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Abstract—Right ventricular (RV) dysfunction is known to be
highly correlated with mortality and morbidity; nevertheless,
imaging-based assessment of RV anatomy and physiology lags
far behind that of the left ventricle. In this study, we advance
RV imaging using cardiac magnetic resonance (CMR) to
accomplish the following aims: (i) track the motion of six
tricuspid annular (TA) sites using a semi-automatic tracking
system; (ii) extract clinically important TA measure-
ments—systolic velocity (Sm), early diastolic velocity (Em),
late diastolic velocity (Am), and TA plane systolic excursion
(TAPSE)—for each TA site and compare these CMR-derived
measurements in healthy subjects vs. patients with heart
failure, repaired tetralogy of Fallot, pulmonary hypertension,
and hypertrophic cardiomyopathy; (iii) investigate how the
TA motion related measurements compare with information
provided by invasive right heart catheterization (RHC); (iv)
evaluate the rate of change in surface area swept out by the
reconstructed tricuspid annulus over time and (v) assess the
reproducibility of this CMR-based technique. Results indicate
that TA motion parameter data obtained in three dimensions
using the proposed CMR-based systematic methodology
achieve superior diagnostic performance (Sm: AUC = 0.957;
TAPSE: AUC = 0.981) compared to two-dimensional CMR
imaging. Both Sm and TAPSE from CMR correlated posi-
tively with dP/dt ., /1P from RHC (Sm: r = 0.621, p < 0.01;
TAPSE: r = 0.648, p < 0.01). Our highly reproducible and
robust methodology holds potential for extending CMR
imaging to characterization of TA morphology and dynamic
behaviour, eventually leading to deeper understanding of RV
function and improved diagnostic capability.
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ABBREVIATIONS
3D Three dimensional
Am Peak tricuspid annular velocity during at-
rial contraction
CMR Cardiac magnetic resonance
EF Ejection fraction
Em Peak tricuspid annular velocity during

early diastolic filling

HCM Hypertrophic cardiomyopathy

HF Heart failure

PH Pulmonary hypertension

rTOF Repaired tetralogy of Fallot

RHC Right heart catheterization

RV Right ventricular

Sm Peak tricuspid annular systolic velocity
SSA Sweep surface area

SSAV Sweep surface area velocity

TA Tricuspid annular

TAPSE  Tricuspid annular plane systolic excursion

INTRODUCTION

An understanding of the role of the right ventricle in
health and disease has lagged behind that of the left
ventricle.* Right ventricular (RV) dysfunction is
associated with increased morbidity and mortality in
patients with pulmonary hypertension (PH), congeni-
tal heart disease (CHD), coronary artery disease
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(CAD), heart failure (HF), and valvular heart dis-
eases.! 292232 Moreover, RV dysfunction may also
affect left ventricular (LV) function, not only by
limiting LV preload, but also by adverse systolic and
diastolic interaction via the intraventricular septum
and the pericardium.6 Thus, the need for diagnosis of
RV dysfunction is highly evident. Accurate evaluation
of RV function remains challenging, however, due to
the complicated geometry and extreme sensitivity to
loading conditions. At present, there is no widely ac-
cepted or generally applicable index of RV function."

Right heart catheterization (RHC) remains the gold
standard for assessment of RV function, but this requires
an invasive procedure. In clinical practice, echocardiog-
raphy is the main diagnostic modality for RV structure
and function. Several echocardiography-derived indices,
such as peak systolic and diastolic velocities of tricuspid
annular (TA) motion, TA plane systolic excursion
(TAPSE), and RV index of myocardial performance have
emerged as promising parameters of RV function.”!
Transthoracic echocardiography measurements have
limitations, however, due to variability in sampling
locations and ultrasound beam alignment. Very small
changes in beam angle and changes in imaging window
can result in dramatically different conclusions about RV
size and function.'” Three-dimensional (3D) echocar-
diography is one of several emerging modalities for
defining cardiac anatomy and function. Available evi-
dence suggests that 3D echocardiography provides better
accuracy over two-dimensional (2D) methods for evalu-
ation of LV volume and function.'” There are still certain
limitations to currently available 3D ultrasound meth-
ods, however, even with state-of-the-art real-time 3D
echocardiography systems. In particular, relatively low
image quality and low frame rate may limit everyday
clinical use of 3D echocardiography.**

Cardiac magnetic resonance (CMR) has been an
alternative non-invasive modality of choice for quan-
titatively assessing RV volume and regional area
strain.®*® CMR-based measurements of RV ejection
fraction (EF) are strong predictors of clinical outcome
over a wide range of HF severity.'® Very few studies
have been undertaken, however, to quantify the mo-
tion of tricuspid annulus for RV function assessment
using CMR imaging. In Nijveldt er al.,*® the TAPSE
and RYV fractional shortening were manually evaluated
in CMR and compared with volumetric assessment of
RV function. Another approach used the modelling
technique to measure TAPSE at the junction of RV
free wall and tricuspid annulus in the apical four-
chamber CMR view.*! In Ito et al.,>* the position of
the RV atrioventricular junction (AVJ) was tracked in
all CMR images and projected onto a reference line,
bisecting the right ventricle between the RV apex and
the free wall. The displacement of the RV AVJ along

the reference line was measured relative to the position
at end-diastole (ED) phase. The RV long-axis dis-
placement has also been estimated by tagging CMR
which demonstrated more significant differences
between the studied groups than did RVEF.’

Despite some recent advances, the 3D assessment of TA
motion with CMR remains challenging predominantly
due to a paucity of automatic, robust and time-efficient
CMR-based methods. Accordingly, the goals of the pre-
sent study were as follows: (i) To introduce a novel CMR-
based systematic tool and methodology for 3D TA motion
assessment with multiple CMR planes, (i) To semi-auto-
matically track six TA points from the four-chamber, RV
three-chamber, and RV two-chamber views with CMR
imaging in healthy subjects and patients with HF, repaired
tetralogy of Fallot (rTOF), PH, and hypertrophic car-
diomyopathy (HCM) using developed system, (iii)) To
investigate how TA motion related measurements com-
pare with information provided by invasive RHC, (iv) To
quantify the rate of change in surface area swept out by the
reconstructed tricuspid annulus at successive times, and (v)
To evaluate reproducibility of the technique.

