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Abstract
Introduction:

CMR 4D flow is a promising technique for assessing vessel hemodynamics. However, its current
utilization is limited due to the lack of reference values, particularly for pulmonary vessels, generally
understudied. With the purpose to serve for future research studies, we have analysed the pulmonary flow
and velocity in Landrace pigs at both rest and stress by utilizing the software MEVISFlow.

Methods:

Nine (n=9) healthy Landrace pigs were acutely instrumented closed-chest and transported to the CMR
facility for evaluation. After baseline (BL) measurements, dobutamine (Dob) was administrated to
achieve a 25% increase in heart rate compared to baseline values. 4D flow images from the pigs during
both rest and stress states have been analysed through MEVISFlow software by two independent
observers. In detail, we examined peak flow and peak velocity of the pulmonary trunk (PT) and both left
and right pulmonary arteries (LPA and RPA, respectively).

Results:

A significant difference between BL and Dob regarding both peak flow and peak velocity in all the
pulmonary vessels was observed. Peak flow changed from 0.09 L/min to 0.14 L/min in PT, from 0.04
L/min to 0.07 L/min in LPA and from 0.05 L/min vs 0.07 L/min in RPA. Peak velocity changed from 0.90
m/s to 1.40 m/s in PT, from 0.80 m/s to 1.40 m/s in LPA and from 0.80 m/s to 1.33 m/s in RPA.

Conclusions:

The current study showed that peak flow and peak velocity assessed through pulmonary 4D flow follow
the physiological alterations during systole and diastole and after stress induced by dobutamine.

Introduction
Magnetic Resonance Angiography (MRA) is an established technique employed to analyse the vascular
system in clinical practice (1). MRA is generally performed to assess the vessels' morphology and
investigate anatomical abnormalities following the administration of a contrast agent (2). However, it is a
contraindication in patients with severe renal failure and may be associated with allergic reactions,
including anaphylactic shock (2, 3). Phase-contrast MRA has emerged as a technique being able to
assess both anatomy and the function of the vessels accurately by avoiding the injection of
contrast agent (4). Besides anatomy assessment, physiology details are important in making a thorough
clinical diagnosis and therefore parameters such as flow amplitude and uniformity, jet velocity and
regurgitant fractions are paramount additional features to characterise, stage and follow-up
cardiovascular disease.  Currently, 2D phase-contrast (PC) is the most used flow-measuring image
acquisition sequence utilizing velocity-encoding in a single direction. This allows the user to examine
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shunts, regurgitations, and collateral flows (5). Each 2D flow measurement requires a breath-hold, making
the use of this technique difficult in several patients with heart diseases of different entities (6), and may
impede the consistency of the individually acquired slices. 

Recently, 4D flow has emerged as a promising new technique aimed at the assessment of anatomy and
flow in a more accurate way than the 2D flow imaging, and without administration of gadolinium
contrast agent (7), offering several advantages compared to 2D flow (7, 8). For instance, 4D flow analysis
allows measuring velocity in all three spatial directions over time throughout the cardiac cycle (3D + time
= 4D) making velocity measurements more accurate (8). The velocity field measured with 4D flow can be
used to estimate relative pressure gradients via the Navier-Stokes equation (9). Another advantage of the
4D flow approach is the possibility to derive time-resolved pressure maps in any vessel of interest.

Nonetheless, the main challenges of 4D flow analysis encompass the post-processing of the large data
obtained and the necessary corrections performed through a specific software to adjust for gradient field
distortions (10). Thus, 4D flow has been mainly utilized for research purposes as the lack of software
standardization and consequent reproducibility represent still an unresolved issue (11). On the other side,
there is a high need to utilize MRA techniques to develop disease models, and reference values for pre-
clinical studies are lacking (12). This is particularly true for large animals, especially regarding pulmonary
circulation, which is generally understudied compared to the aorta and arterial vessels (13-15). Indeed, to
our knowledge, no studies analysed how flow and velocity in the pulmonary trunk and pulmonary arteries
are affected at rest and after dobutamine infusion, even if such stress test is generally performed in the
clinics and pre-clinical studies. The objective of the current study was to analyse flow and velocity
measured through pulmonary 4D flow under both rest and stress conditions in a cohort of Landrace pigs
to provide reference values for future studies.

Methods
Data from n=9 Landrace pigs were selected from an already published study cohort from our group,
where dobutamine stress testing was performed (12, 16-18). The experimental protocols were approved
by the local bioethics committee of Berlin, Germany (G0138/17) and conform to the "European
Convention for the Protection of Vertebrate Animals used for Experimental and other Scientific Purposes"
(Council of Europe No 123, Strasbourg 1985).

