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Abstract

Objectives To evaluate right ventricle (RV) function by coronary computed tomography angiography (CTA) using a novel
automated three-dimensional (3D) RV volume segmentation tool in comparison with clinical reference modalities.

Methods Twenty-six patients with severe end-stage heart failure [left ventricle (LV) ejection fraction (EF) <35%] referred to CTA
were enrolled. A specific individually tailored biphasic contrast agent injection protocol was designed (80%/20% high/low flow)
was designed. Measurement of RV function [EF, end-diastolic volume (EDV), end-systolic volume (ESV)] by CTA was com-
pared with tricuspid annular plane systolic excursion (TAPSE) by transthoracic echocardiography (TTE) and right heart invasive
catheterisation (IC).

Results Automated 3D RV volume segmentation was successful in 26 (100%) patients. Read-out time was 3 min 33 s (range, 1
min 50s—4 min 33s). RV EF by CTA was stronger correlated with right atrial pressure (RAP) by IC (» = -0.595; p = 0.006) but
weaker with TAPSE (7= 0.366, p = 0.94). When comparing TAPSE with RAP by IC (»=-0.317, p =0.231), a weak-to-moderate
non-significant inverse correlation was found. Interobserver correlation was high with » = 0.96 (p < 0.001), » = 0.86 (p < 0.001)
and »=0.72 (p = 0.001) for RV EDV, ESV and EF, respectively. CT attenuation of the right atrium (RA) and right ventricle (RV)
was 196.9 + 75.3 and 217.5 £ 76.1 HU, respectively.

Conclusions Measurement of RV function by CTA using a novel 3D volumetric segmentation tool is fast and reliable by applying
a dedicated biphasic injection protocol. The RV EF from CTA is a closer surrogate of RAP than TAPSE by TTE.

Key Points

* Evaluation of RV function by cardiac CTA by using a novel 3D volume segmentation tool is fast and reliable.

* A biphasic contrast agent injection protocol ensures homogenous RV contrast attenuation.

* Cardiac CT is a valuable alternative modality to CMR for the evaluation of RV function.

Keywords Ventricular function, right - Atrial pressure - Cardiac imaging techniques - Echocardiography - Computed tomography
angiography
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RV Right ventricle

TAPSE  Tricuspid annular plane systolic excursion
TTE Transthoracic echocardiogram

TR Tricuspid regurgitation
VAD Ventricular assist device

Introduction

Right ventricular (RV) function is a key parameter for man-
agement of patients with severe heart failure, especially if
scheduled for heart transplantation, artificial heart implanta-
tion or other novel valvular devices such as percutaneous tri-
cuspid valves (e.g. CorMatrix® by Aziyo Biologics,
Richmond, CA, USA).

In clinical practice, the severity of RV dysfunction is esti-
mated from a variety of surrogate parameters obtained from
transthoracic echocardiography (TTE), including tricuspid an-
nular plane systolic excursion (TAPSE), which reflects the
magnitude of movement of the tricuspid annulus between
end-diastole and end-systole [1]. Further TTE parameters
comprise the fractional area change (FAC), right ventricular
contraction pressure index (RVCPI), defined as TAPSE X tri-
cuspid regurgitation, the estimated right atrial pressure
(eRAP) [2] and the TEI index [3].

Invasive right heart invasive catheterisation (IC) is the ref-
erence standard for accurate measurement of right ventricular
and atrial pressure load. Given its invasive nature and associ-
ated risks, an accurate and non-invasive technique for estimat-
ing RV pressure would be desirable.

Cardiac magnetic resonance imaging (CMR) is a valuable
non-invasive tool for the assessment of RV volumes and func-
tion. However, in patients with severe heart failure non-CMR
compatible cardiac devices such as cardiac pacemakers are
frequently implanted. In contrast, ECG-gated computed to-
mography (CT) does not preclude such patients. Studies
utilising CT for assessment of RV function and volume are
scarce but have shown a good correlation between CT and
CMR [4-6], respectively.

Imaging the RV by CT is challenging. Accurate measure-
ment of RV function requires a homogenous contrast atten-
uation of the RV to ensure precise contour tracing and the
separation of the RV cavity from the myocardium.
Homogenous attenuation of the right chambers by CT angi-
ography (CTA) is difficult to obtain to due beam hardening,
streak and flow-related artefacts resulting from mixing of
high-attenuation contrast agent from the superior vena cava
with unenhanced blood from the inferior vena cava. Precise
injection inflow and contrast volume timing is necessary in
order to ensure homogenous attenuation of the RV, and there
is lack of consensus on which protocol performs best—both
biphasic and triphasic injection protocols have been pro-
posed [7, 8].
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Therefore, the primary aim of our study was to evaluate
measurement of RV function by CT using a novel, automated
3D RV volume segmentation tool and by using a dedicated
biphasic “personalised” (individually tailored) contrast injec-
tion protocol. Our second major aim was to validate CT in
comparison with the other clinical reference modalities such
as TTE (TAPSE) and invasive right atrial pressure (RAP) by IC.