MATERIALS AND METHODS

Study Population

A group of thirty-eight subjects was enrolled and
underwent CMR scan, including 16 normal subjects, 6
patients with HF, 5 patients with rTOF, 5 patients with
PH, and 6 patients with HCM. None of the normal
subjects had significant valvular or congenital cardiac
diseases, or history of cardiovascular symptoms.

In addition, another group of fifteen patients with PH
(38 4 18.4 years, 11 females) who had clinical indica-
tion for RHC were consecutively selected and under-
went both CMR and RHC within a span of 7 days.

The protocol was approved by the Local Institu-
tional Review Board, and informed consent was
obtained from each participant.

CMR Acquisition

CMR scans were performed using balanced turbo field
echo sequence (BTFE). All subjects were imaged on a 3T
magnetic resonance imaging (MRI) system (Ingenia, Phi-
lips Healthcare, The Netherlands) with a dStream Torso
coil (maximal number of channels 32). BTFE end-expi-
ratory breath hold cine images were acquired in multi-
planar long-axis views (namely four-chamber, RV three-
chamber, and RV two-chamber views, as indicated in
Fig. 1). The RV two-chamber view was piloted by bisect-
ing the right ventricle in the four-chamber view (slice
through tricuspid valve and RV apex). The RV three-
chamber (RV inflow/outflow) view was piloted by 3
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points: centre of pulmonary valve in RV outflow tract
(RVOT) view, centre of tricuspid valve on RV four-
chamber or two-chamber view, and apex on RV four-
chamber or two-chamber view. The following typical se-
quence parameters were used: TR/TE 3/1 ms, flip angle
45°, slice thickness 8 mm for both short- and long-axis,
pixel bandwidth 1797 Hz, field of view 280-450 mm,
temporal resolution ~28 ms, in plane spatial resolution
0.6 mm x 0.6 mm-1.1 mm x 1. mm, frame rate was
selected as 30 or 40 frames per cardiac cycle.

Right Heart Catheterization

RHC was performed at rest using standard tech-
niques for continuous measurement of RV chamber
pressure. The RV pressure was then differentiated with
respect to time for determination of maximal rate of
increase during systole (RV dP/dt,.x). The RV dP/
dtmax Was normalized to instantaneous pressure (IP) at
which dP/dt . occurred (dP/dtn./IP). Peak ECG R
wave was used as the end-diastolic timing marker.

Overall Methodology Framework

Figure 2 provides the flowchart of the methodology
employed in our study for assessing 3D TA motion. The

RV anteroseptal
L \

([ J
RV posterolatery

CMR imaging sequences were acquired in clinical
practice and conformed to the DICOM protocol. The
following meta-information was recorded for all image
sequences: trigger time, image position (3-by-1 vector
denoted by ImagePos), image orientation along hori-
zontal (3-by-1 vector denoted by ImageOri,) and verti-
cal (3-by-1 vector denoted by ImageOri,) directions, and
pixel spacing. Our own program, developed in-house,
was applied to locate TA points throughout the cardiac
cycle in multiple CMR planes. Peak velocities and
maximal displacements at multiple TA points were ex-
tracted and interpreted. Alternatively, the 3D tricuspid
annulus was reconstructed as a function of time by 2D
projection and interpolation with the TA tracking re-
sults. Sweep surface area velocity, a new diagnostic
marker, was calculated and analyzed. Detailed discus-
sions on each step are given in the following subsections.

Semi-automatic TA Tracking in Multiple CMR Planes

Custom software, developed in the MATLAB
environment (MathWorks Inc., MA, USA), was used
to perform the semi-automatic tracking of TA motion
in multiple CMR planes. Specifically, in this study, 6
different TA points were tracked (Fig. 1): the RV
septal and lateral sites (obtained from the apical

(b)

RYV lateral
o

o
RYV septal

RV*anterior
o

{
RV posterior

4 |

(d)

FIGURE 1. CMR acquisition: (a) short-axis view (b) long-axis four-chamber view (c) long-axis right ventricular (RV) three-chamber
view (d) long-axis RV two-chamber view. Solid lines in (a) denote cutting planes through which long-axis views are obtained.
Motion of 6 TA points are assessed: RV septal and lateral (in four-chamber view), RV anteroseptal and posterolateral sites (in RV
three-chamber view), and RV anterior and posterior sites (in RV two-chamber view). RA: right atrium; LA: left atrium; Ao: aorta; PA:

pulmonary artery; RV: right ventricle; TV: tricuspid valve.
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FIGURE 2. Flowchart of the present method for 3D TA motion assessment.

four-chamber view), the RV anteroseptal and pos-
terolateral sites (obtained from the apical RV three-
chamber view), and the RV anterior and posterior sites
(obtained from the apical RV two-chamber view).
The tracking system used the method of template
matching,'® which is an algorithm for searching and
finding the location of a template image within a larger
image (called the search region). Figure 3 outlines the
procedure of applying adaptive template matching in
TA tracking with CMR imaging. The user selected the
template with size 2w + 1) x (24 + 1)in ED frame of
a CMR imaging sequence (usually frame 1 as shown by
read solid rectangle in Fig. 3a) by visual inspection.
Typical values of selected w and /& ranged from 8-10
pixels. The search region sharing the same centre with
the selected template was automatically generated in
frame 2 with size 2w + 1 + 2) x Qh + 1 + 2])
where / denotes the length of the searched neighbour-
hood (blue dash rectangle in Fig. 3a). The value of / (set
to be 10 pixels in this study) was selected such that the
maximal displacement between TA points in successive
frames was close to but smaller than /. The template
matching was conducted to detect the best match of the
template in the search region by sliding the template
image over the search image one pixel at a time (left to

right, up to down) while computing the normalized cross
correlation at each location. The point with the highest
correlation coefficient in the resulting correlation image
(Fig. 3b) indicated the location of the best match. This
point was used to update the template in frame 2 that
underwent the same template matching within the
automatically extracted search region in frame 3
(Fig. 3c). This same procedure was automatically exe-
cuted iteratively for all subsequent frames.

