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Multimodality cardiac computed tomography angiography and
magnetic resonance with clinical-grade scanners provide robust
assessment of cardiac morphology and function in rabbits
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Background: Non-invasive computer tomography (CT)- and magnetic resonance (MR)-based cardiac
imaging still remains challenging in rodents. To investigate the robustness of non-invasive multimodality
cardiac imaging in rabbits using clinical-grade CT and MR scanners.

Methods: A total of 16 rabbits (2.7-4.0 kg) serially underwent cardiac-gated imaging using a clinical-grade
256-row CT and a 1.5 Tesla MR-scanner at baseline and at 4-month follow-up (16+1 weeks). Image analysis
included image quality (5-grade scale), left ventricular (LV) volumes, LV stroke volume, LV diameters, LV
wall thickness and ejection fraction (LVEF).

Results: Cardiac MR (CMR) and CT angiography (CTA) provide images with an overall good image
quality (excellent or good quality: CMR 82% vs. CTA 78%, P=0.68). Linear regression analysis demonstrated
a good correlation of all diameters (diam.) and volumes (vol.) as assessed by CTA and CMR (diam.: r=0.9,
95% CI: 0.8-0.9; vol.: r=0.8, 95% CI: 0.6-0.9; P<0.0001 for both). CTA-based volumetric analysis revealed
slightly higher LVEF values as compared to CMR (CTA: 64%+1%, CMR: 59%+1%, P=0.002). Analysis of
inter-/intra-observer agreement demonstrated excellent agreements for diameters (CMR: 98.5%/98.7 %;
CTA: 98.2%/97.4%) and volumes (CMR: 99.9%/98.8%; CTA 98.7%/98.7%). Finally, serial CMR- and
CTA-based assessment of cardiac diameters and volumes delivered excellent intersession agreements
of baseline versus follow-up data (diam.: CMR: r=0.89; CTA: r=0.92; vol.: CMR: r=0.87; CTA: r=0.96,
P<0.0001 for all).

Conclusions: Multimodality non-invasive assessment of cardiac function and aortic hemodynamics is
feasible and robust in rabbits using clinical-grade and MR and CT scanners. These imaging modalities could

improve serial cardiac assessment for disease monitoring in preclinical settings.
Keywords: Cardiac magnetic resonance (CMR); cardiac-gated computer tomography angiography (cardiac-gated
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Introduction

Rodents and rabbits are the most widespread preclinical
models to study cardiovascular disease and therapeutic
interventions. However, non-invasive assessment of cardiac
function and hemodynamics in these animals still remains
challenging due to very high heart rates (150-300/sec) and
small heart sizes (3-10 g) ().

In general, 2-dimensional imaging techniques have
geometrical limitations to assess cardiac morphology and
function. Although, echocardiography is the working
horse for routine non-invasive cardiac diagnostics (2-6) the
assessment of global functional parameters and Doppler-
based hemodynamics are usually approximated from
highly operator dependent 2D approaches (7,8). 3 or 4D
echo techniques are rarely available and require expensive
instruments (>300,000 $) with limited availability (9).

Cardiac-gated computed tomography angiography
(CTA) on the other hand, enables for highly reproducible
time resolved 3D cardiac views with excellent temporal and
spatial resolution and accurate delineation of the contrast-
enhanced blood pool (10-12). However, CTA intrinsically
provides very limited information on hemodynamics.
Cardiac magnetic resonance (CMR) enables for both time
resolved cardiovascular imaging with excellent intrinsic
soft tissue contrast, and assessment of cardiac and vascular
hemodynamics (13,14). To apply clinical-grade MR or
CT scanners in rabbits, mostly customized radiofrequency
coils or ultra-high magnetic field strengths (>4.7 Tesla) are
needed, which is accompanied with significant costs (15-20).

Therefore, this serial imaging study aimed to investigate
the ability and to compare clinical-grade CT and MR
scanners in the setting of an experimental rabbit model
using suited acquisition protocols to assess cardiac
morphology, function and aortic hemodynamics.

