measurement of atrial strain changes throughout the cardiac cycle to assess atrial reservoir,
conduit, and booster function [10,11]. Previous studies have confirmed that CMR-FT is useful in differentiating RCM from CP by
assessing the left ventricular global longitudinal strain (LV-GLS) [12,13]. However, no study has investigated whether the clinical
value of CMR-FT atrial strain in differentiating CP from RCM is better than ventricular strain, and this study aimed to address this
research gap by applying CMR-FT to quantitatively evaluate biatrial and left ventricular strain in patients with CP and RCM, and
explored its diagnostic value in differentiating these two conditions.

2. Methods

1. Subjects: This retrospective study involved analysis of patients who were diagnosed with CP and RCM from January 2015 to
January 2023 in Beijing Anzhen Hospital. CMR and echocardiography were performed in all participants. The patients with no
abnormality confirmed by ECG and echocardiography and basically normal CMR examination in the same period were selected as
the control group. Patients were divided into subgroups with left ventricular ejection fraction (LVEF) > 50% and <50%.

CP group inclusion criteria [13,14]: (1) confirmed by pericardiectomy surgery; (2) those who did not undergo pericardiectomy
surgery met echocardiographic or chest CT confirmation of pericardial thickness >4 mm, and/or echocardiographic and CMR sug-
gested the presence of interventricular septum swing with respiration. Exclusion criteria: Definite diagnosis of cardiomyopathy by
surgery or myocardial biopsy.

RCM group inclusion criteria [3,15]: (1) CMR late gadolinium enhancement (LGE) confirmed endomyocardial infiltration
involvement, while echocardiography or CMR met all of the following criteria: interventricular septum thickness >12 mm; left
ventricular filling restriction, left and right atrial enlargement. (2) Amyloidosis on cardiac or other tissue biopsy. Exclusion criteria:
Definite diagnosis of pericardial disease and malignant arrhythmia, valvular disease, myocardial infarction, hypertension and other
causes of myocardial hypertrophy and dysfunction.

This study was approved by the Ethics Committee of Beijing Anzhen Hospital, Capital Medical University (Approval No.
2006003X). Written informed consent was waived by the Institutional Review Board due to the respective nature of the study.

2. CMR scanning protocol: All patients underwent CMR scanning using a 32-channel phased array coil under respiratory navigation
and electrocardiographic gating. The scan was performed on 3.0T CMR scanners (Achieva, Philips, Netherlands, Holland). Stan-
dardized imaging protocols included Steady state free precession (SSFP) breath-hold cine images and LGE [16]. Contiguous
short-axis slices (8 mm thickness, no gap) were used to cover the entire left ventricle from the annulus of AV valves to the apex, with
25 phases per cardiac cycle. Long-axis planes (2-chamber, 4-chamber, 3-chamber views) were acquired with 5 mm slice thickness
and no gap. LGE images were obtained using a prospectively EKG-gated gradient echo sequence after intravenous gadolinium
infusion. Imaging parameters of LGE included repetition time/echo time of 4.1/1.6 ms, flip angle of 20°, and image matrix of 256 x
130.

3. Left ventricular and biatrial strain analysis: Cardiac function analysis was performed using the Cvi42 (5.2.0, Circle, Canada).
Short 3D module to obtain left ventricular function parameters using ventricular short-axis cardiac sequences to semi-automatically
identify and delineate epicardial and endocardial boundaries at end-systole and diastole. The ventricular chamber consisted of
papillary muscle and chordae tendineae. Left atrial volume and ejection fraction mean left atrial volume and atrial ejection fraction
were measured on 2- and 4-chamber biplane cine images. Right atrial volume and ejection fraction were measured on 4-chamber
cine images. Left ventricular and biatrial function was analyzed using Cvi42 commercial software.

Myocardial strain was analyzed using the CVI42 tissue tracking module. End-diastolic cine images were selected, and the endo-
cardium and epicardium delineating short-axis and long-axis cine images were automatically identified by the software, and the
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inaccuracy was identified and corrected by experts with >10 years of experience in cardiovascular imaging diagnosis, and LV-GLS
were automatically generated after operation. The left atrial strain parameters were analyzed with 2-chamber and 4-chamber cine
images, and the right atrial strain parameters were analyzed with 4-chamber cine images. The endocardial and epicardial boundaries
of the atrium (except veins and appendages) were manually traced at the largest and smallest central atrial volume on 2- and 4-cham-
ber cine images, respectively, delineated by a cardiovascular imaging specialist with more than 10 years of experience using a point-
matching method [17].

