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Introduction

Cardiovascular diseases 

The cardiovascular system is the network of blood vessels in the body with the major 
role in the transportation of oxygen and nutrition to the organs and the waste prod-
ucts from the organs. The diseases of the cardiovascular system, either acquired or 
congenital, may result in ischemia or undersupply of major organs, which is a threat 
to the overall health of an individual. Events caused by cardiovascular diseases are the 
leading cause of morbidity and mortality worldwide. Despite improvements in the treat-
ment and the prevention strategies of cardiovascular diseases, the social and economic 
burdens due to these diseases continue to grow1. Further efforts, therefore, are required 
to find underlying mechanisms of these diseases and to find effective risk predicting 
markers for prevention and treatment. This thesis focuses on two diseases which are 
examples of acquired and congenital cardiovascular diseases: carotid atherosclerosis 
and univentricular heart (repaired with Fontan operation). 

Carotid atherosclerosis

The first part of the thesis is devoted to carotid atherosclerosis. The carotid arteries are 
the main blood suppliers of the brain. They are located on the left and right side in the 
neck and they bifurcate to two arteries: internal carotid artery and external carotid artery 
(figure 1). Large and medium-sized arteries, including carotid arteries, are frequently 
affected by atherosclerosis. Atherosclerosis is an inflammatory disease which initiates at 
very early ages and progresses silently through decades2. Asymptomatic carotid athero-
sclerosis is highly prevalent in general population3 yet most are unaware of its presence4. 
It is characterized by accumulation of cholesterol, calcium, lipid and other waste, also 
called plaques, within the inner walls of arteries5. The endothelial cells, which are the 
cells forming the innermost layer of the artery wall, have a central role in initiation and 
progression of atherosclerosis6. Endothelial cells are semi-permeable and they control 
the transfer of molecules between the blood and the artery wall. They regulate inflam-
matory responses by controlling leukocyte and lymphocyte interactions and release 
vasoactive substances which modulate vascular tone7-11. Impaired endothelial function 
causes a reduction of vasoactive substances, an increase in endothelial permeability, 
proliferation and migration of smooth muscle cells, the release of pro-inflammatory fac-
tors, and the adhesion of leukocytes to the walls. Endothelial dysfunction is a systemic 
disorder affected by the risk factors such as smoking, hyperlipidemia, diabetes mellitus, 
hypertension and aging12,13. Despite dependency on the systemic risk factors, athero-
sclerosis is a focal disease which initiates at preferred sites; such as the inner curves of 
bending arteries or at branching points14. The site preference of the disease is associated 
with the local haemodynamic patterns. 
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In the early stage of the disease, atherosclerotic burden causes expansion of the arte-
rial wall while lumen area is preserved, also referred as outward remodelling15. As the 
disease progresses, the plaque area enlarges, which narrows the lumen of the artery. 
Plaque progression is not always related to clinical outcome. Although severe lumen 
narrowing increases the risk of stroke, such a clinical event is frequently caused by 
plaque rupture and the lumen obstruction due to thrombosis16-18. 

Univentricular Heart and Fontan Circulation

The second part of the thesis focuses on univentrical heart which is a congenital heart 
disease and characterized by one fully functioning heart. Congenital heart diseases oc-
cur in approximately 1% of newborns19 and nearly 10% of these malformations belong 
to the group of univentricular heart20. In patients with univentricular heart, the function-
ing ventricle receives the flow of the pulmonary and systemic circulation, which causes a 
volume overload in the ventricle and reduces the functional ability of the heart21. In the 
early 70’s, Fontan and Baudet introduced a palliative surgical technique that separated 
systemic and pulmonary venous return hence reduced the overload of the heart in 
patients with tricuspid atresia22. Since the introduction of the original technique, it has 
been adapted greatly and also applied to the patients with other sub-types of univen-
tricular heart. Currently, infants with univentricular heart undergo multiple consecutive 

Figure 1. Carotid arteries are located at the right and left side in the neck. A carotid artery bifurcates to two 
arteries: internal carotid artery and external carotid artery. Carotid bulb is the major site for initiation of 
carotid atherosclerosis. The image is adapted from www.silkroadmedical.com 
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operations with the final surgical operation, creating so called Fontan circulation. The 
Fontan circulation separates systemic and pulmonary venous return by creating a direct 
connection between caval veins and pulmonary arteries and thus passively filling the 
pulmonary circulation. Two surgical approaches, which are called intracardiac lateral 
tunnel (ILT)23 and extracardiac conduit (ECC)24, are favored to create a Fontan circulation. 
The ILT approach involves placement of an intraatrial baffle (figure 2a) while the ECC 
approach (figure 2b) creates an anastomosis between the pulmonary arteries and the 
inferior caval vein with a prosthetic conduit25,26. The latest developments in these surgi-
cal procedures increased the life expectancy of these patients. However, adverse long 
term effects such as limited pulmonary artery growth or exercise intolerance still remain 
unsolved. Growing evidence shows that the adverse long term effects after Fontan 
operation are associated with the flow conditions in Fontan circulation. 

Haemodynamics

Haemodynamics  is the study of the physical laws related to the dynamic behavior of 
blood in the cardiovascular system. The majority of all cardiovascular diseases is associ-
ated with the abnormalities in haemodynamics. Among others, three haemodynamic 
parameters derived from the blood flow are associated with the two diseases which are 
the subject of this thesis: wall shear stress (WSS), oscillatory shear index (OSI) and power 
loss. 

WSS is the tangential stress exerted by the blood flow on the endothelial cells. It is 
caused by the velocity gradients of the adjacent blood fluid layers. The magnitude of 
WSS can be calculated by multiplying dynamic viscosity of blood by wall shear rate. 
Wall shear rate is the spatial gradient of blood velocities near wall in the radial direction. 
Calculation of WSS requires information on velocity field. 

OSI is derived from WSS, which measures the changes in WSS direction over one 
cardiac cycle. OSI is a dimensionless parameter and has a magnitude between 0 and 

Figure 2. a) Intra-lateral tunnel Fon-
tan operation. A baffle is replaced 
inside atrium that connected the in-
ferior caval vein to the pulmonary ar-
teries b) Extra-cardiac conduit Fontan 
operation. The caval veins and the 
pulmonary arteries are connected 
with a prosthesis graft. The image is 
adapted from27.
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0.5 where 0 corresponds to unidirectional shear flow and 0.5 to pure oscillatory flow. 
Calculation of OSI requires information on the temporal changes of WSS. 

Power loss is the conversion of kinetic energy of fluid into heat due to viscous re-
sistance. It can be calculated by two different flow equations: the mechanical energy 
balance equation and the viscous dissipation term of the Navier Stokes equations. The 
latter method can only be used if the blood flow is in a laminar regime. While the former 
method requires information on both pressure and velocity field, the latter method 
requires information only on velocity field. 

Haemodynamics in carotid atherosclerosis

Previous studies showed that the endothelial cells are responsive to the haemodynamic 
conditions. Disturbed flow conditions, which are defined as low wall shear stress28-32 
and high oscillatory shear index, cause endothelial dysfunction and affect endothe-
lial permeability. Atherosclerotic plaques therefore initiate at regions of disturbed flow 
conditions. Quantification of WSS and OSI is essential to understand the underlying 
mechanism of atherosclerotic plaque formation and to predict the initiation and the 
progression of the disease. 

Haemodynamics in Fontan Circulation

Some of the complications of Fontan circulation are associated with unfavorable flow 
conditions due to the surgical connection of caval veins and pulmonary arteries. The 
Fontan circulation prevents systemic venous return to ventricle hence the blood flows 
passively from caval veins to the pulmonary arteries. This reduces the blood flow and 
wall shear stress in pulmonary arteries, which might cause endothelial dysfunction. 
Impaired endothelial function might lead to limited pulmonary artery growth and 
impaired pulmonary functioning33. 

Studies also show increasing evidence that the impaired exercise capacity of Fontan 
patients is associated with haemodynamic flow conditions inside Fontan circulation. 
The complex flow patterns and specifically elevated power loss is related to the limited 
exercise capacity34-37. The power loss inside the Fontan circulation increases nonlin-
early during exercise and reflects the inefficiency of the surgically created geometry. 
Quantification of power loss might provide information to detect the patients with 
haemodynamically inefficient Fontan circulation, which might be the potential cause of 
the limited exercise capacity. 
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Quantification of haemodynamic parameters

The haemodynamic parameters associated with the aforementioned diseases can 
be calculated when the velocity field is known. 3D blood velocities inside vessels are 
generally obtained by computational fluid dynamics. Alternatively, the velocities can be 
non-invasively measured by phase contrast MRI measurements. 

Computational fluid dynamics

Computational fluid dynamics (CFD) is a method for modelling fluid flow and related 
phenomena by using applied mathematics, physics and computational software. It is 
based on the flow equations, which are also called Navier-Stokes equations. For com-
plex flows, these equations cannot be solved analytically. Hence these equations are 
discretized and solved in an iterative manner for smaller volumes. Since computational 
fluid dynamics has been used widely in various industries, commercial software packages 
are available which are validated and ready to use. CFD requires several pre-processing 
steps. Firstly, the flow geometry is described and divided into small volumes, which are 
called mesh elements. The fluid properties such as density, viscosity are defined. The 
boundary conditions, i.e. pressure and velocity conditions at the boundaries are defined. 
The set of coupled flow equations and the method for discretizing the equations are 
chosen and the convergence criteria are set. 

Cardiovascular flows are difficult to simulate due to complex geometries and the flow 
conditions. Numerical simulations for such flows require special attention for the mesh-
ing procedures and the solution methods. There are many open source and commercial 
software packages available for this kind of simulations and all solvers provide different 
choices in the solution methods. In cardiovascular applications, vessel geometry can be 
obtained based on the subject-specific images obtained with i.e. MRI. Similarly, patient-
specific boundary conditions can be applied by using flow or pressure measurements. 
The fluid properties such as density and viscosity can also be measured but these prop-
erties are generally approximated according to population-averaged values reported in 
literature. The simulations result in 3D velocity and pressure field, which can be used to 
calculate haemodynamic parameters.  

Phase Contrast Magnetic Resonance Imaging

Phase contrast MRI is a non-invasive technique to measure the blood velocity field in 
large vessels by using the magnetic properties of water molecules inside flowing blood 
in an external magnitude field38,39. Exposing blood protons to a magnetic bipolar gradi-
ent field causes a phase shift in the MRI-signal that originates from these protons. This 
phase shift is proportional to the velocity of protons and the stationary protons have a 
zero net phase shift. These phase shifts are extracted as images after Fourier transforma-
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tion of the MRI signal and the pixel intensity of these phase difference images are used 
to quantify the blood velocities. 

Recently, three dimensional time-resolved ECG and respiratory navigator gated phase 
contrast MRI with velocity encoding in 3 directions, also called 4D flow MRI, has been 
developed and applied for evaluation of cardiovascular haemodynamics40. These MRI 
measurements provide time-resolved volumetric velocity information which can be 
used to derive haemodynamic parameters.

CFD and phase contrast MRI methods have both advantages and disadvantages. Main 
drawback of the former originates from the many underlying assumptions and simpli-
fications. In addition, the accuracy of the CFD results relies on the accurate boundary 
conditions. CFD requires longer computational time, non-clinical expertise and tools, 
while phase contrast MRI is a technology already available for clinical use. CFD has how-
ever the advantage of providing velocity and pressure information at both high spatial 
and temporal resolution while velocity field based on phase contrast MRI is limited in 
spatial and temporal resolution. CFD has been widely used in different disciplines in 
industry and research; hence many validated CFD softwares are available. CFD has also 
been commonly used in estimation of haemodynamic parameters. Phase contrast MRI is 
an emerging technique hence its validation is required in estimation of haemodynamic 
parameters and the effect of its limited resolution on the estimated values of the hae-
modynamic parameters had to be investigated. 

Outline of the thesis

Since the local haemodynamic conditions are associated with the initiation and pro-
gression of the cardiovascular diseases and the cardiovascular status of the patients, 
evaluation of the haemodynamic parameters is essential.

The aim of this thesis is to estimate haemodynamic parameters associated with carotid 
atherosclerosis and univentricular heart repaired with Fontan operation by using phase 
contrast MRI and computational fluid dynamics. 

The chapters 2 to 5 focus on the quantification of haemodynamic parameters associ-
ated with carotid atherosclerosis. In these chapters, the effect of spatial and temporal 
resolution of phase contrast MRI on the estimated magnitude of wall shear stress and 
oscillatory shear index is studied. The phase contrast MRI based quantification is vali-
dated by using computational fluid dynamics. 

In chapter 2, wall shear stress in carotid arteries of young and healthy volunteers is 
studied. The magnitude of wall shear stress, the direction of the wall shear stress vec-
tors and the wall shear stress patterns calculated by ECG-gated time-resolved 3D phase 
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contrast MRI measurements are compared with those based on computational fluid 
dynamics. 

In chapter 3, wall shear stress in carotid arteries of elderly subjects with asymptomatic 
atherosclerotic plaque is studied. The subjects of this study are selected from a cohort 
study, Rotterdam study, in which untriggered 3D phase contrast MRI measurements were 
repeated within approximately four years of follow-up time with limited spatiotemporal 
resolution. In this population based setting, phase contrast MRI based wall shear stress 
is compared with that based on computational fluid dynamics. The changes in baseline 
and follow-up wall shear stress distribution are investigated. The relation between wall 
shear stress and carotid artery wall thickness is examined in elderly subjects. 

In chapter 4, the effect of the spatial and temporal resolution of phase contrast MRI 
on the estimated values of mean and peak flow, wall shear stress and oscillatory shear 
index is investigated. ECG-gated time-resolved 2D phase contrast MRI measurements 
were performed at two measurement planes of a subject-specific carotid artery phan-
tom at thirty different spatiotemporal resolutions. The haemodynamic parameters are 
calculated for each phase contrast MRI measurement and compared with each other. 

In chapter 5, the relation between atherosclerotic plaque composition and compu-
tational fluid dynamics based wall shear stress distribution is examined. Seventy four 
subjects are selected from Rotterdam study. The presence of large lipid necrotic core, 
intra-plaque hemorrhage and calcium is evaluated and the wall shear stress at the 
regions of plaque with these components is examined. 

The chapters 6 to 9 are devoted to evaluate the haemodynamic parameters associated 
with the complication after Fontan operation. The quantification of these parameters is 
also based on computational fluid dynamics and phase contrast MRI. 

In chapter 6, power loss in Fontan circulations is studied using computational fluid 
dynamics. The nonlinear effect of exercise on power loss is investigated by calculating 
power loss at rest and during simulated exercise conditions in twenty nine Fontan pa-
tients. Exercise is simulated by dobutamine administration. The flow through the caval 
veins at rest and under exercise conditions is measured by ECG-gated time-resolved 2D 
phase contrast MRI. 

In chapter 7, power loss in Fontan circulations is calculated based on ECG-gated time-
resolved 3D phase contrast MRI measurements and compared with computational fluid 
dynamics. The effect of the spatial resolution of phase contrast MRI on the estimated 
value of power loss is investigated by down-sampling the velocities obtained by com-
putational fluid dynamics and by generating MRI-like data. The effect of measurement 
noise on power loss is also examined by adding noise on down-sampled velocities. 

In chapter 8, changes in wall shear stress distribution, pulmonary artery size, pulsatil-
ity and distensibility within approximately five years of follow-up time are investigated 
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in Fontan patients. ECG-gated time-resolved 2D phase contrast MRI in the left pulmo-
nary arteries of Fontan patients is performed at baseline and after 5 years of follow-up. 

In chapter 9, the influence of 3 months of regular training on wall shear stress, pulsa-
tility and distensibility is studied in Fontan patients. The haemodynamic parameters are 
investigated in caval veins and pulmonary arteries by using ECG-gated time-resolved 2D 
phase contrast MRI measurements. 

In chapter 10, the main findings of this thesis and their implications are discussed and 
the future perspective is presented. 
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Abstract

Wall shear stress (WSS) is involved in many pathophysiological processes related to 
cardiovascular diseases and knowledge of WSS may provide vital information on disease 
progression. WSS is generally quantified with computational fluid dynamics (CFD), but 
can also be calculated using phase contrast (PC) MRI measurements. In this study, our 
objectives were to calculate WSS on the entire luminal surface of human carotid arteries 
using PC MRI velocities (WSSMRI) and to compare it with WSS based on CFD (WSSCFD). 

Methods

Six healthy volunteers were scanned with a 3T MRI scanner. WSSCFD was calculated using 
a generalized flow waveform with a mean flow equal to the mean measured flow. WSSMRI 
was calculated by estimating the velocity gradient along the inward normal of each 
mesh node on the luminal surface. Furthermore, WSS (WSSCFDlowres) was calculated for 
a down-sampled CFD velocity field mimicking the MRI resolution. To ensure minimum 
temporal variation, WSS was analyzed only at diastole. The patterns of WSSCFD and WSSMRI 
were compared by quantifying the overlap between low, medium and high WSS tertiles. 
Finally, WSS directions were compared by calculating the angles between the WSSCFD 
and WSSMRI vectors. 

Results

WSSMRI magnitude was lower than WSSCFD (0.62±0.18Pa vs. 0.88±0.30Pa, p<0.01) but 
closer to WSSCFDlowres (0.56±0.18Pa, p<0.01). WSSMRI patterns matched well with WSSCFD. 
The overlap area was 68.7±4.4% in low and 69.0±8.9% in high WSS tertiles. The angles 
between WSSMRI and WSSCFD vectors were small in the high WSS tertiles (20.3±8.2°), but 
larger in the low WSS tertiles (65.6±17.4°). 

Conclusions

Although WSSMRI magnitude was lower than WSSCFD, the spatial WSS patterns at diastole, 
which are more relevant to the vascular biology, were similar. PC MRI based WSS has 
potential to be used in the clinic to indicate regions of low and high WSS and the direc-
tion of WSS especially in regions of high WSS.
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Introduction

Flow induced wall shear stress (WSS) is an important biomechanical parameter widely 
accepted to influence the endothelial function in the vasculature and is thereby involved 
in many pathophysiological processes related to cardiovascular diseases1. The majority 
of the studies showed that in the presence of risk factors, atherosclerotic plaques mainly 
form in the regions of low and oscillatory WSS2-7. Other studies also suggested that high 
WSS has a pathogenic effect on the initiation of aneurysm formation, while low WSS fa-
cilitates aneurysm growth8. These findings suggest that knowledge of WSS may provide 
vital information about the initiation and progression of vascular diseases. Nevertheless, 
WSS assessment has not been integrated into clinical practice. This is mainly due to the 
difficulty of determining WSS in vivo. WSS can be calculated by multiplying the blood 
viscosity with wall shear rate (WSR), the latter being the gradient of blood flow velocity 
in the normal direction of the vessel wall. The commonly used method for determining 
3D blood flow velocities and WSS is computational fluid dynamics (CFD). CFD has the 
advantage of solving velocities at a high spatial and temporal resolution. However, the 
disadvantage of CFD is that it requires non-clinical expertise and extensive computa-
tional power. Phase contrast (PC) MRI can also measure time resolved 3D velocities and 
several methods have been developed to quantify WSS using PC MRI velocities. In earlier 
studies, WSS calculation was based on parabolic fitting of the velocities measured by 2D 
PC MRI9-16. This approach was improved by using b-splines for the fitting of velocities 
measured by 3D cine PC MRI in more recent studies17-20. A drawback of these studies 
was that WSS calculations were limited to planar slices within an artery. Recently, a new 
algorithm for calculation of WSS throughout the 3D luminal surface using PC MRI veloci-
ties was introduced21. In the current study, our objective was to compare WSS distribu-
tions on the entire 3D luminal surface of carotid arteries calculated using 3D cine PC MRI 
velocities with those calculated using CFD. To our knowledge, this is the first study that 
compares the WSS distributions based on PC MRI and CFD on the entire luminal surface 
of the carotid arteries. 

Methods

MRI scans

Six healthy volunteers (25-30 years old) were scanned on a 3.0T MRI system (Intera (soft-
ware version 3.2.1) for the first volunteers and Ingenia (software version 4.1.3) for the last 
volunteer, Philips Healthcare, The Netherlands) using a dedicated 8-channel bilateral 
carotid coil (Chenguang Medical Technologies, Shanghai, China). A retrospectively gat-
ed 3D transient field echo (TFE) sequence with RF spoiling, a TFE factor of 8 and a parallel 
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imaging factor (SENSE) of 2 with symmetric four-point velocity encoding was obtained 
with a isotropic non-interpolated resolution of 0.625 mm and a temporal resolution of 
138±11ms (8 timepoints / heart cycle) as part of a carotid scan protocol (FOV/ TR/ TE/ 
flip angle/ bandwidth/ venc RLxAPxFH,  140x140x30mm/ 6.7ms/ 3.1ms/ 15°/ 299Hz/ 
px/ 60x60x100cm/sec). This 3D cine PC MRI sequence took ~20 minutes per volunteer, 
depending on the heart rate. No velocity aliasing was found in the images. We corrected 
the PC MRI datasets for possible phase-offset errors and visually checked for artifacts.

Segmentation and meshing

Three carotid arteries were excluded due to motion and pulsation artifacts and thus nine 
were found suitable for the analysis. We manually segmented the luminal surface of the 
carotid arteries on the magnitude images using ITK-SNAP22. We excluded small scale 
side branches. The segmentations were inspected on the phase images and corrected 
if necessary (Figure 1a). We smoothed the resulting surface with Taubin smoothing ap-
proach and split the carotid artery surface into three arteries (Figure 1b), the common 
carotid artery (CCA), internal carotid artery (ICA) and external carotid artery (ECA) using 
the open-source Vascular Modeling Toolkit (VMTK version 1.0.0)23. We performed the 
lumen segmentation only on the PC MR images acquired during diastole (t =742 ms in 
Figure 2a) because at this cardiac phase the blood flow fluctuations were minimal. 

In the next step, we generated a tetrahedral volume mesh by using commercial mesh 
generation software package Gambit (Ansys). The element size was 0.12 mm at the ves-
sel wall and increased inwardly. Each volume mesh contained approximately 1 million 
elements. For the computations of WSS based on PC MRI and CFD, we used the same 
volume mesh, enabling a one-to-one comparison between both WSS measures.

Figure 1. a) The luminal surface of the carotid artery was segmented on the magnitude images and subse-
quently inspected in phase images using ITK-SNAP. b) The segmented surface was split into CCA, ICA and 
ECA using VMTK. 
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WSS calculations using 3D cine PC MRI velocities

WSS based on PC MRI (WSSMRI) was calculated using the 3D cine PC MRI velocities and 
the volume mesh, as described before21. In summary, we first determined the inward 
normal vector of each mesh node on the luminal surface. Along the normal direction, 
we interpolated the velocities at two inward equidistant points, which were at 1.5 and 
3 mm on the inward normal. We imposed the velocity to zero on the vessel wall. We 
subsequently fitted a curve to the interpolated velocities using a smoothing spline. We 
derived the slope of this curve at the vessel wall which gives the WSR. We finally multi-
plied WSR with the shear dependent viscosity (Carreau-Yasuda model) resulting in WSS 
vectors for all mesh nodes on the vessel wall. We calculated only the diastolic WSSMRI. 
This calculation took ~15 minutes for each carotid artery. 

WSS calculations using computational fluid dynamics

We calculated the CCA, ICA and ECA flows using PC MRI velocities recorded at 8 time 
points (Figure 2a) as inflow boundary condition. For all carotid arteries, the sum of the 
ICA and ECA flows was 11±6% lower than the CCA flow. To ensure the flow conservation, 
ICA and ECA flows were increased in equal percentages so that the ratio of ICA and 
ECA flows was unaltered. Due to the limited temporal resolution of the 3D cine PC MRI 
measurements, the recorded flow waveform was flattened (Figure 2a). To account for the 
temporal flow changes in higher frequencies, we used the generalized flow waveforms 
of CCA and ICA reported by Lee et al24 as substitute for the recorded flow waveforms 
(Figure 2b). We scaled the generalized flow waveforms so that they had mean flow rates 
equal to the measured mean flow rates.

Figure 2. a) A representative flow waveform recorded at 8 time points. WSSMRI was calculated using only 
the velocities recorded during diastole (t=742 ms) b) The generalized waveforms reported by Lee et al (24). 
WSSCFD was calculated using only the velocities recorded during diastole (t=573 ms). The generalized and 
the recorded flow waveforms have equal mean flow rates. 
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As inflow profile, we used a single velocity profile, which was obtained by using both 
axial and in plane velocities and acquired during diastole (t=742ms in Figure 2a). We 
scaled it at each time point in the cardiac cycle so that the flow was increased or de-
creased according to the flow waveform but the velocity profile shape did not change 
(Figure 3). ECA outlet was left as stress free. Fluid density was set at 1060 kg/m3 and the 
Carreau-Yasuda model was used to mimic the non-Newtonian behavior of blood with 
the parameters used in25. 

We performed the CFD simulations on a standard desktop computer (Intel Xeon six 
core processor, 2.40 GHz CPU and 12 GB RAM) using the commercial finite element 
software FIDAP 8.7.4 (Ansys). We set the temporal resolution to 5 ms and performed the 
simulations for 2 cardiac cycles. The CFD simulations took ~15 hours for each carotid 
artery. Although CFD results were acquired for a complete cardiac cycle, we analyzed 
WSSCFD only in diastole (t=573 ms in Figure 2b) where CCA flow was equal to the mea-
sured diastolic CCA flow (t=742 ms in Figure 2a). 

Analysis of WSSMRI and WSSCFD

WSS magnitudes
As shown in the previous studies, the spatial resolution of the velocities may affect the 
calculated WSSMRI values17,21,26. To study the effect of resolution, we down-sampled the 
CFD velocities into PC MRI resolution and calculated WSS (WSSCFDlowres) based on the 
down-sampled velocity field. To down-sample the CFD velocity field, we first interpolated 
the CFD velocities to a cubic grid with an isotropic resolution of 0.1 mm. The isotropic 
PC MRI voxels of 0.625 mm contained ~216 of these 0.1 mm isotropic voxels. We aver-
aged these ~216 velocity values and obtained a down-sampled CFD based velocity field 
that mimicked the PC MRI velocity data. The down-sampling procedure is schematically 
depicted in Figure 4. 

Figure 3. Shape of velocity profiles during the diastolic heart phase at the a) CCA inlet and b) ICA outlet. 
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We present the WSSCFD, WSSMRI and WSSCFDlowres magnitude maps of each artery. We 
report the mean of WSSCFD, WSSMRI and WSSCFDlowres per artery and also within CCA, ICA 
and ECA. To check whether a systematic relation exists between WSSCFD, WSSMRI and 
WSSCFDlowres, we plotted mean WSSCFD versus the difference of mean WSSMRI and WSSCFD, 
and also mean WSSCFD versus the difference of mean WSSMRI and WSSCFDlowres within CCA, 
ICA and ECA. For the same reason, Bland-Altman analysis, which contained all data 
points of all arteries, was performed between WSSMRI and WSSCFD, and between WSSMRI 

and WSSCFDlowres. Statistical significance was assessed using paired t-test.	
We also compared the location of low, medium and high WSS regions. We labeled 

all WSSMRI and WSSCFD magnitudes according to three categories representing the low, 
medium and high tertiles. For each node, we compared the categorization of WSSMRI 
and WSSCFD. We report the percentage of the nodes having the WSSMRI and WSSCFD values 
labeled in the same tertile. Note that the nodes on the luminal surface were uniformly 
distributed; each tertile therefore represented 33% of the total lumen surface area.

WSS directions
We calculated the angles between WSSMRI and WSSCFD vectors for all mesh nodes on 
the luminal surface. We generated an angle map for all carotid arteries. We report the 
mean angle of the luminal surface and within the low, medium and high WSS tertiles. 
Histogram analysis was also performed for the angles that were sorted in three tertiles.

Figure 4. a) CFD velocities interpolated to 0.1mm cube grid, b) The interpolated CFD velocities placed in PC 
MRI voxels. c) Each voxel contained ~216 of 0.1mm isotropic velocities that were averaged. d) The down-
sampled CFD velocities into PC MRI resolution of 0.625 mm. 
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Results

WSS magnitudes

WSSCFD, WSSMRI and WSSCFDlowres magnitude maps for nine carotid arteries are shown 
in Figure 5. The carotid bulb walls were mostly exposed to low WSS magnitude (blue) 
whereas the bifurcation apex and the inner walls of ICA and ECA had high WSS mag-
nitude (red). Although these patterns were present in WSSCFD, WSSMRI and WSSCFDlowres 
maps, the magnitude of WSS was different in each map. WSSMRI was lower than WSSCFD 
(0.62±0.18Pa versus 0.88±0.30Pa, p<0.01), but was only slightly higher than WSSCFDlowres 

(0.56±0.18Pa, p<0.01). The mean WSSCFD, WSSMRI and WSSCFDlowres are presented in Table 1. 
For higher WSS magnitudes, the difference between the WSSCFD and WSSMRI was larger 
(R2= 0.4). Bland-Altman plot presented in Figure 6a shows this trend. Such a trend was 
absent in the Bland-Altman comparison of WSSMRI and WSSCFDlowres (R2= 0.01), which is 
shown in Figure 6b. 

Figure 5. Left: WSSCFD, middle: WSSMRI, right: WSSCFD-

lowres magnitude [Pa] maps during diastole. The num-
bers  1 to 5 indicates the volunteers; while L and R 
represent left and right carotid arteries respectively.
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Figure 7 shows WSS maps labeled according to the three categories where dark blue, 
light blue and yellow represent the regions of low, medium and high WSS. The percent-
age of the WSSCFD and WSSMRI values labeled in the same tertile is presented in Table 2 
for each artery. On average, 68.7±4.4% of the low and 69.0±8.9% of the high WSSCFD and 
WSSMRI values matched.

Table 1. The mean WSSCFD, WSSMRI and WSSCFDlowres [Pa] within CCA, ICA and ECA.

WSS [Pa] CCA ICA ECA

CFD 0.81±0.28 1.07±0.52 1.09±0.46 

MRI 0.60±0.17 0.73±0.26 0.56±0.18 

CFDlowres 0.57±0.19 0.59±0.24 0.52±0.20 

Table 2. The WSSCFD and WSSMRI match [%] based on division of WSS values into three categories.