Methods
Animals

A total of 16 rabbits (2.7-4.0 kg, 13.0£0.9 months at
baseline) underwent both CMR imaging, immediately
followed by CTA using clinical-grade MR and CT scanners
at baseline and follow-up (16£1 weeks, Figure 14).

MR scanner

All experiments were conducted with a clinical-grade state-
of-the-art 1.5 Tesla MR scanner (Philips Achieva, Best,
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The Netherlands) using a 32-element cardiac phased-array
receiver coil.

MR imaging protocol

All animals underwent a standardized serial CMR imaging
protocol, which is illustrated in Figure 1B. First, we acquired
a survey, followed by a 3D T1-weighted acquisition
for detailed planning of the subsequent CINE-bSSFP
4-chamber, short axis (SA) views and 2D velocity-encoded
phase-contrast MR acquisitions. Details on imaging
parameters for CINE-bSSFP and 2D CINE velocity-
encoded PCI-MRI are provided in the Supplementary file.

CMR image analysis

All CMR image analysis was performed using commercially
available software (View Forum, Version 5.1, Philips
Medical Systems, Best, The Netherlands). LV deformation
analysis (strain and strain rate) were conducted using
dedicated software (TomTec Imaging Systems, Munich,
Germany). Image quality of CMR data sets were
analyzed in random order. Details are provided in the
Supplementary file.

CT imaging protocol and radiation dosage

Details for animal preparation and monitoring are
presented in the Supplementary file. All experiments were
serially conducted using a clinical-grade CT-scanner with
a 2 mm x128 mm x0.625 mm detector collimation and
dynamic z-focal spot (iCT, Philips Medical Systems, Best,
The Netherlands). To minimize cardiac motion artifacts,
we applied retrospective vector-ECG gating. The detailed
CT imaging protocol is illustrated in Figure 1C. First, we
acquired a topogram, followed by a native CT imaging.
For CTA, contrast material was applied using a triphasic
application protocol to avoid beam-hardening artefacts (21):
first, a bolus of 3 mL of contrast agent (Imeron® 400,
Bracco Imaging, Germany) was injected, followed by a
mix of contrast material (3 mL) and saline (8 mL) and a
final application of a bolus of 3 mL saline flush at a flow of
1.5 mL/s. The scan started automatically using a bolus
tracking with a region of interest placed in the descending
aorta (threshold level 110 HU). The entire volume was
acquired with simultaneous ECG recording (Figure 24,B).
The following imaging parameters were used for CTA
imaging: tube voltage 120 kV; effective tube current-time
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within one RR-cycle are presented on the right. CTA, cardiac-gated computed tomography angiography.

product of 400 mAs per slice; gantry rotation time
0.27 s; pitch 0.2; image matrix 1,024x1,024.
Reconstructions were performed routinely for all phases
(0-100%) with a 10% increment. The total radiation dose
(CTDIvol) was obtained from the examination protocol of

the system.
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CT image analysis

All CT image analysis was performed on a dedicated
workstation (Extended Brilliance Workspace 4.0, Philips
Medical Systems) and on commercially available software
(Osirix MD, Version 2.8., Pixmeo Sarl, Bernex, Switzerland).
Image quality of CT data sets were analyzed in random
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Table 1 Serial assessment of cardiac diameters and volumes in cardiac CINE-bSSFP CMR and CTA in all animals (n=16)

