
Chapter 11

Conclusion

Although the remodeling of large arteries has been extensively studied in the

past few decades, the remodeling adaptation to pathology has remained rel-

atively unexplored. In this work, the remodeling and disease progression of

the abdominal aorta and the main pulmonary artery have been presented and

discussed in detail. In the next paragraphs I will summarize our findings (sec-

tion 11.1). Then practical applications and implications will be discussed in

section 11.2 followed by recommendations for future research (section 11.3).

11.1 Summary

In chapter 2 we evaluated the reference level of wall shear stress. Wall shear

stress is an important determinant of vascular function. It is generally assumed

that wall shear stress remains constant at a reference value of ∼15 dyn/cm2. In

a study of small rodents, we realized that this assumption could not be valid.

We presented an overview of recent studies in large and small animals where

shear stress was measured, derived from velocity measurements or otherwise,

in large vessels.

The data show that large variations exist within a single species (human:

variation of 2–16 N/m2). Moreover, when we compared different species at

the same location within the arterial tree, an inverse relationship between
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animal size and wall shear stress was noted. When we related wall shear

stress to diameter, a unique relationship was derived for all species studied.

This relationship could not be described by the well-known r3 law of Murray

[172], but by the r2 law introduced by Zamir et al. [280]. In summary, by

comparing data from the literature, we have shown that: (i) the assumption

of a physiological wall shear stress level of ∼15 dyn/cm2 for all straight vessels

in the arterial tree is incorrect; (ii) wall shear stress is not constant throughout

the vascular tree; (iii) wall shear stress varies between species; (iv) wall shear

stress is approximately inversely related to the vessel diameter. These data

support an “r2 law” rather than Murray’s r3 law for the larger vessels in the

arterial tree.

In chapter 3 we reviewed literature and described the complicated role of

shear stress in atherosclerosis. Shear stress has been shown to play a role

in plaque induction, plaque progression and plaque rupture. The mechanism

for plaque induction seems to differ from the role of shear stress for plaque

rupture, whereby the former mechanism is induced by low shear stress and

the latter by high shear stress.

It is clear now that low or oscillatory shear stress is pro-atherogenic and

induces plaques through an inflammatory mechanism. Furthermore, high shear

stress may induce vulnerable plaques by the production of reactive oxygen

species and oxidized LDL upstream of plaques. The mechanism is unknown

but may relate to the activation of transcription factors in endothelial cells.

In chapter 4 we studied the spatial relation between histological markers in

atherosclerotic plaques. Recent studies provided evidence for a predominant

upstream location of plaque inflammation. We introduced a novel technique

that evaluates the underlying mechanism of this spatial organization. In hy-

percholesterolemic rabbits, atherosclerosis of the infrarenal aorta was induced

by a combination of endothelial denudation and a high-cholesterol diet. At the

time of death, aortic vessel segments were dissected and reconstructed with

a new technique that preserved the original intravascular ultrasound-derived

lumen geometry. This enabled us to study the spatial relation of histological

markers like macrophages, smooth muscle cells, lipids, gelatinolytic activity,

and oxidized LDL.
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There was a predominant upstream localization of macrophages and gelati-

nase activity. Colocalization studies indicated that gelatinase activity was as-

sociated with macrophages and smooth muscle cells. Further analysis revealed

that this was caused by subsets of smooth muscle cells and macrophages, which

were associated with oxidized LDL accumulation. Upstream localization of a

vulnerable plaque phenotype is probably due to an accumulation of oxidized

LDL, which activates or induces subsets of smooth muscle cells and macro-

phages to gelatinase production.

In chapter 5 we described the diameter changes of atherosclerotic rab-

bit aorta after vascular shunting measured by magnetic resonance imaging.

Healthy blood vessels adjust their luminal diameter by keeping mean wall

shear stress constant. It has been proposed that this mechanism is also of

importance in remodeling of atherosclerotic vessels, but data on this topic

are sparse and contra dictionary. Therefore, we increased blood flow in five

atherosclerotic rabbits by vascular shunting and recorded time series of the

aortic luminal diameter by magnetic resonance imaging.

After vascular shunting flow through the aorta was 200–300% higher than

at baseline. The diameter increased on average 15% over the period of twenty

days. This was less than expected and the wall shear stress did not return to

its reference level.

