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Evaluation of Biventricular Functions in 
Transplanted Hearts Using 3- Dimensional 
Speckle- Tracking Echocardiography
Qing Lv, MD, PhD*; Wei Sun, MD*; Jing Wang, MD, PhD; Chun Wu, MD, PhD; He Li, MD, PhD; Xuehua Shen, MD; 
Bo Liang, MD; Nianguo Dong, MD, PhD; Yuman Li, MD, PhD;** Li Zhang, MD, PhD;** Mingxing Xie, MD, PhD**

BACKGROUND: The current study aims to validate the accuracy of 3- dimensional speckle- tracking echocardiography (3D- STE) 
in evaluating biventricular functions against the accuracy of cardiac magnetic resonance (CMR) and to explore the compre-
hensive characteristics and normal values for 3D- biventricular functions in transplanted hearts.

METHODS AND RESULTS: A cohort of 35 heart transplant (HT) patients underwent both 3D echocardiography and CMR exami-
nation to validate the accuracy of 3D- STE in evaluating biventricular functions (Protocol 1). Then, 3D- STE derived biventricular 
functions were compared between 46 HT patients and 46 non- HT controls (Protocol 2). Protocol 1, validated that 3D- STE 
showed excellent accuracy in evaluating biventricular functions of transplanted hearts against CMR. Protocol 2, revealed lower 
(normal range) 3D- biventricular ejection fractions in HT patients than in controls (P<0.001). 3D- left ventricular global longitu-
dinal strain, left ventricular- global circumferential strain, left ventricular- global radial strain, left ventricular- global performance 
index and right ventricular free- wall longitudinal strain were all lower in the HT patients than in healthy controls (P<0.001). 
Further, these strain values were all good for differentiating between groups (areas under the curve: 0.80–0.94, P<0.001). 
Moreover, left ventricular- lateral- wall radial displacement was higher and septal- wall radial displacement was lower in the HT 
group than in control group (P<0.001).

CONCLUSIONS: Compared with cardiac magnetic resonance, 3D- STE can evaluate biventricular functions of transplanted 
hearts accurately; 3D- biventricular mechanical functions are reduced even in clinically well HT patients. The provided char-
acteristics and appropriate normal values of biventricular functions can be the basis for detection of ventricular dysfunction 
during follow- ups and further studies on transplanted hearts.

Key Words: biventricular function ■ cardiac magnetic resonance ■ heart transplant ■ myocardial strain ■ 3-dimensional speckle-
tracking echocardiography

Heart transMplant (HT) is the most effective treat-
ment for patients with end- stage heart failure, 
and the 1- year survival rate after HT increases to 

90%.1 Orthotopic HT involves factors that affect myo-
cardial function, including injuries caused by ischemia- 
reperfusion, pericardiotomy surgery, and subsequent 
progressive remodeling after HT,2–5 rendering the graft 
ventricular function different from healthy controls even 

in healthy HT recipients. Therefore, it is unsatisfactory 
to use the normal values derived from non- HT healthy 
subjects for the HT recipients. Additionally, the ventric-
ular function may be impaired owing to several post-
operative complications that include acute rejection 
and cardiac allograft vasculopathy,6–8 which make an 
evaluation of graft ventricular function clinically compli-
cated. Therefore, it is crucial to accurately assess the 
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characteristics and normal values of ventricular func-
tion in follow- up studies of transplanted hearts.

Echocardiography is a convenient, valuable, and 
non- invasive imaging tool for assessing ventricular 
function during follow- up examinations in transplanted 
hearts. Compared with conventional echocardio-
graphic parameters, the myocardial strain derived from 
speckle- tracking echocardiography (STE) can detect 
early changes in ventricular function with greater sen-
sitivity, more accurately quantifying global and regional 
myocardial functions. With respect to 2- dimensional 
(2D)- STE, previous studies have identified the impaired 

myocardial function and reported the normal values 
in clinically well HT recipients.9–11 However, 2D- STE is 
time- consuming, and the 2D plane of interest is not 
always visible during the cardiac cycle. Moreover, 
transplanted hearts show noteworthy translational mo-
tion during the cardiac phase,12 which can aggravate 
the “out of plane phenomenon” of 2D- STE, and the 
complex anatomy of the right ventricle poses another 
limitation for assessing true cardiac function using this 
technique.

