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Abstract

Introduction: Both echocardiography and CMR imaging are used to quantify longi-
tudinal function. Inter-method variability for mitral (MAPSE) and tricuspid (TAPSE)
annular plane systolic excursion, and variability between directly measured MAPSE
and TAPSE and as based on atrioventricular plane displacement (AVPD) analysis by
CMR, are, however, not known. This study, therefore, assessed inter-method variabil-
ity and variability between annular plane systolic excursion and AVPD-based values
in a healthy adult population.

Methods: Echocardiography and CMR were performed in 111 adults (35 [32-38]
years). Method comparisons were assessed with Deming regression, Bland-Altman
analysis and coefficient of variation. Observer reproducibility was assessed by the
concordance correlation coefficient.

Results: Echocardiography and semi-automatic CMR agreed on MAPSE (17 + 2 mm
vs. 17 + 2 mm, p = 0.1) and TAPSE (25 + 3 mm vs. 25 + 3 mm, p = 0.5), correlated
highly between methods (fitted-slope 1.22 [95% Cl 1.07-1.38] and 1.12 [95% CI 0.95-
1.29]) and showed low bias (0.42 [95% CI - 2.05 to 2.88] and - 0.18 [95% CI - 4.78
to 4.43]). Intra-/inter-observer reproducibility was high for both methods for both
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1 | INTRODUCTION

Ventricular systolic function is dependent on both longitudinal pump-
ing, that is the base-to-apical movement of the valve plane, and radial
pumping, that is the squeezing motion of the ventricle. Longitudinal
pumping is the main contributor to stroke volume on both the left and
right cardiac side (Carlsson et al., 2007a, 2007b; Steding-Ehrenborg
et al., 2015). Measures of longitudinal function are of clinical impor-
tance as a decreased longitudinal function has prognostic implica-
tions (Romano et al., 2019). Mitral annular plane systolic excursion
(MAPSE) and tricuspid annular plane systolic excursion (TAPSE) as
measures of systolic longitudinal function can be assessed by echo-
cardiography (Dutta & Aronow, 2017; Feigenbaum et al., 1967; Kaul
et al., 1984; Medvedofsky et al., 2015). Further, cardiovascular mag-
netic resonance (CMR) can assess both MAPSE and TAPSE and the
atrioventricular plane displacement (AVPD) (Seemann et al., 2017).
Measurement points for AVPD are placed on the basal top of the
compact myocardium in the respective long-axis. This may differ
from where the mitral and tricuspid annuli and valve hinge points are
visualized, and it may be hypothesized that MAPSE and TAPSE ac-
cording to clinical routine and as based on tracked data from AVPD
analysis may result in different values. Also, inter-method variability
for MAPSE and TAPSE, and variability between MAPSE/TAPSE by
echocardiography and based on AVPD by CMR are not known.

The aims of this study were therefore to compare MAPSE and
TAPSE by echocardiography with values by semi-automatic CMR
analysis from both direct measurements and based on tracked data
from AVPD and to determine reproducibility of both methods in a
healthy adult population.

2 | METHODS
2.1 | Study design

The Ethics Committee of Hospital Clinic and Hospital Sant Joan de

Deu approved the study protocol, and the study was performed in

Functional Imaging

MAPSE (echocardiography 0.96/0.86; CMR 0.87/0.85) and TAPSE (echocardiography
0.96/0.95; CMR 0.97/0.96). MAPSE (16 + 2 mm vs. 17 + 2 mm; p < 0.001) and TAPSE
(24 + 3 vs. 25 + 3 mm; p < 0.001) based on AVPD were similar but statistically differ-
ent compared with semi-automatic CMR.

Conclusions: Echocardiography and semi-automatic CMR have low variability and
provide similar values for MAPSE and TAPSE and are thus interchangeable for follow-
up studies. Lateral values based on tracked data from AVPD analysis are not clinically

significantly different and could be used as a representation of annular displacement.

atrioventricular plane displacement, cardiac magnetic resonance, comparison,
echocardiography, MAPSE, TAPSE

accordance with the Helsinki Declaration. Healthy subjects between
age 25 and 40 years were invited to participate and underwent a
complete cardiovascular risk assessment. Exclusion criteria were
cardiovascular or renal disease, diabetes mellitus, autoimmune dis-
ease or contraindications to CMR. All subjects provided written in-
formed consent before participation and underwent comprehensive

echocardiography and CMR studies.