CMR TA Velocity and Displacement Extraction

TA velocity curves were generated by dividing the
CMR effective image acquisition time by the Euclidean
distance between tracked template positions on two
adjacent frames (Fig. 4, middle column). TA dis-
placement curves were then obtained as the cumulative
integrals of TA velocity over the cardiac cycle, using
the trapezoidal rule (Fig. 4, right column). At each of
the 6 TA sites, 3 peak velocities were automatically
extracted in systole, and in early and late diastole using
segmental peak detection (Fig. 4, middle column).
These were (i) positive peak systolic velocity as the
tricuspid annulus descends toward the RV apex (Sm),
(ii) early diastolic velocity below the baseline as the
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FIGURE 3. Workflow of the TA tracking system: (a) Selected mask in frame 1 and automatically generated search region in frame
2, (b) correlation map, and (c) automatically updated mask in frame 2 and search region in frame 3.

tricuspid annulus ascends away from the RV apex
(Em), and (iii) late diastolic velocity during right atrial
contraction (Am). Maximal displacement (TAPSE) in
ventricular systole was determined from the TA dis-
placement curve (Fig. 4, right column). In addition,
time to Sm, Em, Am and TAPSE (denoted T-Sm, T-
Em, T-Am and T-TAPSE) were recorded and used to
calculate RV peak velocity and displacement dyssyn-
chrony indices, defined as the standard deviation (SD)
of time to peak velocity and SD of time to maximal
displacement, respectively, among the 6 TA points.

Reconstruction of Tricuspid Annulus

The semi-automatic tracking system provided spa-
tial coordinates of multiple points located on the tri-
cuspid annulus as a function of CMR frame time.
Reconstruction of the tricuspid annulus was accom-
plished in 4 steps:

(1) The 2D spatial coordinates of each of the 6 TA
points (e.g., frame 1 shown in Fig. 5a) were
mapped into a 3D coordinate system with
respective image position and image orientation
information using the transformation:
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Coord;p = Coordsp  x ImageOri, + Coordsp !
x ImageOri, 4+ ImagePos M
where Coord;p, represents the 3-by-1 coordinate vector
in 3D space, scalars Coord,p  and Coord,p,,, are 2D
coordinates in x- and y-axis, ImageOri;, and ImageOri,
are the 3-by-1 image orientation vectors along hori-
zontal and vertical directions, and ImagePos denotes
the 3-by-1 image position vector.

(2) The mapped 3D coordinates Coord;p were
projected onto a new 2D Cartesian coordinate
plane defined by the centroid of the mapped
coordinates and two points in the 3D coordi-
nate system.

(3) A curve was generated in the 2D Cartesian plane
by interpolating the projected coordinates using
piecewise cubic Hermite interpolation.?®

(4) The tricuspid annulus was reconstructed by
inverse projection of the curve back onto the
3D coordinate system (reconstructed tricuspid
annulus at cardiac frame 1 shown in Fig. 5b).

The same procedure was applied for TA recon-
struction at each cardiac frame and Fig. 5c shows the
results for frames 1, 3, 5, 7, 9, and 11, respectively.
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FIGURE 4. Representative examples of generating velocity (middle column) and displacement (right column) curves at 6 TA sites
(indicated with rectangles in left column) and extracting motion parameters in (a) 44-year-old female healthy volunteer, (b) 51-year-
old male HF patient, and (c) 19-year-old male rTOF patient. Parameters include 6-point mean Sm, Em, Am, TAPSE, and standard

deviations of T-Sm, T-Em, T-Am, T-TAPSE.

TA Sweep Surface Area Velocity

Two new CMR-based indices, sweep surface area
(SSA) and sweep surface area velocity (SSAV), are
proposed and adopted in the present study to further
quantitatively characterize 3D TA motion. Following
the TA reconstruction by a curve representing the
boundary of the tricuspid annulus at each CMR frame
(Fig. 5¢), the SSA (area bounded between the corre-

sponding curves) was computed as the surface area
swept out by the tricuspid annulus at successive CMR
frames (illustration in Fig. 5d) by Delaunay triangu-
lation.'” The rate of TA motion was then quantified
using SSAV by taking the first order time derivative of
SSA. Parameters extracted from the resulting SSAV
and SSA curves (Figs. S5e and 5f) were: positive peak
systolic SSAV (Sssav), negative peak early diastolic
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FIGURE 5. Reconstruction of 3D tricuspid annulus and extraction of SSA and SSAV in a 34-year-old female healthy volunteer: (a)
TA points in 2D coordinate system at cardiac frame 1. (b) 3D reconstruction of tricuspid annulus at cardiac frame 1. (c) Recon-
structed tricuspid annulus at cardiac frames 1, 3, 5, 7, 9, and 11. (d) Indicative illustration of sweep surface area calculation, SSA_3:
SSA from frame 1 to 3, SSA;5: SSA from frame 3 to 5, etc. (e) SSAV curve and extracted peak SSAV values. (f) SSA curve and

extracted maximal SSA value.

SSAV (Essav), negative peak late diastolic SSAV
(Assav), and maximal SSA (SSA,,ax) in systole.

Statistical Analysis

Data was analyzed using SPSS (version 17.0, Chi-
cago, IL, USA) and SAS (version 9.3, Cary, NC,
USA). Comparisons of demographics, patient charac-
teristics, and CMR measurements between patients
and control subjects were performed using indepen-
dent ¢ tests for normally distributed data, Mann—
Whitney U tests for non-normally distributed data,
and Fisher’s exact test for categorical data. Mean age
differed substantially among some study groups,
which might influence cardiac function measurements.
Therefore, each CMR-based TA motion parameter
was adjusted for age using one-way analysis of
covariance. An F test was used to test the omnibus
hypothesis of equality among diagnosis groups of age-
adjusted least-squares means, which was then followed
up with post hoc comparisons of HF, rTOF, PH and
HCM age-adjusted means to the normal mean. A p
value <0.05 was considered statistically significant.

Intra- and inter-observer variability in CMR-der-
ived TA velocities was assessed by Pearson’s r
correlation, Bland—Altman analysis and intra-class
correlation coefficient (ICC) using data from 6 ran-
domly chosen subjects (2 normal controls, 2 HF
patients and 2 rTOF patients). Inter-observer vari-
ability was assessed by comparing measurements made
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by two independent observers. Intra-observer vari-
ability was assessed from repeated measurements,
3 days apart, on the same 6 cases by the same observer.