Fig. 1 shows the delineation method of the atrial boundaries. The endocardial and epicardial boundaries then propagate auto-
matically to all phases during the cardiac cycle (25 frames/cardiac cycle) to obtain atrial reservoir(es), conduit(ee), and booster(ea)
strain and Strain Rate (SR). In cases where feature tracking was not ideal, endocardial boundaries were manually adjusted. The
epicardial and endocardial contours of each slice were manually delineated on LGE short-axis images, and a region of interest of the
normal myocardium was selected, and the software automatically showed regions with signal intensities 5 standard deviations higher
than those of the normal myocardium, defined them as regions with LGE and automatically obtained the mass of LGE (in grams) as a
percentage of the total mass of the left ventricular myocardium.

4 Reproducibility analysis

Forty patients were randomly selected to investigate intraobserver and interobserver agreement for biatrial strain, including es, ee,
and ea strain. Interobserver agreement: atrial strain was independently measured in 40 patients by a second radiologist experienced in
CMR diagnosis who was blinded to the first observer’s results. Intraobserver agreement: atrial strain measurement was repeated in
these 40 patients after an interval of 1 month by the same observer.

5. Statistical analysis: Statistical analysis was performed using SPSS 25.0 (SPSS, Inc, Chicago, IL, USA). For continuous variables
conforming to normal distribution, data were presented as mean =+ standard deviation (SD); data with skewed distribution were
presented as median and interquartile range (IQR). Categorical variables were presented as percentages and frequencies. Differ-
ences in clinical and CMR parameters were compared using an analysis of variance (ANOVA test) for continuous variables that
followed a normal distribution, and Kruskal-Wallis test for continuous variables with unequal variance. For continuous variables
with non-normal distribution, Kruskal-Wallis test was used for inter-compartmental comparison. Differences between groups were

Patient 1:

CP

LA-gs, 28.2%
RA-es, 17.2%

Patient 2:
RCM
LA-gs,69 %
RA-¢s, 11.1%

Fig. 1. Showing the delineation of left atrial and right atrial strain contours in patients with constrictive pericarditis (CP) and restrictive cardio-
myopathy (RCM) using CMR left ventricular two-chamber and four-chamber cardiac sequences.
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compared using the Chi-square test for dichotomous variables. Receiver operating characteristic (ROC) curves were used to
evaluate the value of each measurement for the differential diagnosis between CP and RCM, and the optimal cutoff value was
selected. Interobserver and intraobserver agreement for ventricular strain parameters were assessed using intraclass correlation
coefficients (ICCs). ICC <0.4 indicated poor agreement, and ICC >0.75 signified good agreement. P < 0.05 was considered sta-
tistically significant.

3. Results

The general clinical data of the three groups are shown in Table 1: A total of 40 CP patients, aged 48.23 + 17.73 years, and 40 RCM
patients, aged 54.68 + 12.44 years, were enrolled in this study. At the same time, 40 normal controls were enrolled. Among the
patients in the CP group, 14 (35%) were confirmed by pericardiectomy surgery, 23 (83%) by echocardiography or CMR with peri-
cardial thickness >4 mm, and 25 (43%) by both echocardiography and CMR showed the presence of interventricular septum swinging
with respiration. Among the patients in the RCM group, 39 (97.5%) had myocardial infiltration involvement confirmed by LGE im-
aging, 2 (5%) had myocardial amyloidosis confirmed by myocardial biopsy, and 10 (25%) had myocardial amyloidosis suggested by
extracardiac biopsy. There were no statistically significant differences in age, gender composition, or heart rate between patients in the
CP group and those in the RCM group. Echocardiography and CMR showed that LVEF was significantly lower in CP and RCM groups
than in the normal controls (P < 0.05), but there was no significant difference between these two diseased groups (P > 0.05). CMR
showed that left ventricular myocardial mass was greater in patients in the RCM group than in the CP group (P < 0.05).