2.2 | Echocardiography

All subjects were evaluated according to clinical routine in the left
lateral decubitus position performed by an experienced cardiolo-
gist from the Cardiology Unit of Hospital Clinic, Barcelona, with
more than ten years of clinical practice. A Vivid E9 ultrasound
machine (GE Healthcare, Horten, Norway) with a 3.5 MHz (M5S)
transducer was used for all examinations with image acquisition
synchronized to ECG. Cine loops of the apical four-chamber view
and M-mode images acquired in free breathing were stored for off-
line analyses.

An experienced observer (A.S-M.) quantified MAPSE and TAPSE
off-line using the software Echopac® (GE Healthcare, Milwaukee,
WI, USA). In short, 2D-mode cines with frame rates of 60-70 frames
per second were used. An M-mode line was applied across the lat-
eral mitral and tricuspid annulus in the four-chamber view for as-
sessment of MAPSE and TAPSE, respectively (Figure 1). Two to three
echocardiography cine data sets were acquired in each patient, and
the clip number was not known for the second observation.

2.3 | Cardiovascular magnetic resonance

Cardiovascular magnetic resonance imaging was performed using
a 3T scanner (Magnetom Trio, Siemens Healthcare, Erlangen,
Germany) applying a balanced steady-state free precession (bSSFP)
cine sequence with retrospective ECG gating under end-expiratory

breath hold. Standard long-axis cine images were acquired with



264 Clinical Physiology and

SEPULVEDA-MARTINEZ €T AL.

Functional Imaging

FIGURE 1 Mitral and tricuspid annular plane systolic excursion measurements by M-mode echocardiography. After visualization of the
four-chamber view, M-mode is applied at the level of the lateral atrioventricular valve annulus. The distance from the lowest level at R-wave
(end-diastole) to the highest displacement (end-systole) is measured for mitral annular plane systolic excursion (a; MAPSE) and tricuspid

annular plane systolic excursion (b; TAPSE)

typical flip angle 45°, TE/TR 1.34/51 ms, in plane resolution 2 x 2 x
8 mm, and 25 frames per cardiac cycle.

Both MAPSE and TAPSE were determined semi-automatically,
with manual correction if needed, using the freely available soft-
ware Segment® (Medviso AB, Lund, Sweden) (Heiberg et al., 2010;
Seemann et al., 2017). For MAPSE and TAPSE by CMR, reference
markers were placed in end-diastole at the left and right lateral walls
at the level of the mitral and tricuspid annulus/valvular hinge points
in the four-chamber view, respectively (Figure 2), with the automatic
time-resolved tracking algorithm applied throughout the cardiac
cycle (Figure 3).

For values of MAPSE and TAPSE as based on AVPD analysis,
the measurement points were instead of at the annulus placed on
the basal top of the compact myocardium in the respective long-
axis view (Seemann et al., 2017). Positional landmarks were checked
throughout the cardiac cycle, and manual correction was applied if
needed after semi-automatic tracking. Lateral values from the four-
chamber view were exported for comparison with direct measure-
ments of MAPSE and TAPSE.

FIGURE 2 Mitral and tricuspid annular plane systolic excursion
reference markers at end-diastole for semi-automatic measurement
using cardiac magnetic resonance imaging. The reference markers
at end-diastole for MAPSE (1) and TAPSE (2) are denoted
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FIGURE 3 Mitral and tricuspid annular plane systolic excursion measurements by the semi-automatic time-resolved algorithm using
cardiac magnetic resonance imaging. The outer area of the ventricles is delineated at end-diastole (dotted line) and end-systole (solid line)
and reference markers for tracking denoted with closed circles. Two-sided arrows represent peak mitral (1) and tricuspid (2) annular plane
systolic excursion tracking. Note how the mitral and tricuspid annulus points differ in position compared with the atrioventricular plane

displacement

2.4 | Intra- and inter-observer analysis

A subset of 20 subjects was randomly selected for intra- and inter-
observer variability of MAPSE and TAPSE for echocardiography and
CMR. One blinded observer (A.S-M.) analysed echocardiography
and CMR measurements one week apart for intra-observer variabil-
ity for both methods. Two other blinded observers provided analy-
ses of echocardiography (B.V-A.) and CMR (K.S-E.) for inter-observer

variability.