RESULTS

Patient Demographics

Baseline demographic and clinical characteristics of
enrolled subjects are summarized in Table 1. HF
patients had significantly lower LVEF and LV stroke
volume (SV) and higher LV end-diastolic volume
(EDV), LV end-systolic volume (ESV) and LV mass
compared to normal controls. Significant RV dilation
in rTOF patients was indicated on CMR by large
values of RVEDV, RVESV and RVSV. PH patients
had significantly higher RVEDYV and RVESV. Patients
with HF, rTOF, and PH exhibited significantly re-
duced RVEF compared to controls.

TA Tracking and Motion Parameters Extraction

Semi-automatic TA tracking required approximately
3 min per subject (6 TA points), including initialization,
tracking and motion parameter extraction. Velocity and
displacement curves were obtained for all subjects.

A representative example of TA tracking results for
a four-chamber view in a 44-year-old female healthy
volunteer is shown in Fig. 6 at start-of-systole,
end-systole (ES), diastasis, and ED. Velocity and
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TABLE 1.

Baseline demographic and clinical characteristics of study subjects.

3529

Patient diagnosis group

Variables Normal (n = 16) HF (n = 6) ITOF (n=5) PH (n=5) HCM (n = 6) p value (ANOVA)
Male/female 6/10 6/0 4/1 1/4 4/2 0.0196°
Age (years) 49.9 + 15.2 58.0 +£ 9.0 30.0 + 13.4* 47.0 £ 10.7 55.7 £ 13.4 0.0154
BSA (m?) 1.8+ 0.3 1.8 £ 0.1 1.9+ 04 1.8 £ 0.1 1.8 +0.2 0.8679
Height (cm) 164.1 + 9.3 172.2 + 6.9 167.6 + 10.0 159.4 + 5.7 168.3 + 8.2 0.0581
Weight (kg) 67.2 + 19.4 69.4 + 5.7 78.4 + 26.6 68.9 + 7.1 67.0 + 10.8 0.4413
DP (mmHg) 83.9 + 13.6 73.2 £ 10.0 78.7 £ 10.7 81.8 £ 12.0 747 £ 6.7 0.2925
SP (mmHg) 128.8 + 17.5 111.8 + 15.9* 146.0 + 23.8 131.2 + 12.7 127.0 + 20.4 0.1090
LV EDV index (mI m? ~7) 69.2 +21.4 172.4 + 42.4*  80.3 + 13.1 36.5 + 12.0* 51.3+75 <0.0001
LV ESV index (ml m? 7 24.4 + 16.0 139.4 + 36.6* 34.9 + 8.6" 13.7 £ 7.1 12.4 + 2.5* <0.0001
LV SV index (ml m? ) 44.9 +12.1 32.8 + 11.3* 45.2 + 10.6 229 + 5.6* 389 + 7.1 0.0026
LV EF (%) 66.3 + 10.5 18.9 £ 5.1* 56.4 + 8.0* 64.8 + 8.7 75.7 £ 5.2* <0.0001
LV Mass index (g m? " 69.9 + 27.6 1159 +£ 25.0* 555+ 9.4 52.3 + 6.4* 89.0 + 18.7* 0.0001
RV EDV index (ml m? 1) 58.1 +20.4 94.2 + 34.2* 148.4 + 19.8* 92.2 + 39.4* 41.7 + 101 <0.0001
RV ESV index (mI m? ~7) 25.1 £ 11.0 62.4 + 32.0* 82.1 + 11.1* 59.1 + 22.8* 142 + 4.1 <0.0001
RV SV index (ml m? ~") 33.0 + 13.7 31.8+ 54 66.3 + 11.7* 33.1 + 17.0 27.5+ 8.2 <0.0001
RV EF (%) 57.4 +11.9 37.0 + 13.4* 44.4 + 4.0* 34.8 + 4.0* 65.8 + 8.5 <0.0001

Data are represented as mean + SD. BSA: body surface area; DP: diastolic pressure; SP: systolic pressure; LV: left ventricular; EDV: end-
diastolic volume; ESV: end-systolic volume; SV: stroke volume; EF: ejection fraction; RV: right ventricular; HF: heart failure; rTOF: repaired

tetralogy of Fallot; PH: pulmonary hypertension; HCM: hypertrophic cardiomyopathy.

@Fisher’s exact test.

* Statistically significant difference between normal controls and patients (p < 0.05).

displacement curves at 6 TA sites are shown in Fig. 4a.
Three peaks (one positive and two negative) are pre-
sent for each velocity curve and correspond to the peak
velocities during systole (Sm), early diastolic rapid
filling (Em), and late diastolic atrial contraction (Am).
The extracted values of 6-point mean Sm, Em and Am
were 10.4, 11.6, and 11.0 cm s~ !, respectively. The
mean value for TAPSE derived from the displacement
curves was 21.8 mm. The respective SDs for times to
peak velocity and displacement (SD T-Sm, SD T-Em,
SD T-Am and SD T-TAPSE) were 18.1, 16.8, 12.8 and
18.9 ms. Moreover, one can observe that the tricuspid
annulus is nearly stationary during the diastolic slow
filling phase as indicated by a zone of very low velocity
and constant displacement. Figures 4b and 4c show
results for a 51-year-old male HF patient and a 19-
year-old male rTOF patient.

TA Motion Parameters Among Patients And Controls

Table 2 gives the 3D CMR-derived motion param-
eters with differentiation by subject group. The 6-point
mean results show that patients with HF and PH
had significantly reduced Sm (4.2 + 1.3/5.0 £ 1.0 vs.
97+ 17cms™', p<005, Em (344 1.0/3.7+
10 vs. 83+30cms ', p<0.05), Am (43 =+
2.4/6.0 £2.1 vs. 10.1 £26cms” !, p<0.05) and
TAPSE (7.9 £2.7/8.8 £ 1.8 vs. 17.6 £ 24 mm, p <
0.05) and significantly larger SD for time to TAPSE
(51.3 £ 19.7/84.3 £ 20.3 vs. 24.1 + 6.0 ms, p < 0.05)
in comparison with normal controls.

The group of rTOF patients exhibited significantly
lower 6-point mean Sm (7.5 &+ 1.1vs.9.7 + 1.7 cm s,
p <005, Am (6.6=+21 vs. 10.1 £2.6cms ',
p < 0.05) and TAPSE (13.6 &+ 2.3 vs. 17.6 &+ 2.4 mm,
p < 0.05) compared to normal controls.