[%] Low WSS tertile Medium WSS tertile High WSS tertile

1L 65.3 48.7 69.5

2L 64.1 33.2 57.9

2R 66.5 45.8 70.9

3L 67.9 40.7 54.2

3R 74.7 63.0 84.7

4L 78.0 51.3 67.2

4R 65.3 50.0 78.7

5L 67.4 37.0 65.8

5R 68.9 51.7 72.0

Mean 68.7 46.8 69.0

Figure 6. Bland-Altman plots a) between WSSMRI and WSSCFD. b) between WSSMRI and WSSCFDLowres. The re-
gression shown in black and the mean and the limits of agreement lines are shown in red. The colors indi-
cate the density of the data points scaled with the colorbar on the right. 
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WSS directions

The maps of the angles between WSSCFD and WSSMRI vectors are shown in Figure 8. The 
angles were small inside CCA and at the distal part of the ECA but larger around the 
carotid bulb and the apex. The mean angle was 65.6±17.4° at low, 28.9±10.0° at medium 
and 20.3±8.2° at high WSS tertiles. The histograms of the angles that were sorted ac-
cording to three tertiles are shown in Figure 9. The angle between WSSCFD and WSSMRI 
vectors was smaller than 30° in 35% of nodes in the low WSS tertile, 67% of the nodes 
in the medium WSS tertile and 80% of the nodes in the high WSS tertile. Within the low 
WSS tertile, the angles were larger and varying. We found a particularly large angle of 
deviation in the proximal ICA of 1L. This seemed to be due to the helical flow pattern 
seen in the PC MRI data but not in the CFD model. Overall, the mean angle between 
WSSCFD and WSSMRI vectors was 38.2±9.0°.

Figure 7. Maps of WSS in the nine carotid arteries where the WSS magnitudes are divided into three cat-
egories. Dark blue: low WSS, light blue: medium WSS, yellow: high WSS regions. WSSCFD (left) WSSMRI (right). 
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Discussion

In this study, the WSS vectors based on 3D cine PC MRI measurements and CFD simula-
tions were compared in healthy carotid arteries. The strength of the current study with 
respect to the previous studies is that we calculated PC MRI-based WSS vectors on the 
entire 3D luminal surface instead of manually selected planar slices within an artery. Ob-
taining WSS vectors on the entire 3D luminal surface is essential since WSS distributions 
in the arteries are heterogeneous and planar slices may not be representative for the 
entire luminal surface. In that respect, our study is the first to compare subject-specific 

Figure 8. The map of angles [°] between WSSCFD and WSSMRI vectors throughout the luminal surface. 

Figure 9. The histograms of the angles [°] between WSSCFD and WSSMRI vectors within the low, medium and 
high WSS tertiles. 
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WSS distributions based on 3D cine PC MRI velocities with those based on CFD on the 
3D lumen surface of the carotid arteries. 

Our results showed that the spatial patterns of WSS based on PC MRI were in good 
agreement with those based on CFD. Regions of low WSS along the carotid bulb and 
regions of high WSS at the inner walls of ECA and ICA were found by both PC MRI and 
CFD-based WSS calculations. However, WSS was lower when calculated using PC MRI 
velocities. By down-sampling the CFD velocity into PC MRI resolution, we were able 
to mimic the PC MRI velocity field, thereby demonstrating that this underestimation 
is caused by the limited resolution of PC MRI. We found that the difference between 
WSSCFD and WSSMRI increases in regions with higher WSS values. This finding indicates 
that PC MRI underestimates high WSS values more than low WSS values. This is because 
velocity gradients disappear within a voxel by the averaging effect of PC MRI and the 
effect is more prominent for higher velocity gradients. Such a trend was not seen for the 
difference between WSSMRI and WSSCFDlowres, demonstrating that the low resolution of the 
MRI was responsible for the large differences at high WSS. 

The directions of the WSSCFD and WSSMRI vectors were also compared. The angles were 
mainly small in the CCA and at the distal part of ECA because the flows within these 
segments were mainly in the axial direction of the vessel. We found larger angles also in 
regions of low WSS and disturbed flows. The large deviation in direction of WSSCFD and 
WSSMRI vectors in these regions could be due to partial voluming effects and the low 
signal-to-noise ratio (SNR) of the PC MRI measurements. 

The mean WSS values reported in the current study are in agreement with those 
reported previously. The mean diastolic WSS values reported in the literature were in 
the range of 0.58-0.61 [Pa] for CCA10-11 and 0.55-0.70 [Pa] for ICA12-13, while we found the 
mean diastolic WSS values in the range of 0.60±0.17 [Pa] for CCA and 0.73±0.26 [Pa] for 
ICA. Although PC MRI and CFD-based WSS calculations have never been compared for 
in vivo carotid arteries, such comparison studies were performed for realistic models of 
carotid arteries16,33. These previous studies on carotid phantoms also reported a good 
qualitative agreement between PC MRI and CFD-based WSS results. Kohler et al showed 
that PC MRI measurements with an in-plane resolution of 0.7 mm resulted in 40% lower 
mean WSS values than those predicted by CFD33. Papathanasopoulou et al however ob-
tained higher WSS values with PC MRI velocities but they used different segmentations 
for PC MRI and CFD based calculations16. Studies have also compared WSSMRI and WSSCFD 
for in vivo and in vitro intracranial aneurysms19,33-36 and found good qualitative agree-
ment between them. Similar to our findings, WSS was underestimated for intracranial 
aneurysms when calculated using PC MRI and this effect was more prominent for higher 
WSS values.

Our study showed the validity of the assessment of WSS distribution based on PC MRI 
by comparing it with CFD based WSS. However, CFD results are also dependent on a 
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number of assumptions and the chosen boundary conditions which may not reflect in 
vivo situation. In that respect, by showing a good agreement between PC MRI based 
WSS and WSS based on the down-sampled CFD velocities, we can also interpret our 
results as the validation of subject-specific CFD based WSS calculation using PC MRI 
measurements. Thus, with the high correlation between the two methods, it can safely 
be stated that the chosen boundary conditions and assumptions of CFD result in in-vivo 
WSS distribution at diastole. 

There were three main limitations of our study design. Firstly, we compared WSSCFD 
and WSSMRI values during diastole only. This is a direct result of the choice for increased 
spatial resolution of the PC MRI measurements at the expense of temporal resolution. 
During our PC MRI scans, we recorded the velocities with a temporal resolution of 
138±11ms, which is low compared to literature20,37. Due to the limited temporal resolu-
tion, we were unable to capture the large fluctuations in flow that are known to occur 
especially during systole. For that reason, we decided not to compare the systolic data. 
Since the analysis was performed at a single time step, time dependent hemodynamic 
parameters such as oscillatory shear index (OSI) were not computed. To analyze PC MRI 
based WSS calculations during systole and to obtain time dependent parameters, higher 
temporal resolution will be required in future studies. Secondly, by assuming rigid walls, 
we neglected the pulsatility of carotid arterial walls in our CFD simulations. However, we 
segmented the vessel walls on the diastolic images and we compared the WSSCFD and 
WSSMRI values only during diastole. We assume that the use of rigid walls therefore had 
a limited impact on our calculations. Finally, we used the diastolic spatial velocity profile 
shapes within the CCA and ICA throughout the cardiac cycle. As a result, we were unable 
to capture the helical flow that we observed in PC MRI data of carotid artery 1L in our 
CFD model. Acquisition of PC MRI data in higher temporal resolution and applying time 
varying velocity profiles as boundary conditions in the CFD simulations may prevent this 
limitation in future studies. 

Clinical relevance

Spatial WSS patterns strongly affect endothelial cell signaling and early events in athero-
sclerosis1-7. These patterns were estimated similarly by PC MRI and CFD based calcula-
tions. For that reason, both WSS measures can be used when knowledge of low and high 
WSS patterns is sufficient. WSS was however underestimated when calculated using PC 
MRI due to the limited spatial resolution of PC MRI. Increasing the spatial resolution of 
PC MRI measurements may have been a remedy for reducing underestimation of WSS. 
However, it would have also decreased SNR and increased the scan duration dramatically. 
The future developments in MRI technology may allow PC MRI measurements in higher 
spatial resolution within reasonable time frames and as a result of this, underestimation 
of PC MRI based WSS may reduce in the future studies. Despite this limitation, PC MRI 
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based WSS calculations were completed within shorter time frames (~15 minutes versus 
~15 hours per artery) by using a simpler method that is easily applicable to the acquired 
MR images. These advantages may make 3D cine PC MRI data an attractive candidate for 
calculating WSS magnitudes in clinical practice in future. 

It should be noted that in the low WSS regions we found large angles between the 
CFD and PC MRI-based WSS vectors. In the carotid arteries, particular locations such as 
carotid bulb are exposed to low and also oscillatory WSS. Some studies have suggested 
that oscillatory shear can induce proatherogenic effects on endothelial cells32. It may 
therefore be necessary to obtain accurate WSS directions also in the regions of low WSS 
and may limit the use of PC MRI-based WSS calculations. The use of a variable encoding 
velocity over the heart cycle38 or the use of a dual encoding velocity in combination 
with accelerated imaging39 may improve PC MRI measurements also at regions of low 
velocity such that, direction of WSS vectors is decently monitored and can also be used 
to estimate the degree of changes over the cardiac cycle. 

Conclusions

We showed that PC MRI-based WSS magnitudes are lower than those based on CFD. This 
is mainly due to the limited spatial resolution of PC MRI measurements. However, we 
observed good agreement between high and low WSSCFD and WSSMRI patterns and also 
between the directions of the WSS vectors in the high WSS regions. Although the PC MRI 
based WSS calculation method has some limitations, it has the potential to be applied in 
the clinical assessment of WSS in carotid arteries since it is simpler and easily applicable 
to the acquired images compared to the current reference standard CFD. 
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Abstract

Wall shear stress (WSS), a parameter associated with endothelial function, is calculated 
by computational fluid dynamics (CFD) or phase contrast (PC) MRI measurements. Al-
though CFD is common in WSS (WSSCFD) calculations, PC MRI-based WSS (WSSMRI) is more 
favorable in population studies; since it is straightforward and less time consuming. 
However, it is not clear if WSSMRI and WSSCFD show similar associations with vascular 
pathology. Our aim was to test the associations between wall thickness (WT) of the ca-
rotid arteries and WSSMRI and WSSCFD. The subjects (n=14) with an asymptomatic carotid 
plaque who underwent MRI scans two times within 4 years of time were selected from 
The Rotterdam Study. We compared WSSCFD and WSSMRI at baseline and follow-up. Base-
line WSSMRI and WSSCFD values were divided into 3 categories representing low, medium 
and high WSS tertiles. WT of each tertile was compared by a one-way ANOVA test. The 
WSSMRI and WSSCFD were 0.50±0.13Pa and 0.73±0.25Pa at baseline. Although WSSMRI was 
underestimated, a good regression was found between WSSMRI and WSSCFD (r2=0.71). No 
significant difference was found between baseline and follow-up WSS in both CFD and 
MRI-based calculations. The WT at baseline was 1.36±0.16mm and did not change over 
time. The WT was 1.55±0.21mm in low, 1.33±0.20mm in medium and 1.21±0.21mm in 
the high WSSMRI tertiles. Similarly, the WT was 1.49±0.21mm in low, 1.33±0.20mm in me-
dium and 1.26±0.21mm in high WSSCFD tertiles. We found that WSSMRI and WSSCFD were 
inversely related with WT. WSSMRI and WSSCFD patterns were similar although MRI-based 
calculations underestimated WSS. 
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Introduction

Atherosclerotic plaques are preferentially located at the bifurcations and the inner 
curves of the vasculature, co-localizing with regions of low wall shear stress (WSS)1-2. 
While high WSS induces an athero-protective environment, low WSS results in an 
athero-prone endothelial phenotype hence early arterial wall thickening initiates at the 
regions of low WSS3-7. 

WSS is calculated by multiplying the dynamic viscosity of blood with the spatial gra-
dient of blood velocities perpendicular to the vessel wall. Assuming that the dynamic 
viscosity of blood is known, WSS can be determined using the velocities near the vessel 
wall. Blood velocities are generally calculated by computational fluid dynamics (CFD) 
simulations, which solve the Navier-Stokes equations iteratively. However, CFD requires 
accurate boundary conditions, non clinical expertise and long computational time. The 
blood velocities can alternatively be obtained by phase contrast MRI (PC MRI). It has 
been shown that WSS calculations using PC MRI velocity measurements underestimate 
the magnitude of WSS due to the limited spatial resolution of MRI8,9. However, MRI-based 
WSS calculations result in spatial WSS patterns similar to those obtained with CFD8. 
One can expect that the agreement between MRI and CFD-based WSS reduces in large 
population studies since MR image quality is lower due to sub-optimal scan parameters 
which were chosen to keep scan time clinically feasible. In addition, the quality might 
be lower since the MRI scans are not performed with the latest equipment to maintain 
consistency between baseline and follow-up measurements in long-term follow-up 
studies. In such a setting, the accuracy of MRI based WSS might be lower. However, 
MRI-based WSS calculations are more advantageous in large population studies and in 
routine clinical practice since they are straightforward and less time consuming than 
CFD-based WSS calculations. 

Despite the lower accuracy of MRI-based WSS in a population-based setting, MRI 
can still be used for estimating WSS if MRI-based WSS calculations would illustrate 
the associations between vascular pathology and WSS similar to those based on CFD 
calculations. Previous studies have shown that there is an inverse relation between wall 
thickness and WSS during early wall thickening10-12. The aim of this study was to test if 
this inverse relation between WSS and the wall thickness of the carotid arteries during 
early wall thickening is found similarly by MRI and CFD-based calculations. The similarity 
of associations between MRI and CFD-based calculations would indicate the potential 
use of MRI in WSS calculations within a population-based setting. We chose a subgroup 
of subjects from a large cohort study and we calculated MRI-based WSS (WSSMRI) and 
CFD-based WSS (WSSCFD). The subgroup consisted of elderly subjects with an asymp-
tomatic carotid plaque at baseline (t=0) who underwent two MRI scan sessions within a 
follow-up period of ~4 years. 



Chapter 3

44

Methods

Patient Selection

The data for this work was retrospectively selected from a cohort study (Rotterdam-
Study) that investigated the prevalence and the risk factors of chronic diseases in an 
elderly healthy population at 45 years of age or over13. In the Rotterdam-Study, subjects 
underwent a 2D ultrasound carotid artery scan and those with wall thickness larger than 
2.5 mm in at least one of the carotid arteries were admitted to MR imaging of their 
carotid arteries13. The procedure of the study was reviewed and approved by the Medi-
cal Ethics Committee. From this study, we selected sub-group of subjects (n=15) that 
had an atherosclerotic plaque at baseline in the left carotid artery. The selected images 
were without visible MR artifacts (fold-over artifacts, movement artifacts, and velocity 
aliasing) and phase offset errors.

MRI Scanning

The MRI scans were obtained by a 1.5T MR Scanner (GE Signa Excite II; GE Healthcare, 
Milwaukee, WI, USA) using a bilateral phased-array surface coil (Machnet, Eelde, the 
Netherlands). The subjects were positioned with the neck extended to improve coil 
positioning. The scan protocol included, among other sequences, proton-density 
weighted echo planar imaging (PDw-EPI) (FOV: 13x7cm2, in-plane resolution: 0.51mm, 
slice thickness: 1.2mm, TR/TE: 12000ms/24.3ms, scan time: 4:00min:sec) and 3D untrig-
gered PC MRI (FOV: 18x18cm2, in-plane resolution: 0.70mm, slice thickness: 1.0mm, TR/
TE: 13ms/4.3ms, scan time: 6:13min:sec, VENC: 60x60x60cm/s) with three directional 
velocity encoding. The examples of the anatomical images obtained with PDw-EPI and 
the complex difference images obtained with 3D PC MRI are shown in Figure 1. PDw-EPI 
images were used to obtain the lumen and the wall geometry. The absolute values of 
the time-averaged velocities in 3 directions were extracted from the complex difference 
PC MR images. 

Preprocessing

The phase offset errors were checked by using the velocities measured in the static 
muscle tissue around the carotid arteries. The PDw-EPI and PC MR images were regis-
tered (rigid registration, six degrees of freedom) to each other using an open source 
registration tool, Elastix14. After the registration, the outer wall and the lumen surface of 
the left carotid arteries at baseline and follow-up were segmented manually on the PDw-
EPI images using the open source segmentation tool ITK-SNAP15. The lumen surfaces of 
the baseline and follow-up were then converted to volumetric meshes using Gambit 
(ANSYS). The size of tetrahedral elements was gradually increased inwards from 0.15 mm 
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at the luminal surface, which resulted in 800.000 elements per artery on average. WSSCFD 
and WSSMRI calculations were performed using identical volumetric meshes. 

WSS calculations based on MRI measurements

The workflow of WSSMRI calculation is briefly discussed here since it was described in 
more detail elsewhere16. Firstly, the inward normal, i.e. a vector perpendicular to the 
vessel wall in the direction of the vessel lumen center of each mesh point at the lumen 
surface was obtained. The direction of the velocities measured by MRI was corrected if 
necessary (see Appendix). On the inward normal, the velocities were interpolated at 2 
points, which were at a distance of 1.25 and 2.5 mm from the mesh point at the lumen 
surface. The blood velocity was set to zero at the mesh point at the lumen surface and 
a smoothing spline curve was fit to these three velocities. We calculated wall shear rate 
(WSR) by taking the gradient of the smoothing spline curve at the lumen surface. Finally, 
WSS was calculated by multiplying WSR with the blood viscosity, which was determined 
by applying the Carreau-Yasuda model using the parameters as in17.

WSS calculations based on CFD calculations

For the WSSCFD calculations, the velocity profile at the inlet of the common carotid artery 
(CCA) was used as it was measured. For the outflow conditions, the measured flows at 
the outlets of internal carotid artery (ICA) and external carotid artery (ECA) were cor-
rected by multiplying with a constant so that the sum of outflow was equal to the CCA 
inflow. The corrected ICA velocity profile was implemented as a boundary condition 
of ICA outlet and ECA outlet was left stress-free. The fluid density was set to 1060 kg/

Figure 1. Typical a) PDw-EPI b) 3D time-averaged PC MRI complex difference images in axial (top) and 
coronal (bottom) view
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m3 and the viscosity was defined with the Carreau-Yasuda model as in the calculations 
based on MRI17. Steady state CFD simulations were performed using the commercial 
finite element software FIDAP 8.7.4 (ANSYS) on a standard desktop computer (Intel Xeon 
six core processor, 2.40 GHz CPU and 12 GB RAM). One CFD simulation took ~1 hour. 
WSSCFD at each lumen mesh point was calculated by the post-processing tool of FIDAP. 

Post-processing and analysis

By using the segmentations of the lumen and the outer wall, the lumen area and the 
normalized wall index (defined as wall area/ (lumen area + wall area) of CCA and ICA 
were calculated. The wall thickness (WT) was calculated at each lumen mesh point by 
calculating the shortest distance between the lumen mesh point and the outer wall. 
After WSS was calculated (figure 2a), the carotid bifurcation was divided into three parts: 
CCA, ICA and ECA. These parts were partitioned into patches by 8 circular segments (45°) 
and 2 mm longitudinal segments by using the vascular modeling Toolkit (VMTK version 
1.0.0)18 as shown in figure 2b and this resulted in approximately 120 patches per artery. 
Subsequently, the patches were flattened (figure 2c). The ECA was excluded from the 
analysis. The ICA and CCA were analyzed together. WSSCFD and WSSMRI were calculated 
at baseline and follow-up. Baseline WSSMRI and WSSCFD were compared by Bland-Altman 
analysis. We investigated the correlations between the baseline WT and the baseline 
WSSMRI, and between the baseline WT and WSSCFD by linear regression analysis. The WSS 
values of the patches were divided into three categories representing the low, medium 
and high WSS tertiles. The corresponding mean WT for each WSS category (low, medium, 
high) were calculated and compared to each other (one-way ANOVA, post hoc test). 
Finally, we compared the baseline and follow-up WSSMRI. The comparison of the WSS 
calculation methods and the changes in the geometry over time were tested by using a 
two-sided paired t-test. P<0.05 was considered significant. 

Results

Population Characteristics

One carotid artery was excluded from the analysis due to large inflow-outflow imbal-
ance after phase offset corrections. The average phase offset error for the remaining 14 
subjects at baseline was 0.6 ± 0.6 cm/sec. The mean age of the subjects was 73.4 ± 6.8 
years and the mean follow-up period was 4.3 ± 0.1 years (Table 1). A plaque, defined as 
maximum wall thickness larger than 2.5 mm on MRI13, was present in the left carotid 
artery of all subjects at baseline (Table 2). No significant changes were found in lumen 
area, WSSMRI, WSSCFD or in WT over time. 
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Table 1. Baseline characteristics of the subjects (n=14).

Baseline characteristics n=14

Male 
Age (years)
Follow-up period (years)
BMI
Smoking ever 
HDL (mmol/l)
Total cholesterol (mmol/l)
Systolic blood pressure (mm Hg)
Diastolic blood pressure (mm Hg)
Stroke

7 (50%)
73.4±6.8
4.3±0.1
25.5±2.4
10 (71%)
1.5±0.4
5.7±0.5
141±20
76±10
1(7%)

Table 2. Mean WSS based on MRI and CFD and mean WT at baseline and follow-up (n=14)

Baseline Follow-up p-value

Lumen area CCA [mm2] 39.7±8.6 38.3±9.1 0.22

Lumen area ICA [mm2] 32.7±11.9 31.6±11.7 0.52

Normalized Wall Index CCA 0.49±0.05 0.49±0.04 0.63

Normalized Wall Index ICA 0.49±0.08 0.52±0.08 0.02

Mean WT [mm] 1.36±0.16 1.46±0.28 0.10

WSSMRI [Pa] 0.50±0.13 0.47±0.10 0.18

WSSCFD [Pa] 0.73±0.25 0.78±0.33 0.20

Figure 2. a) An example of WSS distribution based on PC MRI b) The carotid bifurcation was divided into 
three parts: CCA, ECA and ICA. These parts were partitioned into patches by 8 circular segments (45°) and 
2 mm longitudinal segments resulting in approximately 120 patches per artery. c) These patches were flat-
tened. CCA and ICA data were analyzed. ECA was excluded from the analysis. 
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WSSMRI vs. WSSCFD at baseline

At baseline, the mean WSSMRI and WSSCFD were 0.50±0.13Pa and 0.73±0.25Pa respec-
tively. Despite underestimation, a high regression relation (r2 =0.71) was found between 
mean WSSMRI and mean WSSCFD (figure 3a). Figure 3b shows the Bland-Altman plots of 
WSSMRI and WSSCFD obtained from all patches of all subjects. In one to one comparison of 
the patches, we observed that WSSMRI was underestimated more at higher WSS values. 
The colors indicate the density of the data points scaled with the color bar on the right.  

Baseline versus Follow-up WSS

A high regression relation was found between the MRI-based WSSB and WSSFUP (r2=0.66) 
and between CFD-based WSSB and WSSFUP (r2= 0.86). The Bland-Altman plot analysis of 
WSSB and WSSFUP obtained from all patches of all subjects is presented in Figure 4. 

Wall thickness and baseline WSS

We found a significant inverse relation between WSSMRI and WT in 12 out of 14 individual 
subjects (r2: 0.05 to 0.49, p<0.02) and the relation was not significant in 2 individual 
subjects. A similar significant inverse relationship was found between WSSCFD and WT 
in 11 out of 14 subjects (r2: 0.04 to 0.36, p <0.03). The mean WT of the entire group was 
1.36±0.16 mm at baseline. The mean WT of each WSS tertile was significantly different, 
and we found an inverse relationship between the WSS categories and the mean WT 
of each WSS category (figure 5). The mean WT was 1.55±0.21 mm in low, 1.33±0.20 
mm in medium and 1.21±0.21 mm in the high WSSMRI tertiles. Similarly, the mean WT 
was 1.49±0.21 mm in low, 1.33±0.20 mm in medium and 1.26±0.21 mm in high WSSCFD 
tertiles. 

Figure 3. a) Regression between mean WSSMRI and mean WSSCFD b) Bland-Altman plots of WSSMRI and WSS-

CFD obtained from all patches of all subjects. Red lines indicate the 95% confidence interval. The colors of the 
data points indicate the density of the data points scaled with the color bar on the right. 
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Discussion

In this study, we evaluated the association of WSS with wall thickness in 14 elderly sub-
jects having asymptomatic plaques in the carotid arteries. We calculated WSS using two 
methods: 1) CFD simulations 2) PC MRI measurements. Our aim was to test if WSSMRI and 
WSSCFD were similarly associated with the wall characteristics. Although several studies 
have previously compared MRI and CFD-based WSS calculations in carotid phantoms19,20 
and also in vivo and in vitro in intracranial aneurysms21-23, to our knowledge, the associa-
tions of WSSMRI and WSSCFD with wall thickness have never been compared in the same 

Figure 4. Bland Altman plots of baseline and follow-up WSSMRI [Pa] and WSSCFD [Pa]. Red lines indicate the 
95% confidence interval. The colors of the data points indicate the density of the data points scaled with 
the color bar on the right. 

Figure 5. Low, medium and high WSS categories and the corresponding WT [mm]. Left column: categories 
based on WSSMRI, right column: categories based on WSSCFD. Significance differences between groups are 
shown by (*) sign. 
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group of individuals. We believe that the similar associations that we found using PC 
MRI and CFD showed the robustness of both methods which was not shown previously. 

MRI-based calculations underestimated WSS relative to CFD-based calculations 
mainly due to the limited resolution of MRI. WSSMRI was underestimated more at re-
gions of higher WSS values due to the averaging effect of PC MRI measurements. WT 
had a significant inverse relationship to both WSSCFD and WSSMRI which suggests that 
both methods are capable of finding similar associations between WSS and the wall 
parameters regardless of the differences in the WSS magnitude and the WSS pattern. No 
significant changes were observed in mean WSS over time which was expected since the 
lumen area and also the wall thickness did not change during the follow-up time. Local 
variations were observed in WSS over time which might be caused by the natural varia-
tion of the flow over time and by the measurement errors. Since MRI-based calculations 
underestimate WSS, the small changes in WSS might not be detected by the MRI-based 
longitudinal studies. 

Several studies have been performed to determine the associations between WSS and 
wall thickness of carotid arteries3,4,12,24-31. WSS calculations inside carotid arteries were 
based on 3 methods: 1) ultrasound velocity measurements 2) PC MRI velocity measure-
ments and 3) CFD simulations. Only a few studies used PC MRI velocity measurements, 
but the majority of the studies used ultrasound for this purpose. In general, the studies 
showed an inverse relation between WSS and wall thickness. Duivenvoorden et al12 was 
one of the few that performed PC MRI measurements to calculate WSS. They included 
fifteen young (age 25.9±2.6), fifteen old volunteers (age 57.4±3.2) and fifteen patients 
(age 63.3±9.8) with cardiovascular heart disease. They determined mean WSS and WT 
at a single plane through the common carotid artery at a predefined distance below 
the flow divider. Similar to our findings they found an inverse relation between aver-
aged WSS and arterial wall thickness. The strength of our study is that we calculated 
volumetric WSS distribution based on 3D PC MRI measurements in the whole artery by 
using patches. Our analysis therefore did not suffer from selection bias based on cross-
sections. 

Lee et al24 performed duplex ultrasound measurements in hypertensive patients and 
in a control group. They did not find a significant correlation between intima-media 
thickness (IMT) and WSS in CCA. This was probably caused by the fact that they included 
only CCA in their analysis. CCA is the straight part of the carotid artery. Therefore, WSS 
and wall thickening are more uniform in CCA relative to carotid bifurcation. Jiang et al25 
found an inverse relation between IMT and WSS based on echo-Doppler examinations 
in a hypertensive patent group. Irace et al11 also scanned two hundred eight patients 
with echo-Doppler and measured systolic blood velocity at a single location inside the 
artery. They divided the patients according to the cardiac heart disease risk factors into 
low and high-risk groups and found a negative correlation between IMT and WSS only in 
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the low-risk group. Carallo et al26, Kornet et al27 and Gnasso et al10 also found an inverse 
relation based on ultrasound measurements. Steinman et al29 examined 2 subjects with 
MRI including PC MRI acquisition and calculated WSS based on CFD. They observed that 
regions of low WSS coincide with the plaque regions, but they did not find a quantitative 
relationship between wall thickness and WSS. Augst et al30 examined healthy volunteers 
with ultrasound and found a significant negative relation between mean IMT and 
mean CFD-based WSS in CCA but no significant relation was found in the carotid bulb. 
Goubergrits et al31 calculated CFD-based WSS distribution in ex-vivo carotid arteries and 
showed qualitatively an inverse relationship with WT in the carotid bifurcation. 

There were several limitations in this study. Firstly, the study was performed on a small 
study population. Nevertheless, the patient number was sufficient to investigate the 
potential use of MRI in WSS calculation in a population based setting by comparing it 
with WSS based on CFD. Secondly, PC MRI data consisted of the absolute magnitude of 
3D velocities. Thirdly, we could not test the association between WSS and changes in the 
wall thickness over time. This was due to the fact that the follow-up period was short to 
observe any changes. Longitudinal studies must be performed with longer follow-up 
period to investigate the associations between wall shear stress and the changes in wall 
thickness. Additionally, the PC MR images acquired were time averaged and therefore 
wall characteristics were not associated with temporally-changing WSS and also time 
dependent hemodynamic parameters such as oscillatory shear index. Finally, a low 
VENC value (60cm/s) per encoding direction was selected which might have caused 
aliasing. However, the extended neck positioning, in which the head is positioned at 
a slight upward angle, minimized this error to a negligible level as was confirmed by 
our comparison between the measurements with a VENC of 60 cm/s and 120 cm/s (see 
Appendix). 

Conclusion

In this study, we showed that MRI and CFD-based WSS calculations show similar 
inverse relation between wall characteristics of the carotid arteries and WSS in elderly 
asymptomatic subjects with early wall thickening. The resulting similar inverse relation 
indicates that both methods are similarly robust and reliable. We suggest that large 
population studies can be performed by using PC MRI measurements, since PC MRI-
based WSS calculations are straightforward and easily applicable in clinical practices. 
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Appendix

Phase difference images vs. complex 
difference images

In Rotterdam study, complex difference im-
ages of PC MRI scans were collected. These 
images provide information only on the ab-
solute velocities in the 3 orthogonal velocity 
encoding directions. To test the possible use 
of complex difference images for velocity 
quantification, a healthy young volunteer 
underwent 2 consecutive MRI scans carotid 
arteries within half an hour. The complex dif-
ference images were exported in the former 
scan and the phase difference images in the 
latter one. Figure 1A shows the comparison 
of WSS based on complex difference images 
and phase difference images. Although differences in WSS distribution are observed, 
this might be due to biological variation (increase in flow), differences in the registration 
of PC MR Images on anatomical images. 

Figure 1A: WSS [Pa] distribution in a healthy 
carotid artery based on PC MRI complex differ-
ence image (Left) and phase difference images 
(Right). 
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Aliasing

The velocity was encoded in 3 direc-
tions with a VENC of 60 cm/s which 
might be resulted in aliasing. Howev-
er, by putting the patients neck in an 
extended pose, with elevated support 
for the head, the main flow direction 
in the carotid artery was spread over 
the anterior-posterior and feet-head 
velocity encoding direction minimiz-
ing the risk of aliasing. To confirm this, 
we performed 2 consecutive scans in 
which the VENC was set to 60cm/s and 
120 cm/s respectively. The results of 
WSS distribution at different VENC val-
ues are shown in Figure 2A. Although 
lower VENC resulted in slightly lower WSS values in the inner curve of the internal carotid 
artery corresponding to high WSS regions, the WSS distribution was found to be similar 
for both VENC values. 