CMR CTA
Parameters
Baseline Follow-up P Baseline Follow-up P
Heart rate (bpm) 176.8+37.3 176.7+28 ns 121.4+£29.0 127.3+20.7 ns
Geometrical data
Septal wall thickness (mm) 2.24+0.26 2.27+0.25 ns 2.03+0.22 1.99+0.22 ns
Lateral LV wall thickness (mm) 1.76+0.12 1.73+0.19 ns 1.62+0.12 1.58+0.17 ns
End-diastolic LV diameter (mm) 14.14+0.71 14.16+0.91 ns 14.28+0.51 14.25+0.32 ns
End-systolic LV diameter (mm) 9.96+0.67 9.85+0.83 ns 9.79+0.55 9.48+0.76 ns
End-diastolic RV diameter (mm) 11.15+1.33 11.73+£1.40 ns 12.65+0.83 12.67+0.55 ns
End-systolic RV diameter (mm) 8.99+0.66 9.46+1.19 ns 9.86+0.67 10.34+0.76 ns
Volumetric data (left ventricle)
End-diastolic volume (mL) 2.57+0.41 2.56+0.46 ns 3.42+0.47 3.56+0.59 ns
End-systolic volume (mL) 1.06+0.26 1.06+0.34 ns 1.22+0.28 1.37+£0.29 ns
Stroke volume (mL) 1.48+0.28 1.50+0.22 ns 2.17+0.29 2.18+0.43 ns
Ejection fraction (%) 58.65+6.30 59.99+5.17 ns 63.90+5.36 61.20+6.11 ns
LV mass (g) 1.88+0.27 1.80+0.26 ns - - -

Data are presented as meanz standard error of mean (SEM). CMR, cardiac magnetic resonance; CTA, computer tomography angiography;
bpm, beats per minute; LV, left ventricle; RV, right ventricle; CTA, cardiac-gated computed tomography angiography; ns, not significant.

order. Details are provided in the Supplementary file.

Statistical analysis

Statistical analysis was performed using commercially
available software (MedCalc® Software, Version 11.4.2.0,
Mariakerke, Belgium). Continuous variables are presented
as mean or as percentages = standard error of mean
(SEM), as appropriate. Differences between any two
groups (volumes, diameters, thickness) were compared
by Student’s z-test or the Mann-Whitney U test, as
appropriate. Continuous variables between more than
two groups were compared by one-way ANOVA with
post hoc analysis with Bonferroni adjustment for multiple
comparisons. All tests were 2-tailed. Correlations were
analyzed with linear regression analysis. The differences
between the CMR- and CTA-derived measurements and
the relationship to the mean were compared with Bland
Altman plots, with limits of agreement quoted as £1.96 SD.
Intraclass correlation coefficient analysis was performed to
assess inter-session agreement of CMR- and CTA-based
evaluation of wall thickness, ventricular diameters and
volumes. For assessment of inter- and intra-observer variability

© Journal of Thoracic Disease. All rights reserved.

two independent observers analyzed 10 randomly selected cases
and deviations from the initial measurement were calculated (%).
Readings were separated by 8 weeks to minimize recall bias.
Differences were considered statistically significant at P<0.05.

Results
Safety and radiation dose

Clinical examination and laboratory blood analysis of all
animals (n=16) before and 4 days after the application of
contrast material excluded any pathologic phenotypes
or alterations in blood count, renal and liver function
parameters, respectively (Table S1). Using retrospective
cardiac-gated CTA, total radiation dose (CTDIvol) was
25.3£0.6 mGy.

Image quality

Cardiac-gated CTA was discontinued in five cases due
to heart rates of >180/min even after the intravenous
application of beta-blockers. Non-diagnostic image quality
was observed in 6 of 27 (22%) CTA versus 8 of 44 (18%)
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CMR examinations, whereas excellent or good image
quality appeared in 78% of all CTA (21 of 27) and in 82%
of all CINE-bSSFP images (36 of 44), respectively (P=0.68).
Accurate contrast material bolus tracking and subsequent
timing of the acquisition on the one hand, and ECG-
triggering and arrhythmia on the other hand were the most
important variables causing non-diagnostic image quality
with CTA and CMR, respectively.

Assessment of myocardial wall thickness and cardiac
diameters

Values for myocardial wall thickness, LV and RV diameters
can be appreciated in 7able S1. Overall, linear regression
analysis demonstrated a very good correlation for CMR-
and CTA-based diameters (r=0.9, P<0.0001, Figure SI1A).
Bland-Altman analysis identified systematically higher
ventricular diameters in CTA compared to CMR [arithmetic
mean of difference (CTA-CMR) 0.66 mm, 95% CI:
0.40 to 0.91, limits of agreement -0.84 to 2.15 mm,
P=0.0005, Figure SIB]. On the other hand, CMR revealed
systematically higher wall thickness values compared to CTA
[arithmetic mean of difference (CTA-CMR) -0.16 mm,
95% CI: -0.25 to -0.07, limits of agreement -0.68 to
0.36 mm, P=0.001].