CMR-FT analysis showed that LV-GLS were lower in CP and RCM groups than in normal controls (P < 0.05). ¢s, €e, ea and SR in left
atrium (LA) and right atrium (RA) were lower than those in normal controls (P < 0.05). LV-GLS, LA-es, LA-ee and LA-ea and LA-SR in
the RCM group were significantly lower than those in the CP group (P < 0.05 for all), while right atrial strain and strain rate were not
significantly different between the two groups (P > 0.05), as detailed in Table 2 and Fig. 2. ROC curve analysis showed that LA-es and
LA-ee had good diagnostic value for differentiating CP from RCM (AUC = 0.811, 0.807, respectively), as shown in Fig. 3a. The optimal
cutoff value of LA-es was 6.98, which tended to be RCM below 6.98, and vice versa tended to be CP, with a sensitivity of 90% and a
specificity of 63%.LV-GLS, LA-es, LA-ee, and LA-ea were lower in the RCM group than in the CP group (P < 0.05) in the patients with
either LVEF >50% or < 50%, as shown in Table 3 and Fig. 4. ROC curve analysis showed that LA-es had a good diagnostic value for
differentiating CP from RCM in the subgroup with LVEF>50%, with an AUC of 0.769, and an excellent value in patients with LVEF <
50%, with an AUC of 0.955, as shown in Fig. 3BCE Meantime, the AUC of LV-GLS in the patients with LVEF>50% and < 50% were
0.717 and 0.758, respectively(Fig. 3).

Table 1

Baseline characteristics of constrictive pericarditis, restrictive cardiomyopathy and control groups.
Basic characteristics CP (n = 40) RCM (n = 40) Control (n = 40) P value
Age, years 48.23 +17.73 54.68 + 12.44 48.80 + 10.15 0.073
Male sex, (%) 24(60.00) 30(75.00) 20(50.00) 0.074
Height, cm 168.55 + 7.91 166.70 + 8.50 167.30 + 6.55 0.551
Weight, kg 68.30 + 12.01 68.86 + 13.77 69.99 + 11.20 0.825
BMI, kg/m2 23.98 + 3.67 24.67 + 3.89 24.94 + 3.33 0.476
Heart rate, bpm 81.50(80.83-92.40) 80(74.55-84.11) 68.33(62.60—72.57)“'h <0.001
Atrial fibrillation, n (%) 14(35.00) 10(25.00) 0(0.00)*" <0.001
Hypertension, n (%) 4(10.00) 10(25.00) 6(15.00) 0.189
Hyperlipidemia, n (%) 2(5.00) 9(22.50) 4(10.00) 0.053
Diabetes mellitus, n (%) 2(5.00) 3(7.50) 5(12.50) 0.606
Familial history of CAD, n (%) 3(7.50) 8(20.00) 2(5.00) 0.071
Echocardiogram
LVEF, % 59(54,65.25) 58(54-65.25) 63.50(63.50—64.63)“'h <0.001
LVEDD, mm 41.95 + 6.62 45.60 + 5.16° 46.6 + 3.78"" <0.001
LVEDS, mm 27.99 + 5.30 31.03 + 4.25° 28.47 + 3.49" 0.005
E wave, m/s 88.53 + 23.86 94.25 + 33.96 85.15 + 16.89 0.295
A wave, m/s 55.70 + 20.56 67.98 + 27.71¢ 65.38 + 14.45" 0.031
E/A wave 1.78 £ 0.86 1.65 £ 1.04 1.35+0.34 0.056
CMR
LVEF, % 51.30 £ 11.54 48.22 +£12.19 61.48 + 5.65"" <0.001
LVEDV, mL 96.44 + 34.46 112.43 + 34.71° 119.32 + 24.78" 0.005
LVESV, mL 47.16 + 22.93 57.92 + 26.74° 46.29 + 12.69°" 0.031
LVMASS, g 91.60(54.11,85.52) 127.20(91.58,185.50)° 78.85(59.73,97.41)b <0.001
LGE of myocardium, % 17.50 97.50

CP, constrictive pericarditis; RCM, restrictive cardiomyopathy; BMI, body mass index; LVEF, left ventricular ejection fraction; EDD, end-diastolic
diameter; ESD, end systolic diameter.
CMR, Cardiac magnetic resonance; EDV, left ventricular end-diastolic volume; ESV, left ventricular end-systolic volume; LVMASS, left ventricular
mass; LGE, Delayed gadolinium enhancement.