Three- dimensional (3D)- STE was developed to 
evaluate the ventricular function in all 3 spatial dimen-
sions, and thereby, to overcome the limitation of plane 
dependency existing with 2D- STE. Moreover, 3D- STE 
requires less time to acquire and analyze images.13 
Furthermore, some studies have shown that 3D- STE 
can accurately assess ventricular function compared 
with the referenced standard- cardiac magnetic reso-
nance (CMR) both in healthy subjects and in those with 
various heart diseases.14–17 However, to the best of 
our knowledge, the accuracy of 3D- STE in evaluating 
biventricular functions in transplanted hearts has not 
been validated, and neither have the normal values of 
3D- biventricular mechanical functions in transplanted 
hearts. Therefore, this study aimed to: (1) validate the 
accuracy of 3D- STE in evaluating biventricular func-
tions compared with the accuracy of CMR in trans-
planted hearts; and (2) define the characteristics and 
normal values of 3D- biventricular mechanical functions 
in clinically well HT patients.

METHODS
The data that support the findings of this study are 
available from the corresponding author upon reason-
able request.

Study Participants
A total of 130 participants at Union Hospital in Wuhan, 
China, were prospectively enrolled in this study be-
tween November 2017 and March 2019.

In Protocol 1, we prospectively enrolled 42 HT re-
cipients who underwent echocardiography at their 
routine follow- up examinations and also agreed to un-
dergo CMR examination within the following 24 hours. 
We excluded 7 of the 42 patients because of either 
poor 3D- echocardiographic image quality (n=5) or fail-
ure to acquire appropriate cine- loops with CMR (n=2). 
The remaining 35 participants were included in the final 
study (27 men and 8 women; mean age, 46±13 years; 
a range of 6 months to 3 years after HT). Among the 35 
HT recipients, 28 presented as clinically well (13 clini-
cally well recipients at 1 year after HT also participated 
in Protocol 2), 4 showed acute rejection, 2 presented 
with cardiac allograft vasculopathy, and 1 presented 

CLINICAL PERSPECTIVE

What Is New?
• Three-dimensional speckle-tracking echo-

cardiography shows excellent accuracy in the 
evaluation of biventricular functions in trans-
planted hearts compared with cardiac magnetic 
resonance.

• Three-dimensional biventricular mechanical 
functions are reduced in clinically well heart 
transplant patients compared with non-heart 
transplant healthy controls.

What Are the Clinical Implications?
• The provided characteristics and appropriate 

normal values of 3-dimensional biventricular 
mechanical functions can be the basis for the 
accurate evaluation and detection of ventricular 
dysfunction in follow-up studies of transplanted 
hearts.
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with post- transplant lymphoproliferative disease involv-
ing the pericardium.

In Protocol 2, 55 clinically well HT recipients at 
 1- year post- surgery were prospectively enrolled in the 
HT group (including 13 clinically qualifying patients 
from Protocol 1). The inclusion criteria were no signif-
icant acute rejection at the time of echocardiographic 
examination as established by biopsy, no significant 
coronary artery disease via angiographic evaluation, 
no renal failure, and 2D- echocardiography- derived 
left ventricular ejection fraction (LVEF) >55% and 
right ventricular (RV) fractional area change >35%. 
The exclusion criteria were uncontrolled hyperten-
sion, uncontrolled blood glucose, more than mild 
valvular regurgitation or stenosis combined with an-
other heart surgery, and non- sinus rhythm. Of the 
55 clinically well HT patients, 9 participants were 
excluded owing to insufficient image quality during 
strain analysis. The remaining 46 HT patients were 
included in this study. On the other hand, the control 
group consisted of 46 healthy subjects with a similar 
distribution of sex and age to the HT group. They had 
no history of hypertension, diabetes mellitus, renal 
failure, or other diseases. This was confirmed with 
physical examinations, biochemical tests, electrocar-
diography, and echocardiography.

This study was approved by the Ethics Committee 
of Tongji Medical College, Huazhong University of 
Science and Technology. Furthermore, we obtained 
written informed consent from all participants.

Conventional 2D Echocardiography
All conventional 2D and Doppler images were acquired 
using a commercially available system (EPIQ 7C, Philips 
Medical Systems, Andover, USA). A minimum of 4 heart-
beat images were collected and stored in DICOM (digital 
imaging and communications in medicine) format. All 2D 
echocardiographic parameters were acquired accord-
ing to the recommendation of the American Society of 
Echocardiography.18 LVEF was measured by the Biplane 
Simpson Method in 2-  and 4- chamber apical views.

THREE-DIMENSIONAL SPECKLE-
TRACKING ECHOCARDIOGRAPHY
Four heartbeat LV or RV 3D full- volume images were 
respectively collected. The frame rates of the volumet-
ric images were 19 to 23 MHz. The images were stored 
in DICOM format and analyzed offline.