Assessment of LV function, mass and deformation

All results from volumetric analysis based on (I) CINE-bSSFP,
(II) cardiac-gated CTA and (III) velocity-encoded PC-MRI
are provided in Tible 1. Linear regression analysis showed a
good correlation between CTA- and CMR-based volumetric
approaches (r=0.8, P<0.0001, Figure S1C). Bland-Altman
analysis demonstrated systematically higher left ventricular
(LV) volumes using CTA compared to CMR [arithmetic mean
of difference (CTA-CMR) 0.40 mL, 95% CI: 0.20 to 0.66,
limits of agreement -1.5 to 2.4 mL, P<0.001, Figure SI1D].
Wall mass analysis by segmentation of the left ventricle as the
volume between the endocardium and epicardium in CINE-
bSSFP images revealed a mean LV mass of 1.86+0.26 g.
Using conventional short-axis CINE-bSSFP images
we demonstrated the feasibility of commercially available

feature tracking software to assess strain and strain rate of
the LV in rabbits (Figure S2).

Aortic bemodynamics with 2D velocity-encoded PC-MRI
2D velocity-encoded PC-MRI revealed the following
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hemodynamic parameters in the ascending aorta: mean
velocity: 11.46£0.41 cm/sec, stroke volume: 1.50+£0.05 mL,
forward flow 1.53+0.05 mL, backward flow 0.03+0.01 mL,
regurgitation fraction: 1.79%=0.25%. Volumetry-based
stroke volumes by CINE-bSSFP and CTA revealed only
moderate correlation with CINE PC-MRI-based approach
(CINE PC-MRI & CINE-bSSFP: r=0.48, 95% CI: 0.1 to
0.7, P=0.01), respectively.

Observer variabilities and inter-session agreement

Intra- (inter-) observer variabilities for CTA-based wall-
thickness, ventricular diameter and volume were 96.0%
(99.0%), 98.2% (97.4%) and 98.7% (98.7%), respectively.
For CMR-based wall-thickness, ventricular diameter and
volume intra- (inter-) observer variabilities were 99.1%
(95.6%), 98.5% (98.7%) and 99.9% (98.8%), respectively.
Correlation analysis revealed a very good correlation (CMR:
r=0.89, P<0.001; CTA: r=0.92, P<0.001) and very good
intraclass correlation coefficient (CMR: ICC 0.94, 95%
CI: 0.92-0.96; CTA: ICC 0.96, 95% CI: 0.92-0.98) of the
diameters measured serially by CMR and CTA at baseline
versus follow-up. Serial volume analysis by CMR and CTA
also demonstrated a very good correlation (CMR: r=0.87,
P<0.001; CTA: r=0.96, P<0.001) and very good intraclass
correlation coefficient (CMR: ICC 0.93, 95% CI: 0.82-0.91;
CTA: ICC 0.98, 95% CI: 0.95-0.99) of baseline and follow-
up data (Figure 3, Table 1).

Discussion

This study demonstrates the ability of clinical-grade CT
and MR scanners to provide robust multimodality cardiac-
gated imaging for the assessment of cardiac morphology,
function and aortic hemodynamics in rabbits with a very
high inter-session and inter-method agreement.

To apply clinical-grade scanner for preclinical cardiac
imaging in rabbits there are some challenges which have
to be considered in respect to the specific anatomical and
physiological conditions:

()  What is the appropriate scanner modality (CT wvs.

MR) in view of the imaging target?

(II) Which technical limitations have to be considered
with clinically-equipped CT- or MR-scanners (for
example phase array coils or ECG-gating)?