2.5 | Statistical analyses

The D’Agostino test was performed to test for normal distribution.
Variables were expressed as mean + SD or median [IQR], and statis-
tical differences were tested using Student's t-test. Categorical vari-
ables were expressed as n (%).

For comparisons between echocardiography and CMR, Deming
regression was used to estimate the fitted up-slope for overcom-
ing the assumptions of a classic linear regression considering mea-
surement errors present in both methods (Cornbleet & Gochman,
1979). For 95% confidence interval (Cl) determination, the Jackknife
method was used. The coefficient of variation (CoV), as a measure
of relative variability, was estimated as a ratio of the standard devi-
ation to the mean. Bias and 95% limits of agreement for MAPSE and
TAPSE were calculated and presented in Bland-Altman plots (Bland
& Altman, 1986).

Intra- and inter-observer reproducibility was calculated as the
concordance correlation coefficient (CCC) (Lin, 1989), with the CCC
agreement scale as described by McBride (McBride, 2005). Bias and
limits of agreement were calculated and presented using Bland-
Altman plots.

To determine the impact of time between echocardiogra-
phy and CMR on reproducibility, a quantile regression test was

performed, considering the time in days between examinations

by echocardiography and CMR as the independent variable and
the absolute inter-method difference as the dependent variable.
Time between examinations was divided in four intervals, based
on the largest difference between studies (<26 days, 27-52 days,
53-79 days, >80 days), and a trend analysis with the Jonckheere-
Terpstra test performed, considering the absolute time between
examinations.

All statistical analyses were performed in Stata 14.2 (Statacorp,
College Station, Texas, USA). A two-sided P-value < 0.05 was consid-

ered to show significant differences.

3 | RESULTS

One hundred and eleven healthy subjects were included in the cur-
rent study. Median time between echocardiography and CMR was
41 [20-103] days. Quantile regression for MAPSE and TAPSE dem-
onstrated no correlation between measurements and time between
examinations (r = 0.0; p = 0.9, and r = 0.002; p = 0.6, respectively).
Trend analysis confirmed these results, with no trend found after
considering time between examinations (p = 0.4 and p = 0.6 for
MAPSE and TAPSE, respectively). Analyses were, therefore, based
on all 111 subjects included in the current study. Participants’ char-
acteristics are presented in Table 1. There was no difference be-
tween heart rate at echocardiography (68 + 12 bpm) and at CMR
(66 + 11 bpm; p = 0.1).

3.1 | Comparison of echocardiography and CMR

Mitral annular plane systolic excursion by manual echocardiography
measurements was 17 + 2 mm vs. 17 + 2 mm by semi-automatic
CMR (p = 0.16). Tricuspid annular plane systolic excursion by manual
echocardiography measurements was 25 + 3 mm vs. 25 + 3 mm

by semi-automatic CMR (p = 0.7). Deming regression analyses are
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shown in Table 2. Coefficient of variation was lower for MAPSE
(3.0%) than TAPSE (13.3%). Fitted up-slopes demonstrated a high
inter-method correlation for both MAPSE and TAPSE. Figure 4a,b
presents Bland-Altman and scatter plots for both measurements.

MAPSE and TAPSE based on semi-automatic AVPD analysis
were similar in values, however statistically different, compared
with semi-automatic direct measurements by CMR (16 + 2 mm vs.
17 + 2 mm; p = 0.02, and 24 + 3 vs. 25 + 3 mm; p < 0.001, respec-
tively). Deming regression analyses are shown in Table 2. Coefficient
of variation was low for both MAPSE (2.4%) and TAPSE (2.8%).
Fitted up-slopes demonstrated a high inter-method correlation for
both MAPSE and TAPSE (Table 2).