After selecting images of LV full- volume with 
the highest quality, the 4D LV- Analysis 3.1 soft-
ware (TomTec Imaging Systems, Unterschleissheim, 
Germany) began analysis. Once the center of the mi-
tral annulus and apex of the left ventricle were deter-
mined from apical view, the workstation automatically 

performed a contour tracking of the LV endocardium. 
A manual adjustment was performed in case of unsat-
isfactory outcomes. Values for LV- end diastolic volume 
(EDV), end- systolic volume (ESV), ejection fraction, and 
the myocardial strain, displacement, and twist function 
could be generated automatically by the software. The 
LV global longitudinal strain (GLS), global circumferen-
tial strain (GCS), global radial strain (GRS), respectively, 
were calculated as the average peak systolic longitu-
dinal, circumferential, and radial strain of all 16 seg-
ments. The LV septal and lateral radial displacements 
were obtained by averaging the segmental values cor-
responding to the septal and lateral walls. The global 
peak systolic strain (GS), systolic dyssynchrony index 
(SDI), and torsion of the left ventricle were automatically 
generated by the software, and LV global performance 
index (GPI) was calculated as GPI=GS×torsion÷SDI.19 
Moreover, when 3D SDI was found to be >8.3%, left 
ventricular dyssynchrony was defined.20

The 4D RV- Function 2.0 software (TomTec Imaging 
Systems, Unterschleissheim, Germany) was used for 
analysis following the selection of high- quality RV 3D 
full- volume images. The analysis was performed ac-
cording to the method used by Muraru et al.16 RV vol-
umes, ejection fraction, and free- wall longitudinal strain 
(FWLS) were generated automatically. RV FWLS was 
defined as the mean longitudinal peak systolic strain of 
3 segments of the RV free wall.

Cardiac Magnetic Resonance
CMR imaging was performed using a 1.5- Tesla sys-
tem (MAGNETOM Aera, Siemens Healthineers, 
Erlangen, Germany). Three long- axis slices (2- , 3- , and 
4- chamber), and a set of contiguous short- axis cine 
images of the left and right ventricle were acquired 
with a steady- state free precession sequence during 
a breath- hold of 10 to 15  seconds. The cine image 
parameters were as follows: repetition time/echo (ms), 
38.09/1.21; slice thickness, 8 mm; a field of view of 
340×255 mm2; matrix, 205×256 pixels; flip angle, 80°.

Subsequently, commercial software (Argus, 
Siemens Healthineers) was used for image process-
ing. Cardiac volumetric and functional parameters 
were derived by manual delineation of the endocar-
dial contours on the continuous LV or RV short- axis 
cine images, respectively. Trabeculations and papillary 
muscles were carefully included in the ventricular cav-
ity. The parameters of biventricular volume and ejec-
tion fraction were automatically generated.

Reproducibility
Of the 35 HT recipients in Protocol 1, 15 HT patients 
were selected randomly to evaluate the reproducibil-
ity of 3D- STE and CMR. For intra- observer variability, 
analysis of the first 3D- STE and CMR data set was 
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repeated 2 to 4 weeks later by the same primary in-
vestigator. For inter- observer variability, the 3D- STE 
and CMR data were analyzed by 2 masked investiga-
tors. During all repeated analyses, investigators were 
masked to the results of the first measurements.

Statistical Analysis
Normally distributed continuous data are presented 
as mean±SD. The normality of distribution was tested 
using the Shapiro- Wilk test. Categorical variables are 
presented as absolute numbers (percentages). In 
Protocol 1, 3D- STE measurements were compared 
with the corresponding CMR values via Pearson 
correlation coefficients and Bland- Altman analyses. 
The reproducibility of 3D- STE and CMR was as-
sessed using intraclass correlation coefficients and 
Bland- Altman analyses. In Protocol 2, comparisons 
of variables in the HT and control groups were per-
formed through t tests for continuous variables and 
Chi- square tests for categorical variables. The adjust-
ment for heart rate in comparisons of 3D- biventricular 
strain values between the HT and control groups were 
performed via the analysis of covariance. Diagnostic 
accuracy of 3D- biventricular strain for detecting clini-
cally well HT recipients was evaluated using receiver 
operating characteristic analysis, and the receiver op-
erating characteristic curves were performed using a 
MedCalc Version 19.0.4 (MedCalc Software, Ostend, 
Belgium). All statistical analyses, except for the analy-
sis of receiver operating characteristic curves, were 
performed using SPSS 23.0 statistical software (IBM, 
Armonk, NY). A P<0.05 was considered statistically 
significant.