Patients with HCM had comparable Sm (9.5 + 1.9
vs. 9.7+ 1.7cm s~ ', p = 0.846) but relatively lower
Em (6.1 £ 08 vs. 83 +3.0cms ', p = 0.062) and
Am 83+ 1.1 vs. 101 +26cms ', p=0.137)

compared to those in the control group.

CMR Derived Sm, TAPSE and RVEF

Good overall correlation was found between
CMR-derived 6-point average peak systolic TA
velocity Sm and RVEF (Fig. 7a, r = 0.675 p < 0.01)
and between the CMR-derived 6-point mean TAPSE
and RVEF (Fig. 7b, r = 0.651, p < 0.01). The utility
of CMR-based measurements for diagnosing disease
states (HF, rTOF and PH) vs. normal controls is
demonstrated in Table 3, where area under the re-
ceiver-operating characteristic (ROC) curve (AUC) for
the CMR-based 6-point mean Sm and TAPSE, and
RVEF were 0.957, 0.981 and 0.871, respectively.

CMR Derived Sm, TAPSE vs. RHC Derived dP/dt,,,/
P

The CMR-derived Sm and TAPSE in the patient
cohort with PH were based on an average of 4 TA points,
since only four-chamber and RV two-chamber CMR
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t=1014 ms

FIGURE 6. TA tracking results for a 44-year-old female healthy volunteer: (top) RV septal (bottom) RV lateral, templates indicated

by red rectangles.

TABLE 2. Average CMR-derived motion parameters based on 3D results.

Patient diagnosis group

3D TA HF vs. ITOF vs. PH vs. HCM vs.
motion F-test Normal HF normal ITOF normal PH normal HCM normal
parameter pvalue® (n=16) (n=6) pvalue® (n=5) pvalue® (n=5 pvalue® (n=6) pvalue®
Sm (cms™ ) <0.0001 9.7 +£1.7 42 +1.3 <0.0001 75+1.1 0.0043 5.0+1.0 <0.0001 95+1.9 0.8463
Em (cms™ ) <0.0001 8.3 +3.0 3.44+1.0 <0.0001 9.0+13 05049 3.7+1.0 <0.0001 6.14+0.8 0.0618
Am (cm s~ ") <0.0001 10.1 £ 2.6 43+ 24 <0.0001 6.6+21 0.0036 6.0+ 2.1 0.0011 8.3+ 1.1 0.1366
Em/Am 0.1798 0.8+0.3 14+16 0.0823 15406 0.1376 07+£03 0.7518 0.7 £0.1 0.8567
TAPSE (mm) <0.0001 176+ 24 79+ 27 <0.0001 13.6+2.3 0.0022 8.8+ 1.8 <0.0001 16.2 4+ 2.6 0.3239
T-Sm (ms) 0.0950 118.9 4+ 33.0 131.3 + 35.9 0.2027 126.4 4+ 31.2 0.6316 142.2 £ 30.2 0.1752 92.1 +£ 15.9 0.1283
T-Em (ms) 0.7414 511.2 +£ 51.4 538.9 + 13.7 0.2282 497.8 + 29.4 0.7641 516.2 + 45.1 0.7854510.2 &+ 29.4 0.8946
T-Am (ms) 0.2518 806.7 + 87.2 822.7 + 108.3  0.8738 841.8 + 72.1 0.2131 761.3 +£38.0 0.3451868.5 + 76.1 0.1796
T-TAPSE (ms) 0.0294 376.5 + 41.3 380.7 4+ 21.0 0.6933 369.7 + 37.4 0.5105 437.7 +£29.6 0.0035390.6 + 40.0 0.3713
SD T-Sm (ms) 0.0067 17.94+9.2 4234 25.0 0.0016 34.6 & 13.4 0.0916 41.5+ 15.7 0.0099 24.0 +£ 10.5 0.3756
SD T-Em (ms) 0.0380 21.6 + 9.1 379 £ 215 0.0286 26.2 +6.2 0.8045 48.7 +38.6 0.0144 26.7 £ 7.1 0.4288
SD T-Am (ms) 0.0756 21.2+7.8 27.9 +£ 8.7 0.0562 289+ 11.9 0.4680 25.7 +1.3 0.1211 21.7 £ 6.2 0.7815
SD T-TAPSE (ms) <0.0001 24.1 £6.0 51.3+19.7 0.0006 39.1 +19.2 0.1200 84.3 + 20.3 <0.0001 27.3 + 14.3 0.6548

Values are mean + SD. CMR: cardiac magnetic resonance; TA: tricuspid annular; Sm: peak TA systolic velocity; Em: peak TA velocity during
early diastolic filling; Am: peak TA velocity during atrial contraction; TAPSE: maximal displacement; T-Sm: time to Sm; T-Em: time to Em;
T-Am: time to Am; T-TAPSE: time to TAPSE; SD: standard deviation; HF: heart failure; rTOF: repaired tetralogy of Fallot; PH: pulmonary

hypertension; HCM: hypertrophic cardiomyopathy.
$ Adjusted for age.

images were available for this group of patients. As
presented in Figs. 7c and 7d, both Sm and TAPSE from
CMR correlated positively with dP/dt,.x/IP from RHC
(Sm:r = 0.621,p < 0.01; TAPSE: r = 0.648, p < 0.01).

CMR Derived SSA and SSAV

Figures 5¢ and 5f show the SSAV and SSA curves
for a 34-year-old female healthy volunteer. The ex-
tracted global values of Sssay, Essav, Assav, and
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SSAax Wwere 1739, 186.6, 186.7 cm®> s !, and
33.1 ecm?, respectively. Figure 8 presents a side-by-side
comparison of 2 normal subjects, 2 HF patients and 1
rTOF patient.

The CMR derived peak SSAV and maximal SSA
values for each subject group presented in Table 4
indicate that patients with HF had significantly
lower Sssav (53.6 & 13.1 vs. 129.7 + 442 cm” s~ 1,
p <0.05), Essav (49.9 + 13.5 vs. 129.1 + 54.2 cm?®
sl p<0.05), Assay (59.7 £354 vs. 1573 +
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FIGURE 7. Scatterplot with linear regression line demonstrating the relationship of (a) CMR-based mean Sm and RVEF (b) CMR-
based mean TAPSE and RVEF (c) CMR-based mean Sm and dP/dt.,/IP from RHC (d) CMR-based mean TAPSE and dP/dt,,.,/IP

from RHC.
TABLE 3. Results of sensitivity, specificity and AUC using CMR-based measurements.