Figure 2A: WSS [Pa] distribution in a healthy carotid ar-
tery based on PC MRI with VENC 60 cm/s (Left) and 120 
cm/s (Right). 
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Abstract

Introduction

Wall shear stress (WSS) and oscillatory shear index (OSI) are associated with atheroscle-
rosis. These parameters can be derived from velocities measured with phase-contrast 
MRI (PC MRI). Limited spatiotemporal resolution of PC MRI however affects these mea-
surements. We aim to investigate the effect of spatiotemporal resolution using a carotid 
artery phantom. 

Methods

We connected the phantom to a pulsatile flow set-up. MRI measurement planes were 
placed at the common carotid artery (CCA) and internal carotid artery (ICA). Two-dimen-
sional PC MRI measurements were performed at thirty spatiotemporal resolutions. The 
MRI-based flow was validated with ultrasound probe measurements. Mean flow, peak 
flow, flow waveform, WSS and OSI were compared using regression analysis. The slopes 
of the regression lines were reported in %/mm and %/100ms. The regions of low and 
high WSS and OSI were also compared. 

Results

The mean PC MRI CCA flow (2.5±0.2mL/s) agreed with the ultrasound probe measure-
ments (2.7±0.02mL/s). Mean flow (mL/s) depended only on spatial resolution (CCA:-
13%/mm, ICA:-49%/mm). Peak flow (mL/s) depended on both spatial (CCA:-13%/mm, 
ICA:-17%/mm) and temporal resolution (CCA:-19%/100ms, ICA:-24%/100ms). Mean WSS 
(Pa) was in inverse relationship with spatial resolution (CCA:-19%/mm, ICA:-33%/mm). 
OSI was dependent on spatial resolution for CCA (-26%/mm) and temporal resolution 
for ICA (-16%/100ms). The regions of low and high WSS and OSI matched for most of the 
measurements. 

Conclusions

Mean flow and mean WSS are independent of temporal resolution. Peak flow and OSI are 
dependent on both spatial and temporal resolution. The spatial distribution of OSI and 
WSS did not exhibit a strong dependency on spatiotemporal resolution.
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Introduction

Atherosclerotic plaques develop at the sites of low wall shear stress (WSS) in the arter-
ies1,2. Besides WSS magnitude, some studies show that oscillatory changes of the WSS 
direction may promote atherogenesis3-5. Such oscillations within the cardiac cycle are 
quantified by the oscillatory shear index (OSI)6,7. Although both WSS and OSI contribute 
to initiation and progression of atherosclerotic disease, most studies focus only on the 
WSS magnitude and exclude analysis of OSI due to the challenge of obtaining accurate 
WSS magnitude and OSI simultaneously8-12.

WSS magnitude is calculated by multiplying blood viscosity with wall shear rate 
(WSR), the latter being the first radial derivative of blood velocity at the vessel wall. The 
velocity field in the artery that is necessary to calculate WSR is generally obtained with 
computational fluid dynamics (CFD). CFD is a powerful simulation tool that enables 
prediction of blood velocities and related hemodynamic parameters13,14. However, CFD 
requires accurate boundary conditions, non-clinical expertise and extensive computa-
tional resources and time. Alternatively, the velocities can be obtained by phase contrast 
MRI (PC MRI) measurements15-18. However, the WSS values based on MRI depend on 
the spatial resolution of PC MRI19-23. In a recent study, we showed that WSS estimates 
based on in vivo PC MRI data have a realistic representation of the spatial distribution 
but underestimate magnitude, due to the limited spatial resolution of PC MRI19. Stalder 
et al. also investigated the effect of spatial resolution on flow and WSS using synthetic 
data17 and showed that the WSS values calculated with the method they proposed were 
strongly affected by the spatial resolution. Petersson et al. showed that higher true WSS 
values were underestimated more by PC MRI and reducing the resolution enhanced the 
underestimation20. These findings suggest that the spatial resolution of PC MRI measure-
ments should be sufficiently high to obtain the magnitude of WSS accurately. OSI, on 
the other hand, is a measure of temporal changes of WSS. An accurate estimation of 
OSI might, therefore, only be possible with both sufficiently high spatial and temporal 
resolutions of PC MRI measurements. 

The MRI settings such as the spatiotemporal resolution involve a trade-off between 
the measurement duration and the accuracy of the flow, WSS and the OSI estimations. To 
perform the measurement within clinically feasible scan time, the resolution is generally 
kept low and the accuracy of these parameters is given away. One can, however, argue 
that each estimated parameter is affected differently. To our knowledge, none of the 
previous studies has investigated the effect of spatial and temporal resolution together 
on these hemodynamic parameters extensively. Our objective was to evaluate the effect 
of resolution on the assessments of flow, WSS and OSI that we obtained from 2D cine 
PC MRI scans of a carotid artery phantom at different spatial and temporal resolutions. 
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Methods

Phantom and flow set-up

A silicone phantom was built based on the surface reconstruction of a healthy right ca-
rotid artery (age 25 years old) acquired from a previous study19 (figure 1a). The phantom 
was connected to a flow set-up (figure 1b). The set-up consisted of a computer, com-
puter controlled pulse generator, an air pressure controller (LifeTec Group, Eindhoven, 
The Netherlands) and a closed flow phantom circuit filled with water. The computer, the 
pulse generator, the air pressure controller, and the flow meter were placed outside the 
MRI room. The phantom circuit, including an MR compatible pump system, was placed 
on the MR table connected to the phantom. The pump system consisted of thin-walled 
silicone cylinders that were filled with water and embedded in a rigid air-filled enclo-
sure. Air pressure in the rigid enclosure was varied to dilate and contract the water-filled 
cylinders. One-way valves ensured that this cyclic air pressure induced a pulsatile flow. 
The shape and the magnitude of the flow waveform were set by adjusting the shape 
and the amplitude of the cyclic air pressure wave. The shape of the waveform was then 
tuned by adjustment of resistors and capacitors within the closed fluid circuit. A real-

Figure 1. a) The surface reconstruction of the healthy right carotid artery based on which the phantom was 
built b) The sketch of the pulsatile water flow set-up c) The velocity profile measured at CCA (left) and at ICA 
(right) measurement planes. 
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time ultrasound flow probe was used to calibrate the PC MRI measured flow waveform 
before the MRI scans outside the MRI room while keeping all experimental conditions 
the same. 

MRI acquisition

The carotid phantom was scanned with a 3.0T MR system (Ingenia, software version 4.1.3, 
Philips Healthcare, The Netherlands) using a solenoid rat coil. 2D cine PC MRI scans were 
performed at two planes with velocity encoding in 3 directions using various temporal 
and spatial resolutions as shown in figure A1 of the appendix in red circles (venc: 100 
cm/s, TR: 8.9 – 24.1 ms, TE: 4.67 – 6.57ms, flip angle: 10º). We performed thirty measure-
ments at different spatial and temporal resolutions at two planes, which took between 
1.1 and 21.0 minutes per measurement depending on the spatiotemporal resolution. 
All measurements were performed on the same day without an interruption of the flow 
setup to prevent any changes in the pulse shape. The flow stability was verified with the 
ultrasound flow probe before and after the MR session. While the typical velocity profile 
in the common carotid artery (CCA) is closer to a parabolic shape, it is more skewed in 
the internal carotid artery (ICA) as shown in figure 1c. Hence, the WSS and OSI distribu-
tions are different between CCA and ICA. To analyze both velocity profiles and to avoid 
MR table movement in between positions, we chose the first plane 1 cm proximal to the 
branching point perpendicular to CCA and the second plane 1 cm distal to the branch-
ing point perpendicular to ICA. All the acquisitions were performed with retrospective 
triggering, except those requiring a temporal resolution below 30 ms. For acquisitions 
with temporal resolution below 30 ms, prospective triggering was used to be able to 
measure separate flow encoding directions in separate heart cycles. All PC MRI data was 
corrected for first-order phase offset errors. 

Segmentation

The vessels were automatically  segmented on the MRI measurement planes by an 
in-house tool written in MATLAB. Initial segmentation was performed by k-means clus-
tering, followed by an active contour segmentation using the method by Herment21. A 
separate segmentation was performed for each measurement. The segmentation per-
formed on the images at the highest spatial resolution (0.2 mm) will be denoted as the 
‘best segmentation’ in the rest of this article. 

WSS calculations based on phase contrast MRI

Since the workflow for WSS calculations based on PC MRI was discussed before in detail, 
we give a short overview only22. Firstly, the inward normal was determined for each 
point on the surface. The velocities measured by PC MRI were interpolated along the 
inward normal direction at 2 points at a distance of 1.5 and 3 mm from the wall22. The 



Chapter 4 

62

velocity at the surface was set to zero, and a spline curve was fitted through these two 
velocity vectors with inclusion of the zero velocity point at the wall. By taking the gradi-
ent of the curve at the point on the wall, wall shear rate (WSR) was calculated. WSS was 
calculated by multiplying WSR with the dynamic viscosity of water which was assumed 
to be 1.0·10-3 Pa·s. 

Oscillatory shear stress calculations

The commonly used definition of OSI was introduced by He et al7 as follows:

OSI ( )  = 0.5 1 - 
|∑

T
 ( ,t)∆t|

Eq. 1
0

∑ T
 ( ,t)| ∆t0

where  is the position at the vessel wall, t is the time point, ∆t is time step, and T is the 
number of time steps within the cardiac cycle. The OSI varies between 0 and 0.5 where 
higher OSI indicates larger changes in the WSS direction. 

Analysis

The flow waveforms measured in the CCA were compared with the ultrasound flow 
probe measurements. For different spatiotemporal resolutions, we analyzed cross-
sectional area, mean flow, peak flow, WSS, and OSI at the CCA and ICA. The WSS values 
were firstly averaged over the cardiac cycle and subsequently over the circumference 
of the vessel wall. The OSI values were averaged over the circumference of the vessel 
wall. Furthermore, to study the local distribution of WSS and OSI over the circumference, 
WSS and OSI values were averaged separately over the quarters of the vessels. Finally, 
to investigate the effect of segmentation on the estimated hemodynamic parameters, 
the ‘best segmentation’ was applied to each dataset. The mean flow, WSS and OSI were 
obtained with the best segmentation and compared with those obtained with the 
segmentation per measurement. 

Statistical analysis

The associations between spatiotemporal resolutions and the hemodynamic param-
eters and between the results based on the measurement-specific segmentations and 
best segmentation were tested by linear regression analysis. In statistical evaluations, 
the level of significance was chosen at p<0.05. The results were represented as the mean 
± standard deviation of the 30 measurements. 
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Results

The linear regression coefficients and the slopes of the linear regression lines (in %/mm 
and %/100ms) between the hemodynamic parameters and spatiotemporal resolution 
are summarized in table 1.

Flow waveform at CCA 

Flow waveforms obtained from PC MRI measurements at the highest and the lowest 
spatial and temporal resolutions are shown in figure 2a. The red line shows the flow 
waveform based on the ultrasound probe measurement. At the highest spatial reso-
lution (0.2 mm) and the highest temporal resolution (24.4 ms, black dashed line), the 
shape of the flow waveform was similar to the one measured by the ultrasound probe. 
At the lowest spatial resolution (1.0 mm) and the highest temporal resolution (9.1 ms, 
light blue dashed line), the shape of the flow waveform was still captured although peak 
flow was underestimated (7.8 mL/s). At lowest temporal resolution (142.9 ms, red and 
orange dashed lines), the peak flow was shifted backward in the cardiac cycle and was 
underestimated. The ultrasound probe measurements were plotted against the PC MRI 
measured flows in figure 2b which shows underestimation of flow at higher flows in all 
cases except for the measurement at the highest spatial and temporal resolution. 

Area, mean flow, and peak flow at CCA and ICA

The cross-sectional area was 24.6 ± 0.6 mm2 at the CCA and 29.0 ± 2.9 mm2 at the ICA. 
The mean flow based on PC MRI measurements was 2.5 ± 0.2 mL/s at the CCA and 1.3 ± 
0.2 mL/s at the ICA. The mean flow is plotted for the different spatial resolutions in figure 

Table 1. (CCA: top, ICA: bottom): The regression analysis for different spatiotemporal resolutions and the 
hemodynamic parameters. The slopes (in %/mm and %/100ms) were calculated by dividing flow, WSS and 
OSI with their respective maxima. (*) indicates that p<0.05, and (NS) indicates p>=0.05.

CCA

Spatial resolution Temporal resolution

r2 Slope (%/mm) r2 Slope (%/100ms)

Mean flow [mL/s] 0.32 -13.0%* 0.00 -0.4%NS

Peak flow [mL/s] 0.13 -13.0%NS 0.66 -19.0%*

WSS [Pa] 0.36 -19.0%* 0.09 -6.0% NS

OSI 0.16 -26.0%* 0.10 -13.0% NS

ICA

Spatial resolution Temporal resolution

r2 Slope (%/mm) r2 Slope (%/100ms)

Mean flow [mL/s] 0.70 -49.0%* 0.00 -1.4% NS

Peak flow [mL/s] 0.15 -17.0%* 0.44 -24.0%*

WSS [Pa] 0.64 -33.0%* 0.04 -5.6% NS

OSI 0.06 -16.0%NS 0.16 -16.0%*
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3a and for the different temporal resolutions in figure 3b. A significant association was 
found between mean flow and the spatial resolution (slope -13.0 %/mm for the CCA and 
-49.0 %/mm for the ICA). No correlation was observed between mean flow and temporal 
resolution. The mean flow based on the ultrasound flow probe measurement was 2.7 ± 
0.02 mL/s at CCA; hence, the ratio of the mean flows based on PC MRI measurements 
and the ultrasound flow probe measurement was 95.1 ± 7.9%. 

The peak flow was 7.6 ± 1.0mL/s at CCA and 4.2 ± 0.6 mL/s at ICA. The peak flows at 
different spatiotemporal resolutions are shown in figure 3c and figure 3d. At the highest 
spatial resolution (0.2 mm) and the highest temporal resolution (24.4 ms), the peak flow 
was estimated accurately (9.1 mL/s) relative to ultrasound probe peak flow measure-
ment (9.1 mL/s). At lower spatiotemporal resolutions, peak flow was underestimated. 
The estimated peak flow was significantly dependent on both spatial (-17.0 %/100ms for 
ICA) and temporal resolution (-19.0 %/100ms for CCA to -24.0 %/100ms for ICA).

WSS at CCA and ICA

The WSS at different spatial and temporal resolutions are shown for CCA and ICA in 
figure 4a and figure 4b. The WSS was 0.12 ± 0.01 Pa at the CCA and 0.09 ± 0.02 Pa at the 
ICA. At the highest spatial resolution (0.2 mm) and the highest temporal resolution (24.4 
ms), WSS was determined as 0.15 Pa at the CCA and 0.14 Pa at the ICA. At lower spatial 
resolutions, the estimated WSS was lower. We found a significant inverse relationship 
between the estimated WSS and the spatial resolution (-19.0 %/mm for the CCA and 
-33.0 %/mm for the ICA). No relationship was found between mean WSS and temporal 
resolution.

Figure 2. a) Flow waveforms at different spatial(sr) and temporal(tr) resolutions. Colored dashed lines show 
the PC MRI measurements and the red line shows the ultrasound probe measurement. Spatial resolution 
varied between 0.2mm and 1 mm and the temporal resolution varied between 9.1 ms and 142.9 ms. b) 
Ultrasound probe vs. PC MRI flow measurements.
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OSI at CCA and ICA

Figure 4c and figure 4d show OSI at different spatial and temporal resolutions for the 
CCA and ICA. OSI was found 0.02 ± 0.02 at the CCA and 0.08 ± 0.05 at the ICA. The high-
est OSI values were found at the highest spatial resolution (0.2 mm) and the highest 
temporal resolution (24.4 ms), which were 0.08 for the CCA and 0.27 for the ICA. The OSI 
was underestimated at lower spatiotemporal resolutions. We found a significant associa-
tion between OSI and spatial resolution in the CCA (-26.0 %/mm), but the association 
between OSI and temporal resolution was not significant in the CCA. In the ICA, we only 
found a significant association between OSI and temporal resolution (-16.0 %/100ms). 

Figure 3. a) Mean flow [mL/s] vs spatial resolution [mm] b) Mean flow [mL/s] vs temporal resolution [ms] c) 
Peak flow [mL/s] vs spatial resolution and d) Peak flow [mL/s] vs temporal resolution at CCA and at ICA. Red 
lines show the mean and peak flow measured bu ultrasound echo probe. 



Chapter 4 

66

Local WSS distribution

The mean WSS of each quarter for four measurements in the CCA and the ICA is shown in 
figure 5. For the CCA, the highest WSS quarter was the bottom right quarter (0.14 ± 0.01 
Pa) and the lowest WSS quarter was the top left quarter (0.07 ± 0.02 Pa). These highest 
and the lowest of WSS regions were found in all measurements for the CCA regardless 
of spatial and temporal resolution. For the ICA, the highest WSS quarter was the bottom 
right quarter (0.13 ± 0.02 Pa) which was found in all measurements. The lowest WSS 
quarter for the ICA was the top left quarter (0.04 ± 0.02 Pa) which was found in 28/30 
measurements (93%). 

Figure 4. a) WSS [Pa] vs spatial resolution [mm] b) WSS [Pa] vs temporal resolution [ms] c) OSI vs spatial 
resolution and d) OSI vs temporal resolution at CCA and at ICA 
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Local OSI distribution

The mean OSI of each quarter for four measurements is shown in figure 6. OSI was 
generally low in all quarters of the CCA. The highest OSI quarter in the CCA was the top 
left quarter (0.04 ± 0.02) which was found in 23/30 measurements (77%). The lowest OSI 
quarter was bottom right quarter, (0 ± 0.01) and found in 29/30 (97%) measurements. 
For ICA, the highest OSI quarter was top left quarter (0.20 ± 0.08) and the lowest OSI 
quarter was the bottom right quarter (0.01 ± 0.01) which was found in all measurements 
regardless of spatial and temporal resolution. 

Calculations using fixed segmentation at CCA

The best segmentation resulted in the cross-sectional area of 24.7 mm2 for the CCA. 
The results based on the best segmentation were very similar to those based on the 
segmentations per measurement. The flow obtained with the best segmentation was 
2.7 ± 0.2 mL/s which was in agreement with the ultrasound probe flow measurements 
and 8.0% higher than that obtained with the measurement specific segmentations (2.5± 
0.2 mL/s, r2 = 0.85, p<0.001). We found no significant correlation between the mean 
flow and spatial resolution after switching to the best segmentation (r=-0.09, p=0.62). 
The WSS with the best segmentation showed good agreement with that based on the 
measurement specific segmentations (r2 = 0.99), which were on average only 2% lower 
in magnitude (0.11 ± 0.01 Pa, p<0.001). The mean OSI based on the best segmentation 

Figure 5. The mean WSS [Pa] of each quarter at different spatial and temporal resolutions in CCA and in ICA. 
* shows the highest WSS quarter and + shows the lowest WSS quarter. 



Chapter 4 

68

was 0.02 ± 0.02 which was also in good agreement with that based on the measurement 
specific segmentations (r2 = 0.99). 

Discussion

In this study, we investigated the influence of spatial and temporal resolution on the 
estimation of mean flow, peak flow, WSS and OSI in a realistic phantom of a carotid 
bifurcation. Our results show that not all parameters are affected to the same extent 
by spatial and temporal resolution. For example, mean flow was not dependent on the 
temporal resolution; but it was influenced by the spatial resolution. This was caused 
mainly by the difference in segmentation. At lower spatial resolutions, delineating the 
borders of the cross-sectional area was more difficult with larger voxels around the 
vessel wall. In fact, applying the best segmentation improved the estimation of mean 
flow for all resolutions. Nevertheless, mean flow was estimated accurately with less than 
10% error regardless of the segmentation, the spatial and the temporal resolution. These 
observations correspond well with previous literature that also showed correct flow 
rates for lower resolution scans17. Please note that correct flow quantification requires a 
minimum number of 3-4.5 voxels/diameter24,25. 

Figure 6. The mean OSI of each quarter at 4 different spatial and temporal resolutions in CCA and in ICA. * 
shows the highest OSI quarter and + shows the lowest OSI quarter. 
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The estimated flow waveform and the peak flow were mainly dependent on temporal 
resolution. To obtain the peak systolic time point within the cardiac cycle and the peak 
systolic flow accurately, it was necessary to perform the acquisition at a high temporal 
resolution. The higher temporal resolution also reduced flattening of the flow waveform. 
At a temporal resolution lower than 50 ms, the error in the estimated peak flow was 
more than 10%. 

The WSS values were specifically relying on high spatial resolution. The observed 
effects of spatial resolution on average WSS magnitude are in correspondence with 
existing literature. The typical underestimation of WSS, when quantified by PC MRI, has 
been described extensively17,20,22,26,27. For a parabolic flow with a flow rate equal to the 
measured CCA mean flow, the theoretical WSS value is approximately 0.15 Pa. Since the 
velocity profile at CCA was close to a parabolic shape, the WSS was expected to have 
a value close to the theoretical WSS value. Only at a spatial resolution of 0.2 mm, the 
WSS based on PC MRI was close to the theoretical value and underestimated at lower 
resolutions. However, the changes in the spatial resolution at lower spatial resolutions 
had only a marginal impact in the estimated WSS value, e.g. a decrease of 0.1 mm in 
spatial resolution only decreases the WSS by 2-3%. Note that the duration of our 2D PC 
MRI measurements at spatial resolution of 0.2 mm and temporal resolution of 24 ms was 
21 minutes at only one plane which is not feasible in the clinic. Furthermore, the noise 
level increases with the increase of spatial resolution, even more if a standard receive 
coil is used. Nevertheless, recent developments in MRI acceleration technologies will 
lead to shorter scan times and/or decreased noise levels at high resolutions28,29, which, 
in time, will allow faster and more accurate WSS based on PC MRI.

The effects of temporal resolution on time-resolved WSS parameters have not been 
investigated previously. We found that the WSS values averaged over the cardiac cycle 
were not dependent on the temporal resolution. For the CCA, OSI was dependent on 
spatial resolution, but not on temporal resolution. For the ICA, OSI was dependent on 
temporal resolution, but not on spatial resolution. This is likely due to the low OSI in the 
CCA and the high OSI in the ICA. OSI values were higher at high spatial and temporal 
resolutions. However, at lower spatiotemporal resolutions, the changes in the spatio-
temporal resolutions affect the estimated OSI values only to a limited extent. 

Despite underestimation of the WSS and the OSI magnitude, the locations of low and 
high WSS and OSI regions showed a good agreement in most of the measurements, re-
gardless of spatiotemporal resolution. This result together with the limited dependency 
of WSS and OSI values on the chosen spatiotemporal resolutions indicates that WSS and 
OSI can be compared between studies with similar PC MRI protocols.

Although the segmentation had an influence on the estimated flow, the effect of 
segmentation on WSS and OSI was found to be small. This may be related to the fact 
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that choosing zero velocity at the wall improves the robustness of WSS estimations, as 
shown by Petersson et al20. 

In this study, we used a carotid flow profile of the CCA and the ICA, which represents 
two typical velocity profiles inside carotid arteries. We therefore expect that our results 
on the effect of spatiotemporal resolutions are representative for other areas of the 
carotid arteries and other vessels with similar velocity profiles.

This study had three main limitations. Firstly, we limited the study to only 2D PC MRI 
measurements (with 3D velocity encoding) within the carotid artery. We chose to per-
form 2D acquisition to keep the MRI scans within clinically acceptable scan times since 
high-resolution 4D PC MRI measurements would result in unacceptable long scan times. 
To overcome this limitation, we chose two MRI measurement planes, one at CCA, and 
one at ICA, representing the relevant two velocity profiles. Secondly, we performed only 
in vitro measurements, which do not necessarily represent in vivo situation. However, 
the long scan times would again be the limitation to perform measurements at very 
high spatial and temporal resolutions. Finally, we used water as the medium instead of 
a blood representing fluid. However, the effect of blood viscosity on the estimated WSS 
values was beyond the scope of this study.

Conclusions

In this study, we showed that the hemodynamic parameters such as mean flow, peak 
flow, flow waveform, WSS and OSI are influenced by spatial and temporal resolution of 
PC MRI measurements but to different extents. The mean flow is dependent on the spa-
tial resolution which is caused by the segmentation errors. However, the effect of spatial 
resolution on the mean flow is small. We show that both mean flow and mean WSS are 
independent of temporal resolution. WSS is more sensitive to spatial resolution, while 
OSI is sensitive to both spatial and temporal resolution. Nevertheless, this study shows 
that the magnitude of mean and peak flow, WSS and OSI as well as the location of low 
and high WSS did not exhibit a strong dependency on the spatiotemporal resolution of 
the measurement.
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Appendix

The two variable maps show the relationship between spatiotemporal resolutions and 
the magnitude of the hemodynamic parameters. The measurement points are shown 
with red circles. The values in the intermediate resolution points were interpolated. The 
plots included the isolines of the measurement duration for 18, 6 and 2 minutes.

Figure 1A: Mean flow of a) CCA and b) ICA at different spatial and temporal resolutions. Red circles show 
the measurement points. White lines show the measurement durations of 18, 6 and 2 minutes (left to right).
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Figure 2A: Peak flow of a) CCA and b) ICA at different spatial and temporal resolutions. Red circles show the 
measurement points. White lines show the measurement durations of 18, 6 and 2 minutes (left to right).
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Figure 3A: WSS of a) CCA and b) ICA at different spatial and temporal resolutions. Red circles show the 
measurement points. White lines show the measurement durations of 18, 6 and 2 minutes (left to right).
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Figure 4A: OSI of a) CCA and b) ICA at different spatial and temporal resolutions. Red circles show the 
measurement points. White lines show the measurement durations of 18, 6 and 2 minutes (left to right).
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Abstract

Introduction

Carotid artery plaques with vulnerable plaque components are related to a higher 
risk of cerebrovascular accidents. It is unknown which factors drive vulnerable plaque 
development. Shear stress, the frictional force of blood at the vessel wall, is known to 
influence plaque formation. We evaluated the association between shear stress and 
plaque components (intraplaque haemorrhage (IPH), lipid rich necrotic core (LRNC) 
and/or calcifications in plaques in carotid arteries with early atherosclerosis. 

Methods

Participants (n= 74) from the population-based Rotterdam Study, all with carotid athero-
sclerosis assessed on ultrasound, underwent carotid MRI. Multiple MRI sequences were 
used to evaluate the presence of IPH, LRNC and/or calcifications in plaques in the carotid 
arteries. Images were automatically segmented for lumen and outer wall to obtain a 3D 
reconstruction of the carotid bifurcation. These reconstructions were used to calculate 
minimum, mean and maximum shear stresses by applying computational fluid dynam-
ics with subject-specific inflow conditions. Associations between shear stress measures 
and plaque composition were studied using generalized estimating equations analysis, 
adjusting for age, sex and carotid wall thickness. 

Results

The study group consisted of 93 atherosclerotic carotid arteries in 74 participants. In 
plaques with higher shear stresses, IPH was more often present (OR per unit increase 
in maximum shear stress (log transformed)= 12.14; p=0.001). Higher maximum shear 
stress was also significantly associated with the presence of calcifications (OR=4.28; p 
= 0.015). 

Conclusion

Higher shear stress is associated with intraplaque haemorrhage and calcifications. 
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Introduction

Atherosclerosis in the carotid arteries is the major cause of ischemic stroke1. The 
composition of atherosclerotic plaques is an important predictor for plaque rupture 
and subsequent thromboembolic events2. The plaques with a thin fibrous cap, large 
lipid-rich necrotic core (LRNC), intraplaque haemorrhage (IPH) and increased plaque 
inflammation are considered the most vulnerable to rupture3-5. Conversely, the presence 
of calcifications has been associated with a more stable plaque phenotype6,7. 

The development of a vulnerable plaque is a complex process which is still not com-
pletely understood. Initially, plaque size and lumen obstruction were considered as the 
most important determinants of plaque vulnerability, but these explain variability in 
plaque rupture only to a limited extent8. One hypothesis is that plaque vulnerability 
may be influenced by hemodynamic forces occurring in blood vessels9. It is known that 
plaques develop at distinct sites in the arterial system, for instance, at the inner curve of 
the bending arteries, close to side branches and in the bulbs of the carotid arteries10-12. 
At these sites, the wall shear stress (WSS), which is the tangential stress exerted by the 
blood on the vessel wall, is mainly low and/or oscillatory. There is ample evidence that 
low WSS is involved in plaque initiation and progression through various molecular 
mechanisms that influence endothelial cell morphology and function8,13-15. In animal 
studies and small case studies an association between WSS and plaque composition was 
observed16,17. Although low WSS may induce plaque initiation, it has been hypothesized 
that plaque destabilization can be caused by high WSS on the plaque9. But to date, little 
is known about the association between WSS and plaque composition in human carotid 
arteries. Particularly, asymptomatic plaques have not yet been studied extensively in 
this respect. Understanding of plaque progression in the preclinical stage could how-
ever provide useful information for prevention. 

Magnetic resonance imaging (MRI) has emerged as a non-invasive imaging modal-
ity that enables accurate identification of the main components of the atherosclerotic 
plaque18. Furthermore, it allows quantification of the blood flow through the artery, 
which can be used to derive the WSS on the vessel wall and plaque. The objective of this 
study was to evaluate the association between WSS and the different plaque compo-
nents (IPH, LRNC and calcifications) in carotid arteries by combining MRI measurements 
and computational fluid dynamics (CFD) in asymptomatic participants with carotid 
atherosclerosis of a population-based cohort.
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Materials and methods

Study population

This study was embedded within the Rotterdam Study, a prospective cohort study con-
ducted in the Ommoord district of Rotterdam. The Rotterdam Study aims to study the 
causes and consequences of age-related diseases, including atherosclerosis, in a general 
middle-aged and elderly population (>45 years). The baseline visit started between 1990 
and 1993 and participants were invited every 3 to 4 years for a range of examinations. 
Starting from October 2007, all participants were invited for an ultrasound of the carotid 
arteries. If the ultrasound showed arterial wall thickening of more than 2.5 mm in one 
of the carotid arteries, participants were invited for an MRI of both carotid arteries. 
Participants were excluded if there were contraindications for MRI, an endarterectomy 
was performed or if the image quality was poor19. For the present study, the MRI scans 
of the first 104 participants (208 carotid arteries) were chosen, as computational fluid 
dynamics is a very labour intensive measurement. 