(III) How can particular technical limitations of clinical-
grade scanners be overcome (for example heart rate
control) and how may this impact on results?
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CMR

The unique feature of CMR is its intrinsic sensitivity
enabling for excellent delineation between blood pool and
myocardium and quantification of blood flow without the
need of ionizing radiation and application of intravascular
contrast material. However, performing CMR in rodents
requires up to 10-fold higher spatial resolution than in man.
Recent advantages in gradient performance, well-crafted
detector geometries and receive array and transmission coils
significantly improved sensitivity and acquisition speed,
which constituted the major drawbacks with prior scanner
generations for application in rodents. Prior small animal
studies were mainly performed on MR imagers with ultra-

© Journal of Thoracic Disease. All rights reserved.

high field strengths (>4.7 Tesla) using dedicated and cost
intensive gradient and coil systems ($10,000 to $1,000,000)
(15-20). However, considering some key items using
clinical-grade scanners can significantly increase SNR.
First, animal preparation for ECG gating with good quality
is necessary, and both body temperature and anesthesia
should be monitored and preserved. Signal averaging and
novel MR sequences (for example compressed sensing)
are effective for increasing SNR and minimizing motion
artifacts, while reducing acquisition time. Finally, higher
field strength innately provides increased SNR (15). Our
results confirm the ability of clinically-equipped MR
scanners for robust cardiac assessment in rabbits (22-24)
and additionally demonstrate a strong robustness for serial
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imaging. Difficult ECG triggering (arrhythmia or reduced
ECG quality) represents the major drawback which impacts
on reduced image quality.

CINE PC-MRI

Uniquely, velocity encoding CINE PC-MRI provides the
most accurate method available to assess cardiac output
and measurements of aortic, pulmonary and mitral valve
regurgitations, all non-invasively and without ionizing
radiation and contrast material (25-28). Cardiac-gated
time-resolved 3D CINE PC-MRI allows for registration
of blood flow in cardiac chambers and in targeted arteries
(29,30), however, with limited applicability due to very
time-consuming acquisition protocols (31). In the present
study, we demonstrate that a standard 2D velocity encoding
CINE PC-MRI protocol enables for robust assessment
of aortic blood flow and ventricular stroke volume in
rabbits. The moderate correlation to CINE-bSSFP-based
volumes could be caused by encoding only the through-

plane velocity vector component and high slice-thickness to
achieve sufficient SNR.

Cardiac-gated CTA

Small-animal cardiac-gated CTA yet plays a subordinate
role for the assessment of cardiac morphology and function
in rodents, which can be accounted for limited temporal
and spatial resolutions with prior CT scanner generations.
Therefore, limited data exist on the use of clinical-grade
CT scanners for application in rodents. Our results
demonstrate the ability of a clinical-grade 256-slice CT
scanner to provide a robust tool with excellent intersession
agreement for cardiac imaging in rabbits. Above, this
study directly compares the serial evaluation of cardiac
morphology and function as assessed by clinical-grade CT
versus MR scanners in rabbits. Even though, cardiac-gated
CTA revealed systematically higher ventricular diameters
and volumes compared to CMR (12), correlation analysis
revealed a very good association of diameters and volumes
as evaluated by CTA and CMR. Acquisition time plays an
important role for a high-volume routine application in
preclinical imaging studies. Cardiac-gated CTA requires
4-5 times less acquisition time as compared to CINE-
bSSFP and provides highly reproducible measurement
of LV volumes (12). Thus, the presented protocols could
facilitate the applicability of cardiac-gated CT imaging in
preclinical rabbit studies focusing on cardiac volumes and
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function.

The radiation dose applied to the animals during CT
imaging is often seen as a limitation, especially for serial
examinations. Previously, cardiac-gated CTA studies mainly
investigated on pre-clinical flat-panel or micro-CT scanners
reported a dose of ~90 mGy (32-36). Using a clinical-grade
256-slice CT scanner with retrospective ECG-gating,
we achieved a mean dose of ~25 mGy, which cannot be
expected to significantly affect the health of animals, even
if applied serially. A critical limitation with CTA is the need
for beta-blockers to maintain low heart rates, which may
impact on the evaluation of LV function due to its negative
inotropic effects.