In chapter 6 we studied the remodeling of pulmonary arteries after an

intervention. The purpose was to assess pulmonary artery size, flow variables,

and wall shear stress in patients after Fontan operation at a young age. Flow

in the branch pulmonary artery was obtained with phase contrast velocity-

encoded cardiovascular magnetic resonance imaging in 14 patients (on the left

side) before and after low-dose dobutamine stress and in 17 healthy controls

(on the right side) at rest.

At rest, stroke volume (divided by the body surface area), total flow, av-

erage flow, peak flow and wall shear stress were all statistically significantly

lower in patients than in controls. Branch pulmonary artery area did not dif-

fer between patients and controls. Distensibility was lower in patients than

in controls. With stress-testing, total flow, average, and peak flow increased

in patients. Wall shear stress increased with stress-testing, but was still lower
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than levels found in the control group at rest. Stroke volume, area and dis-

tensibility did not change. We concluded that although pulmonary artery

size remained normal after a Fontan operation at a young age, the operation

probable causes pulmonary artery endothelial and/or vascular dysfunction.

In chapter 7 we studied pulmonary flow. The purpose was to evaluate if

early onset of retrograde flow in the main pulmonary artery is a characteristic

of pulmonary arterial hypertension. Fifty-five patients with suspected pul-

monary hypertension underwent right-sided heart catheterization and ECG-

gated MR phase-contrast velocity quantification in the main pulmonary artery.

Pulmonary hypertension was defined by a mean pulmonary artery pressure be-

ing larger than 25 mmHg. The onset time of the retrograde flow relative to the

cardiac cycle duration was compared with mean pulmonary artery pressure.

By the catheterization, 38 patients were identified as having pulmonary ar-

terial hypertension. The relative onset time of retrograde flow in these patients

was significantly smaller than found in the 17 subjects without pulmonary hy-

pertension, i.e. a large relative onset time of retrograde flow corresponded with

low mean pulmonary artery pressure. The relation found, is consistent with

the relation between pressure and the vortex duration of Reiter et al. [200].

The location of retrograde flow corresponded to the dorsal side of the pul-

monary artery and was slightly to the right side. This location coincide with

the inner curve of the main pulmonary artery. With a cutoff value of 0.25, the

relative onset time of retrograde flow distinguished patients with pulmonary

arterial hypertension from all subjects without pulmonary hypertension. We

concluded that early onset of retrograde flow in the main pulmonary artery is

a characteristic of pulmonary arterial hypertension.

In chapter 8 we studied the effect of pressure on the dilatation of the

main pulmonary artery. Dilatation of the pulmonary artery is one of the

consequences of pulmonary arterial hypertension and is used for noninvasive

detection. However, it is unclear how the size of the pulmonary artery behaves

over time and whether it is related to pressure changes. The aim of this study

was to evaluate pulmonary artery size during follow-up in treated patients with

pulmonary arterial hypertension and whether it reflects pulmonary vascular

hemodynamics. Fifty-one patients with pulmonary arterial hypertension who
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underwent at least two right-sided heart catheterizations together with cardiac

MRI were included in this study. Eighteen patients who had normal pressure at

catheterization were included for comparison at baseline. By catheterization,

we measured pulmonary artery pressures and obtained cardiac output by either

thermodilution or direct Fick method. From the cardiac MR images we derived

the diameter of the main pulmonary artery and the diameter in proportion to

the ascending aortic diameter (the relative diameter).

The diameter of the pulmonary artery was significantly larger in patients

with pulmonary arterial hypertension than in patients with normal blood pres-

sure (33.7 mm versus 25 mm). In the entire group at baseline, the correlation

coefficient between the diameter and mean pulmonary artery pressure (mPAP)

was 0.58. In all patients with pulmonary arterial hypertension, there was only

a weak, but significant relation between the diameter of the pulmonary artery

and mPAP (r = 0.29). A significant difference was found between the diameter

in proportion to the ascending aortic diameter in the group with pulmonary

arterial hypertension and the normotensive group. In the entire group, the

correlation coefficient of this relative diameter with mPAP was 0.71. Again,

for patients with pulmonary arterial hypertension, the relation between the rel-

ative diameter and diastolic pulmonary artery pressure was weak (r = 0.49).