In 82 carotid arteries, MRI-based flow calculations could not be completed, mainly 
because of the problems in segmentation (carotid artery arms were cut off too short, 
arms were connected or images were unavailable). Subsequently, for 9 carotid arteries, 
WSS could not be calculated due to the convergence problems and of the remaining 
117 carotid arteries, only 99 had a wall thickness of more than 1.5 mm. For 93 carotid 
arteries plaque composition information was available and for these carotid arteries (74 
participants), the final analyses were done.

The Rotterdam Study has been approved by the medical ethics committee accord-
ing to the Population Study Act Rotterdam Study, executed by the Ministry of Health 
Welfare and Sports of the Netherlands. All participants gave a written informed consent 
in order to participate in the study20. 

MRI of carotid arteries

Carotid plaque MR imaging was performed with a 1.5 Tesla scanner (GE Healthcare, 
Milwaukee, WI, USA) using a bilateral phased-array surface coil (Machnet, Eelde, the 
Netherlands). The total scanning time was about 30 minutes. The scanning protocol 
included multiple MR sequences20: four 2D axial sequence (a) PDw Fast Spin Echo (FSE) 
Black-blood (BB) sequence with fat suppression; (b) PDw-FSE-BB sequence with an 
increased in-plane resolution; (c) a PDw-EPI sequence; (d) T2w-EPI sequence, and two 
3D sequences (I) 3DT1w- GRE sequence parallel to the common carotid artery, and (II) 
3D phased-contrast MR Angiography. The sequence parameters have been described in 
detail elsewhere19.
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Determining plaque composition

Plaque composition was scored when the image quality of all MRI measurements was 
sufficient (image quality was scored ≥3 on a five-point scale). Two trained observers 
scored carotid artery plaques for the presence of three plaque components: lipid rich 
necrotic core, intraplaque haemorrhage and calcifications as described before19. IPH 
was defined as the presence of a hyperintense region of the atherosclerotic plaque on 
3D-T1w-GRE. LRNC presence was defined as a hypointense region, not classified as intra-
plaque haemorrhage or calcification, in the plaque on PDw-FSE or PDw-EPI and T2w-EPI 
images, or a region of relative signal intensity drop in the T2w-EPI images compared 
with the PDw-EPI images. Calcification was defined as the presence of a hypointense 
region in the plaque on all sequences. Inter-observer agreement was good for all mea-
surements with Cohen’s Kappa ranging from 0.86 (IPH and LRNC) to 0.94 (calcification)19. 

Wall shear stress calculations

WSS was calculated using an in-house written framework, ’the BioStress tool’. The Bio-
Stress tool is a matlab network that streamlines the various steps that need to be taken 
to calculate WSS using computational fluid dynamics (CFD). As an input for this tool 
the 3D lumen surface was segmented using an in-house developed validated automatic 
segmentation tool, detecting lumen and outer wall surface in the black-blood MRI and 
PDw-EPI images21. Subsequently, the BioStress tool was used for: I) smoothing the 3D 
lumen surface and outer wall to generate volume meshes; II) selecting the inflow and 
outflow conditions; III) creating a batch file with all measured patient specific inflow 
conditions as input for CFD simulations. The CCA flow was based on PC MRI measure-
ments. To do so, the flow in the first 5 consecutive cross-sections in the CCA were calcu-
lated and the flow in these cross-sections were averaged to reduce the possible errors 
caused by inaccuracies of PC MRI.; IV) initiating the WSS calculation using computational 
fluid dynamics by execution of the finite element software package FIDAP. For the CFD 
calculations, the outflow of the ECA was set at 40% of the CCA flow, while the ICA was 
left stress free22. The steady state CFD simulations took 1 to 5 hours for each carotid 
artery. The WSS analyses were performed 12 mm proximal to the bifurcation and 13 
mm distal from the bifurcation. By combining the WSS calculations with the wall thick-
ness measurements, plaque areas with a wall thickness > 1.5 mm were detected and at 
those locations minimum (SSmin), mean (SSmean) and maximum shear stress (SSmax) were 
determined. 

Statistical analyses

WSS was not normally distributed and therefore log-transformed before running the 
analyses. Associations between shear stress across the plaque and plaque composition 
were studied using logistic regression analysis. A general linear model was used with as 
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outcome parameter plaque composition and shear stress as determinant. This analysis 
was repeated for WSS quartiles. To correct for within-participant correlations between 
both carotid arteries, we used generalized estimating equation analysis. Associations 
were analysed in two models: model 1: adjusted for age and sex; and model 2: adjusted 
for age, sex and carotid wall thickness. Additional adjustment for wall thickness was per-
formed since an increase in wall thickness potentially influences the lumen geometry 
and thus the local shear stress. 

All analyses were performed using IBM SPSS statistics version 22. Data are expressed 
as mean ± standard deviation for quantitative variables and percentages for discrete 
variables. Associations between shear stress and plaque composition are presented as 
odds ratios with 95% confidence intervals (CI).

Figure 1. Prevalence of the different plaque 
components across quartiles (Q1, Q2, Q3, Q4) 
of minimum WSS (panel A), mean WSS (panel B), 
maximum WSS (panel C), *Significant as com-
pared to lowest WSS quartiles. P-values were 
calculated using generalized estimating equa-
tion analysis, results were adjusted for age, sex 
and wall thickness. IPH = intraplaque haemor-
rhage; LRNC = lipid rich necrotic core; Calc = 
calcification
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Results

The baseline characteristics of the 74 asymptomatic participants are shown in Table 
1. Mean age of the study population was 75 ±11 years, 50% of the participants were 
women and 73% of the participants had hypertension. Calcifications, LRNC and IPH were 
present in 72%, 31% and 22% of the carotid arteries, respectively. In Table 2 the results 
of the logistic regression analysis are presented relating WSS to plaque composition. 
Adjustments were made in 2 models: 1) adjusted for age and sex; 2) adjusted for age, 
sex and maximum wall thickness. A higher maximum WSS was associated with presence 
of IPH (odds ratio (OR) 12.14 (95% CI 3.21 – 45.94, P= 0.001 (model 2)). None of the WSS 
measures was significantly associated with the presence of a LRNC. Maximum WSS was 
related to the presence of calcifications with an OR 4.28 (95% CI 1.33 – 13.82, P= 0.015 
(model 2)).

Figure 1 illustrates these results by showing the prevalence of the different plaque 
components across quartiles of WSSmin, WSSmean and WSSmax. Higher maximum WSS 
showed a significant trend across the quartiles for IPH (p-trend= 0.013) and calcifications 
(p-trend = 0.011). Minimum/mean WSS quartiles were not significantly associated with 
presence of LRNC, IPH or calcifications.

Table 1. Baseline characteristics of the study population

Participants included in study (n=74)

Age (y) 74.8 (±10.5)

Women 37 (50%)

BMI (kg/m2) 26.7 (±2.9)

Total cholesterol (mmol/L) 5.3 (±0.9)

HDL (mmol/L) 1.42 (±0.4)

Systolic blood pressure (mmHg) 144 (±21)

Diastolic blood pressure (mmHg) 79 (±11)

Hypertension* 54 (73%)

Current smokers 13 (18%)

Past smokers 39 (53%)

Diabetes Mellitus 12 (16%)

Percentage luminal stenosis 10.1 (±11.9)

Mean shear stress in plaque area(Pa) 1.1 (±1.1)

Values are means ± SD for continuous variables and percentages for dichotomous variables
*Hypertension: systolic blood pressure>=140 or diastolic blood pressure>= 90 or BP lowering medication 
with indication hypertension. 
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Discussion

In 74 persons with asymptomatic carotid atherosclerosis, who were sampled from a 
population-based setting, we evaluated the association between WSS and carotid 
plaque composition. We found an association between higher WSS and the presence of 
IPH and calcifications, but not LRNC. This association was independent from maximum 
plaque thickness.

Before discussing the implications of our findings, it is necessary to address some 
strengths and limitations. Although WSS calculations based on CFD were time consum-
ing (up to 5 hours per carotid artery), it was feasible to repeat the calculations for 93 
carotid arteries, which is a large dataset relative to the size of similar studies23-26. The 
population-based nature of our study increases generalizability of our data to other 
asymptomatic subjects with atherosclerosis. 

For our calculations, we used individual-specific flow rates instead of standard flows, 
which allowed us to calculate absolute shear stress instead of relative shear stress and 
increases patient specificity. Unfortunately, the use of individual-specific flows chal-
lenges the statistical power of our analyses, as we were not able to calculate flow rates 
of a number of carotid arteries. This was partly caused by problems in the automated 
segmentation of the carotid bifurcation due to poor image quality. Therefore, it is im-
portant to optimize the imaging strategy and segmentation tool for future studies. The 
cross-sectional nature of our study limits the interpretation of cause and effect relation in 
the associations we found. Although we presumed that WSS induces changes in plaque 

Table 2. Odds ratios (95% confidence interval) calculated by generalized estimating equations analysis. 

LRNC p IPH p Calcification p

WSSmin*

Model 1 0.82 (0.36 – 1.86) 0.64 0.49 (0.14 – 1.76) 0.27 0.96 (0.43 – 2.14) 0.91

Model 2 0.94 (0.40 – 2.21) 0.89 0.53 (0.15 – 1.94) 0.34 1.06 (0.44 – 2.52) 0.90

WSSmean*

Model 1 1.32 (0.43 – 4.04) 0.63 3.10 (0.89 – 10.77) 0.08 2.55 (0.88 – 7.28) 0.08

Model 2 1.40 (0.44 – 4.44) 0.57 3.49 (0.94 – 12.97) 0.06 2.80 (0.93 – 8.47) 0.07

WSSmax*

Model 1 1.12 (0.30 – 4.19) 0.86 12.35 (3.27 – 46.73) <0.01 4.46 (1.39 – 14.31) 0.01

Model 2 1.10 (0.29 – 4.16) 0.89 12.14 (3.21 – 45.94) <0.01 4.28 (1.33 – 13.82) 0.02

*log transformed
Model  1: adjusted for age, sex
Model 2: model 1 + adjusted for maximum wall thickness 
LRNC = lipid rich necrotic core; IPH = intraplaque haemorrhage; WSSmin=minimum wall shear stress; WSSmean 

= mean wall shear stress; WSSmax = maximum wall shear stress
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composition, we cannot rule out the reverse association, i.e. that plaque composition 
altered the calculated WSS over the plaque. 

We found that higher WSS relates to the presence of IPH. The pathophysiology of IPH 
is not completely clear, but the main existing hypothesis is that it develops by rupture 
of the vasa vasorum or immature neovessels28. IPH was shown to be associated with 
luminal stenosis, which can increase WSS28. This might imply that outward remodelling 
is not so effective if IPH is causing plaque growth. A possible explanation might be that 
IPH accelerates plaque growth and lumen narrowing. A potential confounder of this as-
sociation is the wall thickness. Higher wall thickness is also associated with higher WSS, 
which is caused by the luminal stenosis, and the association holds also for more severe 
plaques, which often contain IPH. By adjusting for the maximum plaque thickness, we 
minimized the confounding effect of wall thickness. The association between high 
WSS and IPH is interesting as both parameters are investigated for their involvement in 
plaque vulnerability, plaque rupture and stroke29. 

WSS influences the development of an atherosclerotic plaque by affecting endothelial 
cell alignment and function14. For that reason, it is assumed that in areas with low or 
oscillatory shear stress lipids can more easily migrate into the vessel wall. We expected 
to find colocalization of low WSS areas with plaques containing a lipid rich necrotic core. 
Yet, this association was not seen in our study. To our opinion, the large variation in the 
stage of atherosclerosis in this population-based group influenced our results. Low WSS 
mainly plays a role in plaque initiation and the association between low WSS and LRNC 
may not be present in more developed plaques15. It is possible that in asymptomatic 
patients, WSS is already higher than average, even though the plaque does not cause 
severe stenosis.

The association we found between high WSS and the presence of calcifications can be 
partly caused by the high prevalence of calcifications in plaques that are more severe. 
During plaque development, WSS remains constant for a long period, but when plaque 
formation causes luminal stenosis, WSS starts to increase30. Luminal stenosis occurs in 
the presence of more developed plaques and possibly the association between presence 
of calcifications and high maximum WSS exists due to this pathophysiology. However, 
even after adjusting for maximum wall thickness we still found this association, suggest-
ing that there are also other, unknown, factors that influence this relation.

In conclusion, we found that higher wall shear stress is associated with the presence 
of calcifications and intraplaque haemorrhage in atherosclerotic carotid plaques. More 
research is necessary to determine the causality between hemodynamic factors and 
plaque composition.
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Abstract

Viscous dissipation inside Fontan circulation, a parameter associated with the exercise 
intolerance of Fontan patients, can be derived from computational fluid dynamics (CFD) 
or 4D flow MRI velocities. However, the impact of spatial resolution and measurement 
noise on the estimation of viscous dissipation is unclear. Our aim was to evaluate the 
influence of these parameters on viscous dissipation calculation. 6 Fontan patients 
underwent whole heart 4D flow MRI. Subject-specific CFD simulations were performed. 
The CFD velocities were down-sampled to isotropic spatial resolutions of 0.5 mm, 1mm, 
2 mm and to MRI resolution. Viscous dissipation was compared between 1) high resolu-
tion CFD velocities, 2) CFD velocities down-sampled to MRI resolution, 3) down-sampled 
CFD velocities with MRI mimicked noise levels, and 4) in-vivo 4D flow MRI velocities. 
Relative viscous dissipation between subjects was also calculated. 4D flow MRI veloci-
ties (15.6±3.8cm/s) were higher, although not significantly different than CFD velocities 
(13.8±4.7cm/s, p= 0.16), down-sampled CFD velocities (12.3± 4.4cm/s, p= 0.06) and the 
down-sampled CFD velocities with noise (13.2± 4.2cm/s, p= 0.06). CFD-based viscous 
dissipation (0.81±0.55mW) was significantly higher than those based on down-sampled 
CFD (0.25±0.19 mW, p= 0.03), down-sampled CFD with noise (0.49±0.26mW, p=0.03) and 
4D flow MRI (0.56±0.28mW, p= 0.06). Nevertheless, relative viscous dissipation between 
different subjects was maintained irrespective of resolution and noise, suggesting that 
comparison of viscous dissipation between patients is still possible.
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Introduction

Hypoplastic left or right heart syndrome is among the most severe congenital heart dis-
eases, typically requiring multiple successive surgical interventions to reconstruct the 
cardiovascular system into a single ventricle physiology1. The final surgical procedure 
creates the total cavo-pulmonary connection (TCPC), also known as Fontan circulation, 
which results in systemic venous return being supplied directly to the lungs through the 
pulmonary arteries without passing through the right ventricle2. Although advances in 
surgical procedures and treatment have significantly improved life expectancy of these 
patients, long term drawbacks such as exercise intolerance exist. Recent studies have 
suggested that limited exercise tolerance of Fontan patients might be associated with 
complex flow patterns and specifically elevated viscous dissipation inside the Fontan 
connection3. Khiabani et al4 reported an inverse relationship between viscous dissipa-
tion and oxygen consumption during exercise in a cohort study of thirty two Fontan 
patients. Haggerty et al5 showed an inverse relationship between viscous dissipation 
and systemic venous flow and cardiac index in a cohort study of hundred Fontan 
patients.  These results suggest that the ability to directly measure viscous dissipation 
in-vivo might shed extra light on Fontan function and risk for impaired outcome in these 
patients. 

Typically, viscous dissipation is calculated by solving the mechanical energy balance 
equation6.7. This approach requires pressure, which is determined either by invasive 
measurements or computational fluid dynamics (CFD) simulations. Patient specific CFD 
simulations have been used in a number of studies to derive viscous dissipation and 
have provided a better understanding of the impact of the individual Fontan geometry 
on Fontan hemodynamics8-13. However, CFD relies on the accurate definition of geomet-
ric and in-flow boundary conditions and requires non-clinical expertise, engineering 
tools, powerful computer systems and extensive computational time. Due to these re-
quirements and limitations, it is challenging to include CFD in routine clinical practices. 
Alternatively, viscous dissipation can be calculated using the viscous term of the Navier-
Stokes equation14,15. This approach bypasses the need for the pressure and requires only 
the blood flow velocities inside the TCPC, which can be non-invasively obtained in-vivo 
by 4D flow MRI (time-resolved 3D phase contrast MRI with 3-directional velocity en-
coding)16,17. However, the 4D flow MRI based velocities are expected to result in under-
resolved viscous dissipation since the dissipation term involves spatial derivatives of the 
velocity field and the low spatial resolution of MR images causes underestimation of the 
spatial derivatives. Nevertheless, we hypothesize that under-resolved viscous dissipa-
tion might still be sufficient to detect the cases with relatively high viscous dissipation 
which is clinically more important than obtaining the absolute magnitude of viscous 
dissipation. 
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In this study, we firstly aim to analyze the effect of resolution and noise of the ve-
locity field on the estimated viscous dissipation of Fontan patients. In order to study 
the effect of spatial resolution, we performed subject specific CFD simulations and we 
generated MRI-like data by down-sampling the CFD velocities to different resolutions. 
Secondly, we aim to compare patient-specific 4D flow MRI and CFD based viscous dis-
sipation. We compared four results obtained with: 1) CFD velocities at high resolution, 
2) CFD velocities down-sampled to MRI resolution, 3) down-sampled CFD velocities with 
subject-specific noise added posteriori, 4) in-vivo 4D flow MRI velocities.

Theory

The viscous dissipation per unit volume can be calculated by the associated term of the 
Navier Stokes equation in laminar flow regimes:

φVD =
1
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where φVD is viscous dissipation per unit volume based on viscous dissipation term and μ 
is the dynamic viscosity.δij = 1 for i=j and δij = 0 for i ‡ j, i and j are the principal directions 
x, y, z18. Eq.1 consists of dynamic viscosity and the spatial derivatives of velocity field. 
Viscous dissipation per unit volume can therefore be calculated by Eq.1 if velocity field is 
known, e.g. by 4D flow MRI measurements. Total viscous dissipation is calculated by the 
integral of unit viscous dissipation (Eq.1): 

∫ φVDdV = ∑ 
νοχels

φVDVi Eq. 2
i=1

Methods

Study Cohort and MR Imaging

Six Fontan patients underwent MRI scans (ages: 9-21 years, gender: 5 male, operation 
type: 4 extra cardiac conduit and 2 lateral tunnel) with coverage of the heart and great 
arteries using a 1.5 T system (Avanto or Aera, Siemens, Germany). ECG synchronized and 
diaphragm navigator gated 4D flow MRI was performed during free breathing. All data 
were acquired with three directional velocity encoding (3D spatial resolution: 1.9- 2.5x 
1.9- 2.5x 2.2- 3.3 mm3, temporal resolution: 38.4- 41.6ms, venc: 100- 150 cm/s, TE: 2.4- 
2.7ms, TR: 4.8- 5.2ms, flip angle: 15°). The scan time was in the range of 6 to 12 minutes 
including the navigator gating efficiency. All scans were performed using navigator 
respiration gating with scan efficiencies ranging from 60-80% and with accelerated im-
aging. Four scans were performed using regular GRAPPA with acceleration factor of R=2 
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and k-t GRAPPA (R=5) was available for the last two scans. Post-processing of 4D flow 
MRI data included corrections for Maxwell terms, eddy current induced phase offsets, 
and velocity aliasing19-21. The study was approved by our local Institutional Review Board 
and informed consent was obtained from all participants or their parents.

Segmentation and meshing

3D segmentation of the Fontan geometry was performed manually on the time-
averaged magnitude images using an open source segmentation tool, ITK-SNAP22. The 
segmentations included IVC, superior vena cava (SVC) and left and right pulmonary 
arteries (LPA and RPA) with the segmental branches excluded. The segmentations were 
then converted into volumetric meshes of tetrahedral elements using GAMBIT. The 
mesh size of 0.6 mm was chosen after performing a mesh independency study using a 
generic t-shape model. The volumetric meshes were used to conduct CFD simulations.

CFD simulations

All CFD simulations were performed using the commercial finite element software FI-
DAP V.8.7.4 (ANSYS) on a standard desktop computer (Intel Xeon six core processor, 2.40 
GHz CPU and 12 GB RAM). Time resolved IVC, SVC, LPA and RPA flows were calculated at 
the inlets and outlets of the geometry using 4D flow MRI measurements. The LPA and 
RPA flows were corrected to match inflow (sum of IVC and SVC flows) while maintaining 
their split ratio. IVC, SVC and RPA velocity profiles were preserved and used as bound-
ary conditions in CFD simulations. LPA boundary was left as stress free. The walls were 
assumed as rigid and no-slip condition was prescribed. Blood density was assumed to 
be 1.06 g/cm3 and viscosity was assumed to obey the Carreau-Yasuda model23. For the 
simulations, we chose a pressure-based segregated algorithm and the backward Euler 
method for time integration. The convergence criterion was set to 0.1%. Time resolved 
CFD simulations were performed for 2 cardiac cycles with time intervals of 3 ms. The 
results of the 2nd cardiac cycle were analysed. The Reynolds number at the inlets and 
outlets was 165±77.

Down-sampling velocities

Firstly, the velocities obtained from CFD were mapped into equally spaced grids with 
resolution of 0.1 mm, followed by 3D convolution integration with a 3D Gaussian op-
erator24,25. Afterwards, down-sampled velocities were obtained by averaging the high 
resolution velocities within the voxels of the down-sampled grid26. 

Viscous dissipation calculations

We calculated viscous dissipation by using Eq.1 and Eq.2 at the time point with highest 
inflow (sum of IVC and SVC flows). The under-resolved viscous dissipation was calculated 
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at isotropic resolutions of 0.5 mm, 1.0 mm, and 2.0 mm and at patient-specific MRI resolu-
tion. The subject specific noise, which was defined as the standard deviation of measured 
velocities in static regions, was added to the velocities down-sampled to MRI resolution 
and under-resolved viscous dissipation was calculated also after adding noise. 

Analysis 

The under-resolved viscous dissipations obtained with down-sampled CFD velocities 
were quantified. The velocity and the viscous dissipation fields are only qualitatively 
compared with the maximum intensity projection (MIP) visualization. We compared the 
mean velocity and the viscous dissipation obtained from 1) CFD velocities at resolution 
of 0.1 mm, 2) the CFD velocities down-sampled to MRI resolution, 3) the down-sampled 
CFD velocities with added noise and 4) the patient-specific 4D flow MRI velocities. Rela-
tive viscous dissipation of each subject was also calculated by dividing viscous dissipa-
tion by the mean viscous dissipation of all subjects. 

All numbers were reported as mean± standard deviation. Differences between CFD 
and 4D flow MRI derived findings were analyzed using the Wilcoxon signed rank test, 
p<0.05 was considered statistically significant.

Results

The CFD based viscous dissipation at 
resolution of 0.1 mm and the under-
resolved viscous dissipation obtained 
with the CFD velocities down-sampled to 
the resolutions of 0.5 mm, 1.0 mm and 2.0 
mm are shown in Figure 1. CFD based vis-
cous dissipation was 0.81±0.55 mW and 
under-resolved viscous dissipation was 
0.60±0.41 mW at resolution of 0.5 mm, 
0.45±0.30 mW at resolution of 1.0 mm and 
0.27±0.19 mW at resolution of 2.0 mm. 

MIPs of the 3D velocity and viscous dis-
sipation fields of all six Fontan cases are 
shown in Figure 2. Blood flow velocities 
were generally lower and more uniform 
in the SVC, while higher velocities were 
found in the IVC and pulmonary arteries. 
In addition, high velocities and velocity 

Figure 1. Viscous dissipation calculated with the CFD 
velocities at resolution of 0.1 mm and with the CFD 
velocities down-sampled to isotropic resolutions of 
0.5 mm, 1.0 mm and 2.0 mm. 
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gradients were observed in the Fontan junctions. Viscous dissipation was found to be 
larger in the junction and the pulmonary arteries due to colliding IVC and SVC flows and 
thus complex flow patterns. The velocity and viscous dissipation patterns were generally 
in good agreement between CFD and 4D flow MRI based results although discrepancies 
were observed in some cases. 

Figure 2. MIP of velocity (Left) and viscous dissipation (Right) fields obtained by CFD, down-sampled CFD 
with added noise and 4D flow MRI are shown for each subject. The color-maps given for case 1 are valid 
for all subjects. Note that the color-map scale of CFD-based viscous dissipation was 200 times smaller than 
others since the volume of the voxels in CFD was ~1000 times smaller than those in MRI. Hence viscous 
dissipation per voxel was also smaller.



Chapter 6

100

Velocity and viscous dissipation averaged over the Fontan connection for all sub-
jects are shown in Figure 3. The 4D flow MRI measured velocities (15.6±3.8 cm/s) were 
higher although not significantly different than the CFD based velocities (13.8±4.7 cm/s, 
p=0.16), down-sampled CFD based velocities (12.3±4.4 cm/s, p=0.06) and the down-
sampled CFD velocities with noise (13.2±4.2 cm/s, p=0.06). Viscous dissipation based 
on CFD velocities (0.81±0.55 mW) was significantly higher than others. Down-sampling 
CFD velocities resulted in significant 
underestimation of viscous dissipation 
(0.25±0.19 mW, p=0.03). Adding noise 
increased viscous dissipation in down-
sampled CFD (0.49±0.26 mW, p=0.03), 
but the values remained lower than 4D 
flow MRI derived findings (0.56±0.28 
mW, p=0.06). Despite differences in 
magnitude of viscous dissipation, 
no significant difference was found 
between relative viscous dissipations 
calculated with CFD, down sampled 
CFD with and without noise and MRI 
velocities (p=0.56). Relative viscous dis-
sipation changed by 0±29% between 
high resolution CFD and MRI based 
calculations. Relative viscous dissipation 
of all subjects calculated by 4 velocity 
types is shown in Figure 4. 

Figure 3. Mean velocity [m/s] (left) and viscous dissipation [mW] (right) by using velocities of CFD, 
down-sampled CFD velocities without noise (CFDd) , down-sampled CFD velocities with noise added 
(CFDd+noise)  and MRI measurements. Each color represents different case.  

Figure 4. Relative viscous dissipation [%] per subject 
calculated using CFD velocities, down-sampled CFD 
velocities without noise (CFDd), down-sampled CFD 
velocities with noise added (CFDd+noise) and MRI 
measurements. 
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Discussion

The aim of our study was to investigate the influence of resolution and noise of 4D 
flow MRI velocities on in vivo viscous dissipation. The effect of spatial resolution of 4D 
flow MRI was studied by down-sampling patient-specific CFD simulations and creating 
MRI-like data instead of performing MRI measurements at several resolutions. This was 
necessary since in vivo MRI scans at different resolutions were not feasible due to long 
scan times required for 4D flow MRI. 

 Down-sampling the velocities resulted in under-resolved viscous dissipation and we 
found a nonlinear inverse relationship between spatial resolution and the estimated 
viscous dissipation. The viscous dissipation calculated with CFD velocities at resolution 
of 0.1 mm was 66±4% larger than that based on CFD velocities down-sampled to the 
isotropic resolution of 0.2 mm. This large underestimation of viscous dissipation was 
due to the complex flow and larger velocity gradients which were missing after down-
sampling. The effect of down-sampling on viscous dissipation was however very consis-
tent for all patients. Adding noise to the down-sampled velocities caused an increase in 
the estimated viscous dissipation due to increase in spatial gradients around noisy data. 
While lowering the resolution decreased the magnitude of estimated viscous dissipa-
tion, we set out to understand if relative relationships between subjects were retained. 
Regardless of measurement noise and spatial resolution, the relative viscous dissipation 
between subjects was obtained similarly by the CFD and MRI based calculations. This 
was due to the fact that CFD and MRI based velocity patterns and the regions of high 
and low velocity gradients were mostly in good agreement. 

At peak flow, the mean of the Reynolds numbers at inlet and outlets was 165±77 which 
is lower than Reynolds numbers that would cause transition to turbulence. Therefore, 
use of viscous dissipation term of the Navier-Stokes equations was possible. Under ex-
ercise conditions, however, the flow can be transitionally turbulent which might require 
the analysis including the dissipation due to turbulence. 

Although not significant, the MRI-based mean velocity was higher than that based 
on CFD in five out of six cases. We imposed MRI measured velocities as boundary condi-
tions for CFD and we preserved the velocity profile as measured by 4D flow MRI. After 
imposing velocities, we forced the velocities at near wall elements to zero to satisfy 
slip boundary condition which reduced the mean of the velocities within the volume 
resulted in deviations between MRI and CFD based mean velocities.

The accuracy of the velocities measured by 4D flow MRI and consequently the accu-
racy of the estimated viscous dissipation were influenced by the magnitude of velocities 
and the venc defined. Since there is a linear relationship between magnitude of velocity 
and the velocity to noise ratio (VNR), the higher velocities were expected to be more 
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accurate. One can therefore expect that the estimated unit viscous dissipation is more 
accurate at regions of higher velocities. 

The study of Venkatachari et al15 was the first to calculate viscous dissipation in experi-
mental phantoms using the viscous dissipation term of the Navier Stokes equation with 
velocities measured by MRI. Barker et al14 conducted a study to obtain in vivo viscous 
dissipation by viscous dissipation term of the Navier Stokes equation in patients with 
aortic diseases but the results were not validated. To our knowledge our study is the 
first that investigates in-vivo viscous dissipation based on MRI and CFD and verifies the 
potential of MRI-based viscous dissipation calculation in detecting the cases with high 
viscous dissipation.

The viscous dissipation inside Fontan circuit varies within a wide range of values 
depending on many parameters such as the age of the subject, amount of blood flow, 
the operation type, and size of the conduit6. Most of the viscous dissipation values cal-
culated in our study were within the range of the values reported in the literature. In the 
study of Bossers et al, they calculated losses under simulated exercise which increases 
blood flow and causes higher viscous dissipation in the range of 0.6-7.7 mW in their 
recent study which they also excluded segmental branches. Other studies reported 5-10 
times larger viscous dissipation21,27 since they included segmental branches. 

In this study, our intention was not to perform PC MRI simulations by solving the Bloch 
equations. Instead we generated PC MRI like data to study the effect of resolution and 
noise by mimicking MRI velocities by down-sampling the velocities into lower resolu-
tions and adding subject-specific noise posteriori.

This study is clearly limited by the small size but the primary purpose was to under-
stand the impact of imaging parameters and methodological approach played in the 
computation of viscous dissipation. Secondly, the patient data was collected at differ-
ent spatial resolutions but ideally the data should have been collected with the same 
resolution. Also of note, is that the segmentations were performed using time-averaged 
images and wall motion was neglected. Furthermore, Venc was sub-optimally chosen 
being two times higher than the maximum velocity inside the Fontan circulation to 
measure velocities inside heart and aorta and thereby resulting in a lower signal to noise 
ratio. 