RESULTS
Accuracy of 3D- STE in Evaluating 
Biventricular Functions Against CMR in 
Protocol 1
Of the 42 participants after HT in Protocol 1, 7 pa-
tients were excluded from analysis because of poor 
3D- echocardiographic image quality or failure to ac-
quire appropriate cine- loops with CMR, remaining 35 
participants included in the final analysis. There were 
no significant differences in patient characteristics be-
tween the included and excluded patients.

The baseline clinical characteristics of the 35 par-
ticipants after HT in Protocol 1 are summarized in 
Table S1; 3D- STE- derived values of biventricular vol-
umes correlated well with the corresponding CMR val-
ues (r=0.88, 0.92, 0.86, and 0.89 for LV EDV, LV ESV, 
RV EDV, RV ESV, respectively; P<0.001). The Bland- 
Altman analysis revealed small negative biases of 11, 
4, 13, and 8 mL for LV EDV, LV ESV, RV EDV, RV ESV, 

respectively, reflecting a slight underestimation of vol-
umes by the 3D- STE method.

With respect to parameters of the biventricular 
functions, a substantial correlation was determined for 
LVEF (r=0.96, P<0.001) and RVEF (r=0.95, P<0.001), 
and Bland- Altman analysis demonstrated a small 
bias and relatively narrow limits of agreement (LVEF, 
bias=−0.5%, limits of agreement=−0.5%±3.7; RVEF, 
bias=0.5%, limits of agreement=0.5±4.5%) between 
both techniques (Figure S1).

In addition, LV GLS, LV GCS, LV GRS by 3D- STE 
were all well correlated with CMR- LVEF (r=−0.85, 
−0.93, 0.90, respectively; P<0.001). Moreover, 3D- STE 
RV FWLS correlated well with CMR- RVEF (r=−0.83, 
P<0.001; Figure S2).

Baseline Clinical Characteristics of the 46 
Clinically Well HT Patients and 46 Non- HT 
Controls in Protocol 2
Of the 55 patients after HT in Protocol 2, 9 patients 
were excluded from analysis because of poor 3D- 
echocardiographic image quality; the remaining 46 
patients were included in the final analysis. There were 
no significant differences in patient characteristics be-
tween the included and excluded patients.

The clinical characteristics of the 46 HT recipients 
are summarized in Table 1. No significant differences 

Table 1. Clinical Characteristics of the 46 HT Recipients

Parameter Value

Pre- HT

 Etiology for transplant

 Dilated cardiomyopathy 24 (52%)

 Hypertrophic cardiomyopathy 3 (7%)

 Ischemic cardiomyopathy 6 (13%)

 Valvular/rheumatic heart disease 4 (9%)

 Complex congenital heart disease 3 (7%)

 Restrictive cardiomyopathy 1 (2%)

 Other diseases 5 (11%)

 Donor age at HT, y 33±11

 Recipient age at HT, y 46±13

 Invasive sPAP, mm Hg 55±18

 Invasive mPAP, mm Hg 37±12

Parameters at echocardiographic examination

 Time since HT, y 1.0±0.1

 Systolic blood pressure, mm Hg 120±8

 Diastolic blood pressure, mm Hg 81±9

 Comorbidities

 Hypertension 22 (49%)

 Diabetes mellitus 21 (46%)

Data are expressed as mean±SD or as number (%). HT indicates heart 
transplant; mPAP, mean pulmonary artery pressure; and sPAP, systolic 
pulmonary artery pressure.
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in sex, age, height, weight, body surface area, systolic 
blood pressure, or diastolic blood pressure were ob-
served between the HT group and the control group. 
Heart rates in HT subjects were higher than those in 
the control group (P<0.001; Table 2).

Conventional 2D Echocardiographic 
Measurements
The 2D- LVEF and RV fractional area change were 
lower in the HT group compared with the controls, but 
still within the normal range (64±5% versus 68±4%, 
44±4% versus 50±4%, respectively, P<0.001). All 
conventional parameters of RV longitudinal systolic 
function (including tricuspid annular plane systolic 
excursion and systolic tricuspid lateral annular tis-
sue velocity) were decreased in HT group compared 
with those in the control group (P<0.001). The com-
plete data on the comparison of 2D echocardiographic 
and Doppler parameters between the HT and control 
groups are presented in Table 2.