The area under the receiver operating characteristic curve for the relative

diameter in the detection of pulmonary arterial hypertension was 0.93. We

found that a relative diameter > 1.1 yields the highest diagnostic accuracy.

This cut-off point of 1.1 is different from earlier studies that found that a ratio

of 1 is the best diagnostic cut-off point. The explanation of this discrepancy

might be that these studies used 20 mmHg of mPAP as the diagnostic criterion

for pulmonary arterial hypertension instead of the currently used criterion of

25 mmHg [157]. However, if we apply the cut-off point of 1.0, a reasonable

sensitivity of 92% and specificity of 72% were found.

Mean follow-up time was 942 days, and there was a significant dilatation

during this period. A dilatated pulmonary artery is useful for identifying pa-

tients with pulmonary arterial hypertension. However, during patient follow-

up, progressive dilatation of the pulmonary artery was independent of the

change in pulmonary artery pressure and cardiac output and might be inde-
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pendent from hemodynamics. Absence of a direct relation between changes

in pressure or flow and changes in diameter does not exclude that increased

PAP or reduced flow is the cause of pulmonary artery dilatation. Although

there is an absence of radiologic studies investigating the structure of the pul-

monary arterial wall, recent histologic studies of the proximal parts of the pul-

monary arteries provide evidence that significant remodeling of the proximal

pulmonary arterial wall occurs in pulmonary arterial hypertension [111, 120].

Structural changes in elastin and collagen under the influence of an increased

PAP might eventually become a cause of pulmonary artery dilatation, irrespec-

tive of changes in pressure and flow. In addition, altered flow in pulmonary

arterial hypertension affects wall shear stress and, subsequently, matrix prop-

erties of the vessel wall [10] that might lead to dilatation of the pulmonary

artery.

In chapter 9 we introduced a numerical model for describing aortic aneurism

expansion. The goal was to provide evidence that wall stress induced changes

in aneurysm stiffness might be associated with aneurysm expansion. We as-

sumed wall stress peaks induce break down of the extracellular matrix. Conse-

quently the wall stiffness decreases locally and this leads to local bulging of the

vessel wall. We developed a numerical model to predict aneurysm expansion

based on this assumption. In addition, we obtained aneurysm geometry of

11 patients from computed tomography angiographic images to obtain patient

specific calculations.

The assumption of a wall stress related expansion indeed resulted in a

series of local expansions, adjusting global geometry. Although the remodel-

ing mechanism acted locally and no assumption of exponential expansion was

introduced into the model, all simulations exhibited an exponential relation be-

tween diameter and time. This behavior is in agreement with the experimental

studies of Brady [13], Schouten [218] and Vardulaki [263]. Longer aneurysms

were predicted to expand to expand faster than shorter ones. This prediction

was in agreement with a study of Hatakeyama [85]. Furthermore, the cal-

culations showed that location of peak wall stress changed over time. Thus,

the concept of wall stress induced changes in stiffness seems to demonstrate

realistic aneurysm expansion.
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In chapter 10 the numerical model was extended with risk profiles. Lo-

cal anatomy and the patient’s risk profile independently affect the expansion

rate of an abdominal aortic aneurysm. Therefore, we combined finite element

modelling with patient specific risk factors such as ischemic heart disease to

predict patient-specific aneurysm expansion. The three-dimensional geometry

of the aneurysm was imaged with computed tomography. Risk factors were

obtained from a database of 80 patients. Aneurysm diameters predicted with

and without the risk profiles were compared with diameters measured with

ultrasound for 11 patients.

In our study, only few risk factors influenced the expansion rate. Ischemic

heart disease accelerated the expansion rate, while being male, peripheral ar-

terial disease and nitrates decelerated the expansion rate. Local anatomy

contributed 62% and the risk profile 38% to the aneurysmal expansion rate.

The average difference between simulated and measured diameter was 3.7 mm

or 8.3% of maximal diameter. Predictions with risk profiles resulted in smaller

root mean square errors than predictions without risk profiles (2.9 mm versus

4.0 mm). This hybrid approach predicted aneurysmal expansion for a period

of 30 months with high accuracy.