Clinical Implications

Viscous dissipation inside TCPC has been of interest since it is related to TCPC resistance 
and contributes to the limited outcome of these patients. Gathering information on 
viscous dissipation might therefore be useful for clinical assessment of Fontan patients. 
Calculation of viscous dissipation by using 4D flow MRI velocities is straightforward 
hence easily applicable to the clinical routine. The main drawback of using 4D flow MRI 
is that it causes underestimation of the magnitude of viscous dissipation. One remedy 



103

The effect of MRI resolution on viscous dissipation in Fontan patients

might be increasing the spatial resolution of MRI measurements. Despite underestima-
tion of viscous dissipation due to resolution, when CFD and MRI based results were 
compared, relative viscous dissipation between subjects remained the same. These 
results suggest that although the magnitude of viscous dissipation might be difficult 
to ascertain accurately, Fontan circuits with comparable or elevated viscous dissipation 
can still be captured by using an approach which employs MRI velocities. Therefore, use 
of viscous dissipation term and MRI velocities at low resolution can still lead to valid 
conclusions in comparative studies which make use of similar image resolution.

The under-resolved viscous dissipation can be used in the clinics only after a large 
number of reference datasets are obtained by using a consistent protocol. Therefore, 
more clinically oriented studies have to be performed which involve the assessment of 
exercise capacity of Fontan patients and the under-resolved viscous dissipation within a 
larger patient population to set a threshold value for clinical decisions. 

Conclusion

In this study, viscous dissipation was calculated using the viscous dissipation term of 
the Navier-Stokes equation. This approach has the advantage of bypassing the need for 
pressure, since it requires information only on the velocity field. However, the trade-off 
is that viscous dissipation is under resolved if the spatial resolution of the velocity field 
is low, such as in 4D flow MRI measurements. Nevertheless, we found that the ranking 
of patient-specific viscous dissipation was retained within the patient group at different 
spatial resolution of the velocities and also after noise added. We therefore suggest that 
the subjects with elevated viscous dissipation can be detected by 4D flow MRI based 
viscous dissipation calculations despite underestimation of the magnitude of viscous 
dissipation. 

AcknowledgEments

This study is funded by Dutch Technology Foundation STW [Carisma 11629], NIH NHLBI 
grant R01HL115828; NIH grant K25HL119608 and AHA 14PRE18620016. 



Chapter 6

104

References

	 [1]	 Gewillig M. The Fontan Circulation. Heart. 2005; 91:839-846. 
	 [2]	 Khairy P, Poirier N, Mercier LA. Univentricular heart. Circulation 2007; 115:800-812.
	 [3]	 Whitehad KK, Pekkan K, Kitajima HD, Paridon SM, Yoganathan AP, Fogel MA. Nonlinear Power Loss 

during Exercise in Single-Ventricle Patients after the Fontan. Circulation 2007; 116:I165-71.
	 [4]	 Khiabani RH, Whitehead KK, Han D, Restrepo M, Tang E, Bethel J, Paridon SM, Fogel MA, Yogana-

than AP. Exercise capacity in single-ventricle patients after Fontan correlates with haemodynamic 
energy loss in TCPC. Heart. 2014 Sep 2. pii: heartjnl-2014-306337. 

	 [5]	 Haggerty CM,  Restrepo M,  Tang E,  de Zélicourt DA,  Sundareswaran KS,  Mirabella L,  Bethel 
J, Whitehead KK, Fogel MA, Yoganathan AP. Fontan hemodynamics from 100 patient-specific car-
diac magnetic resonance studies: a computational fluid dynamics analysis. J Thorac Cardiovasc 
Surg. 2014 Oct;148(4):1481-9

	 [6]	 Bossers SS, Cibis M, Gijsen FJ, Schokking M, Strengers JL, Verhaart RF, Moelker A, Wentzel JJ, 
Helbing WA. Computational fluid dynamics in Fontan patients to evaluate power loss during 
simulated exercise. Heart. 2014 May; 100(9):696-701.

	 [7]	 Itatani K, Miyaji K, Nakahata Y, Ohara K, Takamoto S, Ishii M. The lower limit of the pulmonary 
artery index for the extracardiac Fontan circulation. J Thorac Cardiovasc Surg 2011; 142:127-135.

	 [8]	 Baretta A, Corsini C, Yang W, Vignon-Clementel IE, Marsden AL, Feinstein JA, Hsia TY, Dubini G, 
Migliavacca F, Pennati G. Virtual surgeries in patients with congenital heart disease: a multi-scale 
modelling test case. Philos Transact A Math Phys Eng Sci 2011;369:4316-4330.

	 [9]	 Bove EL, de Leval MR, Migliavacca F, Balossino R, Dubini G. Toward optimal hemodynamics: 
computer modeling of the Fontan circuit. Pediatr Cardiol 2007; 28:477-481.

	[10]	 de Leval MR, Dubini G, Migliavacca F, Jalali H, Camporini G, Redington A, Pietrabissa R. Use of 
computational fluid dynamics in the design of surgical procedures: application to the study of 
competitive flows in cavo-pulmonary connections. J Thorac Cardiovasc Surg 1996;111:502-513.

	[11]	 Dubini G, Leval, MR, Pietrabissa, R, Montevecchi, FM., Fumero, R. A numerical fluid mechanical 
study of repaired congenital heart defects application to the TCPC. Journal of Biomechanics 1996; 
29:111-121.

	[12]	 Itatani K, Miyaji K, Tomoyasu T, Nakahata Y, Ohara K, Takamoto S, Ishii M. Optimal conduit size of 
the extracardiac Fontan operation based on energy loss and flow stagnation. Ann Thorac Surg 
2009; 88:565-572; discussion 572-563.

	[13]	 Sundareswaran KS, Haggerty CM, de Zelicourt D, Dasi LP, Pekkan K, Frakes DH, Powell AJ, Kanter 
KR,  Fogel MA,  Yoganathan AP.Visualization of flow structures in Fontan patients using three-
dimensional phase contrast magnetic resonance imaging. J Thorac Cardiovasc Surg. 2012 May; 
143(5):1108-16.

	[14]	 Barker AJ, van Ooij P, Bandi K, Garcia J, Albagdadi M, McCarthy P, Bonow RO, Carr J, Collins J, 
Malaisrie SC, Markl M. Viscous energy loss in the presence of abnormal aortic flow. Magn Reson 
Med. 2014 Sep;72(3):620-8

	[15]	 Venkatchari AK, Halliburton SS, Setser RM, White RD, Chatzimavroudis GP. Noninvasive quantifi-
cation of fluid mechanical energy losses in the total cavopulmonary connection with magnetic 
resonance phase velocity mapping. Magn Reson Imaging. 2007 Jan; 25(1):101-9.

	[16]	 Markl M, Geiger J, Kilner PJ, Föll D, Stiller B, Beyersdorf F, Arnold R, Frydrychowicz A. Time-resolved 
three-dimensional magnetic resonance velocity mapping of cardiovascular flow paths in volun-
teers and patients with Fontan circulation. Eur J Cardiothorac Surg. 2011 Feb; 39(2):206



105

The effect of MRI resolution on viscous dissipation in Fontan patients

	[17]	 Sundareswaran KS, Pekkan K, Dasi LP, Whitehead K, Sharma S, Kanter KR, Fogel MA, Yoganathan 
AP. The total cavopulmonary connection resistance: a significant impact on single ventricle 
hemodynamics at rest and exercise. Am J Physiol Heart Circ Physiol. 2008 Dec; 295(6):H2427-35. 

	[18]	 Bird RB, Stewart WE, Lightfoot EN. Transport Phenomena. NewYork: John Wiley and Sons, Inc.; 
1960.

	[19]	 Bernstein MA, Zhou XJ, Polzin JA, King KF, Ganin A, Pelc NJ, Glover GH. Concomitant Gradient Terms 
in Phase Contrast Mr: Analysis and Correction. Magnetic Resonance in Medicine. 1998;39:300-308

	[20]	 Bock J, Kreher W, Hennig J, Markl M. Optimized Pre-Processing of Time-Resolved 2d and 3d Phase 
Contrast Mri Data. Proc. Intl. Soc. Mag. Reson. Med. 2007;15:3138

	[21]	 Walker PG, Cranney GB, Scheidegger MB, Waseleski G, Pohost GM, Yoganathan AP. Semiauto-
mated Method for Noise Reduction and Background Phase Error Correction in Mr Phase Velocity 
Data. J Magn Reson Imaging. 1993;3:521-530

	[22]	 Yushkvich PA, Piven J, Hazlett HC, Smith RG, Ho S, Gee JC, Gerig G. User-guided 3D active contour 
segmentation of anatomical structures: significantly improved efficiency and reliability. Neuroim-
age 2006; 31(3): 1116–1128.

	[23]	 Seo T, Schachter LG, Barakat AI. Computational Study of Fluid Mechanical Disturbance Induced by 
Endovascular Stents. Annals of Biomedical Engineering. 2005, 33(4), 444–456.

	[24]	 Casas B, Lantz J, Dyverfeldt P, Ebbers T. 4D flow MRI-Based pressure loss estimation in stenotic 
flows: Evaluation using numerical simulations. Magn Reson Med. 2015 May 28. 

	[25]	 Morbiducci U, Ponzini R, Rizzo G, Biancolini ME, Iannaccone F, Gallo D, Redaelli A. Synthetic data-
set generation for the analysis and the evaluation of image-based hemodynamics of the human 
aorta. Med Biol Eng Comput. 2012 Feb; 50(2):145-54. 

	[26]	 Cibis M, Potters WV, Gijsen FJ, Marquering H, vanBavel E, van der Steen AF, Nederveen AJ, Wentzel 
JJ. Wall shear stress calculations based on 3D cine phase contrast MRI and computational fluid 
dynamics: a comparison study in healthy carotid arteries. NMR Biomed. 2014 Jul; 27(7):826-34. 

	[27]	 Marsden AL, Vignon-Clementel IE, Chan FP, Feinstein JA, Taylor CA. Effects of exercise and respira-
tion on hemodynamic efficiency in CFD simulations of the total cavopulmonary connection. Ann 
Biomed Eng 2007; 35:250–63.





Chapter 7
Computational fluid dynamics in Fontan 
patients to evaluate power loss during 
simulated exercise

Based on: 
 
Bossers SS, Cibis M, Gijsen FJ, Schokking M, Strengers JL, Verhaart RF, Moelker 
A, Wentzel JJ, Helbing WA. Computational fluid dynamics in Fontan patients to 
evaluate power loss during simulated exercise. Heart. 2014 May;100(9):696-701. 



Chapter 7

108

Abstract

Introduction

Exercise intolerance is common in total cavopulmonary connection (TCPC)-patients. It 
has been suggested that power loss (Ploss) inside the TCPC plays a role in reduced exer-
cise performance. Our objective is to establish the role of Ploss inside the TCPC during 
increased flow, simulating exercise in a patient-specific way.

Methods

Cardiac magnetic resonance imaging (CMR) was used to obtain flow rates from the caval 
veins during rest and increased flow, simulating exercise with dobutamine. A 3-dimen-
sional reconstruction of the TCPC was created using CMR data. CFD-simulations were 
performed to calculate Ploss inside the TCPC-structure for rest and stress conditions. To 
reflect the flow distribution during exercise, a condition where inferior caval vein (IVC) 
flow was increased twofold compared to rest, was added. 29 TCPC-patients (15 intra-
atrial lateral tunnel (ILT) and 14 extracardiac conduit (ECC)) were included. 

Results

Mean Ploss at rest was 1.36±0.94 (ILT) and 3.20±1.26 (ECC) mW/m2 (p<0.001), 2.84±1.95 
(ILT) and 8.41±3.77 (ECC) mW/m2 (p<0.001) during dobutamine and 5.21±3.50 (ILT) and 
15.28±8.30 (ECC) mW/m2 (p=0.001) with twofold IVC flow. The correlation between car-
diac index and Ploss was exponential (ILT: R2=0.811, p<0.001, ECC: R2=0.690, p<0.001)). 

Conclusions

Ploss inside the TCPC-structure is limited, but increases with simulated exercise. This 
relates to the anatomy of TCPC and the surgical technique used. In all flow conditions, 
ILT patients have lower Ploss than ECC patients. We did not find a relationship between 
Ploss and exercise capacity.
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Introduction

In most patients with univentricular heart disease, treatment consists of creating a total 
cavopulmonary connection (TCPC) known as Fontan procedure. In this series of opera-
tions the superior caval vein (SVC) and the inferior caval vein (IVC) are connected to the 
pulmonary arteries1. The TCPC is usually performed using the intra-atrial lateral tunnel 
(ILT) or extracardiac conduit (ECC) technique.

Important reduction of mortality and morbidity of the Fontan operation have been 
obtained over the last 30 years. Despite improvements, deterioration of functional 
capacity and limited exercise tolerance remain well-known long-term problems after 
Fontan completion2,3. While the mechanisms of exercise intolerance are not completely 
understood, it has been suggested that it may be related to power loss (Ploss) inside 
the TCPC-baffle. Previous studies demonstrated that the anatomy of TCPC significantly 
affects Ploss4,5. Furthermore, Ploss increases nonlinearly during exercise4. Several studies 
have used computational fluid dynamics (CFD) to explore Ploss change with exercise. 
In these studies, flow conditions were measured at rest using cardiac magnetic reso-
nance imaging (CMR) and exercise was simulated in CFD by increasing the flows with 
a constant multiplier, not necessarily reflecting the patient-specific conditions4. Other 
studies measured flows during exercise, but used generalized TCPC-geometries, not 
considering the individual geometric variations between patients5. 

We aimed to study the extent of Ploss inside the TCPC-baffle, using patient-specific 
TCPC-anatomy and flow at rest and during patient-specific flow increase with dobuta-
mine, simulating exercise conditions. We also aimed to assess the relationship between 
Ploss and the exercise capacity of Fontan patients, comparing results of the ILT and ECC 
techniques.

Methods

Patients

The patients participated in an ongoing cross-sectional multicenter study in the Neth-
erlands. The surgical technique used depended on the preference of the operating 
surgeon. In the Netherlands, referral patterns for congenital heart disease mainly follow 
a geographical pattern. Therefore, both the ILT and the ECC groups may be considered 
‘random samples’ of Fontan-patients.

Inclusion criteria were: TCPC, staged approach according to a current technique (i.e. 
ILT and ECC); completion of the TCPC before the age of 6 years; inclusion in the study 
at an age of at least 8 years; at least 4 years since completion of the TCPC. Patients with 
severe mental retardation and with significant shunting were excluded. Informed con-
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sent was obtained from all patients and/or their parents. The study was approved by 
the institutional review boards of the participating centres. For the current analysis we 
selected the first consecutive 15 ILT and 14 ECC patients from a total of 70 patients that 
successfully underwent the complete CMR-protocol. 

CMR

All MRI scans were performed on 1.5 Tesla whole-body MRI systems (General Electric 
Signa 1.5T, Philips Achieva 1.5T and Siemens Avanto 1.5T). To obtain anatomical data, 
axial stacks of steady-state free-precession were made. In-plane resolution was between 
1.1 and 1.6mm, depending on patient size. Slice thickness was 6mm, and the gap be-
tween consecutive slices was -3mm, resulting in a virtual slice thickness of 3mm.

Flow rates for SVC, IVC and left pulmonary artery (LPA) were measured by through-
plane phase-contrast MRI with at least 24 phases per cardiac cycle during free-breathing, 
with signal averages of 3. Views per segment was 5- 6, repetition time was 1.99- 5.62 ms 
and phase-FOV was 0.7- 0.8, as a result temporal resolution was 16- 45 ms. A standard 
velocity encoding of 60 cm/s was used, which was increased with small steps in case of 
aliasing. Flow was measured at rest and during increased flow simulating exercise by 
administering dobutamine-hydrochloride (Centrafarm Services, Etten-Leur, the Nether-
lands) intravenously at a rate of 7.5 μg/kg/min6. After dobutamine administration, when 
a new steady-state in heart-rate was reached, flow measurements were repeated, using 
the same parameters as in the rest conditions. Dobutamine is a synthetic catecholamine 
with a positive inotropic and, to lesser extent, chronotropic effect. Dobutamine increases 
oxygen demand in myocardial tissue. This increases cardiac output, thereby increasing 
flow in a similar fashion in all vessels7. Flow data was analysed on an Advanced Worksta-
tion (General Electric Medical Systems). The images were quantitatively analysed with 
the Flow Analysis software (Medis Medical Imaging Systems). To adjust for phase-offset 
errors, flow measurements were corrected using a solid gel phantom8.

Segmentation and meshing 

The TCPC geometry was extracted from the axial stacks of an MRI dataset by delineating 
the lumen contours manually using ITK-SNAP. The segmentations were performed by 
one researcher (MC) to avoid inter-observer variations. We cut the segmentations before 
the main splitting branches in IVC, SVC and in right pulmonary artery (RPA). The LPA was 
cut at the same length as the RPA. 

The segmented geometry was uniformly smoothed with a pass band of 0.1 in 30 itera-
tions using VMTK. We added flow extensions with a length of one mean profile radius 
to the IVC and SVC inlets, and four mean profile radii to the LPA outlets. After carrying 
out a mesh independency study, the geometries were meshed with uniform tetrahedral 
elements of 0.75mm using GAMBIT (ANSYS).
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CFD

The CFD simulations were performed on a standard desktop computer (Intel Xeon 
six core processor, 2.40GHz CPU and 12GB RAM) using the commercial finite element 
software FIDAP 8.7.4 (Ansys). 

We calculated the time-averaged IVC, SVC and LPA flow rates. The blood flow rates 
measured at IVC, SVC and LPA were prescribed with a parabolic velocity profile. The 
RPA outlet was set as stress-free. The walls were assumed as rigid and no-slip condition 
was prescribed. The blood flow was assumed to be laminar. The density of the blood 
was set to 1060kg/m3. Carreau model was used to account for the non-Newtonian 
blood properties. For the simulations, we chose pressure-based segregated algorithm, 
backward Euler method for time integration and upwinding stabilization scheme. The 
convergence criterion was set to 0.1%. 

Simulations were performed at three flow conditions: 1) resting condition using the 
individual flows measured during rest 2) stress condition using the flows measured 
during increased flow, simulating exercise, with dobutamine 3) a condition where only 
IVC flow was twofold higher than at resting condition. We will refer to this condition 
as IVCincrease. IVCincrease was necessary because dobutamine increases blood flow 
equally between the upper and lower half of the body. However, during supine exercise 
on a bicycle ergometer, this increase is mainly in the lower half of the body9. Some stud-
ies have shown this effect by using a supine bicycle ergometer during MRI flow measure-
ments9,10. IVCincrease condition was based on results reported by Hjortdal et al9 where 
caval blood flow was measured by MRI in Fontan patients during supine exercise on a 
MRI-compatible ergometer. In their study, the exercise at a load of 1.0Watt/kg caused a 
twofold flow increase in the IVC, while SVC-flow remained constant9. For the IVCincrease 
condition, flow split of the pulmonary arteries was kept as in the resting condition. 
Reynolds numbers were calculated for each simulation using the following equation:

Re =
ρUD

μ

ρ : blood density, U: mean velocity, D: hydraulic diameter μ: dynamic equation:

Power loss

Power loss was calculated using the control volume approach as described by Liu et al11:

Ploss = ∫
CS

⎡
⎢
⎣

P + 
1

ρujuj

⎤
⎥
⎦

uinidS
2

CS: control surface, p: static pressure, ρ: density, ui: the components of velocity vector in 
each element. ni: the components of the surface normal vector and dS: the area of the 
differential control surface. 
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Resistance index (RI) was also calculated by using the following equations12:

ΔP =
Ploss
CO

RI =
ΔP
CI

ΔP: Ploss based pressure drop, CO: cardiac output, CI: cardiac index

Bicycle ergometry

To assess exercise capacity, all patients performed bicycle ergometry according to a 
generalized study-protocol within the framework of the aforementioned study3. From 
this maximum oxygen uptake (VO2peak) and ventilation/carbon-dioxide slope (VE/
VCO2-slope) were determined.

Statistical Analysis

Statistical analysis was performed using SPSS 21.0. Data was tested for normal distri-
bution and expressed as mean ±standard deviation or median (interquartile range) as 
appropriate. Results were corrected for body surface area (BSA). Comparisons between 
ILT and ECC groups were made using independent T-test or Mann-Whitney U test as 
appropriate. To compare flow measurements between rest and dobutamine paired 
samples T-test was used. Repeated measures ANOVA with Bonferroni adjustment was 
used to compare variables during the 3 different simulated conditions. The correlation 
between Ploss and CI was determined using ‘curve estimation’. P-values ≤ 0.05 were 
considered statistically significant.

Results

There were no significant differences between the ILT and ECC group in terms of base-
line parameters, age at study, age at partial cavopulmonary connection, age at Fontan 
completion and BSA (Table 1).

Fontan circuit dimensions

Mean area of the SVC was comparable for both groups; 1.48±0.43cm2/m2 for ILT and 
1.27±0.29cm2/m2 for ECC patients (p=0.130). The IVC area was larger in ILT patients; 
5.64±1.82cm2/m2 (ILT) vs. 2.13±0.43cm2/m2 (ECC) (p<0.001). ILT patients had also 
larger pulmonary arteries than ECC patients (LPA: 1.42±0.43cm2/m2 vs. 1.01±0.45cm2/m2 
p=0.018, RPA: 1.82±0.50cm2/m2 vs. 1.15±0.36cm2/m2, p<0.001). 

MRI flow measurements

At rest, there was no significant difference between ILT and ECC flow rates (35±8 vs. 32±6 
mL/s/m2 at IVC and 18±6 vs. 18±5 mL/s/m2 at SVC) and between cardiac index (CI) of the 
ILT and ECC group (3.2±0.7 vs. 3.0±0.5 L/min/m2). Dobutamine-infusion increased flow 
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and cardiac index in both ILT and ECC patient groups (p<0.001). In the ILT group, IVC flow 
increased to 43±8 mL/s/m2, SVC flow to 23±10 mL/s/m2 and  CI to 4.0±0.9 L/min/m2. In 
the ECC group, IVC flow increased to 43±8 mL/s/m2, SVC flow to 25±6 mL/s/m2 and CI 
to 4.0±0.6 L/min/m2. There were no significant differences in flow rates and CI between 
both groups during dobutamine. Mean Reynolds number at IVC inlet was 636±195 at 
rest, 821±264 under dobutamine and 1273±390 at IVCincrease flow condition and at 
SVC inlet was 537±111 at rest and 701±191 under dobutamine. 

Power loss

Overall in the 29 patients, Ploss increased from 2.25±1.43mW/m2 during rest to 
5.53±4.07mW/m2 after dobutamine-infusion (p<0.001 vs rest). Ploss increased further to 
10.08±8.02mW/m2 at IVCincrease condition (p<0.001 vs. rest, p=0.001 vs. dobutamine) 
(figure 1). For both groups, there was a strong exponential correlation between CI and 
Ploss (figure 2).

For all conditions there was a linear correlation between Ploss and IVC area (R2 =0.32-
0.34, p=0.001) and Ploss and RPA area (R2 =0.20-0.27, p<0.015). LPA area showed a 
significant correlation with Ploss during IVCincrease only (R2 =0.15, p=0.036). SVC area 
did not correlate with Ploss. 

Table 1. patient characteristics per group.

ILT (n=15) ECC (n=14)

Gender 12M/3F 6M/8F

Age at study (years) 12.9 (±3.0) 12.3 (±2.2)

Age at partial cavopulmonary connection (PCPC) (years) 1.3 (±0.9) 1.2 (±1.1)

Age at total cavopulmonary connection (TCPC) (years) 2.9 (±1.0) 3.3 (±1.0)

Body surface area (m2) 1.34 (±0.28) 1.33 (±0.24)

Heart defect (n) Double outlet right ventricle type 4 2

Double inlet left ventricle type 4 2

Hypoplastic left heart syndrome 2 2

Pulmonary atresia 2 0

Tricuspid atresia 1 7

Other 2 1

Dominant ventricle (n) Left 8 9

Right 7 5

Initial surgery (n) Pulmonary artery banding 6 8

Blalock-Taussig-shunt 5 2

Norwood I 2 2

Damus-Kaye-Stansell 1 1

Values are presented as mean ±standard deviation or number of patients.
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Figure 1. Ploss normalized for BSA per condition per patient group

Figure 2. Normalized Ploss vs Cardiac Index for all patients during all conditions (crosses/dotted line = ILT, 
circles/solid line = ECC) (exponential correlation, ILT: R2=0.811, p<0.001, ECC: R2=0.690, p<0.001).
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Power loss ILT versus ECC 

A summary of Ploss for ILT and ECC patients is presented in table 2. In all flow conditions 
Ploss was significantly higher for ECC patients than for ILT patients. Ploss was signifi-
cantly higher after dobutamine than at rest (ILT: p=0.001, ECC: p<0.001) for all patients 
and further increased with IVCincrease flow condition (ILT: p<0.001vs. rest, p=0.020 
vs. dobutamine, ECC: p<0.001 vs. rest, p=0.013 vs. dobutamine). The percentage of 
Ploss-increase relative to rest was comparable between both patient groups under 
dobutamine and also for IVCincrease. Resistance index was significantly higher for all 
conditions in the ECC group.

Exercise capacity vs. power loss 

Of the 29 patients, 18 had a maximal exercise test (peak respiratory exchange rate≥1.00). 
VO2peak was determined only for these 18 patients and was 78 (71- 86)% of the predicted 
value. VE/VCO2-slope, a submaximal, effort-independent parameter, was determined in 
all 29 patients. Median VE/VCO2-slope was 125 (114- 171)% of the predicted value. 

Exercise capacity as assessed by VO2peak did not correlate with Ploss in any flow con-
dition. Furthermore, submaximal parameter VE/VCO2-slope did not correlate with Ploss. 
There was no correlation between resistance index and exercise capacity. 

Discussion

Patients that underwent the Fontan procedure are among those with congenital heart 
disease that have the highest risk for poor clinical state and functional deterioration1. 
Power loss as a result of the complex flow pattern in the Fontan baffle has been sug-
gested to contribute to impaired clinical state, along with factors such as increased 
afterload, decreased preload and abnormal ventricular-arterial coupling13. The role of 
Ploss in the Fontan pathway has been subject to debate. Factors contributing to power 

Table 2. Results of the power loss calculations, per group.

Condition ILT (n=15) ECC (n=14) p-value

Ploss(mW/m2) Rest 1.36 ±0.94 3.20 ±1.26 <0.001 *

Dobutamine 2.84 ±1.95 8.41 ±3.77 <0.001 *

IVC increase 5.21 ±3.50 15.28 ±8.30 0.001 *

Increase in Ploss compared to rest (%) Dobutamine 104(48-142) 143(113-192) 0.070 $

IVC increase 285 ±136 385 ±155 0.079 *

Resistance Index (mmHg/[L/min/m2]) Rest 0.055 ±0.020 0.159 ±0.061 <0.001 *

Dobutamine 0.072 ±0.024 0.229 ±0.088 <0.001 *

IVC increase 0.076 ±0.035 0.279 ±0.122 <0.001 *

Values are presented as mean ±standard deviation, or median (interquartile range). P-values display sig-
nificance between ILT-patients and ECC-patients. *: Independent samples T-test, $: Mann-Whitney U-test.
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loss include geometric properties and flow splits4,5. In this study, we created patient-
specific models which reflect the variations in TCPC-geometries and flow patterns. To 
the best of our knowledge, this is the first study that combines patient-specific geom-
etries as well as patient-specific dobutamine-enhanced simulated exercise conditions in 
patients with a Fontan circulation. Our results confirm a strong, non-linear correlation 
between Ploss and cardiac index during increased flow, simulating exercise and show 
a distinct difference between ILT and ECC patients. We observed a large spread in Ploss 
at the same level of cardiac index, which supports the theory that differences in Ploss 
relate to patient-specific geometry. 

Between the ILT and ECC patient groups with comparable baseline characteristics, 
there were clear differences in Ploss at different flow conditions. At comparable flow 
volumes, the mean velocity at IVC was lower for ILT patients than the ECC patients. This 
was because blood flows through larger IVC surface areas in the ILT patients. Power loss 
is proportional to the square of the velocity (as shown in the equation for Ploss), result-
ing in lower Ploss in ILT patients. Additionally, the smaller pulmonary artery size in the 
ECC patients led to higher pressure drops and thus higher Plosses for this group14.

The significant difference in pulmonary artery size between both groups is an interest-
ing finding. Considering the cardiac diagnoses it could be advocated that ECC patients 
were at increased risk of compromised pulmonary blood flow before the partial and 
total cavopulmonary connection. However, there was no difference in the proportion of 
procedures to increase pulmonary blood flow between both groups. Another option is 
that the relatively small amount of patients has caused a sampling artifact. Furthermore 
the loss of pulsatility in the ECC might have resulted in less growth of the pulmonary 
arteries compared to those in the ILT-patients15.

We could not establish a relationship between exercise capacity and Ploss or resis-
tance index. Whitehead et al. found a non-significant negative trend between resistance 
index inside the TCPC and VO2peak4. In our study, with larger sample size, we could not 
reproduce this finding. This indicates that other factors influence exercise capacity more 
than power loss inside the TCPC.

In comparison to other studies, we found a low Ploss inside the TCPC, especially for the 
ILT group. Several factors explain the wide range of Ploss in different studies including 
Fontan baffle geometry, the level of (simulated) exercise, respiratory effects and bound-
ary conditions for CFD. Table 3 provides a comparison between our study and other 
studies in this field. 

Whitehead et al and Marsden et al used patient specific Fontan-geometries for CFD 
simulations. In these studies, Ploss at rest was up to 5–10 times higher than our study, 
at similar cardiac index. An important difference between our study and the study form 
Marsden et al. and others, was that they included side branches of the pulmonary arter-
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ies16,17. Another difference between our study and that by Whitehead et al is that they 
assumed flow increased up to 300% during exercise4. 

The variation in reported Ploss may also be related to the differences in the flow cross-
sectional areas. In some studies flow rates for IVC and SVC were similar to ours, but the 
diameters of these vessels were smaller than in our study, resulting in higher power 
losses, as described earlier11,18,19

. 
In a more recent study, Baretta et al. found power losses close to our findings. They 

simulated the total circulation of one patient, using combined anatomical and flow data 
from echocardiography, catheterization and CMR. In their study, the efficiency of several 
TCPC variants was investigated by performing virtual surgery in a pre-TCPC Fontan pa-
tient17.

The role of Ploss in the TCPC in the total circulation

It has been suggested that cardiac output in Fontan patients is more dependent on pre-
load then on contractility, which is generally well preserved13,20. Preload in the Fontan 
circulation is directly dependent on transpulmonary blood flow. Considering the gener-
ally higher pulmonary and systemic vascular resistance in Fontan patients compared to 
healthy controls, Ploss inside the TCPC may be clinically relevant. 