Finally, MAPSE by manual echocardiography measurements was
17 + 2 mm vs. 16 + 2 mm based on semi-automatic AVPD analysis
by CMR (p = 0.0008) and TAPSE correspondingly 25 + 3 mm vs.
24 + 3 mm (p = 0.001). Deming regression analyses are shown in
Table 2. Coefficient of variation was low for both MAPSE (3.3%) and
TAPSE (1.6%). Fitted up-slopes demonstrated a high inter-method
correlation for both MAPSE and TAPSE (Table 2).

TABLE 1 Demographic and anthropometric characteristics of
the study population

Characteristics n=111

Age, years 35 [32-38]
Male sex 60 (54%)
Height, cm 170+ 9
Weight, kg 70 [58-80]
BMI, kg/m? 24 [21-26]
Systolic blood pressure, mmHg 104 [95-111]
Diastolic blood pressure, mmHg 73 [68-80]
Current smokers 29 (26%)

Continuous data expressed as mean + SD or median [IQR], according to
distribution. Categorical data expressed as number (percentage). BMI,
body mass index.

3.2 | Reproducibility by echocardiography

Both MAPSE and TAPSE by echocardiography demonstrated low
intra-observer variability (Table 3 and Figure 5a-b). For MAPSE and
TAPSE, the mean intra-observer values for observer 1 and observer
2 were 17 + 3 mmvs. 16 + 3 mm and 25 + 3 mm vs. 25 + 3 mm,
respectively. Inter-observer analysis demonstrated reproducibil-
ity for MAPSE (CCC =0.86) and TAPSE (CCC =0.95) (Table 3 and
Figure 5c-d).

3.3 | Reproducibility by CMR

Both MAPSE and TAPSE by semi-automatic CMR demonstrated low
intra-observer variability (Table 3 and Figure 5e-f). For MAPSE and
TAPSE, the mean intra-observer values for observer 1 and observer
2 were 16 + 2 mmvs. 16 + 2 mm and 28 + 4 mm vs. 27 + 4 mm,
respectively. Inter-observer analysis demonstrated reproducibil-
ity for MAPSE (CCC =0.85) and TAPSE (CCC =0.95) (Table 3 and
Figure 5g,h).

4 | DISCUSSION

This study showed that both MAPSE and TAPSE measurements by
echocardiography and semi-automatic CMR analysis have low vari-
ability for each method in a population of healthy adult subjects.
Further, echocardiography and semi-automatic CMR analysis re-
ported similar values for both MAPSE and TAPSE. The methods are
thus interchangeable for follow-up studies. For annular plane sys-
tolic excursion as based on values from semi-automatic AVPD by
CMR, values are similar to both echocardiography and direct meas-
urement by semi-automatic CMR, although statistically different in
the current study. The clinical significance of this statistical differ-

ence is, however, likely low.

TABLE 2 Comparison of MAPSE and TAPSE by echocardiography, direct measurement by semi-automatic CMR, and as based on semi-

automatic AVPD measurement by CMR
Parameter CoV (%)
Manual echocardiography vs. direct measurement by semi-automatic CMR
MAPSE 3.0 0.415 (-2.052 to 2.883)
TAPSE 13.3 -0.177 (-4.782 to 4.429)

Bias (95% LoA) by Bland-Altman

Intercept (95% Cl) by Deming
regression

Fitted-slope (95% Cl) by
Deming regression

-3.35(-5.918 to - 0.787)
-3.31(-7.608 to 0.979)

1.22(1.066 to 1.379)
1.12(0.954 to 1.292)

Manual echocardiography vs. based on semi-automatic AVPD measurement by CMR

MAPSE 2.4
TAPSE 2.8

1.028 (-3.748 to 5.805)
1.458 (-6.425 to 9.341)

-4.80 (-13.360 to 3.763)
-0.10 (-17.995 to 17.795)

1.36 (0.825 to 1.890)
1.07 (0.314 to 1.816)

Direct measurement by semi-automatic CMR vs. based on semi-automatic AVPD measurement by CMR