Motion parameters TA position Cut-off value Sensitivity Specificity AUC

Sm RV anterior 74cms! 0.929 0.800 0.938
RV posterior 6.9cms’ 0.714 1.000 0.895
RV anteroseptal 6.1cms™’ 0.786 0.933 0.929
RV posterolateral 85cms’ 0.786 0.800 0.843
RV septal 48cms’ 0.714 0.933 0.881
RV lateral 9.8cms™’ 0.857 0.867 0.938
6-point mean 7.8cms’ 0.929 0.933 0.957

TAPSE RV anterior 14.6 mm 0.929 0.867 0.957
RV posterior 13.8 mm 0.714 0.933 0.848
RV anteroseptal 10.1 mm 0.857 1.000 0.971
RV posterolateral 17.6 mm 0.857 0.800 0.886
RV septal 8.7 mm 0.786 0.733 0.819
RV lateral 17.0 mm 0.857 1.000 0.971
6-point mean 15.2 mm 0.929 0.933 0.981

RVEF - 50.6% 0.929 0.733 0.871

CMR: cardiac magnetic resonance; Sm: peak TA systolic velocity; TAPSE: maximal displacement; TA: tricuspid annular; RV: right ventricular;

EF: ejection fraction; AUC: area under the ROC curve.
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FIGURE 8. 3D TA reconstruction for cardiac frames 1, 3, 5, 7, 9, 11, 13, and 15 (left column), and extraction of SSA,.x (middle
column), Sssav, Essav and Assay (right column) in two normal subjects (N1, N2), two HF patients (HF1, HF2) and one rTOF patient
(rTOF).
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TABLE 4. CMR-derived peak SSAV and maximal SSA.

Patient diagnosis group

HCM vs.
normal p value®

HCM
(n
108.9 + 42.8
88.4 + 28.9
114.2 + 18.9
0.76 £ 0.14
19.9 + 2.0

PH vs.
normal p value®

rTOF vs.
normal p value®

HF vs.
normal p value®

HF
(n=6)

Normal

(n

129.7 + 44.2
129.1 + 54.2
157.3 + 96.2

F-test
p value®

Motion

= 5)

PH (n

rTOF (n=5)

parameters

0.3079
0.0889
0.3034
0.7847
0.1696

0.0019
0.0014
0.0610
0.5992
0.0004

55.4 +£ 13.9
451 £ 20.4
75.9 £ 17.3
0.64 + 0.42
109 £1.9

0.0063
0.0406
0.0254
0.3099
0.0053

773+ 214
98.7 + 20.8
711 + 184

0.0023
0.0064
0.0423
0.1455
0.0010

53.6 + 13.1
49.9 +£ 13.5
59.7 + 35.4

0.002

Sssav (cm2 541)

0.006
0.075
0.315
0.001

Essav (cm®s™")

Assay (cm? s77)
Essav/Assav

1.46 + 0.43
16.4 + 3.0

1.50 + 1.60
11.3 + 4.1

0.89 £ 0.25
244 4+72

3D Tricuspid Annular Motion Assessed with CMR 3533

SSAmax (cm?)

Values are mean + SD. CMR: cardiac magnetic resonance; SSAV: sweep surface area velocity; SSA: sweep surface area; Sssay: peak systolic SSAV; Egsay: peak SSAV during early

diastolic filling; Assav: peak SSAV during atrial contraction; SSAax: maximal SSA; HF: heart failure; rTOF: repaired tetralogy of Fallot; PH: pulmonary hypertension; HCM: hypertrophic

cardiomyopathy.

$ Adjusted for age.

96.2 cm” s~ !, p <0.05) and SSA.x (11.3 £ 4.1 vs.
244 + 7.2 cm?, p < 0.05) when compared to normal
controls. Patients with PH had similar significant
reduction in SSA and SSAV measurements with the
single exception of Assay which did not reach statis-
tical significance (75.9 £ 17.3 vs. 157.3 + 96.2 cm®
s~', p = 0.061). Patients in the rTOF group had sig-
nificantly reduced Sssav (77.3 £ 21.4 vs. 129.7 &+
442 cm?s™ ', p < 0.05), Assay (71.1 + 18.4vs. 157.3 +
96.2cm? s, p<0.05) and SSA,.. (164 + 3.0
vs. 244 + 72 cm? p <0.05) in comparison to the
controls.

Reproducibility

Table 5 summarizes the results of intra- and inter-
observer reproducibility analysis. The CMR derived
measurements demonstrated excellent consistency as
reflected by Pearson’s correlation (ranges: intra-ob-
server, 0.995-0.982; inter-observer, 0.997-0.975) and
ICC (ranges: intra-observer, 0.995-0.977; inter-ob-
server, 0.997-0.975) with no significant bias and nar-
row limits of agreement for both intra-observer and
inter-observer measurements.

DISCUSSION

This study provides several novel findings. First, a
new CMR-based systematic tool and methodology for
3D TA motion assessment with multiple CMR planes
has been validated in 16 normal controls, 6 HF
patients, 5 rTOF patients, 5 PH patients and 6 HCM
patients. Second, results show that the CMR-derived
TA motion parameters in 3D provide higher diagnostic
accuracy compared to that achieved using single 2D
CMR plane (e.g., four-chamber view). Third, signifi-
cant correlation was found between TA motion related
measurements and information provided by RHC in
patients whose disease required invasive procedure.
Fourth, two new CMR-based diagnostic markers SSA
and SSAV are introduced and shown to be effective in
further quantifying 3D changes of TA motion. Finally,
the CMR-derived TA measurements were highly
reproducible, thus allowing this technique to be used in
clinical practice and research.