Methods and materials
Study population

Twenty-six patients [58.0 + 13.6 years (mean + SD), 11.5%
females] with severe end-stage heart failure (LV EF <35%),
referred to coronary CT angiography (CTA) for clinical indi-
cations were enrolled into this retrospective study. Ischaemic
cardiomyopathy (CMP), n = 10; non-ischaemic dilated CMP,
n = 9; hypertrophic obstructive cardiomyopathy (HOCM), n =
1; severe valvular heart disease causing ventricular dilatation
and heart failure, n = 2; arrhythmogenic right ventricular dys-
plasia (ARVD), n = 1; mixed CMP (HOCM/ischaemic CMP/
toxic), n = 2; CMP caused by scleroderma, n = 1.

Clinical indications for cardiac CT were: patients were
listed either for evaluation prior to heart transplantation
(HTX), artificial ventricular assist devices (VAD) or sched-
uled for transcatheter tricuspid valve intervention, or the as-
sessment of RV function was required for other clinical man-
agement decisions (e.g. medication), or coronary artery
disease.

Cardiac CTA was compared with right heart invasive cath-
eterisation (IC) and TTE. All examinations were performed
within 2 weeks.

Cardiac computed tomography angiography (CTA)

A 128-slice dual source CT (Somatom Definition FLASH™;
Siemens Healthineers, Erlangen, Germany) scanner was used
with the following scan parameters: 2 x 64 x 0.6 mm detector
collimation, rotation time 0.28 s. Tube voltage settings were
adapted to body mass index (BMI) (80 kV < 20 BMI, 100kV
<25BMI, 120 kV > 25 BMI kg/m?, and 140 kV if > BMI 35).
Based on the patient’s individual heart rate, ECG-gating in
retrospective spiral (pitch, 0.2-0.5) or, if heart rate was regular
and <80 bpm, sequential prospective dual-step ECG-gated
mode was applied. [9]

Axial images were reconstructed with 1 mm slice width
(increment 0.7), a smooth-medium kernel and at every 5%
increments of R-to-R interval during one entire cardiac cycle
for the creation of a multiphase dataset.

A biphasic iodine contrast agent (370 mg/ml iodine con-
centration) injection protocol was designed (lopromide,
Ultravist 370™; Bayer Healthcare, Leverkusen, Germany):
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1. The total contrast volume was split into 80% at a high-
flow of 5 ml/s and 20% at reduced flow of 3.5 ml/s,
followed by a saline solution chaser of 30 ml at 3.5 ml/s.

2. Total contrast agent volume ranged between 80 to 110 ml
and was calculated mainly depending on the patient’s
body weight (<65 kg = 80 ml; 65-85 kg = 90 ml; 85-
105 kg = 100 ml; >105 kg = 110 ml).

The iodine contrast agent was triggered into arterial phase
by using automated bolus tracking, after reaching a 100 HU
threshold in the ascending aorta.

Exclusion criteria for CTA were: renal dysfunction (serum
GFR <30 ml/min/1.73 m?), iodine allergy without pre-medi-
cation, hyperthyroidism and pregnancy.

Fig. 1 Automated right ventricular (RV) 3D volume segmentation by
CTA (SyngoVIA; Siemens Healthineers). Yellow contours denote the
inner RV volume delineation, which was extracted automatically. Minor
adaptions of the yellow lines are feasible manually, to ensure correct
tracing of irregular RV morphology and myocardial trabecula. Table

Image analysis

Image analyses were performed with dedicated automated
server-based software (SyngoVIA™; Siemens Healthineers)
using the CT Cardiac Workflow, which allows RV- function
measurements. The RV was segmented automatically using 3D
segmentation of the blood volume of the RV while sparing the
RV myocardium, myocardial trabecula and the moderator
band. RV outer contours were further defined by tricuspid valve
and pulmonary valve level until to the apex (Fig.1). The soft-
ware created a volume dataset for each phase at 5 % incre-
ments. The maximal end-systolic and end-diastolic volumes
were selected automatically. RV contours were adjusted man-
ually if deemed inaccurate and aligned with the inner contour

Standard Values

Indexed Values

upper right shows right ventricular ejection fraction (RV-EF), end-
diastolic volume (EDV) and end-systolic volume (ESV), which were
calculated based on the individual selection of the smallest ESV and
largest EDV
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of the RV blood pool volume and/or adjusted to tricuspid or
pulmonary valve level, or the RV myocardial trabecula.