MAPSE 3.3
TAPSE 1.6

0.613 (-3.398 to 4.624)
1.635(-3.505 to 6.774)

0.92(0.638 to 1.203)
0.90(0.702 to 1.096)

1.91 (-2.660 to 6.480)
4.04 (-6.958 t0 8.770)

AVPD, atrioventricular plane displacement; Cl, confidence interval; CMR, cardiac magnetic resonance; CoV, coefficient of variation; LoA, limits of
agreement; MAPSE, mitral annular plane systolic excursion; TAPSE, tricuspid annular plane systolic excursion.
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FIGURE 4 Bland-Altman and scatter plots for comparison of mitral and tricuspid annular plane systolic excursion by echocardiography
and cardiac magnetic resonance imaging. Bland-Altman plots with 95% limits of agreement (left) and scatter plots with regression lines
(right) are presented for mitral (a) and tricuspid (b) annular plane systolic excursion. Echocardiography and magnetic resonance imaging show
similar values for assessment of mitral and tricuspid annular plane systolic excursion

The current study showed similar values for MAPSE and TAPSE
by time-resolved semi-automatic tracking by both direct measure-
ments and based on AVPD analysis by CMR as compared with echo-
cardiography, despite that data from the different modalities were
not acquired the same day. Ochs et al compared manual measure-
ments for MAPSE and TAPSE by echocardiography and CMR ac-
quired the same day in 30 patients and showed CoV (bias; 95% LoA)
to be 10.3% (-0.8; 5.7 to 4.0) for MAPSE, and 11.0% (1.3; -6.4 to
9.1) for TAPSE (Ochs et al., 2017). These previous results were thus,
despite assessed the same day, of larger variability than the current
results. Interestingly, the coefficient of variation between methods
was larger between direct measurements by CMR and echocardi-
ography, than between measurements based on AVPD analysis by
CMR and echocardiography. However, as indicated by both bias
and intercept by Deming regression, the statistically significant dif-
ferences between methods and modalities are likely not of clinical
significance.

Regarding the semi-automatic CMR method used in the current
study, it is important to acknowledge that in the original protocol by
Seemann et al,, (2017), a cine acquisition with 30 images per cardiac
cycle was used, whereas, the current protocol used 25 images per car-
diac cycle. This is related to scanner settings for clinical routine and is still
used in many centres. Nevertheless, this relatively lower setting for tem-
poral resolution could be associated with that the real maximum MAPSE
and TAPSE are missed. As echocardiography has a substantially higher
temporal resolution this might have affected the comparison between
methods. Seemann et al., (2017) also showed correlation between CMR
and echocardiography for lateral e” and E/e” (r = 0.76; p < 0.0001 and
r=0.85; p <0.0001) for diastolic function in 59 patients. No comparison
was, however, performed for longitudinal systolic function.

There are technical differences between 2D echocardiography
and CMR. Despite that echocardiography has a higher temporal res-
olution than CMR, it may have acoustic window limitations, mainly

in extremely thin or obese patients, which could affect acquisition
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Standard

CCC (95% Cl) CCCp-value  Error
Echocardiography

Intra-observer analysis

MAPSE  0.963(0.930 to 0.996) <0.0001 0.017
TAPSE 0.960 (0.926 to 0.994) <0.0001 0.018
Inter-observer analysis
MAPSE  0.864 (0.748 to 0.980) <0.0001 0.059
TAPSE 0.951 (0.907 to 0.995) <0.0001 0.022
Cardiac magnetic resonance
Intra-observer analysis
MAPSE  0.873(0.763 to 0.982) <0.0001 0.056
TAPSE 0.969 (0.942 to 0.996) <0.0001 0.014
Inter-observer analysis
MAPSE  0.854(0.731 to 0.977) <0.0001 0.063
TAPSE 0.958 (0.920 to 0.995) <0.0001 0.019

Bias (95% LoA)

TABLE 3 Intra- and inter-observer
reproducibility of MAPSE and TAPSE by
echocardiography and cardiac magnetic
resonance (n = 20)

0.194 (-1.124 to 1.513)
0.155 (-1.449 to 1.758)