Total circulatory power has been found to be lower in Fontan patients (0.71±0.25W/
m2) than in controls (1.06±0.21W/ m2)21,22. Compared to these values, power loss levels 
reported for the TCPC baffle have been considered to be nearly negligible. However it 
has been shown that the percentage of the power lost inside the TCPC can be as high 
as 30-40% of input power for some patients under exercise conditions, which can be 
considered to be significant23.

Sundareswan et al showed a weak correlation (R=0.36) between cardiac output and 
TCPC-resistance. They calculated that a 10% increase of TCPC-resistance would reduce 
cardiac output with 8.6%12. Ploss is directly dependent on TCPC-resistance and the total 
flow, supporting the theory that Ploss inside the TCPC might have an effect on the circu-
lation in Fontan patients. This could not be confirmed for clinical outcome parameters, 
such as measures of exercise capacity, in our study.

Recommendations for future research 

A common limitation of CFD models of the Fontan circulation is that pulmonary and sys-
temic circulation are not taken into account. In reality, the pulmonary arterial branches 
and the pulmonary vascular bed are connected to the TCPC-baffle. Clearly, pulmonary 
vascular resistance contributes to Ploss and preferably should be included in calcula-
tions in the Fontan circulation. Nevertheless, pressure drop due to geometric features 
and the flow rates of IVC, SVC and pulmonary arteries are the main determinants of Ploss 
in Fontan baffle. 
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Respiration plays a key role in the Fontan circulation24. An opportunity for improve-
ment is the incorporation of respiration into CFD models. Although pulmonary artery 
pulsatility is decreased in Fontan patients they may still have pulsatile function, espe-
cially in ILT patients15. In the CFD simulations, we assumed that the vessel walls were 
rigid. Considering the limited pulsatility in the Fontan circulation, the common assump-
tions of rigid walls and steady flow are valid. Furthermore, Long et al. showed in two 
patients that the time averaged power efficiencies calculated with rigid walls were only 
1.5% lower than that calculated with compliant walls25. 

Conclusion

Ploss inside the TCPC-structure is limited but increases with (simulated) exercise. This 
relates to patient-specific TCPC anatomy and the surgical technique used. In all flow con-
ditions, ILT patients have lower Ploss than ECC patients. We did not find a relationship 
between Ploss and exercise capacity.
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Abstract

Introduction

Pulmonary arterial (PA) flow is abnormal after the Fontan operation and is marked by a 
lack of pulsatility. We assessed the effects of this abnormal flow on the size and function 
of the PA’s in Fontan patients in long term serial follow-up.

Methods

23 Fontan patients with serial follow-up were included. Median age was 11.1 (9.5-16.0) 
years at baseline and 15.5 (12.5-22.7) years at follow-up . Median follow-up duration was 
4.4 (4.0-5.8) years. Flow and size of the left pulmonary artery (LPA) was determined using 
phase contrast MRI. From this wall shear stress (WSS), distensibility and pulsatility were 
determined. A group of healthy peers was included for reference.

Results

Flow and pulsatility were significantly lower in patients than in controls (p<0.001). Mean 
area was comparable in patients and controls, but distensibility was significantly higher 
in controls (p<0.001).

Mean and peak WSS were significantly lower in Fontan patients (p<0.001). Between 
baseline and follow-up, there was a significant increase in normalized flow (15.1(14.3-
19.1) ml/sec/m2 to 18.7(14.0-22.6) ml/sec/m2, p=0.023). Area, pulsatility, distensibility 
and WSS did not change, but there was a trend toward a lower mean WSS (p=0.068). 
Multivariable regression analysis showed that flow, area and age were important predic-
tors for WSS. 

Conclusions

WSS in Fontan patients is decreased compared to healthy controls and tends to de-
crease further with age. Pulsatility and distensibility are significantly lower compared 
to healthy controls. Pulmonary artery size however, is not significantly different from 
healthy controls and long term growth after Fontan-operation is proportionate to body 
size. 
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Introduction

The Fontan circulation, used as a final palliative approach for univentricular heart de-
fects, is marked by a direct connection of the systemic venous return to the pulmonary 
arteries (PA)1. This leads to passive pulmonary blood flow, that is no longer driven by a 
subpulmonary ventricle. As a result, these children have an abnormal flow pattern in 
their PAs early on in life, characterized by a nearly complete loss of pulsatility2,3. 

It is hypothesized that this abnormal flow and pulsatility could influence PA growth 
and function on the long-term. Since the Fontan circulation is dependent on a low 
transpulmonary pressure gradient, it is important to monitor the development of these 
vessels. However, the longitudinal data on PA size and function in Fontan circulation 
scarce is scarce and studies investigating PA size in Fontan patients have also shown 
conflicting results3-5.

Wall shear stress (WSS) is important in the development of vasculature. Reduced levels 
of WSS have been related to PA endothelial dysfunction. There is an inverse relation be-
tween vessel diameter and WSS6. A previous study from our centre has shown that WSS 
is reduced in Fontan patients during rest, and also during exercise relative to healthy 
subject3. One can therefore expect that the reduced level of WSS might influence the 
growth and function of pulmonary arteries. 

To date, only few studies have investigated PA growth using MRI long term after the 
Fontan operation. No studies have measured the course of WSS over time in Fontan 
patients. The objective of this study was to assess PA growth, function and WSS over 
time in Fontan patients using MRI.

Methods

Patients

All patients participated in an ongoing cross-sectional multicenter study in the Nether-
lands. Patients who underwent Fontan operation at young age, either according to an 
atriopulmonary connection or a total cavopulmonary connection (TCPC) were included. 
Patients with mental retardation and contraindications for cardiac magnetic resonance 
imaging (CMR) were excluded. Informed consent was obtained from all patients and/or 
their parents. The study was approved by the institutional review boards of the partici-
pating centres. The study was conducted in accordance with the Helsinki Declaration. 
Medical records were reviewed for anatomical and operative details.

MRI imaging

In an earlier study, it was shown that accurate flow measurement in the RPA was not 
feasible in every patient because of the short distance between the connection of the 
superior caval vein and the first branching point of the RPA. Comparison of LPA and 
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RPA flow in the aforementioned study did not show any significant differences in flow 
parameters between both PA’s3. Therefore we analyzed left pulmonary artery (LPA) only.

All MRI scans were performed on a 1.5T whole-body MRI system in the participating 
centres (General Electric Signa, Philips Achieva and Siemens Avanto). The LPA was local-
ized on a transverse steady state free precession (SSFP) image set. On this transverse 
image, another localizer was planned longitudinally along the LPA. Using both these 
imaging planes, a flow measurement plane was planned perpendicular to the flow direc-
tion. Specific care was taken to match the imaging planes between both visits. In-plane 
resolution was between 1.1 and 1.6 mm, depending on patient size. Slice thickness 
was 6 mm. Phase contrast measurements were obtained using unidirectional velocity 
encoding (VENC) of 60 cm/s. In case of aliasing, this VENC was stepwise increased with 
increments of 20 cm/s until aliasing disappeared. Flow was measured over 24 phases per 
cardiac cycle. To incorporate the effect of breathing, which is essential in the pulmonary 
circulation of Fontan patients, phase-contrast flow measurements were made without 
breath-holds and with 3 signal averages.

LPA contours were drawn on all phases using Flow Analysis software (Medis Medical 
Imaging Systems) to determine mean, maximal and minimal areas and mean, maximal 
and minimal flows. Distensibility, which is the maximum change in cross-sectional area 
during the cardiac cycle, and pulsatility, which is the flow change during the cardiac 
cycle, were calculated according to the following formulas:

distensibility =
(maximal area-minimal area)

maximal area

pulsatility =
(maximal flow-minimal flow)

mean flow

WSS calculation

Wall shear stress was calculated according to van Duivenvoorden et al7. In short, blood 
flow velocities were calculated within the LPA contours using the phase contrast MR 
images. Velocities within a distance ≥0.5 pixels to the outer lumen border were excluded 
since those pixels were partially located outside of the lumen. The cross-section was 
divided into four segments with 10 degrees of overlap. In each segment, the velocities 
were projected onto one plane. Assuming blood velocity to be zero at the lumen wall, 
the projected velocities within 3 pixel distance inwards were fit with a second order 
curve and wall shear rate (WSR) per segment was calculated for each time point. WSS 
was calculated by multiplying WSR with the blood viscosity (3.2 P). We averaged the WSS 
values of 4 segments to obtain mean cross-sectional WSS. The analysis was performed 
on cardiac cycle averaged WSS only7.
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Healthy controls

In healthy controls RPA was chosen for the flow and WSS analysis since the first branch-
ing point of LPA was closer to the bifurcation than the branching point of RPA leading 
to disturbed flow signals in the LPA images. Images in these controls were acquired as 
part of another study protocol, and were only acquired at one point in time. In this study, 
VENC was 150 cm/s and images were taken during breath-hold at expiration3.

Statistical analysis

Statistical analysis was performed using SPSS 21.0. Data was tested for normal distri-
bution and expressed as mean ± standard deviation or median (interquartile range) 
as appropriate. Results were corrected for body surface area (BSA). Comparisons 
between Fontan patients and healthy controls were made using independent T-test or 
Mann-Whitney U test as appropriate. To compare measurements between baseline and 
follow-up, paired samples T-test or Wilcoxon singed-rank test were used. P-values ≤ 0.05 
were considered statistically significant. In order to identify predictors for WSS, linear 
regression analysis was performed. A p-value ≤ 0.05 was required for a variable to be 
retained in the final model.

Results

28 patients underwent two MRI studies each with flow measurements of the LPA. In 4 
patients, scanning planes did not properly match between both visits. These patients 
were therefore excluded. Another patient underwent a conversion from APC to extra-
cardiac conduit (ECC) TCPC with concomitant PA-surgery between both visits and was 
therefore excluded. There were no interventions during follow-up in the other patients. 
There were no patients with patent fenestrations at the time of both visits. There were 
no patients with large calibre changes or PA stenosis at the time of both visits.

The remaining 23 patients were included in the current analysis. Their characteristics 
are shown in table 1. Median age at first visit was 11.1 (9.5-16.0) years and 15.5 (12.5-
22.7) at the second visit. Median follow-up duration between both visits was 4.4 (4.0-
5.8) years. All patients underwent the Fontan operation before the age of 7 years. An 
atriopulmonary connection was performed in 2 patients, all other patients had a TCPC 
(ILT n=16, ECC n=5). In most TCPC-patients (17 out of 21) the TCPC was performed in a 
staged manner, preceded by a bidirectional Glenn shunt. 

In 8 patients, the initial procedure consisted of the creation of a BT-shunt (Norwoord 
stage I excluded) and these patients were therefore considered to have an impaired 
pulmonary blood flow pre-surgery.
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Comparison with controls

Table 2 shows the results of MRI measurements and WSS calculations for controls as well 
as for both visits for the patients. Mean flow, maximal flow and pulsatility were all signifi-
cantly lower in patients than in controls, for both visits. There was a large difference in 
pulsatility within the patient-group, between TCPC patients (range .22-2.88) and those 
with an APC (range 4.21-9.69). Mean and maximum areas were not significantly different 
between patients and controls, but distensibility was significantly lower in patients for 
both visits. Mean and maximal WSS were both significantly lower in patients, with the 
most distinct difference between patients and controls for maximal WSS.

Comparison between baseline and follow-up

The comparison between baseline and follow-up within the patients is also shown in 
table 2. Mean and maximal flows (corrected for BSA) were significantly higher at follow-

Table 1. Patient characteristics

Baseline parameters patients 
baseline (n=23)

patients 
follow-up (n=23)

controls 
(n=16)

Male/Female (n) 16/7 8/8 

Age at study (years) 11.1 (9.5-16.0) 15.5 (12.5-22.7) 13.5 (12.1-15.5)

BSA (m2) 1.15 (1.02-1.78) 1.53 (1.28-1.77) 1.56 (1.36-1.69)

Age at Fontan completion (years) 3.3±1.6

Follow-up since Fontan completion 8.1 (6.9-9.4) 12.3 (10.4-16.1)

cardiac diagnosis (n) Tricuspid atresia 7

Hypoplastic left heart syndrome 3

Double inlet left ventricle 5

Double outlet right ventricle 3

Other 5

Dominant ventricle (n) Left 17

Right 6

Impaired Pulmonary blood flow pre-surgery 8

Fontan Type TCPC; ILT 16

TCPC; ECC 5

APC 2

Pre Fontan procedures BT-shunt 8

PA-banding 9

Norwood 3

Rashkind 2

Bidirectional Glenn 17

BSA: body surface area, TCPC: total cavopulmonary connection, APC: atriopulmonary connection, ILT: intra-
atrial lateral tunnel, ECC: extracardiac conduit, BT-shunt: Blalock-Taussig-shunt, PA-banding: pulmonary 
artery banding
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up. While absolute (not corrected for BSA) mean and maximal area increased significantly 
(mean area: 156±54 mm2 vs 173±57 mm2, p=.005; max area: 186±66 mm2 vs 203±65 mm2, 
p=.010, figure 1), BSA corrected mean and maximal areas did not change. Distensibility 
and pulsatility were comparable between both visits. There was a trend towards lower 
mean and maximal WSS at the second visit, but the range of values was wide. 

Predictors for WSS

Results of multivariable regression analysis for WSS ((N/m2)/ m2) are shown in table 3. 
Log age, mean area, mean flow, pulsatility and distensibility were entered in the model. 
Since pulsatility was much higher in APC patients, these were excluded from the mul-

Table 2. Comparison of flow and WSS variables

Controls

Patients

P-valueBaseline Follow-up

HR (/min) 73±11 76±18 70±16 .112

Mean Flow (ml/sec/m2) 33.5 (27.2-37.5) 15.1 (14.3-19.1)* 18.7 (14.0-22.6)* .023

Max Flow (ml/sec/m2) 101.8 (95.4-125.7) 23.8 (20.3-33.2)* 28.5 (24.4-37.5)* .031

Pulsatility 3.32 (3.09-3.63) 1.05 (.73-2.21)* 1.19 (.59-1.79)* .605

Mean Area (mm2/m2) 109±22 113±36 113±38 .966

Max Area (mm2/m2) 143±32 125±40 123±40 .730

Distensibility .47±.13 .17±.05* .15±.04* .167

Mean WSS ((N/m2)/ m2) .50 (.42-.57) .36 (.26-.40)* .31 (.26-.40)* .068

Max WSS ((N/m2)/ m2) 1.45 (1.24-1.59) .54 (.47-.62)* .47 (.37-.62)* .078

p-values indicate differences between baseline and follow-up, 
*:significant difference between patients and controls, HR: heart rate, WSS: wall shear stress

Figure 1. Mean cross-sectional area (mm2) per patient vs. age (years)
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tivariable analysis. Pulsatility and distensibility did not show a significant relation with 
WSS. In the final model log age, mean flow and mean area explain 85% of the variability 
in WSS.

Discussion

This study shows that PA size in growing Fontan patients is comparable to healthy 
controls and increases with age, appropriate to body size. Flow in the LPA increased sig-
nificantly between both visits, but was still lower than in healthy controls. Pulsatility and 
distensibility were impaired and did not change over time, despite increase in flow. WSS 
was not significantly different between baseline and follow-up. Multivariable regression 
analysis revealed that age, mean flow and mean area are important predictors for WSS 
that explain most of the variability.

PA size 

Several studies have assessed the range of branch PA size in healthy children and the 
relation with age and/or body size. Using contrast enhanced MRI Knobel and colleagues 
have shown that there is a linear relation between BSA and PA-size8. Using echocardiog-
raphy, an older study showed a similar trend in younger children9. Our results indicate 
that LPA growth is proportionate to BSA in Fontan patients. 

Only a few studies have investigated pulmonary artery size in Fontan patients using 
MRI. LPA size in our patients was comparable to that found in a previous smaller sample 
from our institutions3. Bellsham-Revell and colleagues investigated growth of the LPA 
between the hemi-Fontan stage and the TCPC in patients with hypoplastic left heart 
syndrome (HLHS)10. The (BSA corrected) size of the LPA pre-TCPC in their study was 
comparable to the values that we have presented. In the study by Bellsham-Revell it 
was found that, while there was an increase in area of the proximal LPA between stages, 
there was a relative decrease in size of the narrowest part of the LPA. The authors stated 
that the staged Fontan approach might be a risk factor itself for the narrowing of the LPA 
in these HLHS patients10. Earlier studies have shown that LPA-stenosis is a well-known 
problem, particularly in HLHS patients11. In our population there were only a few patients 
with HLHS. LPA areas in these patients (range 50-102 mm2/m2) were among the lowest 

Table 3. Multivariable regression model (for TCPC patients only) for mean WSS ((N/m2)/ m2)

variable β p-value R2

constant 1.227 <.001 .845

log Age (log years) -.727 <.001

Mean Flow (ml/sec/m2) .022 <.001

Mean Area (mm2/m2) -.004 <.001
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sizes measured in our study. The previous studies and our results emphasize the need 
for close surveillance in this specific group. 

Other studies have used X-ray catheter-assisted angiography to measure PA size, usu-
ally using the Nakata-index12,13. Although this makes comparison challenging, a previous 
study in patients with congenital heart disease has shown excellent agreement between 
angiography and MRI measurements of the great arteries, including branch pulmonary 
arteries14.

In a recent study, Schmitt et al. found a decreased Nakata index of 150 mm2/m2 in 
10 Fontan patients15. Converting this number into a single PA branch area as we have 
measured would result in a PA size of 75 mm2/m2, which is lower than we found. This 
difference might be explained by the fact that patients in the study by Schmitt were 
older and all of their patients had an unfenestrated extracardiac conduit Fontan. 

Few studies have assessed PA size longitudinally after Fontan-completion. Baek 
and colleagues found that patients with a small PA before Fontan operation did not 
have a worse outcome 12.8 years after the Fontan-completion16. This is supported by a 
more recent study, indicating that small PA’s are not an indication to postpone Fontan-
completion13. One study showed that Nakata-index decreased after Fontan-completion, 
but did not affect functional outcome17. Another retrospective study also showed that 
PA growth failed to match the increase in BSA in Fontan patients5. A recent study by 
Restrepo and colleagues, using MRI-derived 3D-reconstructions of 25 TCPC patients, 
showed a similar trend. While there was an increase in absolute vessel diameters, nor-
malized diameters decreased significantly with age4. This is in contrast to our measure-
ments. This might be caused by the different in methods for quantification of PA size 
and in the duration of the follow-up. In our study, we included older patients at baseline, 
who did therefore not have significant somatic growth between the two MRI studies.

PA function

Interestingly, there was a significant increase in flow normalized to BSA in our patients 
between baseline and follow-up. This is in contrast to a recent MRI study among 25 TCPC 
patients with follow-up duration comparable to our study, showing no changes in flow 
corrected for BSA4. It remains unclear whether and how adjustment of the pulmonary 
circulation to the Fontan circulation occurs. 

WSS is known to be lower in Fontan patients as compared to healthy controls. We 
found reduced levels of mean and maximal WSS relative to healthy subjects which is 
in accordance with an earlier study3. Impairment of WSS in Fontan patients most likely 
results from a combination of reduced pulmonary flow and nearly absent pulsatility3. In 
multi-variable regression analysis (the logarithm of ) age was an important predictor of 
WSS, independently from both body size and PA area. Loss of pulsatility of blood flow 
and therefore lower mean and maximal WSS values have been associated with endothe-
lial dysfunction of the PA’s18,19.
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In a study of 10 young patients, reduced pulsatility after bidirectional Glenn was cor-
related to impaired endothelial relaxation19. Another study has demonstrated abnormal 
response of the PA’s to exogenous nitrous oxide (NO) in Fontan patients20. Supplemental 
NO led to a fall in PVR, suggesting an elevated basal PVR, possibly related to endothelial 
dysfunction20. A lack of WSS could result in deterioration of endothelial function, medi-
ated by endothelin, a potent vasoconstrictor. A study comparing endothelin receptor 
expression in failed and non-failed Fontan patients, has shown an overexpression of 
these receptors in the failed Fontan group21. 

WSS is also decreased in patients with pulmonary arterial hypertension (PAH). In 
contrast to Fontan patients, PAH patients have dilated pulmonary arteries, due to a 
longstanding elevated mean PA pressure22. Studies have shown a negative correlation 
between vessel size and WSS. It has been hypothesized that the decreased WSS in PAH 
patients leads to an increased arterial stiffness and reduced distensibility of the PA’s22,23.

The reduced level of WSS does not only influence the function of the PA’s but it also 
affects the structure of the vessel wall according to a case-report of a 35-year old Fontan 
patient (APC). Immunohistological analysis revealed serious changes in the composition 
of the (main) pulmonary artery wall24. There was a profound reduction of muscular com-
ponent and fragmentation of elastic fibers, wich might influence distensibility and the 
vasodilatory ability. It is likely that this is also true for younger Fontan patients, operated 
upon according to current techniques, but this should be further investigated. 

Clinical implications

It has been demonstrated that exercise capacity is reduced in Fontan patients and it re-
duces further with age25. In the current study, we have shown that WSS is low in Fontan 
patients. The reduced WSS might influence endothelial function in the PA’s. In healthy 
subjects, there is an increase of distensibility during exercise with an increase in the 
release of NO26. This induces vasodilatation and enhances pulmonary blood flow by a 
decrease in pulmonary vascular resistance. In Fontan patients, there often is an increase 
in pulmonary vascular resistance during exercise, indicating that this mechanism is 
impaired. This contributes to impaired ventricular filling27. A previous study from our 
institution showed that Fontan patients are not able to increase stroke volume during 
exercise28. Other studies have shown similar results29. The abnormal function of the PA’s 
thus has direct consequences for exercise function of the patients, and may contribute 
to decline of exercise capacity.

Several studies have raised concerns about the growth of PA’s after volume unload-
ing or Fontan completion, but our results show that the long-term ability to grow is 
still present after Fontan completion. However the obvious reduction in WSS may have 
important implications for PA function late after Fontan, especially for the ability for 
dilation during exercise.
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Considering these observations, it is of utmost importance to be able to influence 
pulmonary vascular resistance in the Fontan circulation. Several studies using bosen-
tan, an endothelin-receptor antagonist, have not shown significant improvement30,31. 
Another study using sildenafil, a phosphodiesterase-5 inhibitor, to assess the influence 
during exercise in Fontan patients, showed an increase in stroke volume and cardiac 
index and a decrease in PVR during exercise29. Exercise capacity improved after sildenafil 
administration, but mainly in those patients with a poor baseline exercise capacity. This 
indicates that the reduced endothelial function could be attenuated to affect exercise 
capacity. In another study sildenafil was administered for a period of 6 weeks, but failed 
to show a significant improvement in exercise capacity32. It has been speculated that this 
result was caused by the fact that relatively fit Fontan patients were included33. Further 
studies are necessary to identify those patients that benefit the most from this potential 
therapy or to uncover other potential targets and means for possible therapeutical 
intervention. 

Limitations

Sample size was relatively small and the Fontan-population is heterogeneous with re-
spect to different cardiac diagnoses. The subgroups were too small for group-to-group 
comparison. This study assumes laminary flow in the PA’s for the calculation of WSS. 
Although care was taken not to measure flow too close to the caval connection point, 
flow disturbances may have been present, depending on the individual anatomy and 
intravascular flow pattern in patients. Since measurements were performed in one of 
the branch pulmonary arteries, this study does not provide direct knowledge on the 
smaller pulmonary vasculature further downstream.

Conclusions

WSS in Fontan patients is decreased as compared to healthy controls. Pulsatility and dis-
tensibility are also significantly lower. Pulmonary artery size however, is not significantly 
different from healthy controls and growth after Fontan-operation remains proportion-
ate to body size. 
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Abstract

Introduction

Vascular endothelial-dysfunction is common in the pulmonary artery (PA) in patients 
with a Fontan circulation. The flow through the Fontan PA depends highly on pulmonary 
vascular resistance (PVR). A slight increase in PVR can result in decreased ventricular 
preload and cardiac output, which may contribute to decreased exercise capacity. PVR 
can be reduced by endothelial released nitric oxide. PA wall shear stress (WSS) regulates 
this release. We hypothesized that exercise training would enhance WSS and thereby 
may result in favorable changes in PA endothelial-function.

Methods

A multi-center randomized controlled trial was conducted in Fontan patients (10 to 
25 years). The exercise-group (n=28) received a 12-week exercise training program, 3 
times per week, the control-group (n=17) did not. Healthy controls (n=17) underwent 
magnetic resonance only at rest whereas Fontan participants were studied at rest and 
with dobutamine stress (7.5 μg/kg/min). WSS, distensibility and pulsatility of the PA 
were calculated.

Results

Fontan patients had significantly lower WSS, distensibility and pulsatility compared 
to healthy controls (WSS: 0.57 ± 0.23 N/m2 vs 0.82 ± 0.21 N/m2; p=0.001; distensibility: 
0.18 ± 0.05 vs 0.40 ± 0.30; p= 0.012; pulsatility: 1.13 ± 0.61 vs 3.40 ± 0.37; p<0.001). The 
training program did not change WSS, distensibility and pulsatility within the exercise-
group, or between the exercise and control-group. At baseline predicted-peakVO2 was 
80% in Fontan patients. 

Conclusion 

Exercise training did not alter WSS in relatively healthy Fontan patients. Further research 
is needed to unravel the key to increase WSS and PA endothelial-function.
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Introduction

In patients with univentricular hearts and a Fontan circulation (Fontan patients), the 
caval veins are directly connected to the pulmonary artery (PA)1. As a result of the Fontan 
operation, the pre-pulmonary pump function of the heart is lost1. The flow through the 
PA in this situation depends on the transpulmonary pressure gradient and pulmonary 
vascular resistance (PVR)1. In contrast to healthy peers, a slight increase in PVR results 
in decrease of ventricular preload and thus cardiac output1. This may contribute to 
decreased exercise capacity in Fontan patients and may relate to poor long-term 
outcome2,3. Recent studies have explored the possibilities to increase cardiac output in 
Fontan patients by decreasing PVR with drugs4,5. Most of these studies have not dem-
onstrated beneficial effect and drug use may be accompanied by adverse effects, so 
alternative strategies to influence PVR may be required4,5,6. 

Shear stress at the vessel wall and pulsatility in the vessel regulate the release of nitric 
oxide by the endothelium7. Nitric oxide, acting as a local vasodilator, contributes to 
maintain low PVR1. Low wall shear stress (WSS) and loss of distensibility due to loss of 
pulsatility in the PA have been related to pulmonary vascular dysfunction in the Fontan 
circulation8. In healthy individuals, heart rate and stroke volume increase during exercise. 
This results in increased NO release and decreased PVR, allowing blood flow through 
the PA to increase. Prolonged exercise training in healthy subjects results in short term 
functional adaptation and longer term structural changes in the large arteries, increas-
ing vascular diameter and decreasing vascular resistance9. These mechanisms could be 
of benefit to influence PA endothelial-function in Fontan patients.

Several studies in small heterogeneous congenital heart disease (ConHD) patient 
groups, which included Fontan patients, have shown that exercise training can improve 
exercise capacity10. Aim of the study was to assess WSS, distensibility and pulsatility 
before and after a 12 week standardized aerobic exercise training program in patients 
with a Fontan circulation. We hypothesized that exercise training would increase WSS, 
pulsatility and distensibility, thereby improving PA endothelial-function. 

Methods

A multi-center prospective randomized controlled trial was conducted in 5 tertiary 
referral centers for ConHD in the Netherlands. The study was designed according to Con-
solidated Standards of Reporting Trials (CONSORT) guidelines11. The study is registered 
at www.trialregister.nl, identification number NTR2731.

Participants

Patients with a Fontan circulation (Fontan patients) between 10 to 25 years were eligible. 
Seventeen age-matched healthy controls, that did not undergo exercise training, were 
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also included in the study. Exclusion criteria were patients with a ventricular outflow 
tract obstruction, measured as Doppler echo pressure gradient >60 mmHg, and patients 
that were mentally or physically unable to follow a training program, as indicated by 
their own physician. The study complied with the Declaration of Helsinki. The research 
protocol was approved by the institutional Ethics Committees. All participants (and/or 
their parents if required) gave written informed consent. 

Intervention

Fontan patients were randomized in a 2 to 1 allocation ratio to either the exercise or 
control-group by an independent blinded researcher. Stratification was based on gender 
and age group (10-12 years, 13-14 years, 15-17 years, and 18-25 years). All participants 
underwent a standardized stepwise bicycle cardiopulmonary exercise test as described 
by Bossers et al2. 

The exercise-group was enrolled in a 12 week, 3 times per week 1 hour standardized 
aerobic dynamic exercise training program, supervised by local physiotherapists. A 
heart rate monitor (SR400, Polar Electro BV, the Netherlands) was given to the patients 
to ensure execution of the program within the predetermined submaximal heart rate 
range (60-70% of heart rate reserve). The control-group was instructed to continue their 
normal daily live. The healthy peers were only included in the baseline measurements. 

Magnetic resonance imaging 

All participants underwent cardiac magnetic (MR) resonance imaging on the locally 
available whole body MR scanners (Philips Panorama 1T; Siemens Avanto 1.5T; GE Signa 
1.5T; GE Discovery 1.5T; Philips Achieva 1.5T and Philips Ingenia 1.5T) according to previ-
ously described methods, at baseline and directly after the 12 week intervention pe-
riod12. Briefly, MR imaging was performed using a phase-contrast (PC) acquisition with 
an unidirectional velocity encoding range of 60 to 120 cm/s to measure the blood flow 
inside the PA. In-plane resolution of PC MR images was between 1.13-1.25 mm, slice 
thickness was 6 mm. This protocol resulted in flow measurements with 18-30 frames 
per cardiac cycle. Images were acquired and averaged over 3 heart cycles to diminish 
the effect of respiration. Dobutamine was administered to mimic physical exercise at 
a rate of 7.5 μg/kg/min. Low-dose dobutamine stress images were only acquired when 
logistically possible and if the patient consented. Flow measurements were repeated 
after reaching a steady heart rate, using the same parameters as in the rest conditions. 
Contours of the pulmonary artery were drawn semi-automatically with the software 
package QFLOW (Medis Medical Imaging Systems, Leiden, the Netherlands). 

Wall shear stress, distensibility and pulsatility 

In order to assess local WSS, distensibility and pulsatility, we used an algorithm which was 
adapted from Duivenvoorden et al13. In short, blood velocities were calculated inside the 
contours of the pulmonary arteries by using PC MR phase difference images. The cross-
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section was divided into four segments with 10 degrees of overlap. In each segment, the 
velocities were projected onto one plane. In this plane, only velocities located within an 
inward distance of 0.5 pixels and 3 pixels were excluded. A second order curve fit was 
applied on the projected velocities, while forcing blood velocity to be zero at the lumen 
wall, to calculate the local spatial derivative of the velocity perpendicular to the wall, 
wall shear rate. WSS was calculated by multiplying WSR with the blood viscosity which 
was set to 3.2 10-3 Pa·s for all time intervals. The WSS values of 4 segments were averaged 
to obtain mean cross-sectional WSS which was necessary to eliminate the adverse effect 
of complex flow on the WSS estimation. For the analysis, cardiac cycle averaged WSS was 
calculated. 