The RV function parameters of ejection fraction (EF), end-
diastolic volume (EDV) and end-systolic volume (ESV) were
calculated by two observers [one with 10 years of cardiac CT
experience and one with less (>6 months) experience]. RF EF
was computed automatically based on automated selection of
the smallest ESV and largest EDV during the entire cardiac
cycle (RR interval).

The time for image analysis was recorded for one of the two
observers, from uploading the patient dataset into the CT
Cardiac Workflow, until the completion of the final results.
After automated RV volume segmentation was completed, the
contours of the RV were reviewed for alignment. The inner RV
contours were adjusted manually by both observers if deemed
inaccurate. Then, the final results of the RV function analysis
(Table 1) were recorded and then, the “total read out time” was
recorded. (Time from uploading images until results.)

CTA image quality analysis

1. CTA image quality of the RV and right atrium (RA) was
rated as sufficient for 3D volume segmentation with “yes”
or “no”.

2. Qualitative CTA analysis: image quality was graded sub-
jectively for the presence of streak/flow-mixing artefacts
in the RA and RV as 5 = no artefacts, homogenous en-
hancement; 4 = minimal artefacts, homogenous enhance-
ment; 3 = moderate artefacts, relatively homogenous; 2 =
severe artefacts, inhomogeneous; 1 = very severe arte-
facts, inhomogeneous/insufficient for segmentation.

3. Quantitative CTA analysis (Fig. 2): assessment of RV
and RA enhancement was performed by placing a re-
gion of interest (ROI) during end-diastolic phase, cho-
sen as large as possible and by avoiding inclusion of
papillary muscles, myocardial walls, or the tricuspid

Table1 Right ventricular (RV) function values from CTA, transthoracic
echocardiography (77F) and invasive right heart catheter (/C) for the total
study cohort (n = 26)

Mean + SD Range (min-max)
CTA
RV EF (%) 302+9.5 10-46
RV EDV (ml) 327.6 £ 107 160-576
RV ESV (ml) 2327 + 88 87.9-389
TTE
TAPSE (mm) 148 £4.1 9-25
IC
RAP (mmHg) 13+ 74 0-26

TAPSE tricuspid annular plane systolic excursion, RAP right atrial
pressure
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(RV) and right atrial (RA) enhancement was measured by placing
region of interest (ROI) into RV and RA on axial slices. The mean
HU and the standard deviation + SD of HU as indicator of image
noise were recorded

valve apparatus, on axial slices into the RV and RA.
The CT attenuation values (HU) and image noise (SD
of HU) were recorded.

Transthoracic echocardiography (TTE)

All measurements were performed using a sonography unit
(Sequoia 256, Acuson; Siemens Healthineers) equipped with
a 3.5- to 1.75-MHz transducer by experienced observers.

In a four-chamber view, the tricuspid annular plane systolic
excursion (TAPSE)—defined as the amount of longitudinal
displacement of the annulus at peak systole in apical direc-
tion—was measured, using an M-mode cursor passed through
the tricuspid lateral annulus.

The severity of tricuspid regurgitation was classified semi-
quantitatively according to the report of the American Society
of Echocardiography as grade 1-3 (i.e. mild, moderate or se-
vere, respectively) by jet-length, width and area according to
ASE [10], and optionally by incorporating the PISA method.

Invasive right-heart catheterisation (IC)

Right heart catheterisation was performed in a dedicated in-
terventional angiography suite by advancing the intravascular
guidewire to the right atrium through a puncture of a central or
peripheral vein. By using a Swan-Ganz catheter, right atrial
pressures (RAP) were measured and the mean calculated. The
cardiac output was measured by thermodilution.
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Table 2 Qualitative image

quality analysis of RV and RA Image quality

Right ventricle (RV) n/n (%)  Right atrium (RA) n/n (%)

5 = no artefacts / absolutely homogenous

4 = minimal streaks-flow mixing / homogenous
3 = mild streaks / relatively homogenous

2 = severe streaks / inhomogeneous

1 = not sufficient for analysis / inhomogeneous

24/26 (92.3%) 21/26 (80.8%)
2126 (7.3%) 4126 (15.4%)
0126 (0%) 1126 (3.8%)
0126 (0%) 0126 (0%)
0126 (0%) 0126 (0%)

26/26 (100%) 26126 (100%)

Statistical analysis

Statistical analysis was performed using SSPS™ software
(V17.0; SPSS, Chicago, IL,USA) and MedCalc® (V12.5;
MedCalc Software, Mariakerke, Belgium). Quantitative
variables are expressed as the mean + standard deviation
(SD), whereas categorical variables are presented as the
absolute value and percentage. Correlation coefficients
were determined with linear regression analysis and plots
were created, and the Pearson correlation coefficient cal-
culated. A p value of less than 0.05 was considered as
significant.