@ P<0.05 Control vs CP by Mann-Whitney tests.

P < 0.05 Control vs RCM by Mann-Whitney tests.

¢ P < 0.05 RCM vs CP by Mann-Whitney tests.
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Table 2
CMR-FT-derived assessment of left and right atrial and left ventricular strain.

Characteristics of CMR CP (n = 40) RCM (n = 40) Control (n = 40) P value
LVGLS, % 11.60(8.05-14.20) 7.70(5.40-11.48)° 18.20(16.03—19.30)“"’ <0.001
LAEF, % 36.82(20.26-44.84) 25.55(18.23-36.67) 57.42 (53.24-63.02)"" <0.001
LAVmax,mL 82.54(58.03-116.16) 92.21(61.54-131.35) 55.04 (40.32-67.78)" <0.001
LAVmin,mL 54.95(31.42-76.75) 68.04(41.45-98.72) 22.19 (17.47—26.62)“'h <0.001
LA-es, % 14.25(9.41-21.38) 5.68(4.08-10.39)° 34.63 (29.38-16.53)"" <0.001
LA-ee, % 7.95(5.25-12.66) 3.48(1.96-5.76)° 20.05 (16.96-23.44)™" <0.001
LA-ea, % 5.55(3.56-9.09) 2.68(1.68-4.75)° 14.13 (12.38-16.53)"" <0.001
LA-SRs, sec! 1.00(0.61-1.55) 0.60(0.36-0.89)° 1.75 (1.51—2.19)“'b <0.001
LA-SRe, sec ™! 1.10(0.66-1.96) 0.45(0.35-0.68)° 2.13 (1.86-2.60)"" <0.001
LA-SRa, sec ! 0.88(0.48-1.40) 0.43(0.31-0.59)° 2.00 (1.60-2.25)™" <0.001
RAEF, % 28.80(19.58-39.88) 28.88(16.21-41.53) 52.94 (48.97—57.92)""b <0.001
RAVmax, ml 66.04(47.49-90.09) 57.94(35.46-95.65) 49.07 (34.45-66.02)"" 0.006

RAVmin, ml 40.55(27.66-62.11) 40.56(23.36-75.29) 23.78 (16.56-28.84)" <0.001
RA-es, % 7.90(5.00-19.78) 8.90(4.60-14.25) 35.10 (29.98—39.60)""b <0.001
RA-ee, % 4.25(1.98-9.40) 5.80(7.60-8.91) 21.05 (16.88-27.43)" <0.001
RA-ea, % 4.10(2.50-10.45) 5.48(2.38-10.11) 12.50 (10.58-15.18)"" <0.001
RA-SRs, sec” ! 0.70(0.50-1.50) 0.75(0.50-1.10) 1.95 (1.50-2.40)"" <0.001
RA-SRe, sec™ ! 0.50(0.40-1.40) 0.60(0.30-0.80) 1.90 (1.53-2.58)*" <0.001
RA-SRa, sec ! 0.75(0.33-1.43) 0.70(0.33-1.00) 1.75 (1.40-2.40)"" <0.001

CMR, Cardiac magnetic resonance; CP, constrictive pericarditis; RCM, restrictive cardi-omyopathy; LVGLS, left ventricular global longitudinal strain;
LAEF, Left atrial ejection fraction; LAVmax, Maximum left atrial volume; LAVmin, Minimum left atrial volume; es, reservoir strain; ee, conduit strain;
€a, booster strain; SRs, peak positive strain rate; SRe, peak early negative strain rate; SRa, peak late negative strain rate; RAEF, Right atrial ejection
fraction; RAVmax, Maximum right atrial volume; RAVmin,Minimum right atrial volume.

@ P<0.05 Control vs CP by Mann-Whitney tests.

P < 0.05 Control vs RCM by Mann-Whitney tests.