Experimental protocol and CMR acquisition

Briefly, female Landrace pigs were acutely instrumented, and the animals were transported to the MRI
facility for measurements, where the pigs were ventilated with an MRI-compatible machine (Titus, Dräger
Medical, Germany). After baseline measurements (BL), dobutamine (Dob) stress was performed.
Dobutamine infusion was titrated, aiming at a 25% heart rate increase compared to baseline values. MR
imaging was performed on a 3T clinical MR scanner (Ingenia, Philips Healthcare). 4D PC data were
acquired with a 3D T1-weighted fast field echo (FFE) sequence with flow encoding gradients in three
orthogonal axes (FH, RL, AP), in combination with retrospective gating to the electrocardiograph (ECG)



Page 5/19

cycle with 25 heart phases. Data were acquired in sagittal orientation, covering the entire heart and
outflow tract. An anterior- and posterior phased array coil was employed for signal reception. Typical
scan parameters were as follows: Acquired FOV FH/RL/AP = 180 × 87 × 288 mm³, acquired resolution =
2.8 × 2.8 × 2.8 mm³, reconstructed resolution = 1.5 × 1.5 × 2.8mm³, VENC along all three axes = 250 cm/s,
TR/TE/flip = 3.8 ms/2.4 ms/5°, SENSE acceleration factor 2, bandwidth 2500 Hz / pixel. The scan time
was on the order of 10 minutes. After the MRI measurements were concluded, the animals were
transported back to the operating room for sacrifice.

CMR image analysis

The resulting magnitude image and three velocities encoded images were imported in the software
MEVISFlow (Fraunhofer MEVIS, Bremen, Germany) (19). Pre-processing was applied, with noise-masking,
antialiasing, automatic correction for eddy currents, and phase unwrapping as provided by MEVISFlow
(20). It became apparent that the vector fields were not always imported correctly. A vector field correction
was necessary to obtain the correct vector fields, which meant inverting the x and z axes for almost all
scans. Moreover, not all imported scans started at the correct time in the cardiac cycle due to the
triggering of the MRI acquisition being half a heartbeat later than the r-wave. This was manually
corrected by rearranging the timepoints. Afterward, the pulmonary trunk (PT) and pulmonary arteries were
located and segmented manually, which resulted in a mask. Regions of interest (ROI) were placed by
manually encircling the vessel of interest at three locations (Figure 1): in the pulmonary trunk, before the
vessel starts to dilate, at the left pulmonary artery (LPA) just after the first branch and in the right
pulmonary artery (RPA) at the same height as in the LPA. These ROIs were propagated through time over
one cardiac cycle.

The hemodynamic parameters obtained were:

- Flow: forward and backward flows  

- Regurgitant fraction 

- Peak flow

- Peak velocity

- Normalized Flow Displacement (NFD)
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Statistical analysis

Data were analysed using Microsoft Excel and IBM SPSS Statistics version 23.0 software (SPSS Inc.,
Chicago, IL, USA) for Windows. Figures were made with GraphPad Prism version 8. All data are presented
as mean ± SD. The Shapiro–Wilk test was used to determine whether the data were normally distributed.
Data between groups at different inotropic states were analysed by one-way ANOVA for repeated
measurements. Post-hoc testing was performed by Tukey's test. Nonparametric variables were compared
using the Wilcoxon test. A p-value of < 0.05 was considered statistically significant. 
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Reproducibility testing

Inter- and intra-observer reproducibility was quantified using intra-class correlation coefficient (ICC).
Agreement was considered excellent for ICC >0.74, good for ICC 0.60–0.74, fair for ICC 0.40–0.59, and
poor for ICC <0.40. Data analysis was repeated after four weeks to assess intra-observer agreement. All
the operators took the measurements twice, and the average values were taken.

Results
The study population included n=9 Landrace pigs who underwent 4D flow MRI during rest and
dobutamine-induced stress conditions. Pulmonary hemodynamic parameters measured at baseline (BL)
and during dobutamine (Dob) stress test assessed in PT, LPA, and RPA are reported in Table 1. The
anatomical reconstruction of the main pulmonary vessels with their ROIs are shown in Figure 1.
Moreover, a previously unreported secondary branch was observed arising from the beginning of the left
pulmonary artery, straight after the bifurcation of the pulmonary trunk of every pig (Figure 1).

Pulmonary 4D flow reference values in pigs at baseline and during dobutamine 

Through MEVISFlow software, it has been possible to obtain a color-coded graphical reconstruction of
the respective increase and decrease of flow and velocity during systole and diastole in the PT, LPA, and
RPA at both BL (Figure 2A, 2B) and Dob (Figure 2C, 2D). Then, we then represented the parameters
relevant for clinical translation, namely, peak flow and peak velocity obtained from PT, LPA and RPA
during both BL and Dob. A significant difference in peak flow and peak velocity has been observed for all
the observed pulmonary vessels between rest and stress (Figure 3A, 3C). To highlight the sensitivity of the
measurement, we calculated the relative percentage of change for both flow and velocity in PT (Figure 3B
and 3D) which was more than 50% between rest and stress. Eventually, through MEVISFlow, a graphical
3D anatomical reconstruction has been obtained, analysing the flow and velocity for the whole
pulmonary arterial tree at rest (Figure 4A) and during dobutamine stress (Figure 4B). A video of the flow
reconstruction during baseline and dobutamine is presented in the Online Supplements.