11.2 Practical applications, implications or rec-

ommendations

The observations in chapter 2 have important implications for future studies

in the shear stress field, as the normal shear stress values now depend on the

diameter of the vessel under study. The mechanism for this finding is currently

unknown, but can only be explained if the endothelial cells located in different

vessels are “primed” to a different mean wall shear stress value.

Vulnerable plaques have raised great clinical interest because they are prone

to rupture, leading to massive clotting and causing 70% of sudden cardiac

deaths in humans. Heterogeneity in single plaques is of great importance

because plaques usually do not rupture at random over their entire length.

Instead, they rupture more locally and usually upstream of maximal plaque
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location. The latter result might be of importance for interventional proce-

dures. The results of chapter 4 show that such a localized vulnerability is

due in part to the localized gelatinolytic activity in this area. In addition,

we demonstrated that this plaque-weakening activity is not restricted to the

macrophage but also occurs in a subset of vascular smooth muscle cells. As

a consequence, smooth muscle cells should be placed in a wider perspective

in which they are not solely the producing cells of stabilizing collagen fibers.

The two faces of the smooth muscle cell are of significance in the concept of

plaque weakening and thus in the development of new pharmaceutical and

interventional procedures.

The study on diameter changes of atherosclerotic rabbit aorta in chapter 5

showed stagnated enlargement of the luminal diameter and persistent elevated

mean wall shear stress. This might indicate that in the aorta the reference

level for wall shear stress can change.

The study on early onset time of retrograde flow has clinical implications.

Many patients which are suspected of pulmonary hypertension, undergo stan-

dard MR phase-contrast velocity quantification in the main pulmonary artery

for the assessment of stroke volume. The measured velocity images show retro-

grade flow if present. With retrograde flow we could distinguished all patients

with pulmonary arterial hypertension from subjects without pulmonary hy-

pertension.

In chapter 8, we showed that the diameter of the pulmonary artery and

the diameter in proportion to the ascending aortic diameter are also useful

in discriminating patients with pulmonary arterial hypertension from patients

with normal blood pressure. The use of the relative diameter is recommended

because its relationship with pulmonary artery pressure is independent of body

surface area and sex [179]. Progressive dilatation of the pulmonary artery is

independent of the change in pulmonary artery pressure and cardiac output

and might become independent from hemodynamics.

Our findings have several clinical implications. First, the diameter of the

pulmonary artery, although useful in the diagnosis of pulmonary arterial hy-

pertension, is not useful for follow-up of the disease or evaluation of treatment

effects. Second, we show that the dilatation of the pulmonary artery in pul-
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monary arterial hypertension is more related to follow-up time than to changes

in blood pressure, indicating that the pulmonary artery needs time to dilate.

A severe dilated pulmonary artery at the time of diagnosis thus indicates that

pulmonary arterial hypertension was already present for a long period. Third,

our data indicate that although increased pulmonary artery pressure leads

to dilation of the pulmonary artery, further dilation is a process most likely

due to a change of the intrinsic vessel properties, which is independent of the

pulmonary hemodynamics.

Very interestingly the numerical model to predict the expansion of the

abdominal aorta revealed that locations of peak wall stress changed over time.

It implies that methods aiming at prediction of location and time of aneurysm

rupture should probably take this mechanism into account.

To demonstrate applications of a model that incorporates risk factors, we

evaluated the effect of adding single risk factors to the expansion rate of two

patients. There was a difference in expansion rate between omitting medical

intervention (nitrates) and the presence of ischemic heart disease for indi-

vidual patients. In addition, the risk profiles changed time to intervention

significantly and varied strongly between the patients. Our approach enabled

evaluating the effect of several factors on expansion rate. First, we evaluated

the role of remodeling and risk profiles on the variability of inter-individual

expansion rates. It could be shown that in our small data set, remodeling

accounted for two-thirds, while risk profiles accounted for one-third of this

variation. This might imply that remodeling is a more important factor in de-

termining 3-D aneurysm geometry. Second, we evaluated the individual effect

of risk factors on expansion rate for single patients. The simulations indicate

that differences in drugs use may affect the expansion rate of the aneurysm.