0.381 (-2.114 to 2.876)

0.127 (-1.788 to 2.041)

-0.137 (-2.055 to 1.781)

0.245 (-1.571 to 2.061)

0.184 (-2.011 to 2.378)
-0.060 (-2.265 to 2.144)

CCC, concordance correlation coefficient; Cl, confidence interval; LoA, limits of agreement.

of an adequate four-chamber view focused on the right ventricle for
TAPSE measurements. In contrast, four-chamber acquisitions with
CMR can always be rotated to the largest right ventricle with the left
ventricle in the rotational centreline. According to chamber quanti-
fication, right ventricular assessment should be performed in a view
focused on the right ventricle with special care to avoid the standard
four-chamber view with an potentially under-rotated right ventricle
(Medvedofsky et al., 2015). Foreshortening and off-angle slice po-
sitions may affect both echocardiography and CMR, particularly on
the right side, and there is thus a risk that TAPSE is measured in a dif-
ferent location by echocardiography and CMR in the current study.
This may in part explain the higher correlation between methods for
MAPSE than TAPSE in the current study. Outliers in Figure 4, for ex-
ample with TAPSE approximately 22 mm by echocardiography and
30 mm by CMR may also be explained by this difference between
methods.

Semi-automatic CMR algorithms for assessment of both systolic and
diastolic function are increasingly available and may both decrease user
variability and analysis time. Although echocardiography is widely avail-
able and easy to utilize for assessing MAPSE and TAPSE, the current
study provides information that both CMR and echocardiography can
be used longitudinally in the same patient, which may simplify future
studies and clinical application. Further, although manual correction for
MAPSE and TAPSE is needed in the applied AVPD algorithm, with man-
ual correction or by direct measurement of MAPSE and TAPSE by CMR,

follow-up examinations are likely independent of modality.

4.1 | Limitations

As echocardiography and CMR were not performed the same day,

physiological variation may have had an impact on comparisons. To

minimize this, subjects were advised to not exercise before examina-
tions, and there is no obvious bias in the results indicating significant
change in cardiac function between assessments. Time between
echocardiography and CMR could be a potential bias in itself. Quantile
regression and trend analysis, however, showed no impact of time
between examinations on measurements. The CMR protocol used a
lower temporal resolution for cine acquisition than used in the original
publication, possibly affecting the correct estimation of maximum ex-
cursion of the mitral and tricuspid annuli by CMR. Although increased
temporal resolution is advocated, there is no significant systematic
bias in the current results indicating that this is crucial for the compari-
son between methods. Only the apical four-chamber view was used,
whereas MAPSE can also be performed using the apical two-chamber
view. In the larger inclusion study, however, only the 4-chamber view

was assessed.

5 | CONCLUSION

This study showed that both mitral and tricuspid atrioventricular
plane systolic excursion (MAPSE and TAPSE) measurements by
echocardiography and CMR have low variability for each methodin a
population of healthy subjects. Echocardiography and CMR reported
similar values for both MAPSE and TAPSE and measurements by the
two methods are thus interchangeable. For annular plane systolic
excursion as based on values from semi-automatic AVPD by CMR,
values are similar to both echocardiography and direct measurement
by semi-automatic CMR, although statistically different in the cur-
rent study. The clinical significance of this statistical difference is,
however, likely low. It may thus be assumed that lateral values based
on semi-automatic AVPD analysis by CMR could be used as a repre-

sentation of annular displacement.
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FIGURE 5 Bland-Altman plots for intra- and inter-observer reproducibility for mitral and tricuspid annular plane systolic excursion by
echocardiography and cardiac magnetic resonance imaging. Intra-observer (a, b) and inter-observer (c, d) reproducibility for mitral (a, c) and
tricuspid (b, d) annular plane systolic excursion by M-mode echocardiography. Intra-observer (e, f) and inter-observer (g, h) reproducibility
for mitral (e, g) and tricuspid (f, h) annular plane systolic excursion by magnetic resonance imaging. Echocardiography and magnetic
resonance imaging both show high intra- and inter-observer reproducibility for mitral and tricuspid annular plane systolic excursion
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