Inter and intra-observer variability

All studies were completed, and image quality was sufficient to perform the 4D flow analysis. We
performed a reproducibility analysis to detect the level of agreement between observers for the
measurements performed in the PT during BL. Parameters obtained by two independent investigators,
mean differences ± SD, limits of agreement, and ICC for flow and velocity parameters are presented in
Table 2. We observed an excellent intra-observer and inter-observer reproducibility for both parameters
during BL. We then performed a Bland-Altman Analysis of the intra- and inter- observer reproducibility
analysis of Flow and Velocity in the pulmonary trunk during baseline (see Online Supplements, Figure
1S).

Discussion
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Although the accuracy of 4D flow measurements compared to echocardiography has already been
proven (15) and validation studies against standard 2D flow CMR have already been performed in
humans (22), others have described its parameters to underestimate peak flow rates, making further
studies necessary (23, 24). Moreover, few studies have investigated in large animal models the role of
flow and velocity in the pulmonary arteries, mostly focusing, instead, on the aorta and arterial
vasculature (13, 14).

Regarding animal studies, a recent study by the group of Stam et al. compared invasively measured aorta
flow with 2D phase-contrast flow and 4D flow measurements in a cohort of Landrace pigs (13). Flow
measurements were performed on 4D flow images at the aortic valve level, in the ascending aorta, and
the main pulmonary artery (13). Although the authors  showed a strong correlation between invasively
measured hemodynamics and both 4D and 2D flow CMR, the assessment of the pulmonary vasculature
was not the main purpose of the study and was not thoroughly investigated (13). The study that mostly
investigated the pulmonary vasculature in a population of large animals has been performed by the
group of Roldan et al. in which they validated 4D flow determined pulmonary vascular resistance against
invasive measurements in a canine cohort of acutely induced pulmonary hypertension (25). The study
concentrated on demonstrating the feasibility of 4D flow in estimating pulmonary vascular resistance
while assessing ventricular function and pulmonary artery hemodynamics in free breathing. However, the
study did not provide reference values for pulse wave velocities (25).

Our study showed that both peak flow and peak velocity assessed in the pulmonary arteries through 4D
flow finely follow the physiological alterations given by systole and diastole. 

Moreover, by dobutamine-induced stress, which caused a heart rate increase of 25% from baseline, we
were able to observe a significant increase in both peak flow and peak velocity compared to baseline.
Therefore, the observed relative increase of at least 50% for both peak flow and peak velocity between
baseline and stress was expected. 

We did not observe significant difference in the other hemodynamic parameters measured. In detail, we
analysed both NFD and TFD, as parameters of flow displacement. While some studies identified an
association between increased NFD and aortic dilation (26-28) and others found it to be related to left
ventricular remodelling (29), we did not observe any significant changes as expected because our animal
cohort was a healthy one. We found only a significant change in TFD after induction of stress in the RPA,
however, we cannot draw any pathophysiological conclusions. 

While reproducibility analysis is a standard operating procedure in clinical studies, this is not always the
case in pre-clinical ones, where newly developed techniques and methodologies need strong precision
and accuracy assessment. On this topic, in a previous study from our group we were able to show a high
reproducibility of LV strain measured with CMR-FT (12). In the present study, an excellent reproducibility
was observed in the baseline measurements for both peak flow and peak velocity, showing that
MEVISFlow may be a software of choice for pulmonary vessels. 
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The concept behind the present work is to offer reference values of healthy animals for future works,
especially in large animal models where there is a need to keep the number of experiments at the
minimum. This pilot study may be useful for the realization of future animal models of disease,
concerning the pulmonary and right ventricle disease which remain relatively understudied. Interestingly,
we underline the discovery of an unreported proximal right pulmonary artery branch in two of the
Landrace pigs drawing the attention to the chances that 4D flow may offer to animal research.

Nevertheless, our study is not exempted from limitations that need to be addressed. The experiments
were performed during anaesthesia, being a possible confounder for reproducibility of the measurements.
The study is limited due to the small number of animals, and larger sample size may be required to detect
more subtle differences. The addition of a 25% dropout rate (proportion of eligible subjects who will not
complete the study or provide only partial information) before planning a study can further increase the
final sample size and confirm the present results. A future analysis should be performed to assess the
reproducibility of the 4D flow parameters during stress conditions considering this was not the purpose of
the present study.