Biventricular Functions by 3D- STE
HT group 3D- LVEF and RVEF values had decreased 
compared with the control values (P<0.001), but re-
mained within the normal range; 3D- myocardial strain 
values, LV GLS, LV GCS, LV GRS, and RV FWLS, were 
decreased in the HT group compared with those in the 
control group (P<0.001; Table  3). The representative 
3D- STE images for the abovementioned biventricular 
strain values between an HT recipient and a healthy 
control are illustrated in Figure 1.

Also, LVGS, LV twist, and torsion were lower 
in the HT group than those in the control group 
(P<0.001). The HT group showed increased LV SDI 
compared with the control group (7.9±2.2% versus 
5.0±1.6%, P<0.001), but still within the normal 
range. Furthermore, the LV GPI (GPI=global peak 
systolic strain×torsion÷SDI) was decreased in 
the HT group than in the control group (P<0.001) 
(Table  3). Moreover, the differences for LV GLS, 
LV GCS, LV GRS, LV GPI, and RV FWLS remained 
significant after adjustment for heart rate (Table S2). 
Furthermore, the values of LV GLS, LV GCS, LV GRS, 
LV GPI, and RV FWLS were entered into the receiver 
operating characteristic curve for detecting clinically 
well HT recipients, and the corresponding cutoff 
values, sensitivity, and specificity were determined. 
The biventricular strain values were all good for 

Table 2. General Information and 2- Dimensional 
Echocardiographic Measurements of HT Group and 
Control Group

Parameter
HT Group 

(n=46)
Control Group 

(n=46) P Value

Men (%) 36 (78%) 34 (74%) 0.625

Age, y 46±13 45±13 0.538

Height, cm 168±7 168±7 0.829

Weight, kg 68±13 67±10 0.778

BSA, m2 1.7±0.2 1.7±0.2 0.970

HR, bpm 89±9 68±11 <0.001

SBP, mm Hg 119±9 117±7 0.284

DBP, mm Hg 79±9 76±8 0.203

Left ventricle

 LVEF, % 64±5 68±4 <0.001

 Bicuspid E, m/s 0.9±0.2 0.8±0.1 0.004

 Bicuspid A, m/s 0.5±0.1 0.7±0.2 <0.001

 Bicuspid E/A ratio 1.8±0.4 1.2±0.4 <0.001

 Bicuspid e’, cm/s 11±2 12±3 0.519

 Bicuspid E/e’ 8±3 7±2 0.016

 Bicuspid DT, ms 172±33 205±38 <0.001

Right ventricle

 FAC, % 44±4 50±4 <0.001

 TAPSE, mm 16±3 24±2 <0.001

 Tricuspid S’, cm/s 11±3 13±2 <0.001

 Tricuspid E, m/s 0.6±0.1 0.5±0.1 0.072

 Tricuspid e’, cm/s 10±3 11±3 0.047

 Tricuspid E/e’ 7±3 5±2 0.003

Data are expressed as mean±SD; P<0.05 was considered statistically 
significant. BSA indicates body surface area; DBP, diastolic blood pressure; 
DT, deceleration time of E; FAC, fractional area change; HR, heart rate; HT, 
heart transplant; LVEF, left ventricular ejection fraction; SBP, systolic blood 
pressure; and TAPSE, tricuspid annular plane systolic excursion.

Table 3. Three- Dimensional Speckle- Tracking 
Echocardiographic Measurements of HT Group and 
Control Group

Parameter HT Group (n=46)
Control Group 

(n=46) P Value

Left ventricle

 LVEF, % 62.5±4.4 67.8±4.1 <0.001

 GS, % −37.2±4.3 −41.3±4.0 <0.001

 GLS, % −17.2±1.3 −20.8±1.7 <0.001

 GCS −31.9±4.3 −36.8±4.0 <0.001

 GRS 40.7±4.0 48.1±4.1 <0.001

 Radial displacement, mm

 Septal 3.7±1.6 7.2±1.4 <0.001

 Lateral 8.4±2.0* 6.2±1.1* <0.001

 Twist, ° 13.3±5.2 18.2±5.5 <0.001

 Torsion, °/cm 1.9±0.8 2.4±0.8 0.001

 SDI, % 7.9±2.2 5.0±1.6 <0.001

 GPI, °/cm −10.4±7.5 −22.0±10.9 <0.001

Right ventricle

 RVEF, % 46.0±3.7 47.8±3.0 0.011

 RV FWLS, % −18.7±1.6 −22.1±2.0 <0.001

Data are expressed as mean±SD; P<0.05 was considered statistically 
significant. FWLS indicates free wall longitudinal strain; GCS, global 
circumferential strain; GLS, global longitudinal strain; GPI, global performance 
index; GRD, global radial strain; GS, global peak systolic strain; HT, heart 
transplant; LVEF, left ventricular ejection fraction; RVEF, right ventricular 
ejection fraction; and SDI, systolic dyssynchrony index.