¢ P < 0.05 RCM vs CP by Mann-Whitney tests.
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Fig. 2. Box plot of left and right atrial strain in constrictive pericarditis (CP), restrictive cardiomyopathy (RCM), and controls. a: LA-es, Left atrial
reservoir strain; b: LA-ge, Left atrial conduit strain; c: LA-ea, Left atrial booster strain d: RA-es, Reft atrial reservoir strain; e: RA-ee, Reft atrial conduit
strain; f: RA-ea, Reft atrial booster strain.

Biatrial strain had good intraobserver and interobserver repeatability. The interobserver ICCs of LA-es, LA-ee, LA-ea RA-es, RA-¢ee,
RA-ea were 0.981, 0.960, 0.865, 0.954, 0.952 and 0.857 respectively, and the intraobserver ICCs were 0.994, 0.986, 0.951,
0.984,0.983and 0.947 respectively, with p values < 0.05.
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Fig. 3. Box plot of left atrial and left ventricular strain in constrictive pericarditis (CP), restrictive cardiomyopathy (RCM) in two subgroups of left
ventricular ejection fraction (LVEF) > 50% and <50%. a-d: LVEF> 50%: LVGLS, left ventricular global longitudinal strain; LA-es, Left atrial
reservoir strain; LA-ee, Left atrial conduit strain; LA-ea, Left atrial booster strain. e-h: LVEF <50%: LVGLS, left ventricular global longitudinal strain;
LA-es, Left atrial reservoir strain; LA-ee, Left atrial conduit strain; LA-ea, Left atrial booster strain.

Table 3
CMR-FT-derived assessment of left atrial and left ventricular strain in subgroup analyses.

CMR-LVEF>50% CP (n =21) RCM (n = 20) Control (n = 40) P value
LVEF,% 59.96 + 5.55 58.63 £+ 6.91 61.48 + 5.65*" 0.208

LVGLS, % 12.90(11.00-14.60) 19.70(7.28-12.48)° 18.20(16.03—19.30)"'h <0.001
LAEF, % 40.71(23.30-50.95) 33.41(18.72-49.09) 57.42 (53.24—63.02)“'b <0.001
LA-es, % 20.25(11.00-28.08) 9.50(4.81-15.41)° 34.63 (29.38-16.53)"" <0.001
LA-ge, % 9.95(6.60-16.00) 5.10(2.79-8.61)° 20.05 (16.96-23.44)" <0.001
LA-ea, % 7.70(4.35-10.70) 4.53(2.14-6.66)° 14.13 (12.38—16.53)""b <0.001
RAEF, % 36.19(25.38-49.91) 38.20(13.77-44.93) 52.94 (48.97-57.92)" <0.001
RA-es, % 19.60(7.00-22.15) 11.65(16.33-5.03) 35.10 (29.98-39.60)"" <0.001
RA-ee, % 7.40(2.45-10.20) 7.05(2.91-9.76) 21.05 (16.88—27.43)“'b <0.001
RA-ea, % 8.40(3.15-13.00) 5.90(2.45-10.86) 12.50 (10.58-15.18)"" <0.001
CMR-LVEF < 50% CP (n=19) RCM (n = 20) Control (n = 40) P value
LVEF,% 41.74 + 8.38 37.82 £ 5.40 61.48 + 5.65*" <0.001
LVGLS, % 8.00(7.00-11.90) 6.05(4.93-7.75)° 18.20(16.03-19.30)*" <0.001
LAEF, % 34.54(18.53-41.62) 21.63(17.99-26.96) 57.42 (53.24-63.02)*" <0.001
LA-es, % 10.45(8.50-17.70) 4.60(3.55-6.01)° 34.63 (29.38-16.53)"" <0.001
LA-ge, % 7.55(4.35-9.85) 2.53(1.75-3.49)° 20.05 (16.96-23.44)"" <0.001
LA-ga, % 3.90(3.30-6.65) 2.02(1.44-2.94)° 14.13 (12.38-16.53)"" <0.001
RAEF, % 23.32(15.08-34.68) 26.08(16.39-36.59) 52.94 (48.97-57.92)*" <0.001
RA-es, % 6.10(4.00-8.20) 7.45(4.60-13.05) 35.10 (29.98—39.60)"‘1’ <0.001
RA-ee, % 3.40(1.50-4.30) 4.60(2.43-7.58) 21.05 (16.88-27.43)"" <0.001
RA-ea, % 2.80(1.90-4.30) 4.38(2.38-9.70) 12.50 (10.58-15.18)"" <0.001