Distensibility was defined as the maximum change in the cross-sectional area within 
one cardiac cycle and pulsatility was defined as the flow change within one cardiac cycle 
and calculated as the following formulas:

distensibility =
(maximal area-minimal area)

maximal area

pulsatility =
(maximal flow-minimal flow)

mean flow

WSS, distensibility and pulsatility were calculated at one cross-section in the left pulmo-
nary artery (LPA) in Fontan patients. In healthy controls WSS, distensibility and pulsatil-
ity were calculated in the right pulmonary artery (RPA). LPA was measured in Fontan 
patients due to due to the short distance between the connection of the superior vena 
cava and the first branching point in the RPA. LPA and RPA do not differ in absolute blood 
flow and peak velocity, as shown by Robbers et al8.

Statistical analysis 

Differences in parameters between Fontan patients and healthy controls were analyzed 
by independent t-tests. Differences in parameters between Fontan exercise-group and 
Fontan control-group were analyzed by two-way (repeated measures) ANOVA. Within 
group (Fontan exercise-group and Fontan control-group) differences from baseline to 
follow-up were analyzed by paired Student’s t-tests. We considered a p-value of <0.05 
(2-sided test) as statistically significant. 

Results

Study population

Forty-five patients and 17 healthy controls participated in this study. Age at study and 
age at Fontan completion did not significantly differ between the participants and the 
non-participants (n=87). Significantly more female than male patients declined to par-
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ticipate. We specified 3 groups, a Fontan exercise-group (n=28), a Fontan control-group 
(n=17) and a healthy peer control-group (n=17). Two patients in the Fontan exercise-
group dropped out. We were able to analyze the MRI images of 20 of the 26 patients 
in the Fontan exercise group and 12 of the 17 patients in the Fontan control-group. 
Gender, age at study, length and weight did not significantly differ between the healthy 
controls and the Fontan patients (table 1). Baseline characteristics between the Fontan 
exercise-group and the Fontan control-group did not significantly differ either (table 1). 
Twenty Fontan patients were randomized to the exercise-group. Attendance rate was 
92% (median, inter quartile rage 78-100%). The heart rate monitors showed that the 
training intensity was within the set heart rate range during exercise. 

Table 1. Baseline characteristics, healthy controls and Fontan patients

Healthy 
controls
(n = 17)

All Fontan 
patients
(n = 32)

Randomization (Fontan patients)

Exercise-group 
(n = 20)

Control-group 
(n = 12)

Male (n) 8 (47%) 23 (72%) 14 (70%) 9 (75%)

Length (cm) 164 ± 10 160 ± 14 160 ± 16 160 ± 11

Weight (kg) 52 ± 11 49 ± 14 52 ± 15 46 ± 11

Age (yrs) 13 ± 2 15 ± 4 15 ± 4 15 ± 4

Age at Fontan (yrs) 3.5 ± 1.5 3.6 ± 1.3 3.4 ± 1.8

Follow-up post Fontan (yrs) 11 ± 3 11 ± 3 11 ± 4

Oxygen saturation (%) 95 ± 2 95 ± 2 94 ± 2

Percentage predicted peak VO2 (%) 82 ± 18 78 ± 18 87 ± 17

Dominant ventricle

Left 23 (72%) 14 (70%) 9 (75%)

Right 9 (28%) 6 (30%) 3 (25%)

Fontan type

Intra-atrial lateral tunnel 17 (53%) 11 (55%) 6 (50%)

Extra cardiac conduit 13 (41%) 8  (40%) 5 (42%)

Conversion 2  (6%) 1  (5%) 1 (8%)

Medication

Oral anticoagulants/platelet inhibitors 32 20 12

Beta-blockers 3 3 0

Digoxine 1 0 1

Arrhythmic event in history 6 4 2

Post Fontan interventions 5 2 3

P-value < 0.05 based on independent t-test (indicated by *); healthy controls vs all patients and Fontan 
exercise-group vs Fontan control-group. 
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Differences in wall shear stress, distensibility, pulsatility and flow between 
healthy controls and Fontan patients

In pre-and post-training period exercise tests, no differences were observed for peakVO2 
and peak workload.

Healthy controls had significantly higher WSS (1.4 times higher), distensibility (2.2 
times higher), pulsatility (3 times higher) and flow (1.8 times higher) in the PA as well 
as a greater maximum area of the PA (1.2 times greater) than Fontan patients (table 2). 

Changes in wall shear stress, distensibility, pulsatility and flow in Fontan 
patients at follow-up

WSS, distensibility, pulsatility and flow did not change after the intervention period 

within the Fontan exercise-group and Fontan control-group. The change of all param-
eters as observed from baseline to follow-up in the Fontan exercise-group was not 
significantly different from the Fontan control-group (table 3).

Measurements of wall shear stress at rest and with dobutamine stress in Fontan 
patients

In general, WSS measured during dobutamine stress was significantly increased relative 
to rest condition (2-way ANOVA, p<0.001)(figure 1). However, at the follow-up assess-
ment of the control group, the WSS increase after dobutamine did not reach statistical 
significance (p=0.084) (figure 1). The change in WSS within the exercise group was 
not significantly different than that within the control group. Distensibility, mean and 
maximal area in the LPA after dobutamine administration did not significantly differ 
than those at rest in both the exercise and control-group.

Table 2. Healthy controls vs Fontan patients at baseline

Healthy controls (n = 17) Fontan patients (n = 32) p-value 

Wall shear stress (N/m2) 0.82 ± 0.21 0.57 ± 0.23 0.001

Distensibility index 0.40 ± 0.30 0.18 ± 0.05 0.012

Mean area (mm2) 157 ± 46 155 ± 53 0.873

Max area (mm2) 209 ± 55 171 ± 56 0.031

Pulsatility index 3.40 ± 0.37 1.13 ± 0.61 < 0.001

Mean flow (ml/s) 51 ± 14 29 ± 6 < 0.001

Heart rate (bpm) 73 ± 11 71 ± 14 0.666

P-value based on independent t-test.
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Discussion

This randomized controlled trial demonstrated that a 12 week aerobic exercise training 
program does not change wall shear stress, distensibility and pulsatility in the pulmonary 
arteries in Fontan patients. As WSS is an important determinant of NO-release mediated 
decrease of PVR, this suggests that PVR did not change. 

Abnormal PA endothelial-function is common after the Fontan procedure and relates 
to the abnormal flow throughout the different stages towards and after completion of 
the Fontan circulation3. These factors have been associated with impaired pulmonary 
artery function14. As a result of the loss of the pre-pulmonary pump, ventricular preload 
is highly dependent on pulmonary vascular function in these patients1,8. PVR directly re-
lates to PA endothelial-function which is mediated by NO1,7,9. Endothelial NO is released 
under the influence of wall shear stress, distensibility and pulsatility of the vessel1,7,9. In 

Table 3. Measurements before and after the exercise training program in Fontan patients 

LPA

Fontan exercise-group (n = 20) Fontan control-group (n = 12)

pBefore After Before After

Wall shear stress (N/m2) 0.55 ± 0.23 0.54 ± 0.23 0.59 ± 0.24 0.62 ± 0.32 0.53

Distensibility index 0.18 ± 0.06 0.20 ± 0.0 0.179 ± 0.055 0.18 ± 0.07 0.62

Mean area (mm2) 158 ±51 155 ± 53 150 ± 59 156 ± 69 0.58

Max area (mm2) 174 ± 54 174 ± 57 165 ± 61 171 ± 75 0.67

Pulsatility index 1.11 ± 0.94 1.26 ± 0.61 0.89 ± 0.43 0.82 ± 0.37 0.29

Mean flow (ml/s) 29 ± 6 28 ± 6 27 ± 6 29 ± 8 0.08

Heart rate (bpm) 70 ± 15 68 ± 15 73 ± 14 72 ±11 0.97

Legend: p-value relates to the between subjects comparisons, analyzed by two-way ANOVA; paired t-test 
within group, p<0.05 is indicated by *.
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Figure 1. Wall Shear Stress rest and stress. P-value based on paired t-test. * p <0.05
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Fontan patients, PA endothelial-function is hampered by a decrease of WSS, distensibil-
ity and pulsatility, as confirmed in the present study. This may result in a decrease of NO 
release8. 

It has been demonstrated that physical exercise training can result in changes in the 
large arteries of trained healthy subjects. Training results in adaptation of vasodilator 
capacity as well as in arterial remodeling7. During exercise WSS increases. Short term 
changes of exercise training are characterized by increased vasodilatation potential9. 

As in Fontan patients, PA WSS and distensibility are decreased in patients with pulmo-
nary hypertension (PAH)15. In PAH patients therapy consists of (pulmonary) vasodilator 
drugs which reduce PVR and increases cardiac output in this population15. Results of 
trials with vasodilator drugs in Fontan patients have shown equivocal results5,16,17,18. 

Most studies using the endothelin antagonist bosentan have not shown beneficial 
results in Fontan patients5,16. Recently, Hebert et al. reported the largest bosentan study 
so far. In a randomized controlled trial with 3 months follow-up, a small but significant 
increase in peakVO2, exercise capacity and NYHA functional class were demonstrated. 
Treatment responses tended to be greater in males, participants with a low body mass 
index, in young patients, and in those with high plasma ET-1. No difference was seen 
between patients with high and low baseline values of peakVo2 and pro-BNP6. Although 
there were no serious adverse events, 8% of the subjects withdrew from the study for 
assumed adverse effects. In the studies that have administered phosphodiesterase 5 
inhibitor sildenafil, an increase in exercise performance and ventricular stroke volume 
and a decrease of PVR was seen17,18. Sildenafil related improvement in exercise capacity 
was particularly noted in Fontan patients who had a poor baseline exercise capacity17. 
An intervention study in which sildenafil was administered to a relatively young and 
healthy cohort of Fontan patients for 6 weeks failed to show significant improvement 
in exercise capacity, but showed improved ventilatory efficiency4. The lack of significant 
peakVO2 increase was attributed to the relatively healthy cohort, reducing the room for 
improvement of exercise capacity17. The difference in effect as shown in studies using 
bosentan or sildenafil most likely was related to the differences in their mode of action. 
Endothelin expression is enhanced in patients with a failing Fontan circulation19. Inhibi-
tion of the expression by bosentan will be mostly effective in those patients. Sildenafil 
inhibits, in all patients, phosphodiesterase-5, which increases cyclic GMP, part of the NO 
pathway, leading to pulmonary vasodilatation18. This would endorse the theory that NO 
release is altered in Fontan patients, as a result of vascular dysfunction8,17. 

In contrast to drug intervention studies, well-designed exercise training programs 
in Fontan patients have shown improved exercise capacity. In one study, it was shown 
that cardiac output increased following exercise training10,20. In analogy to the sildenafil 
studies, Fontan patients with a poorer baseline exercise capacity were more likely to 
enhance their exercise capacity than those with higher baseline values, which was con-
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firmed in our Fontan patients with relatively well preserved baseline clinical state2,17. This 
is in contrast to the clear improvement in exercise performance in patients operated for 
tetralogy of Fallot at similar age who underwent the same exercise training protocol21. In 
acquired heart disease in adults, characteristics of arterial function have not shown a di-
rect relationship with maximal exercise parameters. Furthermore, the effects of exercise 
training on arterial function have differed importantly throughout studies, which may in 
part depend on the underlying type of disease22,23. 

A potential problem in the use of sildenafil is side-effects that occur in relatively high 
percentage of patients. Exercise training lacks drug related side-effects, contributes 
to the reduction of obesity commonly seen in ConHD patients, may increase physical 
activity levels, as recommended in the current health guidelines, and contributes to an 
increase in domains of health related quality of life24,25,26. 

The exercise training program described in our study did not change measured 
parameters related to PA endothelial-function. This could indicate that the exercise 
training program did not influence the release of NO and PVR. It should be noted that 
our participants had a relative high peakVO2 at baseline27. 

There may be several reasons why we did not find any changes following an extensive 
training program with good adherence. The duration of the training program may have 
been too short. The type of training may not have been adequate or the hypothesis that 
exercise training improves PA endothelial-function in these patients may be invalid. 

WSS calculations were based on the actual velocity measured in vivo with PC MRI. 
Shear stress measurements are subject to variations because of interobserver variability 
in lumen segmentation. In order to prevent interobserver variability, the segmentations 
were performed in one go and by one person (ND). To calculate WSS, we assumed a 
parabolic curve of flow velocities across the vessel diameter13. This is a simplification of 
reality, as the flow profile will most likely not be parabolic due to the branched pattern 
of the PA system28. Computational fluid dynamics (CFD) simulations are the golden stan-
dard to assess flow velocity profiles and WSS. A recent study showed that PC MRI is as 
accurate as CFD in assessing WSS patterns29. Due to lack of pulsatility, and the anatomy 
of the Fontan circuit, blood flow inside Fontan circuit has a complex pattern which may 
cause some errors in 2D PC MRI measurement such as intra-voxel dephasing. By taking 
the mean WSS per cross-section, we calculated a general WSS value less sensitive to the 
local measurement errors.

In this study distensibility was assessed as the relative change in PA area. The relative 
changes in the PA area over the cardiac cycle are affected by both the arterial stiffness 
and the pressure variations. The lack of change in distensibility after a period of a 
standardized training protocol might be caused by counteracting influences of arterial 
stiffness and pulse pressure. Since pulsatility in flow did not change due to a training 
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protocol, the data make it plausible that the arterial stiffness did not change over the 
study period. 

Results were obtained using simulated exercise with dobutamine. There are differ-
ences in the circulatory response between physiological and pharmacological stress, 
however dobutamine mimics physical stress at low dose30. As described by Robbers 
et al. dobutamine in low dose increases heart rate and cardiac index in young Fontan 
patients31. The Results (data not shown) in the current study were similar with respect to 
the effect type and size.

In conclusion, WSS, distensibility and pulsatility, which are lower in Fontan patients 
than in healthy peers, did not change in response to exercise training in a relatively 
healthy group of Fontan patients. Considering the important clinical need to influence 
PA endothelial-function in these patients, further research is needed to assess the po-
tential of exercise training to enhance PA endothelial-function in Fontan patients.



Chapter 9

150

References

	 [1]	 Gewillig M, Brown SC, Eyskens B, et al. The Fontan circulation: who controls cardiac output? 
Interact Cardiovasc Thorac Surg 2010;10:428-33.

	 [2]	 Bossers SS, Helbing WA, Duppen N, et al. Exercise capacity in children after total cavopulmonary 
connection: Lateral tunnel versus extracardiac conduit technique. J Thorac Cardiovasc Surg 
2014;1:1-8.

	 [3]	 Gewillig M. The Fontan circulation. Heart 2005;91:839-46.
	 [4]	 Goldberg DJ, French B, McBride MG, et al. Impact of oral sildenafil on exercise performance in 

children and young adults after the fontan operation: a randomized, double-blind, placebo-
controlled, crossover trial. Circulation 2011;123:1185-93.

	 [5]	 Schuuring MJ, Vis JC, van Dijk AP, et al. Impact of bosentan on exercise capacity in adults after the 
Fontan procedure: a randomized controlled trial. Eur J Heart Fail 2013;15:690-8.

	 [6]	 Hebert A, Mikkelsen UR, Thilen U, et al. Bosentan improves exercise capacity in adolescents and 
adults after Fontan operation: the TEMPO (Treatment With Endothelin Receptor Antagonist in 
Fontan Patients, a Randomized, Placebo-Controlled, Double-Blind Study Measuring Peak Oxygen 
Consumption) study. Circulation 2014;130:2021-30.

	 [7]	 Green DJ, Spence A, Rowley N, et al. Vascular adaptation in athletes: is there an ‘athlete’s artery’? 
Experimental physiology 2012;97:295-304.

	 [8]	 Robbers-Visser D, Helderman F, Strengers JL, et al. Pulmonary artery size and function after 
Fontan operation at a young age. J Magn Reson Imaging 2008;28:1101-7.

	 [9]	 Green DJ. Exercise training as vascular medicine: direct impacts on the vasculature in humans. 
Exerc Sport Sci Rev 2009;37:196-202.

	[10]	 Duppen N, Takken T, Hopman MT, et al. Systematic review of the effects of physical exercise 
training programmes in children and young adults with congenital heart disease. Int J Cardiol 
2013;168:1779-87.

	[11]	 Schulz KF, Altman DG, Moher D, et al. CONSORT 2010 statement: updated guidelines for reporting 
parallel group randomised trials. BMJ 2010;340:c332.

	[12]	 Robbers-Visser D, Luijnenburg SE, van den Berg J, et al. Safety and observer variability of cardiac 
magnetic resonance imaging combined with low-dose dobutamine stress-testing in patients 
with complex congenital heart disease. Int J Cardiol 2011;147:214-8.

	[13]	 Duivenvoorden R, Vanbavel E, de Groot E, et al. Endothelial shear stress: a critical determinant of 
arterial remodeling and arterial stiffness in humans--a carotid 3.0-T MRI study. Circ Cardiovasc 
Imaging 2010;3:578-85.

	[14]	 Gewillig M, Brown SC, Heying R, et al. Volume load paradox while preparing for the Fontan: not too 
much for the ventricle, not too little for the lungs. Interact Cardiovasc Thorac Surg 2010;10:262-5.

	[15]	 Tang BT, Pickard SS, Chan FP, et al. Wall shear stress is decreased in the pulmonary arteries of 
patients with pulmonary arterial hypertension: An image-based, computational fluid dynamics 
study. Pulmonary circulation 2012;2:470-6.

	[16]	 Ovaert C, Thijs D, Dewolf D, et al. The effect of bosentan in patients with a failing Fontan circula-
tion. Cardiol Young 2009;19:331-9.

	[17]	 Hager A, Weber R, Muller J, et al. Predictors of sildenafil effects on exercise capacity in adolescents 
and adults with Fontan circulation. Clin Res Cardiol 2014;3:1-6.

	[18]	 Van De Bruaene A, La Gerche A, Claessen G, et al. Sildenafil improves exercise hemodynamics in 
fontan patients. Circ Cardiovasc Imaging 2014;7:265-73.



151

The effect of training on pulmonary artery wall shear stress in Fontan patients

	[19]	 Ishida H, Kogaki S, Ichimori H, et al. Overexpression of endothelin-1 and endothelin receptors in 
the pulmonary arteries of failed Fontan patients. Int J Cardiol 2012;159:34-9.

	[20]	 Cordina RL, O’Meagher S, Karmali A, et al. Resistance training improves cardiac output, 
exercise capacity and tolerance to positive airway pressure in Fontan physiology. Int J Cardiol 
2013;168:780-8.

	[21]	 Duppen N, Kapusta L, de Rijke YB, et al. The effect of exercise training on cardiac remodelling in 
children and young adults with corrected tetralogy of Fallot or Fontan circulation: a randomized 
controlled trial. Int J Cardiol 2014.

	[22]	 Vinet A, Karpoff L, Walther G, et al. Vascular reactivity at rest and during exercise in middle-aged 
obese men: effects of short-term, low-intensity, exercise training. Int J Obes (Lond) 2011;35:820-8.

	[23]	 Fujimoto N, Prasad A, Hastings JL, et al. Cardiovascular effects of 1 year of progressive endur-
ance exercise training in patients with heart failure with preserved ejection fraction. Am Heart J 
2012;164:869-77.

	[24]	 Pemberton VL, McCrindle BW, Barkin S, et al. Report of the National Heart, Lung, and Blood Insti-
tute’s Working Group on obesity and other cardiovascular risk factors in congenital heart disease. 
Circulation 2010;121:1153-9.

	[25]	 Dulfer K, Duppen N, Kuipers IM, et al. Aerobic Exercise Influences Quality of Life of Children and 
Youngsters With Congenital Heart Disease: A Randomized Controlled Trial. The Journal of adoles-
cent health : official publication of the Society for Adolescent Medicine 2014;2:1-8.

	[26]	 Takken T, Giardini A, Reybrouck T, et al. Recommendations for physical activity, recreation sport, 
and exercise training in paediatric patients with congenital heart disease: a report from the 
Exercise, Basic & Translational Research Section of the European Association of Cardiovascular 
Prevention and Rehabilitation, the European Congenital Heart and Lung Exercise Group, and the 
Association for European Paediatric Cardiology. Eur J Prev Cardiol 2012;19:1034-65.

	[27]	 Diller GP, Dimopoulos K, Okonko D, et al. Exercise intolerance in adult congenital heart disease: 
comparative severity, correlates, and prognostic implication. Circulation 2005;112:828-35.

	[28]	 Reneman RS, Arts T, Hoeks AP. Wall shear stress--an important determinant of endothelial cell 
function and structure--in the arterial system in vivo. Discrepancies with theory. Journal of vascu-
lar research 2006;43:251-69.

	[29]	 Cibis M, Potters WV, Gijsen FJ, et al. Wall shear stress calculations based on 3D cine phase contrast 
MRI and computational fluid dynamics: a comparison study in healthy carotid arteries. NMR in 
biomedicine 2014;27:826-34.

	[30]	 Helbing WA, Luijnenburg SE, Moelker A, et al. Cardiac stress testing after surgery for congenital 
heart disease. Curr Opin Pediatr 2010.

	[31]	 Robbers-Visser D, Jan Ten Harkel D, Kapusta L, et al. Usefulness of cardiac magnetic resonance 
imaging combined with low-dose dobutamine stress to detect an abnormal ventricular stress 
response in children and young adults after fontan operation at young age. Am J Cardiol 
2008;101:1657-62.





Chapter 10 
General Discussion





155

General Discussion

Several cardiovascular diseases, either acquired during life or congenital, are associated 
with altered haemodynamic conditions of the blood vessels1-5. Monitoring haemody-
namic changes in the diseased blood vessels might provide essential information on the 
status and the possible progression of these diseases. Cine phase contrast MRI (PC MRI) 
is an emerging tool which provides haemodynamic information non-invasively in large 
blood vessels6-8. The aim of this thesis was to investigate the potential use of PC MRI 
in monitoring haemodynamic parameters associated with two cardiovascular diseases: 
carotid atherosclerosis and univentricular heart (repaired by Fontan operation). The 
former is an example of an acquired cardiovascular disease and the latter of a congenital 
cardiovascular disease. 

Chapters 2 to 5 are devoted to quantification of two haemodynamic parameters that 
are associated with carotid atherosclerosis; wall shear stress (WSS) and oscillatory shear 
index (OSI). In chapter 2, a study is described that focuses on the estimation of WSS 
based on CFD simulations and ECG and respiratory gated time-resolved 3D PC MRI with 
three directional velocity encoding, also known as 4D Flow MRI9. The two WSS quanti-
fication methods were compared in nine healthy carotid arteries (from 5 subjects). We 
performed the WSS analysis on the entire luminal surface of the carotid arteries, which 
is the main strength of this study compared to the previous studies. MRI-based WSS 
was previously obtained either by 2D PC MRI measurements which were performed 
at limited number of measurement planes10-12 or by 4D Flow MRI measurements but 
the analysis was performed only at some planar slices of the carotid arteries13,14. In this 
study, 4D Flow MRI measurements were performed with an isotropic spatial resolution 
of 0.625 mm. CFD simulations were based on the subject-specific geometry and the 
boundary conditions were obtained from the 4D Flow MRI measurements Our results 
showed that MRI and CFD-based WSS spatial patterns are generally in good agreement. 
However, the magnitude of WSS is underestimated by MRI-based calculations due to the 
lower spatial resolution of 4D flow MRI measurements. The direction of the WSS vectors 
based on CFD and MRI is also in good agreement in general, although, deviations in the 
vector directions are larger at regions of low velocity due to the low velocity to noise 
ratio (VNR) at these regions. The general good agreement between MRI and CFD-based 
WSS calculations shows that MRI can be used in monitoring spatial WSS patterns, and it 
must be kept in mind that the magnitude of WSS is underestimated. Please note that the 
study presented in Chapter 2 was carefully designed and the MRI scans were carefully 
performed with dedicated multi-channel carotid coils, at an isotropic spatial resolution 
for a small group of young volunteers and without taking into account the clinical fea-
sibility of the scan time to obtain the best image quality. One can however expect that 
MR images obtained for population-based studies have relatively lower image quality 
due to sub-optimal scan protocol parameters, which are generally chosen to keep the 
scan time clinically feasible. Another reason for lower image quality might be that the 
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MRI scans are not performed with the latest MRI equipment to maintain consistency 
between baseline and follow-up measurements in long-term follow-up studies. In a 
population-based setting, the agreement between MRI and CFD-based WSS distribu-
tion may therefore be reduced. On the other hand, CFD simulations are not feasible in 
such a setting due to long computational time requirement (hours to days per subject) 
and MRI-based WSS calculations are preferable since they are straightforward, less time-
consuming and they do not require extensive pre and post-processing steps. Despite 
the lower accuracy of MRI-based WSS in a population-based setting, MRI can still be 
used for estimating WSS if similar associations between WSS and the vascular pathology 
are found by both MRI and CFD calculations. If so, this would open up a whole new line 
of research allowing populations studies on wall shear stress and taking more general 
confounding factors into consideration, which is not possible with small scale studies. 
Therefore, the aim of the study described in chapter 3 was to investigate the agreement 
between MRI and CFD-based WSS distribution in a large population based setting. The 
subjects of this study that were selected from a cohort study (Rotterdam study), had an 
asymptomatic carotid plaque detected by ultrasound measurements. They underwent 
two MRI scan sessions within a follow-up period of approximately 4 years. The scans 
included black blood MRI and untriggered 3D PC MRI acquisitions. The wall thickness 
of the carotid arteries was obtained from the black blood images. CFD simulations were 
performed by using the subject-specific geometries. MRI-based velocities were used as 
boundary conditions for CFD. MRI and CFD-based WSS were compared at baseline. The 
baseline and follow-up WSS were also compared for both MRI and CFD-based calcula-
tions. Finally, the similarity of the relation between wall thickness and CFD-based WSS 
and the relation between wall thickness and MRI-based WSS was investigated. The 
results of this study confirmed our previous findings that the limited spatial resolution 
of MRI causes an underestimation of WSS. A similar inverse relation was found between 
wall thickness and WSS obtained by the two WSS estimation methods, which validated 
the potential use of both CFD and MRI. We conclude that application of MRI is feasible 
in estimation of WSS patterns also in a population-based setting since the associations 
between vascular pathology and WSS based on MRI measurements were similar to those 
based on CFD. 

Our studies presented in chapter 2 and chapter 3 and also some previous studies from 
the literature15-17 reported the underestimation of WSS due to the limited spatial resolu-
tion of MRI. None of the previous studies however investigated the effect of temporal 
resolution on the estimation of haemodynamic parameters. In addition, the degree of 
underestimation at different spatiotemporal resolutions and the minimum required 
spatiotemporal resolution for an accurate estimation of WSS remained unknown. If the 
relation between spatiotemporal resolution of MRI and the haemodynamic parameters 
is systematic, the underestimation depending on the resolution might be corrected. 
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In the study reported in chapter 4, the aim was to evaluate the effect of spatial and 
temporal resolution simultaneously on the assessment of mean and peak flow, WSS and 
OSI. These haemodynamic parameters were obtained with ECG gated time-resolved 2D 
cine PC MRI measurements, which were performed at two measurement planes of a 
carotid artery phantom at thirty different spatiotemporal resolutions. 2D PC MRI mea-
surements were preferred, since thirty MRI measurements including those at very high 
spatiotemporal resolution would require infeasible scan times. In this study, 2D PC MRI 
measurements took between 1.1 and 21.0 minutes per measurement depending on the 
spatiotemporal resolution. The carotid artery phantom, which was based on the surface 
reconstruction of a healthy right carotid artery, was connected to a flow setup generat-
ing realistic pulsating flow. Our findings in this study showed that all haemodynamic 
parameters are influenced by spatiotemporal resolution but to different degrees. The 
mean flow was dependent on the spatial resolution due to the increased uncertainties in 
the image segmentation at lower spatial resolutions, but it was independent of temporal 
resolution. In contrast, the peak flow was mostly dependent on the temporal resolution. 
Since the flow waveform was flattened at lower temporal resolutions; the peak flow was 
underestimated. WSS was primarily influenced by the spatial resolution and underes-
timated at all spatial resolutions except for high resolution images ~0.2×0.2mm2. OSI 
was influenced by both spatial and temporal resolution. A remarkable observation was 
that at spatial resolutions lower than 0.4×0.4mm2 and temporal resolutions lower than 
40 ms, OSI did not significantly change. We also found that the location of the low and 
high WSS and OSI regions were estimated consistently in most of the measurements 
regardless of spatiotemporal resolution. 

In chapter 5, a more clinically oriented study was described using CFD. The study inves-
tigated the relation between atherosclerotic plaque components and WSS distribution. 
The subjects were chosen from Rotterdam Study. Only a subset of the data was analyzed 
(93 carotid arteries from 74 subjects); hence performing CFD simulations was feasible. 
The MRI scan sessions included black blood MRI and untriggered 3D PC MRI sequences. 
Different sequences were used to evaluate the presence of plaque components. The 
evaluation of the presence of intra-plaque hemorrhage (IPH), large lipid rich necrotic 
core (LNRC) and calcium was performed by two trained observers. Subject-specific CFD 
simulations were performed using the luminal surface as geometry and the MRI-based 
velocities as inflow boundary condition. The results showed that WSS was higher at the 
regions of plaques with IPH. A possible explanation can be that IPH accelerates plaque 
growth hence it causes lumen narrowing and subsequently an increase in WSS. An as-
sociation was also found between higher maximum shear stress and calcium. We did not 
find any relation between WSS distribution and LRNC prevalence. Further longitudinal 
research is necessary to determine the cause-effect relation between hemodynamic 
factors and the plaque composition. 
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Chapters 6 to 9 are primarily concerned with the estimation of haemodynamic 
parameters in Fontan circulation. Chapters 6 and 7 describe the studies that focus on 
the power loss estimation inside Fontan circulation. Previous studies suggested that 
power loss inside Fontan circulation is associated with the exercise intolerance of Fontan 
patients18,19, but the amount of increase in power loss during exercise relative to rest 
condition was unknown. In chapter 6, the aim was to quantify power loss inside the 
Fontan circulation at rest and during exercise, which was simulated with dobutamine 
administration. The study included 15 subjects operated with intra-atrial later tunnel 
(ILT) and 14 subjects with extracardiac conduit (ECC) approach. CFD simulations were 
performed by subject-specific geometry and the boundary conditions were based on 
ECG gated time-resolved 2D PC MRI measurements. The results showed that the power 
loss inside Fontan circulation significantly and nonlinearly increased under exercise 
conditions. A nonlinear association between power loss and cardiac index was found. A 
clear difference in power losses was observed between ILT and ECC approaches. 