Results
Assessment of RV function by CTA

Automated RV 3D volume segmentation was successful com-
pleted in 26 of 26 (100%) study patients, and after checking
the segmentation results, major manual RV contour edits were
not necessary in 24 of 26 (92.3%) patients, with only minor
adjustments done occasionally. Ten subjects (38.5 %) had un-
dergone previous RV pacemaker implantation.

Qualitative RA and RV image quality results are shown in
Table 2 and quantitative results in Table 3.

Interobserver correlation was high, » = 0.956 (p < 0.001), r =
0.86 (p <0.001) and »=0.72 (p = 0.001) for RV EDV, ESV and
EF, respectively.

CT attenuation of the right atrium (RA) and RV was 196.9
HU £ 75.3 and 217.5 HU + 76.1, respectively.

Total read-out time (including image post-processing and
RV function parameter calculation) was mean 3 min 33 s
(range, 1 min 50 s—4 min 33 s).

Correlation of RV-function by cardiac CTA compared
to TTE and invasive right heart catheter (IC) (Table 4)

Figure 3 shows that RV EF by CT was strongest and signifi-
cantly correlated with right atrial pressure (RAP) by IC
(r = -0.595; p = 0.006). A weaker but positive correlation
between RV EF by CT and TAPSE by TTE (r = 0.366; p =
0.94) was found.

When comparing TAPSE by TTE with RAP by IC
(r =-0.317; p = 0.231), similarly, a weak-to-moderate non-
significant negative correlation was found (Fig. 4).

The correlation of RV-EDV with TAPSE was not signifi-
cant (r = 0.07; p = 0.734).

The cardiac index (CI) was not correlated with RV-EF by
CT (r = 0.04, p = 0.087) (mean, 2.86 = 0.37; range, 1.2-2.8).

Severity of tricuspid regurgitation (TR) by TTE was in-
versely moderately correlated with RV EF by CT (r = -0.44;
p = 0.04) and stronger correlated with RAP (r = 0.58; p =
0.02), while TAPSE compared to TR was weaker and non-
significant (» = 0.292; p = 0.199).

The majority of patients had moderate-to-severe TR (mod-
erate, n = 11, severe TR, n = 13, mild or minimal, n = 2).

Creatinine values were 1.3 £ 0.38 SD mg/dl (range, 0.55—
2.22 mg/dl).

Table 1 shows the RV function parameters by CT, TTE and
RAP by IC. LV-EF in our cohort was mean 24.5% (range, 13—
34%).

Discussion
Our study shows that evaluation of RV function by cardiac CTA

in clinical practice using a fully automate 3D RV volume seg-
mentation approach is fast (within approximately 3 min) and

Table 3 Quantitative image

quality analysis RV enhancement (HU) RV image noise RA enhancement (HU) RA image noise
SD (HU) SD (HU)
Mean + SD 217.5 +76.1 269+11.3 196.96 + 75.3 2646 +9.5
Range 100-338 16-67 71-301 16-46

CT attenuation expressed as Hounsfield units (HU)
SD standard deviation, RV right ventricle, RA right atrium
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reliable. Our dedicated biphasic contrast agent injection protocol
(80%/20%, adjusted to body weight) ensured homogenous RV
contrast attenuation and automated RV volume segmentation.
While sufficient enhancement of the left heart chambers by
CTA is commonly obtained using a monophasic contrast agent
injection protocol, as recommended for coronary CTA [11], this
protocol frequently results in lack of RV contrast attenuation
(“RV washout”). Consecutively, a weak or absent delineation
of the myocardial septum from the RV occurs in up to 25% [12]
or above. Other studies utilised a similar (70:30%) contrast agent
mixing protocol [13]. Vrachioloitis et al. [14] applied a fixed
volume of 130 mL (100 mL at 5 mL/s and 30 mL at 3 mL/s)
for a triple-rule-out scan protocol [15]. Litmanovitch et al. [16]
employed a triphasic protocol (50 ml contrast, 50 ml 60%
contrast/saline and 30 ml normal saline) for the comprehensive
evaluation of lungs, aorta, pulmonary and the coronary arteries.
Our protocol is also appropriate for the planning of transcath-
eter or minimal invasive tricuspid valve intervention, or other
interventional procedures requiring a morphological assessment
of the RV, e.g. right atrial catheter ablation (isthmus), or other
indications for CTA requiring a delineation of the interventricu-
lar myocardium septum such as the evaluation of patients with
asymmetric midventricular hypertrophic CMP for planning of
myomectomy. Further, in patients with suspected arrhythmo-
genic right ventricular dysfunction (ARVD), CT serves as a
valuable alternative modality to CMR if non-CMR compatible
pacemakers are implanted. Furthermore, patients with unclear
cardiac masses in the right heart may undergo CT for further
evaluation. Beyond, our protocol is also suitable for acute chest
pain evaluation (triple rule protocol [14—18]) and the evaluation