*vs septal radial displacement, P<0.05.
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differentiating between the clinically well HT patients 
and non- HT healthy controls (the complete data are 
summarized in Figure 2).

Left Ventricular Radial Displacement by 
3D- STE
Compared with the control group, LV lateral wall ra-
dial displacement was higher, and septal wall radial 
displacement was reduced (P<0.001) in the HT group. 
And the LV radial displacement of the lateral wall was 
higher than that of the septal wall in the HT group 
(P<0.001), whereas the LV radial displacement of the 
lateral wall was lower than that of the septal wall in the 
control group (P<0.001) (Table 3).

Reproducibility of 3D- STE and CMR
The measurements obtained by 3D- STE and CMR all 
showed excellent reproducibility. And the complete 
data of inter- observer variability and intra- observer 
variability were shown in Table 4.

DISCUSSION
To the best of our knowledge, this is the first study 
comprehensively describing the characteristics and 
normal values for 3D- biventricular mechanical func-
tions in a clinically well HT population. The results of 
this study suggest that (1) 3D- STE reveals excellent 
accuracy in the evaluation of biventricular functions 
in transplanted hearts against CMR; (2) the 3D- 
biventricular myocardial functions are significantly 
reduced even in clinically well HT recipients than 
control subjects.

Orthotopic HT involves numerous factors that af-
fect myocardial function, making the graft ventricu-
lar function different from the control subjects even 
in healthy HT recipients. So, accurate evaluation of 
graft ventricular function is vital during the follow- up 
examinations. Previous studies, based on 2D echo-
cardiography, have reported the normal LVEF and 
RV fractional area change, but reduction in LV GLS 
and RV FWLS in clinically stable HT recipients.9,10,21 
However, to the best of our knowledge, a study aim-
ing at assessing the characteristics and normal values 
of biventricular mechanical functions in transplanted 
hearts using 3D- STE has not been reported. More 
importantly, 2D- STE is time- consuming, and the 2D 
plane of interest disappears during a cardiac cycle 
during the analysis. Moreover, the ventricular func-
tion derived from 2D echocardiography is dependent 
on geometric assumptions. Fortunately, 3D- STE 
could overcome these limitations for a more accurate 
and quick assessment of ventricular function.13,22 In 
the present study, first, we validated the accuracy of 
3D- STE in evaluating biventricular function against 
CMR in HT participants, which was consistent with 
previous studies in various other heart diseases.14–17 
Then, we further demonstrated the decreased 3D- 
biventricular myocardial strain, even in clinically well 
HT recipients with relatively normal 3D- ejection frac-
tion. And these biventricular myocardial strain values 
(LV GLS, LV GCS, LV GRS, LV GPI, and RV FWLS) 
were all good for differentiating between clinically 
well HT patients and non- HT healthy controls.

Injury caused by ischemia- reperfusion, pericardiot-
omy surgery, subsequent progressive remodeling (in-
cluding myocardial fibrosis, fibrous atrophy), and the 

Figure 1. Representative images for the comparison of biventricular mechanical function in a heart transplant recipient 
and a healthy control by 3- dimensional speckle- tracking echocardiography.
Three- dimensional speckle- tracking echocardiography images for the reduced (A) left ventricular global longitudinal strain, (B) left 
ventricular global circumferential strain, (C) left ventricular global radial strain, and (D) right ventricular free wall longitudinal strain in 
a heart transplant recipient than that in healthy controls. 3D- STE indicates 3- dimensional speckle- tracking echocardiography; HT, 
heart transplant; LV GCS, left ventricular global circumferential strain; LV GLS, left ventricular global longitudinal strain; LV GRS, left 
ventricular global radial strain; and RV FWLS, right ventricular free wall longitudinal strain.
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long- term therapy with immunosuppressants postop-
eratively can all result in the impairment of LV GLS.2–4 
Moreover, postoperative complications, including hy-
pertension and diabetes mellitus, can also injure the 
myocardial functioning of the allograft. The studies on 
LV GCS in HT patients are relatively sparse, and the 
conclusions were controversial.9–11 The LV GCS was 
reduced in our study that was consistent with the 
study by Marcello Chinali et  al. Additionally, studies 
evaluating GRS in transplanted hearts are extremely 

rare. LV twist function provides a key mechanistic link 
between cardiac systolic and diastolic functions, and 
it was sensitively affected by sympathetic stimula-
tion.23,24 Accordingly, the denervation in transplanted 
hearts could damage the twist dynamics. The impaired 
LV twist dynamics in our study were consistent with 
previous studies that were assessed using 2D- STE.25 
Additionally, this study reported higher (but still within 
normal range) LV SDI in transplanted hearts, which is 
consistent with a previous study.9 The disproportion 