Deformation analysis

Off-line feature tracking for cardiac deformation analysis
is established to provide deeper understanding into the
pathophysiology of myocardial ischemia and infarction,
cardiomyopathies and the impact of valvular diseases on
myocardial function (37). Our results are promising that
feature tracking could be feasible in cardiac imaging studies

using clinical-grade CT and MR.

Limitations

Our study has some limitations. All animals in our study
were healthy, which implicates the necessity of further
investigations in animal models with ischemic or primary
myocardial dysfunction or valvular or vessel disease. Under
anesthesia we noticed only small intrathoracic excursion
during breathing. However, CMR and CTA imaging was
performed without any respiratory gating. To overcome
this limitation, we implemented signal averaging with
overall good image quality. Beta-blocker application prior
to CTA scans may impact on the evaluation of LV function
because of its negative inotropic effect. Finally, our study
included only rabbits. Further investigations are needed to
demonstrate the applicability in rodents.

Conclusions

In conclusion, multimodality non-invasive assessment of
cardiac morphology, function and aortic hemodynamics is
feasible and robust in rabbits using clinical-grade MR and
CT imagers and provide results with an excellent inter-
session agreement for. The presented imaging protocols
for preclinical studies could facilitate the applicability of
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MR- and CT-based cardiac assessment, especially for serial
disease monitoring under therapeutically interventions.
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Supplementary

Animal preparation and monitoring during CMR
imaging

Animals received ketamine (50 mg/kg) and xylazine
(20 mg/kg) intramuscularly for general anesthesia during
all imaging studies. Blood was taken from the left marginal
ear vein from all animals for analysis of renal and hepatic
function 4 days after the application of contrast material.
Earplugs were placed in each external auditory canal
for inner ear protection. Studies were approved by the
institutional Animal Care and Use Committee (approval
number: 35-9185.81/G-39/09).

CMR imaging protocols

Essential, to achieve high spatial resolution without relevant
image degradation due to cardiac motion, the MR system
needs fast switching and strong gradients. We therefore
used the gradient equipment of the MR scanner, which
achieved a maximum slew rate (on axis) of 180 Tesla/m/s
and a maximum gradient strength (on axis) of 66 mTesla/m.

All CINE images were acquired using a balanced steady-
state free precession (b-SSFP) sequence in combination
with parallel imaging (SENSitivity Encoding, factor 2)
and retrospective vector-ECG gating. Figure 2A illustrates
a timing diagram for a CINE-bSSFP acquisition. The
following imaging parameters were used: Echo time (TE)
2.2-2.4 ms; repetition time (TR) 4.4-5.1 ms; flip angle (FA)
60° (spatial resolution, 2.4 mm x2.5 mm; slice thickness:
3-5 mm; 35 phases per cardiac cycle).

2D CINE velocity-encoded phase-contrast MR imaging
(CINE PC-MRI) was performed using retrospective
vector-ECG gated CINE imaging with through-plane
velocity encoding. Time-resolved pulsatile aortic blood
flow was measured perpendicular to the aorta at the level
of the proximal ascending aorta (Figure S3). The following
imaging parameters were used: TR 4.0 ms; TE 2.0 ms; FA
15°; slice thickness 8—10 mm; spatial resolution 1.5 mm
x2.5 mm. To avoid velocity aliasing and for optimal signal
intensity, velocity encoding sensitivity (VENC) was adjusted
at 50-200 cm/sec (38), as appropriate.