RV-EF by CT versus RAP by IC

45

40
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RV-EF

20

15

10 * *

0 5 10 15 20 25 30
RAP

Fig. 3 RV EF (%) by CTA compared to right atrial pressure (RAP) (in
mmHg) by invasive catheter (IC) showed a moderate but significant
correlation (7 = -0.595; p = 0.006)
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TAPSE by Echo versus RAP by IC
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Fig. 4 Tricuspid annular plane systolic excursion (TAPSE) (in mm) by
transthoracic echocardiography compared to right atrial pressure (RAP)
(in mmHg) by invasive catheter (IC) showed a weak correlation and a
widespread cloud (» =-0.317; p = 0.231)

of CT myocardial perfusion [16, 19, 20], which relies as well on
the delineation of the interventricular myocardial septum.

Since the morphology of the RV is complex, multi-
trabecular and irregular, multiple time-consuming manual
contour edits are usually required when using currently com-
mercially available post-processing techniques, resulting in
tedious long readout times of up to 30 min.

Thus, we explored a novel 3D RV segmentation tool which
permits fast automated RV segmentation from a CTA dataset
without extensive manual contour tracking edits by the ob-
server. This technique is highly efficient and saves valuable
time. Manual RV contour edits were necessary in only minor-
ity of patients and quickly performed, and despite minor inac-
curacies (see Fig. 1), the correlation was good.

Second, our study showed that RV EF by CT is a closer
surrogate of right atrial pressure than TAPSE by TTE; the RV
EF provides the clinical heart failure team a valuable support-
ive non-invasive parameter for clinical and therapeutic

Table 4  Correlation of RV function by cardiac CTA compared to TTE
and invasive right heart catheter (IC)

RAP by IC TAPSE by TTE
RVEFbyCT  r=-0595 p=0006 r=0366 p=0.940
TAPSEby TTE ~ r=-0317 p=0231

TAPSE tricuspid annular plane systolic excursion, RAP right atrial pres-
sure, RV EF right ventricular ejection fraction
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decision-making in patients with severe end-stage heart failure
and avoids the burden of repeating an invasive procedure.

Such indications include follow-up exams for monitoring
of RV dysfunction under medication in terms of treatment
response and dose adjustments, or clinical management
decision-making in terms of defining a patient’s appropriate-
ness for novel artificial heart systems—ventricular assist de-
vice (VAD) versus the final decision of scheduling heart
transplantation.

CTA could be also applied in patients, in which the evalu-
ation of RV function with TAPSE by TTE is technically lim-
ited or inappropriate, such as in those after surgical tricuspid
valve reconstruction.

We acknowledge the following study limitations. Our co-
hort comprises a relatively small sample size of patients with
various aetiologies of end-stage severe heart failure and
moderate-to-severe tricuspid valve regurgitation. Further, the
application of an iodine contrast agent may be contraindicated
if severe renal dysfunction is present.

Finally, we would like to emphasise that our study
consisted of patients with end-stage heart failure; therefore,
total contrast volume was kept as low as possible to prevent
a further decline of kidney function [21].

Conclusions

Measurement of RV function by CTA using an automated 3D
RV volume segmentation tool and our dedicated contrast flow
injection protocol is reliable in clinical practice, with short
readout times. Second, RV EF by CTA is a more accurate
non-invasive surrogate parameter for invasive right atrial pres-
sure (RAP) than TAPSE obtained by TTE.

In summary, CT is a useful alternative non-invasive modal-
ity to CMR in patients with end-stage heart failure, and CTA
offers the advantage of simultaneous coronary artery disease
evaluation.
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