CMR, Cardiac magnetic resonance; CP, constrictive pericarditis; RCM, restrictive cardiomyopathy; LVEF, left ventricular ejection fraction; LVGLS, left
ventricular global longitudinal strain; LAEF, Left atrial ejection fraction; es, reservoir strain; ee, conduit strain; €a, booster strain; RAEF, Right atrial
ejection fraction.

@ P<0.05 Control vs CP by Mann-Whitney tests.

> p < 0.05 Control vs RCM by Mann-Whitney tests.

¢ P < 0.05 RCM vs CP by Mann-Whitney tests.

4. Discussion

This study showed that €s, €e, ea, and SR were generally decreased in the left and right atria strain analysis of patients with CP and
RCM compared with the controls. This suggests that atrial strain can predict the cardiac function changes in patients with CP and RMC
at an early stage. Quantitative analysis of the strain in the left atrium rather than the right atrium is more sensitive in quantificationally
differentiating CP from RCM. LA-es showed superior differential diagnostic value over LVGLS in both subgroups with preserved LVEF
and reduced LVEF.

Some studies have demonstrated that left atrial function plays an important role in the diagnosis and prognostic evaluation of
cardiomyopathy [18-20]. Atrial strain reflects cardiac dysfunction earlier than atrial volume and LVEF [21]. Also, it has been shown
that left atrial strain is associated with left atrial structural remodeling and atrial wall fibrosis [22]. CP and RCM are known as causes of
increased left ventricular filling pressure, and increased atrial afterload due to increased ventricular filling pressure is considered to be
the main mechanism of atrial dysfunction in both, however, the characteristics of atrial strain in patients with CP and RCM remain
unclear. Atrial strain and SR evaluated by CMR-FT are the two reliable parameters that have been reported as a feasible and repro-
ducible method for assessing myocardial function [17,23,24]. To our knowledge, this is the first study to report the diagnostic value of
atrial strain analysis in patients with CP and RCM using CMR-FT.

In patients with CP, due to pericardial restriction of the left ventricle, left atrial pressure increases to maintain adequate left
ventricular filling pressure, while increased atrial wall tension leads to atrial enlargement and myocardial stretching. The reduced
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Fig. 4. a: Receiver operating characteristic curve of left atrial and left ventricular strain parameters in all patients. b: Receiver operating charac-
teristic curve of left atrial and left ventricular strain parameters in LVEF>50% patients. c: Receiver operating characteristic curve of left atrial and
left ventricular strain parameters in LVEF < 50% patients.

atrial reservoir function, pericardial restriction of the left ventricle and secondary organic changes in the atrial myocardium may lead
to reduced atrial conduit and booster function [8]. In patients with RCM, an increase in myocardial stiffness leads to a significant
increase in ventricular pressure, which induces hemodynamic changes similar to CP. However, there are many factors causing RCM,
such as endomyocardial fibrosis, cardiac amyloidosis (CA), glycogen reservoir disease, drug-induced or radiation-induced myocardial
degeneration can lead to myocardial cell or myocardial cell interstitial infiltration fibroplasia, which leads to left ventricular diastolic
dysfunction. In the case of common CA, previous results on CA autopsy patients showed that amyloidosis often involves the left and
right atria, even in the absence of left ventricular involvement [25,26]. This atrial deposition of amyloid fibrin leads to abnormal atrial
structure and function [27], which in severe cases can lead to electrocardio-mechanical dissociation, causing the LA to lose its pump
function filling the left ventricle, and then thromboembolic events or even sudden death. The general decrease in atrial strain and SR in
our patients with RCM also confirms these findings.