Figure  2. Receiver operating characteristic analysis for left ventricular (LV) global longitudinal strain, LV global 
circumferential strain, LV global radial strain, LV global performance index, and right ventricular free wall longitudinal strain.
The area under the curve, best cutoff values, corresponding sensitivity, and the specificity for LV global longitudinal strain, LV global 
circumferential strain, LV global radial strain, LV global performance index, right ventricular free wall longitudinal strain are shown in 
the table below. AUC indicates area under the curve; LV GCS, left ventricular global circumferential strain; LV GLS, left ventricular 
global longitudinal strain; LV GPI, left ventricular global performance index; LV GRS, left ventricular global radial strain; and RV FWLS, 
right ventricular free wall longitudinal strain. Dashed lines representing 95% CI.
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between the large size of recipient mediastinal cavity 
and small size of the donor’s heart, as well as loss of 
support provided by the pericardial sac, may all in-
crease the LV systolic dyssynchrony.26,27 However, 
the abovementioned LV- myocardial strain and twist 
function could only assess individual aspects of the 
LV mechanical function. GPI, the new 3D- STE param-
eter which simultaneously incorporated the LV strain, 
torsion, and dyssynchrony, could reflect the compre-
hensive index of spatial movement and represent the 
global performance of LV.19 This study further evalu-
ated and illustrated the decrease in GPI after HT be-
cause GPI integrated the reduction in LV strain, twist, 
and the increase in LV systolic dyssynchrony.

Additionally, the reduced RV longitudinal function 
in HT recipients was similar to previous studies using 
2D- STE.10,28 Since cardiac surgery itself and complete 
pericardiotomy could cause the decreased RV longi-
tudinal contraction and increased radial contraction 
simultaneously.5,29–31 Therefore, transplanted hearts 
showed the reduced RV longitudinal function (not only 
the 3D- STE parameter- RV FWLS but also the con-
ventional parameters including tricuspid annular plane 
systolic excursion and systolic tricuspid lateral annular 
tissue velocity) and normal overall contraction (includ-
ing 2D- RV fractional area change and 3D- RVEF).

Our study further showed increased radial displace-
ment of the lateral wall and decreased radial displace-
ment of the septal wall in transplanted hearts. The 
disproportion between the large size of recipient medi-
astinal cavity and the small size of the donor’s heart, as 
well as loss of support provided by the pericardial sac, 
may have enhanced the translational motion in trans-
planted hearts during the cardiac cycle.26,27 The exag-
gerated translational motion mainly impacted the free 
wall of the allograft hearts, and it often showed a strik-
ing rightward and anterior movement during systole.32 
Accordingly, transplanted hearts showed increased lat-
eral wall radial displacement and decreased septal wall 
radial displacement. Importantly, this validated phenom-
enon of marked translational motion aggravated the “out 
of plane phenomenon” associated with 2D- STE and 
strengthened the functionality of 3D- STE in graft hearts. 
Therefore, it is crucial to accurately describe the charac-
teristics and appropriate normal values of biventricular 
mechanical functions via 3D- STE in transplanted hearts. 
And the definite characteristics and appropriate normal 
values of 3D- biventricular mechanical functions can pro-
vide a basis for evaluation and detection of ventricular 
dysfunction in follow- ups and further studies in trans-
planted hearts.

Limitations
This was a single- center study, and the sample size was 
relatively small. Our study was limited to explore the nor-
mal 3D- biventricular mechanical functions in HT partici-
pants at 1- year post- surgery. Furthermore, 3D- STE was 
dependent on image quality. Moreover, the comparabil-
ity of STE among different vendors is uncertain.

CONCLUSIONS
This study validates that 3D- STE shows excellent ac-
curacy in the evaluation of biventricular functions in 
transplanted hearts against CMR. HT patients who 
were considered clinically well show differences in 
their 3D- biventricular functions compared with those 
in non- HT healthy subjects. The 3D- biventricular me-
chanical functions are reduced in HT recipients. The 
provided characteristics and appropriate normal val-
ues of biventricular mechanical functions can be the 
basis for accurate evaluation and detection of ventricu-
lar dysfunction in follow- up examinations and further 
studies in the transplanted hearts.
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radial strain; RV FWLS, right ventricular free wall longitudinal strain; and 
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Table S1. Clinical Characteristics of the 35 HT Recipients in Protocol 1.  