The importance of assessment of TA motion has
been demonstrated in several studies."!'*** One
study®* analyzed 44 patients with HF (class II-III) and
30 age- and gender-matched healthy volunteers using
standard and pulsed Doppler tissue echocardiography
and revealed significant correlation between peak sys-
tolic TA velocity and the RVEF assessed by first-pass
radionuclide ventriculography (r = 0.648, p < 0.001).
The value of peak systolic TA velocity <11.5 cm s !
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TABLE 5. Results of intra-observer and inter-observer reproducib

al.

ility analysis, expressed as Pearson’s correlation coefficient,

Bland-Altman analysis and ICC.

Intra-observer (2 controls, 2 HF, 2 rTOF)

Inter-observer (2 controls, 2 HF, 2 rTOF)

r Bias ICC (95% Cl) r Bias ICC (95% Cl)
Sm 0.993  0.010 (—0.960 to 0.981)  0.992 (0.983-0.996)  0.997  —0.060 (—0.720 to 0.605)  0.997 (0.993— 0.999)
Em 0.995  —0.004 (—1.201 to 1.194)  0.995 (0.990-0.998)  0.993  —0.277 (—1.831 t0 1.277)  0.992 (0.984-0.996)
Am 0.982  0.180 (—1.996 t0 2.356)  0.977 (0.953-0.989)  0.986  —0.130 (—1.750 t0 2.013)  0.984 (0.966-0.992)
Em/Am  0.989  —0.020 (—0.293 to 0.257)  0.988 (0.976-0.994)  0.975  —0.010 (—0.404 t0 0.389)  0.975 (0.946-0.988)

ICC: Intra-class correlation coefficient; Cl: confidence interval; Sm: peak TA systolic velocity; Em: peak TA velocity during early diastolic
filling; Am: peak TA velocity during atrial contraction; HF: heart failure; rTOF: repaired tetralogy of Fallot.

predicted the presence of RV dysfunction (RVEF <
45%) with a sensitivity of 90% and a specificity of
85%.% Another study involving 71 consecutive
patients with a first acute myocardial infarction (MI)
has suggested that TA motion and velocity were sig-
nificantly decreased and hence can be used to assess
RV function in association with inferior MI."

Technical Considerations of This Study
Modality Selection

The present study unveiled the relationship between
CMR imaging and TA motion assessment. Currently,
clinicians use M-mode echocardiography and tissue
Doppler imaging (TDI) to measure regional TA
velocity, displacement and timing at the RV free wall
level. The angle dependency is a serious limitation for
all Doppler-based techniques, however, including
Doppler-derived myocardial velocities. It is also not
unusual to have some variation in peak velocity
amplitude and timing by subtle changes in the sample
volume positioning.>> The number of RV segments
that can be assessed by TDI is limited, and only
measurements of septum-to-RV free wall dyssyn-
chrony are feasible.*” Moreover, attainment of stan-
dard RV views may be difficult in practice because the
RYV free wall may not be optimally imaged from typical
echocardiographic windows due to its anterior location
and lung interference.'” In contrast, the present study
adopted CMR imaging to evaluate the 3D TA motion
for RV systolic and diastolic function assessment.
Compared to echocardiography, CMR has high spatial
resolution, excellent tissue characterization, and free
spatial orientation of imaging planes. The proposed
CMR-based procedure is automated, reproducible,
and efficient.

CMR Plane Selection

We hypothesized that comprehensive assessment of
regional TA motion in 3D may provide novel insights
into RV pathophysiologic mechanism and function.
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Hence, multiple CMR planes (four-chamber, RV
three-chamber, RV two-chamber) were selected to
cover the tricuspid annulus across its septal, anterior,
free wall, and inferior components. The long-axis four-
chamber view is a basic planar representation for
studying the right ventricle and is routinely obtained in
conventional cardiac MRI protocols. The right two-
and three-chamber views are specific planes recom-
mended when there is clinical suspicion of RV
involvement.” Further insights into the 3D TA motion
can be acquired from the in-depth analysis in terms of
velocity distribution and time differences in peak sys-
tolic and diastolic velocities along the tricuspid annu-
lus.

Tracking Method

Accurate and time efficient tracking of TA motion
in selected CMR planes is crucial to the subsequent
extraction of motion parameters. The general motion
of TA points observed in each CMR plane involves
three components: translation, rotation and deforma-
tion. In fact, the major component of TA motion can
be described as translational motion with superim-
posed slow-varying rotational and deformational mo-
tion. Hence, a simple—yet effective and reliable—
tracking method incorporating adaptive template
matching was adopted in this study. The translational
TA motion between consecutive frames was deter-
mined using basic template matching, and the tracking
errors due to all the non-translational transformations
were minimized by iterative updates of template
throughout the cardiac cycle.

Sweep Surface Area Velocity

Two novel indices (SSA and SSAV) were proposed
to further quantify and assess 3D TA motion. These
indices measure the “swept area change” globally and
regionally along the reconstructed tricuspid annulus.
Several studies have addressed the assessment of TA
geometry and anatomy using 2D echocardio-
graphy,*> computed tomography,*’” and real-time 3D
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echocardiography.? The present study has demonstrated
a potential CMR-based methodology for evaluating not
only the TA configuration but also its dynamic beha-
viour and trajectory during the cardiac cycle. By con-
sidering the 3D TA motion as a whole (in both radial and
longitudinal directions), the proposed method and
parameters provide good morphological visualization
and functional description of the tricuspid annulus.

Clinical Aspects of This Study
Diagnostic Marker Set

The present study provides a novel CMR-based RV
diagnostic solution and a set of markers comprising of
the following:

® Regional and global peak systolic and diastolic
velocities and ratio {Sm (Sssav), Em (Eggav), Am
(Assav), Em/Am (Essav/Assav)}; and maximal
displacement {TAPSE (SSA.x)}-

e Time to regional peak velocities {T-Sm, T-Em,
T-Am} and maximal displacements {T-TAPSE}; and
standard deviation for these regional timing values
{SD T-Sm, SD T-Em, SD T-Am, SD T-TAPSE}.

The former are related to the RV function in terms
of ventricular pumping ability and cardiac output, and
the latter quantify RV dyssynchrony.