Conclusions
The current study showed that peak flow and peak velocity assessed through the pulmonary 4D flow
method follow the physiological alterations during systole and diastole and after stress induced by
dobutamine. In addition, MEVISFlow is a feasible software for measuring pulmonary parameters in a
cohort of Landrace pigs under rest and stress and may be further investigated in pre-clinical and clinical
studies.
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Tables
Table 1. Measured hemodynamic parameters during rest and stress states. The hemodynamic
parameters measured during rest and stress from the pulmonary trunk (PT), the left pulmonary artery
(LPA), and the right pulmonary artery (RPA) are displayed (n=9). Data are presented as mean ± SD. A p-
value of <0.05 was considered significant. Reg Fraction = regurgitation fraction; NFD = normalized flow
displacement; TFD = through flow degree
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  Rest Stress  

  Mean SD Mean SD p-value

PT Peak Flow [L/min] 0.09 0.06 0.14 0.05 0.02

Reg Fraction [%] 0.58 0.91 0.18 0.51 0.33

Peak Velocity [m/s] 0.90 0.24 1.40 0.21 <0.001

NFD Mean 0.08 0.02 0.09 0.02 0.42

TFD Mean 0.56 0.16 0.59 0.14 0.95

Angle Mean 29.98 23.96 27.06 22.40 0.37

LPA Peak Flow [L/min] 0.04 0.02 0.07 0.03 0.01

Reg Fraction [%] 3.47 6.54 2.94 4.63 0.75

Peak Velocity [m/s] 0.80 0.21 1.40 0.24 <0.001

NFD Mean 0.08 0.02 0.08 0.02 0.25

TFD Mean 0.56 0.14 0.58 0.09 0.95

Angle Mean 36.52 26.02 38.78 20.15 0.76

RPA Peak Flow [L/min] 0.05 0.03 0.07 0.02 0.02

Reg Fraction [%] 0.31 0.51 0.24 0.73 0.59

Peak Velocity [m/s] 0.80 0.21 1.33 0.28 <0.001

NFD Mean 0.07 0.02 0.07 0.01 0.32

TFD Mean 0.65 0.06 0.62 0.05 0.02

Angle Mean 16.20 6.66 22.26 9.76 0.01

 Table 2. Inter-observer and intra-observer reproducibility for peak flow and peak velocity during baseline
measurement in the PT. An excellent ICC was observed for both intra-observer and inter-observer
variability. Results are reported as mean ± SD. CI = confidence interval; ICC = intra-class correlation
coefficient; PT = pulmonary trunk; SD = standard deviation
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Parameters Mean difference ±
SD

Limits of
Agreement

ICC (95% CI)

         

Intra-observer
variability

Peak Flow -0.01 ± 0.01 -0.01 to 0.01 0.99 (0.99 –
1.00)

Peak
Velocity

-0.02 ± 0.07 -0.11 to 0.15 0.97 (0.90 –
0.99)

         

Inter-observer
variability

Peak Flow -0.01 ± 0.03 -0.06 to 0.05 0.91 (0.62 –
0.98)

Peak
Velocity

-0.03 ± 0.10 -0.24 to 0.16 0.96 (0.82 –
0.99)

Figures
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Figure 1

Placement of ROIs in pulmonary arteries in a selected pig.

Represented in white is the main pulmonary trunk (PT), in blue the left pulmonary artery (LPA), while in
red the right pulmonary artery (RPA). A previously unreported proximal right branch of the RPA has been
detected in two of the animals observed.
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Figure 2

Graphical representation of flow and velocity in one pig during a complete myocardial cycle at baseline.
Baseline flow (A) and velocity (B) graphs of pulmonary trunk (grey), left pulmonary artery (blue) and right
pulmonary artery (red) are displayed in MEVISFlow during systole and diastole during baseline. We then
repeated the same analysis for velocity (C) and flow (D) during dobutamine infusion. As expected, peak
flow and peak velocity increase during systole and decrease during diastole. This effect is exacerbated
during dobutamine stress.
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Figure 3

Comparison of peak flow and peak velocity at rest versus stress states. (A) Peak flows in the pulmonary
arteries are plotted during rest and stress (box plot 5-95 percentile). (B) Peak flow percentage of change in
the PT is displayed between calculated averages at rest and stress. (C) Peak velocities in the pulmonary
arteries are plotted in rest and stress (box plot 5-95 percentile). (D) Peak velocity percentage of change in
the PT is shown between calculated averages at rest and stress. PT = pulmonary trunk; LPA = left
pulmonary artery; RPA = right pulmonary artery
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Figure 4

Graphical 3D reconstruction through MEVISFlow at baseline versus dobutamine. (A) Graphical
reconstruction of velocity and flow in MEVISFlow during baseline and (B) after stress induced by
dobutamine. The scale on the left represents velocity where red is the highest velocity compared to blue
representing the lowest.
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