Parameter Value                                   

Men (%) 27 (78%) 

Age (years) 45±14 

Height (cm) 166±8 

Weight (kg) 63±14 

BSA (m²) 1.7±0.2 

SBP (mmHg) 120±12 

DBP (mmHg) 79±9 

HR (bpm) 89±7 

Time since HT (months) 19±9 

Clinical status   

Clinically well 28(80%) 

ACR 4(11%) 

CAV 2(6%) 

Lymphoproliferative disease 1(3%) 

Data are expressed as mean ± SD or as number (%). ACR, acute rejection; CAV, cardiac 

allograft vasculopathy; DBP, diastolic blood pressure; HT, heart transplant; SBP, 

systolic blood pressure. 

  



Table S2. The Adjustment of the Comparisons of Three-Dimensional Speckle-

Tracking Echocardiographic Measures between HT Group and Control Group. 

Parameter HT Group (n=46)                                 Control Group (n=46)                          P value 

Left Ventricle      

LVEF (%) 62.3 (60.7 to 63.8) 68.1 (66.5 to 70.0) <0.001 

GS (%) -37.0 (-35.4 to -38.5) -41.5 (-39.9 to -43.0) 0.01 

GLS (%)  -17.4 (-18.0 to -16.9) -20.6 (-21.1 to -20.0) <0.001 

GCS -31.5 (-33.0 to -30.0) -37.2 (-38.7 to -35.6) <0.001 

GRS 40.7 (39.2 to 42.2) 48.2 (46.7 to 50.0) <0.001 

Radial displacement (mm)     

Septal 3.6 (3.1 to 4.2) 7.2 (6.7 to 7.8) <0.001 

Lateral 8.4 (7.8 to 9.0) a 6.2 (5.6 to 6.8) * <0.001 

Twist (°)  13.9 (11.9 to 15.8) 17.6 (15.7 to 19.6) 0.023 

Torsion (°/cm)  1.9 (1.7 to 2.2) 2.4 (2.1 to 2.6) 0.088 

SDI (%) 7.5 (6.8 to 8.2) 5.3 (4.6 to 6.0) <0.001 

GPI (°/cm) -20.3 (-23.7 to -16.9) -12.1 (-15.5 to -8.7) 0.005 

Right Ventricle      

RVEF (%) 47.7 (46.5 to 48.9) 46.2 (45.0 to 47.4) 0.128 

RV FWLS (%) -19.0 (-19.6 to -8.3) -21.9 (-22.6 to -21.2) <0.001 

Data are expressed as mean (95%CI); A p value<0.05 was considered statistically 

significant. * vs septal radial displacement, p<0.05. FWLS, free wall longitudinal strain; 

GS, global peak systolic strain; GLS, global longitudinal strain; GCS, global 

circumferential strain; GRS, global radial strain; GPI, global performance index; HT, 

heart transplant; LVEF, left ventricular ejection fraction; RVEF, right ventricular 

ejection fraction; SDI, systolic dyssynchrony index.  



Figure S1. Accuracy of 3D-STE against CMR for evaluating biventricular EF in 

HT recipients. 

 

 

 

 

Correlation (top) and Bland-Altman analysis (bottom) of (A, LVEF) and (B, RVEF). 

3D-STE, three-dimensional speckle-tracking echocardiography; CMR, cardiac 

magnetic resonance; HT, heart transplant; LVEF, left ventricular ejection fraction; 

LOA, limits of agreement; RVEF, right ventricular ejection fraction. 

 

 

 



Figure S2. Linear correlation between myocardial strain values by 3D-STE and 

CMR-EF in HT recipients. 

 

 

(A, LVGLS), (B, LVGCS), (C, LVGRS) by 3D-STE correlated well with CMR-

LVEF; (D, RV FWLS) by 3D-STE correlated well with CMR-RVEF. 

3D-STE, three-dimensional speckle-tracking echocardiography; CMR, cardiac 

magnetic resonance; HT, heart transplant; LVEF, left ventricular ejection fraction; 

LVGLS, left ventricular global longitudinal strain; LVGCS, left ventricular global 

circumferential strain; LVGRS, left ventricular global radial strain; RVEF, right 

ventricular ejection fraction; RV FWLS, right ventricular free wall longitudinal strain. 

  