In previous studies20-23 and in the study presented in chapter 6, power loss inside 
Fontan circulation was calculated by CFD simulations. The potential use of 4D flow MRI 
in quantification of power loss was however never investigated mainly because it is 
expected that power loss is underestimated due to the limited spatial resolution of MRI. 
In chapter 7, the effect of spatial resolution and the noise of 4D flow MRI measure-
ments on the estimated power loss inside Fontan circulation were discussed. One of the 
aims of the research was to quantify power loss inside Fontan circulation at different 
spatial resolutions of 4D flow MRI measurements. In vivo 4D Flow MRI measurements 
at several spatial resolutions were however not feasible due to unacceptably long scan 
times required for 4D flow MRI. The effect of resolution was therefore investigated by 
performing subject-specific CFD simulations and by down-sampling CFD velocities and 
generating MRI-like data. Power loss was calculated by using down-sampled CFD veloci-
ties at isotropic resolutions of 0.5 mm, 1.0 mm, and 2.0 mm and at subject-specific MRI 
resolution. The measurement noise, which was defined as the standard deviation of the 
measured velocities in static regions, was obtained from the phase images of the 4D flow 
MRI measurements. The subject-specific noise was added to the down-sampled CFD 
velocities to mimic MRI data. The effect of noise was studied by comparing the power 
loss calculated with and without adding noise. The power loss was underestimated by 
66±4% with velocities at an isotropic spatial resolution of 2 mm relative to those at an 
isotropic spatial resolution of 0.1 mm. The underestimation of the power loss was due 
to the fading of complex flow structures by down-sampling the velocities. Adding noise 
on the velocities increased the estimated power loss slightly. Nevertheless, regardless of 
the noise or the spatial resolution, the relative power loss of each subject relative to the 
other patients was retained. Our findings in this study indicate that the patients having 
relatively high power loss inside the Fontan circulation can be detected by using 4D flow 
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MRI measurements even at lower spatial resolutions, but the magnitude of the power 
loss is underestimated. 

Chapter 8 and 9 discuss the WSS distribution, distensibility and pulsatility of pulmo-
nary arteries in Fontan patients. These haemodynamic parameters were studied in the 
pulmonary arteries since the pulmonary artery distensibility and the growth in these pa-
tients are limited and the underlying mechanism is unclear. It is however known that the 
endothelial cells which form the innermost layer of the arteries are responsive to WSS24,25. 
The reduced flow, hence reduced WSS inside Fontan circulation26 might influence the 
endothelial function in the pulmonary arteries of Fontan patients. We hypothesized 
that the low level of WSS in the pulmonary arteries of Fontan patients might influence 
endothelium function and consequently the growth and function of the pulmonary 
arteries and the exercise capacity of these patients. Chapter 8 focuses on the flow, WSS 
distribution, distensibility and pulsatility of the left pulmonary artery and the changes 
in these haemodynamic parameters over time. On twenty three Fontan patients two 
longitudinal time-resolved 2D cine PC MRI scans were acquired with a median follow up 
duration of 4.4 years. This study compared the associated haemodynamic conditions at 
baseline and follow-up within the Fontan patient group and between healthy controls 
and Fontan patients. We found that the blood flow, mean and peak WSS, the pulsatility 
and the distensibility of the pulmonary arteries were lower in Fontan patients than in 
healthy controls. No significant difference was found in lumen area and mean and peak 
WSS between baseline and follow-up in Fontan patients.  Further research is necessary to 
identify the effect of haemodynamics on the growth and function of pulmonary arteries. 

We hypothesized that increasing WSS in Fontan circulation by i.e. exercise training 
might improve endothelial function and consequently increase exercise capacity. In 
chapter 9, WSS distribution, distensibility and pulsatility of caval veins and pulmonary 
arteries were assessed before and after a twelve week of standardized exercise training 
in Fontan patients. The haemodynamic conditions of the randomly selected Fontan 
group assigned to exercise training were compared with the Fontan control group and 
a healthy control group. The results showed that flow, WSS, distensibility and pulsatil-
ity were low in Fontan patients relative to the healthy controls, which confirmed the 
findings of chapter 8. However, the 12 weeks of training program did not alter the WSS, 
distensibility or pulsatility in Fontan patients. These findings suggest that short term 
exercise has no definite positive or negative impact on distensibility, flow and WSS dis-
tribution. Further research has to be conducted to find potential solutions to improve 
haemodynamic conditions, endothelial function and distensibility of pulmonary arter-
ies in Fontan patients. 

The chapters of this thesis were dedicated to quantification of haemodynamic pa-
rameters by using CFD simulations and PC MRI measurements. The results showed that 
PC MRI has a high potential since it enables in vivo measurements of time-resolved 3D 
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blood velocity field in large vessels by using the intrinsic magnetic properties of blood in 
an external magnitude field. PC MRI has two superior properties relative to other veloc-
ity measurement techniques like ultrasound or tomography. Firstly, it is a non-invasive 
method, which does not require the use of ionizing radiation and it does not necessarily 
require the use of contrast agents. Secondly, it does not have any preferred direction for 
the measurements, unlike ultrasound, since three directional velocities can be measured 
at any cross-sectional area or volume of interest in any 3D orientation. Nevertheless, 
PC MRI has also some disadvantages and some issues still remain in use of PC MRI in 
estimation of derived haemodynamic parameters. Several important issues about PC 
MRI measurements and their potential remedies are discussed below. 

Future developments in phase contrast MRI

MRI is an expensive and a time-consuming imaging modality relative to other imaging 
modalities like ultrasound. The long scan times required for MRI do not only contribute 
to the cost but they also make MRI acquisitions impractical since patient motion in-
creases with scan time and it results in image artefacts. Nevertheless, three dimensional 
time-resolved ECG and respiratory navigator gated PC MRI with velocity encoding in 3 
directions (4D flow MRI) scans with whole heart coverage can nowadays be performed 
in less than 20 minutes with the current technical developments27. The enhancements in 
the MRI acquisition methods such as effective use of sparse sampling28,29, radial acquisi-
tion30 and multidimensional parallel imaging31 will reduce the MRI scan times further in 
the future. 

The main drawback of PC MRI in estimating the derived haemodynamic parameters 
arises from the limited spatial resolution. The haemodynamic parameters such as power 
loss, wall shear stress and oscillatory shear index are based on the spatial gradient of the 
blood velocities. The spatial gradient of velocities is underestimated due to its limited 
spatial resolution resulting in underestimation of the magnitude of these parameters. 
The maximum achievable spatial resolution of PC MRI is however limited due to scan 
time limits and due to the inverse relation of VNR to spatial resolution. As the resolu-
tion increases, the signal reduces; VNR reduces hence the precision gets lower. VNR can 
be improved by using dedicated coils that optimize the SNR or the acquisition, with 
stronger magnetic fields32 and with the use of contrast agents33,34. Nevertheless, the 
studies presented in chapter 4 showed that the accurate estimation of haemodynamic 
parameters is only possible at very high isotropic spatial resolutions, i.e. in the order of 
0.1 mm. In order to obtain accurate values based on 4D flow data, a correction might 
be used. For example, a look up table can be generated to approximate a correction 
factor for the different resolutions. Alternatively, relative values of the haemodynamic 
parameters can be used as suggested in Chapter 7 of this thesis instead of the absolute 



161

General Discussion

values in comparative studies, but in this case MRI protocols must be kept similar for 
valid comparison. 

Another parameter influencing VNR hence the quality of the PC MRI measurements 
is the velocity encoding (Venc), which is the maximum detectable velocity by PC MRI 
measurements. Venc is tuned by the user before the measurement and it corresponds to 
the maximum phase shift of 180º. The velocities higher than Venc are represented incor-
rectly due to aliasing. Venc must therefore be estimated before the measurements and 
defined sufficiently high in order to prevent aliasing. On the other hand, VNR is inversely 
proportional to Venc, hence Venc must be kept as small as possible to keep VNR high. At 
low velocity regions where i.e. WSS and OSI are of interest, VNR is especially low. In order 
to improve VNR, the encoding schemes that have been recently introduced such as dual 
Venc encoding35 or five-point balanced flow encoding36 are recommended. 

For the estimation of the WSS and OSI vectors along the entire 3D vessel wall, the 
vessel wall needs to be segmented for the entire cardiac cycle. Current methods employ 
a PC angiogram derived from the phase and magnitude images using pseudo-complex 
differences or sum of squares algorithms. This typically represents the angiogram only 
at peak systole. A time-resolved angiogram would be preferable to correctly determine 
WSS and OSI over the entire cardiac cycle, but with the limited contrast in the magni-
tude image at diastole and the slow velocities at diastole, a clear depiction of the lumen 
boundary is impossible. Therefore, typically 4D flow MRI derived WSS gets only evalu-
ated at peak systole and OSI is very often not derived at all. To overcome this limitation, 
one could improve the magnitude image of the 4D flow MRI acquisition by using radial 
k-space acquisition approaches or other advanced acquisition improvements that allow 
for increase in the SNR without necessarily increasing the scantime.

The other sources of errors in PC MRI measurements are eddy current effects, Maxwell 
terms, and gradient field distortions. Eddy currents can be corrected as suggested in 
the literature by subtracting the spatially varying eddy current estimated from static 
tissue37. Maxwell terms and the gradient field distortions can be corrected during image 
reconstruction using the known gradient waveforms and gradient field models38. 

Clinical applications

The ultimate goal of estimating subject-specific haemodynamics is to provide clinically 
useful information. The information on subject-specific haemodynamics will eventually 
help to understand the underlying mechanisms of the vascular pathology, to predict the 
effect of flow alterations, to find markers for early diagnosis of the cardiovascular dis-
eases, to predict the progression of these diseases and the outcome of the treatments.

The improvements in PC MRI and computational modelling will lead to their use for 
haemodynamic estimations in clinical routine more frequently. PC MRI, particularly 
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4D flow MRI, has high potential to become a clinical tool for paediatric patients with 
congenital heart disease and also other patients with acquired cardiovascular diseases 
and it would give the opportunity to not only improve patient diagnosis and treatment 
strategy, but also to learn more about those diseases. 

The studies described in this thesis added to our existing knowledge on the estimation 
of the subject-specific haemodynamics. The extensive comparison of estimations based 
on PC MRI and computational fluid dynamics show that PC MRI leads to underestimation 
in the estimated values. However, both methods give similar haemodynamic patterns. 
Hence both methods would lead to similar conclusions if translated into routine clinical 
practice. This enhances our confidence in both computational fluid dynamics and also 
in phase contrast MRI based haemodynamic estimation. 
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Haemodynamic conditions are associated with the initiation and progression of car-
diovascular diseases. Carotid atherosclerosis and the univentricular heart repaired by 
Fontan operation were introduced as examples of the acquired and congenital cardio-
vascular diseases. The associated haemodynamic parameters are generally quantified 
by computational fluid dynamics (CFD), but they can also be quantified by using phase 
contrast MRI (PC MRI) velocity measurements. The aim of this thesis was to evaluate the 
quantification of haemodynamic parameters associated with carotid atherosclerosis and 
univentricular heart repaired by Fontan operation by using PC MRI and CFD. Chapter 1 
introduced the background and the aim of the thesis.

In chapter 2, wall shear stress (WSS) distribution based on ECG-gated time-resolved 
3D phase contrast MRI was compared with that based on CFD in nine carotid arteries of 
six healthy volunteers. The MRI scans were performed with a 3T MRI scanner at an isotro-
pic resolution of 0.625 mm. MRI-based velocities were used as the boundary conditions 
of CFD hence the CFD simulations were as subject-specific as possible. The CFD-based 
velocities were down-sampled to MRI resolution to generate MRI-like data. WSS was 
calculated with the MRI velocities, CFD velocities and the down-sampled CFD velocities. 
The results showed that MRI and CFD-based WSS patterns were in good agreement. The 
magnitude of WSS was however underestimated by both MRI and down-sampled CFD 
velocities indicating that the underestimation was caused by the limited spatial resolu-
tion. The direction of WSS vectors were also in good agreement in general. However, dis-
crepancies were observed at the regions of low WSS. This study showed that the spatial 
WSS patterns based on MRI can be used in clinical routine despite the underestimation 
of the magnitude of WSS. 

In chapter 3, a comparative study between MRI and CFD-based WSS was described 
for elderly subjects with asymptomatic atherosclerotic plaque. The aim of this study 
was to check the potential use of MRI in WSS calculation in population-based studies 
where lower image quality due to sub-optimal scan protocol parameters and MRI equip-
ment are expected to keep the scan time clinically feasible. This was necessary since 
CFD simulations are not feasible in population-based studies due to the requirement 
of long computational time (hours to days) per subject. The subjects of this study (n= 
14) were selected from Rotterdam study, which is a population-based cohort study. The 
subjects included in this study underwent two MRI scan sessions with an approximately 
four years of follow-up time and had artifact-free MR images. The wall thickness of the 
carotid arteries was obtained from MR images. WSS was calculated at baseline and 
follow-up with both MRI and CFD-based velocities and compared. Similar to our previ-
ous findings, we observed an underestimation of WSS based on MRI velocities due to 
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the limited spatial resolution. The mean WSS and the wall thickness did not significantly 
change over the follow-up period. We found an inverse relation between WSS and the 
wall thickness of the carotid arteries for both WSS estimation methods which suggests 
that studies on atherosclerosis and its relationship to MRI-based WSS patterns is feasible 
in a population-based setting. 

In chapter 4, the effect of spatial and temporal resolution of MRI measurements on 
the estimated values of haemodynamic parameters was investigated. This study was 
performed to examine the degree of underestimation at different spatiotemporal reso-
lution and to determine minimal requirement in resolution for accurate estimations. A 
carotid artery phantom was connected to a flow set-up supplying pulsatile flow. ECG-
gated time-resolved 2D PC MRI measurements were performed at thirty spatiotemporal 
resolutions at two measurement planes of a carotid artery phantom. In this study, we 
preferred 2D PC MRI measurements due to the clinically infeasible scan times required 
for 3D PC MRI. The MRI scans took 1 to 20 minutes depending on the resolution. Mean 
and peak flow, WSS and OSI were compared for these spatiotemporal resolutions. The 
results showed that mean flow depends on spatial resolution while peak flow depends 
more on temporal resolution. WSS was influenced by spatial resolution and OSI was de-
pendent on both spatial and temporal resolution. Nevertheless, the location of the low 
and high WSS and OSI regions were estimated consistently in most of the measurements 
regardless of spatiotemporal resolution.

In chapter 5, the association between WSS and plaque components was investigated 
in carotid arteries with early atherosclerosis. 93 carotid arteries from 74 subjects were se-
lected from the population based Rotterdam study. The presence of plaque components 
such as intra-plaque haemorrhage (IPH), lipid rich necrotic core (LRNC) and calcifications 
was evaluated by two trained observers. By using MRI-based geometry and boundary 
conditions, subject-specific CFD simulations were performed to obtain WSS values. 
The associations between WSS measures and plaque composition were studied using 
generalized estimating equations analysis, adjusting for age, sex and carotid wall thick-
ness. We found that IPH was more present in the plaques exposed to higher WSS. Higher 
maximum WSS was also significantly associated with the presence of calcifications. No 
associations were found between WSS and presence of LRNC. 

In chapter 6, the power loss inside Fontan circulation at rest and during exercise was 
evaluated. MRI measurements were performed to obtain flow inside caval veins at rest 
and during exercise, which was simulated by dobutamine administration. Subject-
specific CFD simulations were performed at three flow conditions: 1) at rest 2) during 
exercise which was simulated by dobutamine 3) during exercise which was assumed to 
increase the inferior caval vein flow twofold compared to the rest. 29 Fontan patients 
(15 intra-atrial lateral tunnel (ILT) and 14 extracardiac conduit (ECC)) were included. 
We found that the correlation between cardiac index and power loss was exponential. 
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There was a clear difference in power loss between patients operated with ILT and ECC 
approaches. In all flow conditions, ILT patients have lower power loss than ECC patients.

In chapter 7, the impact of spatial resolution and measurement noise of 4D flow MRI 
measurements on the estimation power loss inside Fontan circulation were evaluated. 6 
Fontan patients underwent whole heart 4D flow MRI. Subject-specific CFD simulations 
were performed. The CFD velocities were down-sampled to isotropic spatial resolutions 
of 0.5 mm, 1mm, 2 mm and to MRI resolution. Viscous dissipation was compared be-
tween 1) high resolution CFD velocities, 2) CFD velocities down-sampled to MRI resolu-
tion, 3) down-sampled CFD velocities with MRI mimicked noise levels, and 4) in-vivo 4D 
flow MRI velocities. Relative viscous dissipation between subjects was also calculated. 
4D flow MRI velocities were higher, although not significantly different than CFD based 
velocities. CFD-based viscous dissipation was significantly higher than those based on 
low resolution velocity fields. Relative viscous dissipation between different subjects 
was maintained irrespective of resolution and noise, suggesting that comparison of vis-
cous dissipation between patients is still possible with MRI velocities at low resolution. 

In chapter 8, the effect of the abnormal flow, which is due to lack of pulsatility in 
the pulmonary arteries (PA), on the size and function of PA’s was discussed. 23 Fontan 
patients with a long term serial follow-up were included in this study. Median age was 
11.1 (9.5-16.0) years at baseline and 15.5 (12.5-22.7) years at follow-up . Flow, WSSm 
distensibility, pulsatility and size of the left pulmonary artery (LPA) were determined us-
ing MRI measurements. A group of healthy peers was included as a reference. Flow and 
pulsatility were significantly lower in patients than in controls which might influence 
endothelium function and consequently the growth and function of the pulmonary 
arteries. Mean area was comparable in patients and controls, but distensibility was 
significantly higher in controls. Mean and peak WSS were significantly lower in Fontan 
patients. Area, pulsatility, distensibility and WSS did not change. Multivariable regres-
sion analysis showed that flow, area and age were important predictors for WSS. 

In chapter 9, the effect of exercise training on WSS, distensibility and pulsatility of 
pulmonary arteries and caval veins was investigate in Fontan patients. A multi-center 
randomized controlled trial was conducted in Fontan patients (10 to 25 years). The 
exercise-group (n=28) received a 12-week exercise training program, 3 times per week, 
the control-group (n=17) did not. Healthy controls (n=17) underwent MRI measure-
ments only at rest whereas Fontan participants were studied at rest and during exercise 
simulated by dobutamine administration. Similar to the findings in chapter 8, Fontan 
patients had significantly lower WSS, distensibility and pulsatility compared to healthy 
controls. The training program did not change WSS, distensibility and pulsatility within 
the exercise-group, or between the exercise and control-group. Exercise training did not 
alter WSS in relatively healthy Fontan patients. Further research is needed to unravel the 
key to increase PA endothelial-function.
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Summary

In chapter 10, the main findings were reviewed. The challenges and the potential 
improvements in estimation of haemodynamic parameters using MRI measurements 
were discussed. 
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Hemodynamische condities zijn van invloed op het ontstaan en de progressie van car-
diovasculaire aandoeningen en de cardiovasculaire status van een patiënt. Voorbeelden 
van verworven en aangeboren cardiovasculaire aandoeningen zijn respectievelijk 
atherosclerose in de carotis en een univentriculair hart, dat kan worden verholpen met 
een Fontan operatie. Hemodynamische parameters worden doorgaans gekwantificeerd 
met behulp van numerieke stromingsleer (computational fluid dynamics, CFD), maar 
snelheidsmetingen met fase-contrast MRI (phase contrast MRI, PC MRI) kunnen ook ge-
bruikt worden om deze parameters te bepalen. Het doel van dit proefschrift was om de 
kwantificatie van hemodynamische parameters geassocieerd met carotis atherosclerose 
en het univentriculaire hart, na toepassing van de Fontan operatie, met behulp van PC 
MRI en CFD te evalueren. In hoofdstuk 1 zijn de achtergrond en de doelstellingen van dit 
proefschrift nader beschreven.

In hoofdstuk 2 wordt een studie beschreven, waarin de wall shear stress (WSS) dis-
tributie, gebaseerd op ECG-gated time-resolved 3D fase contrast MRI, wordt vergeleken 
met de WSS distributie gebaseerd op CFD in negen carotiden van zes gezonde vrijwil-
ligers. De MRI scans zijn uitgevoerd met een 3T MRI scanner, met een isotrope resolutie 
van 0,625 mm. De randvoorwaarden die gebruikt werden in de CFD simulatie, waren 
gebaseerd op de flow metingen gedaan met MRI en deze simulaties waren dus daarom 
zo subject-specifiek mogelijk. Met CFD kan de snelheids verdeling in een hoge spatiele 
resolutie verkregen worden. Om de CFD data in een resolutie te gebruiken vergelijkbaar 
aan de MRI werden de snelheden spatieel gemiddeld. WSS werd berekend met de 
MRI snelheden, CFD snelheden en CFD snelheden op lage resolutie. De MRI- en CFD-
gebaseerde WSS patronen kwamen goed overeen. De hoogte van de WSS werd echter 
onderschat bij gebruik van snelheids verdeling op basis van MRI, als wel de snelheden 
op basis van CFD met een lage resolutie in vergelijking met de WSS waarden op basis 
van hoog resolutie CFD. Dit wijst erop dat de onderschatting het gevolg is van een 
beperkte spatiele resolutie. De richtingen van de WSS vectoren kwamen doorgaans 
goed overeen. Echter, discrepanties werden gezien bij lage WSS regio’s. Deze studie 
heeft aangetoond dat WSS patronen, gebaseerd op MRI, gebruikt kunnen worden in de 
kliniek, ondanks de onderschatting van de hoogte van de WSS.

Hoofdstuk 3 beschrijft een studie waarbij in the carotis van oudere asymptomatische 
proefpersonen de MRI- en CFD-gebaseerde WSS werden vergeleken. Het doel van de 
studie was om te onderzoeken of ook de MRI, zoals toegepast in populatie studies, 
gebruikt kan worden voor WSS berekeningen. In populatie studies is de beeldkwalit-
eit doorgaans laag, als gevolg van een suboptimaal scan protocol en verouderde MRI 
apparatuur omdat de metingen over een langere tijd vergelijkbaar moeten zijn. Dit 
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onderzoek was noodzakelijk omdat CFD simulaties in populatiestudies niet haalbaar 
zijn. Dit vanwege de het feit dat CFD uren tot dagen rekentijd kan kosten per persoon. 
De proefpersonen (n=14) waren geselecteerd uit de Rotterdam studie, een populatie-
gebaseerde cohortstudie. De geïncludeerde personen ondergingen twee MRI scans met 
ongeveer vier jaar tussen periode. De wanddikte in de carotiden werd afgeleid van de 
MR beelden. WSS werd op beide tijdstippen berekend aan de hand van zowel MRI- en 
CFD-gebaseerde snelheden. In overeenstemming met onze voorgaande resultaten 
zagen we een onderschatting van de MRI-gebaseerde WSS, als gevolg van de beperkte 
spatiële resolutie. De gemiddelde WSS en wanddikte veranderden niet significant over 
een periode van 4 jaar. In de carotiden werd een inverse verband tussen wanddikte 
en WSS gevonden met beide methoden van WSS berekening. Dit suggereert dat het 
bestuderen van athersoclerosis in relatie tot MRI-gebaseerde WSS patronen haalbaar is 
in een populatie studie.

In hoofdstuk 4 werd het effect van spatiële en temporele resolutie van MRI metingen 
op de geschatte waarden van hemodynamische parameters onderzochten werd be-
paald wat de minimaal benodigde resolutie voor nauwkeurige schattingen was. In deze 
studie werd gebruik gemaakt van een carotis phantom, die werd verbonden met een 
flow set-up die pulsatiele flow aanvoerde. ECG-gated time-resolved 2D PC MRI metingen 
werden uitgevoerd op dertig spatiotemporele resoluties op twee meetvlakken van de 
carotis phantom. In deze studie hebben we gekozen voor 2D PC MRI metingen, omdat 
3D PC MRI metingen klinisch onhaalbaar lange scantijden zouden vragen. De MRI scans 
duurden tussen de 1 en 20 minuten, afhankelijk van de resolutie. Mean en peak flow, 
WSS en OSI werden vergeleken voor deze spatiotemporale resoluties. De resultaten we-
zen uit dat mean flow afhankelijk is van spatiele resolutie, terwijl peak flow meer afhangt 
van temporele resolutie. WSS werd beïnvloed door spatiele resolutie en OSI hing af van 
zowel spatiele als temporale resolutie. Desondanks werden in het merendeel van de 
metingen, ongeacht de spatiotemporale resolutie de hoge en lage WSS en OSI locaties 
consistent op de juiste locatie geschat. 

In hoofdstuk 5 wordt een onderzoek beschreven, waarbij het verband tussen WSS 
en plaque componenten werd onderzocht in carotiden met vroege atherosclerose in 
93 carotiden van 74 proefpersonen. Deze proefpersonen werden geselecteerd uit de 
populatie-gebaseerde Rotterdam studie. De aanwezigheid van plaque componenten 
zoals plaque bloedingen, vetrijk necrotisch weefsel en kalk werden geëvalueerd door 
twee getrainde onderzoekers en de WSS werd berekend met CFD in subject-specifieke 
3D reconstructies gebaseerd op de MRI beelden. Het verband tussen WSS metingen en 
plaque compositie werd onderzocht met behulp van geavanceerde statistische analyses 
waarbij de resultaten gecorrigeerd werden voor de leeftijd,en het geslacht van de proef-
persoon en de lokale wanddikte. We zagen dat plaque bloedingen vaker aanwezig zijn 
in plaques blootgesteld aan hogere WSS. Hogere maximum WSS hing ook significant 
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samen met de aanwezigheid van calcificaties. Tussen WSS en de aanwezigheid van 
vetrijk nectrisch weefsel werd geen verband gevonden.

In hoofdstuk 6 wordenenergie verliezen in de Fontan circulatie geëvalueerd in zowel 
rust als tijdens inspanning., welke werd nagebootst door middel van dobutamine toe-
diening. Patiënt-specifieke CFD simulaties werden uitgevoerd in drie flow condities: 1) in 
rust, 2) tijdens inspanning, nagebootst door dobutamine, 3) tijdens inspanning, die ver-
ondersteld werd de flow in de vena cava inferior te verdubbelen vergeleken met rust. 29 
patienten met een Fontan circulatie (15 intra-atrial lateral tunnel (ILT) en 14 extracardiac 
conduit (ECC)) werden geïncludeerd in de studie. We zagen een exponentiele relatie 
tussen cardiac index en energie verliezen. Tussen patiënten geopereerd met ILT en ECC 
behandelingen was een duidelijk verschil in energie verliezen. Voor alle flow condities 
waren de energie verliezen in patiënten, die een ILT behandeling hadden ondergaan 
lager dan in patiënten, die een ECC behandeling hadden ondergaan. 

Hoofdstuk 7 behandelt de impact van spatiele resolutie en meet ruis in 4D flow MRI 
metingen op de schatting van energie verliezen in de Fontan circulatie. Zes Fontan 
patienten ondergingen 4D flow metingen met MRI van het gehele hart en subject-spe-
cifieke CFD simulaties werden uitgevoerd. De CFD snelheden werden terug-gerekend 
naar isotrope spatiele resoluties van 0,5 mm, 1 mm, 2 mm en naar MRI resolutie. Vis-
ceuze dissipatie werd berekend op basis van 1) hoge resolutie CFD snelheden, 2) CFD 
snelheden terug-gerekend naar MRI resolutie met en zonder ruis, en3) in-vivo 4D flow 
MRI snelheden. 4D flow MRI snelheden waren hoger, maar niet significant verschillend 
van CFD-gebaseerde snelheden. Visceuze dissipatie gebaseerd op snelheden verkregen 
met CFD was significant hoger dan gebaseerd op lage resolutie MRI snelheidsvelden. 
De relatieve verschillen in visceuze dissipatie tussen patiënten bleef behouden, onge-
acht resolutie en ruis. Dit suggereert dat het vergelijken van visceuze dissipatie tussen 
patiënten mogelijk is, zelfs voor snelheden die met MRI gemeten zijn op lage spatiele 
resolutie. 

In hoofdstuk 8 wordt het effect van abnormale flow, veroorzaakt door afwezigheid 
van pulsatiliteit in de pulmonair vatenop de grootte en functie van de pulmonair arterie 
besproken. Een lange termijn studie werd uitgevoerd in 23 Fontan patiënten met een 
leeftijd van ongeveer 11 jaar (9.5-16). Bij aanvang van de studie en ongeveer 5 jaar later 
werden de patienten bestudeerd met MRI. Flow WSS, distensibiliteit en pulsatiliteit en 
grootte van de linker pulmonaal arterie werden bepaald met behulp van de MRI me-
tingen. Een groep gezonde proefpersonen werd eveneens geïncludeerd als referentie. 
Flow en pulsatiliteit waren significant lager in de patiënten vergeleken met de controle 
groep. Dit zou invloed kunnen hebben op het functioneren van het endotheel en op het 
groeien en functioneren van de pulmonair arterien. Het doorstromings oppervlak van 
de pulmonaal arterie was in patiënten en controles vergelijkbaar, maar distensibiliteit 
was significant hoger in de controle groep. Mean en peak WSS waren significant lager 
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in Fontan patiënten. Doorstromings oppervlak, pulstiliteit, distensibiliteit en WSS ver-
anderden niet. Multivariabele regressie analyse wees uit dat flow, oppervlak en leeftijd 
belangrijke voorspellers zijn voor WSS.

In hoofdstuk 9 wordt het effect van inspanningstraining op WSS, distensibiliteit en 
pulsatiliteit van pulmonair arterien en de venae cava van Fontan patiënten beschreven. 
Een multi-center studie werd uitgevoerd in Fontan patiënten in de leeftijd van10 tot 25 
jaar. De inspanningsgroep (n=28) volgde een trainingsprogramma 3 keer per week, ge-
durende 12 weken, terwijl de controle groep (n=17) geen trainings programma volgde. 
Gezonde controles (n=17) ondergingen alleen MRI metingen in rust, terwijl bij Fontan 
patiënten MRI metingen werden uitgevoerd in rust en tijdens inspanning, nagebootst 
door middel van dobutamine toediening. In overeenstemming met de resultaten in 
hoofdstuk 8, hadden Fontan patienten significant lagere WSS, distensibiliteit en pulsa-
tiliteit, vergeleken met gezonde controles. Het trainingsprogramma had geen invloed 
op de WSS, distensibiliteit en pulsatiliteit van de pulmonaal arterie Inspanningstraining 
veranderde WSS niet in relatief gezonde Fontan patiënten. Meer onderzoek is nodig om 
uit te vinden hoe pulmonaal arterie endotheel-functie kunnen worden verhoogd. 

In hoofdstuk 10 wordt teruggeblikt op de belangrijkste bevindingen van het onder-
zoek beschreven in dit proefschrift. Bovendien worden uitdagingen en potentiele ver-
beteringen in het schatten van hemodynamische parameters met MRI bediscussieerd. 
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