LA strain instead of RA strain showed a good diagnostic value in differentiating CP from RCM. This may be due to the following
reasons: Pericardial contraction is characterized pathophysiologically by the restriction of outward expansion of the cardiac chambers,
which is caused by the restriction of rigid, fixed pericardial volume. The oblique pericardial sinus lies posterior to the LA, so the
posterior wall of the LA is actually separated from the pericardial space. Compared to RA, outward dilatation of the LA may be less
restricted by rigid and fixed pericardium in patients with CP [28], which may result in less left atrial damage in patients with CP. In
addition, the morphological changes of the right ventricle are also closely related to the site of pericardial thickening. When severe
constriction occurs, tubular stenosis of the right ventricular cavity can also be considered as one of the characteristic features of CP. At
this time, RA and superior and inferior vena cava are dilated, and the right atrial function is more severely damaged than the LA [29].
In patients with RCM, restrictive physiology caused by reduced myocardial compliance affects both ventricles, whereas the normally
compliant pericardium allows significant dilation of both the left and right atria. At the same time, infiltration of atrial myocardium
will further increase the stiffness of atrial myocardium and aggravate left and right atrial function impairment in patients with RCM
[30,31]. These results suggest that the LA is a useful index for differentiating CP from RCM, and a cutoff value of LA-es of 6.98%
contributes to the quantitative diagnosis of both diseases. These findings are of clinical significance since substantial distinctions
between CP and RCM are not easily achieved by extensive clinical and non-invasive testing.

In addition, previous studies [12,32] suggest that left ventricular GLS is decreased in RCM patients compared with CP patients,
which may be due to the fact that RCM mainly leads to subendocardial myocardial fibrosis and reduced LV-GLS in damaged endo-
myocardial myocardium. Our study also confirmed the diagnostic value of GLS, with ROC analysis showing that left atrial strain was
superior to LV-GLS in differentiating CP from RCM in both subgroups of LVEF >50% and <50%, suggesting a potential clinical
diagnostic value advantage of LA strain. In particular, for patients with LVEF <50%, impaired ventricular function may reduce the
efficacy of differential diagnosis of ventricular strain, and further analysis of left atrial strain will provide important value for the
differentiation of these two.

LGE was present in 97.5% of RCM patients in our study groups. Patients with RCM, especially those with myocardial amyloidosis,
often present with subendocardial LGE, patients with CP have less myocardial involvement, fewer abnormal enhancement changes in
the myocardium, and the pericardium is mostly comprised of old fibers or calcifications without signs of enhancement. Despite the
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presence of LGE findings in some patients with RCM, a substantial number do not exhibit significant evidence of this characteristic.
Furthermore, the presence of LGE is not exclusive to RCM, as it can also be observed in other diseases such as cardiomyopathy and
sarcoidosis. Therefore, LGE alone cannot serve as a diagnostic marker for RCM. Additionally, in cases where the use of contrast
medium is contraindicated due to renal insufficiency or contrast allergy, non-enhanced myocardial strain analysis, particularly
focusing on atrial strain, offers significant advantages in differentiating between these cardiac conditions. This study has some limi-
tations. First, we included a small number of patients so that the prognostic value of atrial strain could not be evaluated, and in the
future, more cases will be prospectively included to investigate the important value of atrial strain in the prognostic and efficacy
evaluation of the study population. Second, because endocardial biopsy is difficult to perform clinically, this study is a retrospective
one, so some patients with RCM lack the gold standard diagnosis of endocardial biopsy. We included endocardial enhancement and
septal wall thickening on CMR in the diagnostic criteria for RCM, which could somewhat amplify the diagnostic value of LGE.
However, our aim was to investigate the differential value of non-enhancing atrial myocardial strain parameters that reflect histo-
logical characteristics, and in the future, with the use of endocardial biopsy, the incremental predictive value of atrial strain will be
explored compared with the remaining CMR parameters. Finally, similar to speckle tracking echocardiography technology [33], there
are some differences in strain measurements between the CMR-FT technology post-processing software from different vendors. Further
investigation of the applicability of other vendor software is therefore necessary to validate our findings.

5. Conclusion

In conclusion, CMR-FT derived assessment of left atrial strain is a useful method in the differential diagnosis of patients with CP and
RCM. In particular, for patients with reduced LVEF, further analysis of LA-es can help to differentiate CP from RCM, and this is
especially useful in the patients with difficulty indifferentiating CP from RCM by extensive clinical and non-invasive tests.
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