CMR TA Motion Parameters Among Patient Groups

In the present study, we observed significant differ-
ences pertaining to the TA motion among the enrolled
patient groups. First, the peak systolic (Sm) and dias-
tolic (Em and Am) velocities, as well as maximal dis-
placement (TAPSE), were significantly reduced in HF
patients in comparison with normal controls. These
outcomes were consistent with earlier studies®® and
support the hypothesis that the RV dysfunction may
develop in association with LV dysfunction via multi-
ple mechanisms as indicated in Voelkel er al.** Patients
in the rTOF group had reduced (albeit not statistically
significant) TA velocity Em during early diastolic fill-
ing and a significantly lower peak systolic velocity Sm,
late diastolic TA velocity Am during atrial contraction,
and TAPSE in systole as compared with normal con-
trols. These findings were in line with prior studies that
have consistently found systolic and diastolic abnor-
malities in patients with rTOF.*"*® Significant de-
creases in both systolic (Sm) and diastolic velocities
(Em, Am) were observed in patients with PH. In the
presence of RV pressure overload, as occurs in PH
patients, the RV function decline is related more to loss
of RV transversal displacement than to longitudinal
shortening.””** The current CMR-based method is

advantageous in this respect as it is an angle indepen-
dent technique, thus avoiding the limitations of TDI
related to translational cardiac motion. The diastolic
function of the right ventricle in patients with HCM
tended to be impaired, with reduced Em and Am
velocities, which agreed with earlier work suggesting
that ventricular interdependence and increased cham-
ber stiffness may constitute the possible mechanisms of
RV diastolic dysfunction.'®*

Second, patients with HF, rTOF and PH had
greater intra-ventricular contractile timing dyssyn-
chrony, which was quantified by differences in motion
timing among 6 TA sites from 3 CMR views as
compared with controls. Similar results have been
presented in>>**° demonstrating dyssynchronous TA
motion in these patient groups. It is well established
that cardiac resynchronization therapy (CRT) can
improve cardiac function and enhance functional
capacity in selected HF patients. Studies have indi-
cated that the beneficial effects of CRT are related
mainly to the reduction of mechanical dyssynchrony
within the left and/or right ventricle with subse-
quent improvement in pumping efficiency.>* Hence,
assessment of ventricular mechanical dyssynchrony
from 3D CMR may be useful for future guidance of
CRT.

Systolic RV Function

The assessment of systolic RV dysfunction provides
significant diagnostic, therapeutic, and prognostic
information in patients with congenital and acquired
heart disease such as rTOF and congestive HF.'*3*
RVEEF is a widely adopted clinical parameter for sys-
tolic RV function assessment. The present study
investigated TA motion parameters derived from
CMR and observed good overall correlation between
RVEF and the 6-point average Sm and TAPSE for all
enrolled subjects. Moreover, results have demonstrated
better diagnostic accuracy of Sm and TAPSE by CMR
as compared to RVEF (Table 3).

Systolic HF (SHF) and diastolic HF (DHF) are the
two clinical subsets of HF syndrome most frequently
encountered in clinical practice. Although DHF has
been increasingly recognized,**%*3374% clinical diag-
nosis remains challenging due to lack of knowledge of
the underlying mechanisms which produce myocardial
structural and functional changes in this syndrome.
RVEF is relatively non-informative in diagnosing
DHF, since patients with DHF typically exhibit ven-
tricular EF within the normal range. The present study
suggests that TA peak systolic velocity Sm and maxi-
mal displacement TAPSE may be more sensitive for
detecting systolic dysfunction than RVEF in the HF

patient group.
BIOMEDICAL ENGINEE§NG SOCIETY™

www.bmes.org



3536 LENG et al.

Global RV volume and EF obtained from CMR are
commonly used clinically in the management of rTOF
patients. RVEF from CMR is a superposition of all
contributions of RV inflow tract, apical trabecular,
and RVOT. A prior study'® investigating regional
function showed that reduction of global RVEF in
rTOF patients was attributable more to lower EF in
the RV inflow and outflow regions, and less to lower
EF in the trabecular region. These regional functional
measurements provided new insights into RV remod-
elling in rTOF. Similarly, current CMR-based evalu-
ation of TA motion in a regional context may also
be informative in diagnosing deteriorated regional
myocardial motion and abnormalities in the TA con-
tractile pattern in rTOF group.

Relationship to Invasive Hemodynamic Measurements

Current study provided an informative evaluation
showing how the TA motion related measurements
compare with information provided by the gold stan-
dard method—RHC—in patients with PH who had
indication for invasive procedure. We could not find
any previous study correlating TA motion parameters
with RHC derived RV dP/dt,, but Demirkol et al.*?
showed that the RV dP/dt obtained from Doppler
echocardiography had good correlation with tricuspid
Sm velocity and TAPSE in healthy subjects. Similar
results were also reported in Demirkol ez al.'* showing
significant correlation between echocardiography
based RV dP/dt and RV systolic function classified on
the basis of TAPSE and TDI Sm velocity in patients
with mitral stenosis. Our results suggested that the
systolic TA motion parameters derived by CMR
imaging can be used as informative surrogate markers
of RV function.

Potential Clinical Impact of SSAV

Our TA motion evaluation was further extended
based on CMR-based SSAV and SSA, which reflect
radial, longitudinal and circumferential changes of the
tricuspid annulus. The much smaller peak SSAV val-
ues and maximal SSA (Table 4) implied a slow and
irregular motion of tricuspid annulus in the HF and
rTOF patient groups. Results in the present study
suggest that SSA and SSAV of the 3D tricuspid
annulus are novel and valuable clinical indicators for
RV assessment in patients with diverse heart diseases.
The 3D TA reconstruction and SSAV extraction are
clinically useful in terms of (1) quantifying RV systolic
and diastolic function, (2) assessing tricuspid valve
function, (3) monitoring ventricular remodelling in
patients after heart attack, (4) enhancing the indication
of CRT, and (5) evaluating the effectiveness of medi-
cal/surgical therapy in patients.
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STUDY LIMITATIONS

There were limitations in this study, including a
small number of enrolled subjects. A significantly lar-
ger clinical study on the CMR-based TA motion
assessment stratified by gender, age, and other patient
characteristics in a larger cohort of patients remains a
laudable future goal. The present study aimed to
introduce a new CMR-based systematic tool for 3D
TA motion assessment. A deeper and more complete
understanding of TA morphology and dynamic beha-
viour in a large cohort of human subjects, using the
proposed methodology, would contribute importantly
to TA pathophysiological knowledge, with ensuing
impact on clinical diagnosis and surgical treatment.
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