CMR image analysis

Left and right ventricular end-diastolic and end-systolic
diameters [LV/RV-E(D/S)D] were assessed in 4-chamber
view. Septal (SeptalWT) and lateral (LatWT) LV wall

thickness was assessed in short-axis views (39). Endocardial

LV borders were manually traced at end-diastole and end-
systole, and the papillary muscles were excluded (Figure S4).
LV End-diastolic and endsystolic volumes [LV-E(D/S)V]
were determined and LV ejection fraction (LVEF) was
computed as:
LVEF (%)=[(LVEDV-LVESV)/LVEDV]x100% [1]
For LV deformation analysis (strain and strain rate)
CINE-bSSFP short-axis views were analyzed. Retrospective
image analyses were conducted using the 2D feature tracking
software (TomTec Imaging Systems, Munich, Germany).
Blood flow quantification in 2D velocity-encoded
PC-MRI was performed using commercially available
cardiovascular software (View Forum, Version 5.1, Philips
Medical Systems, Best, the Netherlands). Regions of
interest were drawn in the proximal ascending aorta. All
measurements were performed by 2 independent and
experienced investigators (M Nunninger, G Gitsioudis).

Animal preparation and monitoring for CT
imaging

Animal preparation included the intravenous insertion
of a saline-filled angiocath into the left marginal ear
vein for drug administration and contrast-enhanced
illumination of the heart and the thoracic aorta. Animals
with heart rates >180 beats/min received an intravenous
administration of incremental doses of metoprolol (range,
2.5-10.0 mg, Lopresor®, Novartis, Pharma GmbH, Germany)
10-15 min before the CT scan to achieve the lowest
possible and regular heart rate to optimize ECG for
cardiac-gated CTA acquisition.

CT image analysis

Quantitative analysis included LV-E(D/S)D, Septal WT,
InfWT and threshold based LV segmentation [LV-E(D/
S)V] for the assessment of the LVEF according to the
formula Eq. [1]. All measurements were performed by

2 independent and experienced investigators (M Nunninger,
G Gitsioudis).

Assessment of image quality

CMR and CTA data sets were analyzed in random order.
Image quality was assessed in both end-systolic and end-
diastolic images, with adjusted window setting. Image
quality was determined by consensus of two experienced



observers (M Nunninger, G Gitsioudis) on the basis of
the presence of motion artifacts using a 5-grade scale: ‘1’
Excellent image quality, i.e., no motion artifacts;
image quality, i.e., minimal motion artifacts; ‘3’: moderate
image quality, i.e., mild motion artifacts; ‘4’: poor image
quality, i.e., moderate motion artifacts; ‘5’: extremely poor,
non-diagnostic quality, due to severe motion artifacts.

3

2’: good
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Table S1 Overview of all (n=16) basic animal characteristics and laboratory data

Parameters Before contrast material application After contrast material application P

Serum creatine (mg/dL) 0.67+0.02 0.64+0.02 0.43
Serum urea (mg/dL) 39.15+1.34 38.47+1.69 0.74
Hs-TnT (pg/mL) 12.76+1.62 10.00+1.25 0.19
Leukocytes (/nL) 3.93+0.24 4.69+0.35 0.08
Erythrocytes (/nL) 6.00+0.14 5.70+0.10 0.07
AST (U/L) 29.41+2.74 32.15+2.47 0.46
ALT (U/L) 71.44+6.00 89.30+6.38 0.08

Data are presented as mean =+ standard error of mean (SEM). Hs-TnT, high-sensitive troponin T, AST, aspartate aminotransferase; ALT,
alanine aminotransferase.
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Figure S1 Linear regression analysis demonstrates a very good correlation for CMR- and CTA-based diameters and volumes (A,C). Bland-
Altman analysis reveals a systematic overestimation for the assessment of ventricular diameters and volumes in CTA compared to CMR (B,D).

CMR, cardiac magnetic resonance; CTA, cardiac-gated computed tomography angiography.
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Figure S2 Feature tracking using CINE-bSSFP CMR imaging showing the curves of radial strain and strain rate. CMR, cardiac magnetic

resonance.
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Figure S3 Aortic blood flow was measured perpendicular to the aorta at the level of aortic bulb proximal ascending aorta (survey). A
representative magnitude image and the corresponding phase images from 2D velocity encoding PC-MRI are provided. PC-MRI, phase-

contrast magnetic resonance imaging.
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Figure S4 Manual traced segmentation of the endocardial LV borders at end-diastole (above) and end-systole (below), with exclusion of the

papillary muscles. LV, left ventricular.