The present approach may calculate the benefit of interventions for a single

patient.

11.3 Recommendations for future research

Chapters 2 and 5 show that the reference level for wall shear stress is not just

a constant value. How can the reference level for wall shear stress be different
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throughout the vascular tree? How exactly does an endothelial cell adjust the

reference level? One of the first steps to be taken is ascertain whether the

reference level in a specific blood vessel can change due to growth.

In chapter 4 a specific spatial colocalization of macrophages, lipids, and

smooth muscle cells was demonstrated upstream of the plaque, similar to that

found in patients with proven upstream plaque ruptures. This upstream plaque

composition is characterized by an accumulation of (subsets of) macrophages

and smooth muscle cells, oxidized LDL, and gelatinolytic activity. We hypoth-

esize that activation of these subsets by oxLDL induces gelatinolytic activity,

followed by breakdown of the extracellular matrix and subsequent weakening

of the plaque. The unexpected, important role of a subset of smooth muscle

cells in this process warrants further study.

The long-term effects of total or substantial loss of pulsatility of flow in

the pulmonary arteries after Fontan operation remain unclear. Results from a

few studies focusing on the pulmonary vasculature in Fontan patients are sug-

gestive of pulmonary endothelial dysfunction, particularly in the nitric oxide

pathway. Pulsatile stretch and wall shear stress are important for the release

of nitric oxide by the endothelium [16, 81]. Nitric oxide, a locally acting va-

sodilator, contributes to the maintenance of low pulmonary vascular resistance

in healthy children [18]. Low pulmonary vascular resistance might be essential

for optimal functioning of the Fontan circulation.

Time and spatially averaged wall shear stress was significantly lower in the

Fontan patients than in the control group, which is consistent with a reduced

blood flow at rest, while vessel area was normal. Throughout the cardiac cy-

cle, distinct wall shear stress-patterns were seen in healthy controls, patients

with a total cavopulmonary connection, and patients with an atriopulmonary

connection, comparable with the flow curves in these groups. Physiologic and

pulsatile wall shear stress constitutes the most potent stimulus for continuous

production of nitric oxide by the endothelium [20]. Low wall shear stress re-

duces the bioavailability of nitric oxide by decreasing the expression of nitric

oxide synthase. This will lead to an increase in pulmonary vascular resistance,

as has been demonstrated in patients late after a Fontan-type operation by

Khambadkone et al. [107]. Levy et al. [129] demonstrated weak expression
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of nitric oxide synthase in Fontan patients with a good surgical outcome,

but overexpression of nitric oxide synthase in patients after Fontan failure.

They hypothesized that this overexpression could be due to an attempt to

improve the pulmonary vascular resistance and facilitate Fontan circulation.

The mechanism, however, cannot be explained by the low wall shear stress in

this circulation and warrants further investigation.

In chapter 8, a progressive dilatation was found in the patients with pul-

monary arterial hypertension, which was not explained by pressure changes.

Even in the majority of the patients in which the pressure decreased, there was

an ongoing dilatation of the pulmonary artery. The finding that neither pres-

sure nor flow are related to the progressive dilatation in most of the patients

shows that other explanations than changes in pulmonary hemodynamics un-

derlie this progressive dilatation, a phenomenon well-known from aneurysms of

the aorta. Although systemic hypertension is an important underlying cause

of this disease, a further dilatation of the aorta in aneurysms is independent of

systemic blood pressure [13]. In chapter 9 and 10 wall stress induced changes

in stiffness predicted aneurysm expansion accurately. This concept was not

tested for the main pulmonary artery. Numerical quantitative models should

be developed to study progressive dilatation of the main pulmonary artery.

Models to predict aneurysm expansion can be improved. CT images are not

suited for accurate wall thickness determination and tissue characterization.

As local wall stress depends on wall thickness and material properties, the cal-

culations will benefit if detailed wall thickness values and tissue characteristics

could be retrieved.

We did not apply pressure on the outer wall of the aneurysm. Surrounding

organs, muscles and bones should result in some pressure on the aneurismal

sac. Boundary conditions could be applied to represent these effects to some

extent. To implement the boundary conditions well, the surrounding tissues

should be characterised. Although this might be difficult and laborious, this

is really a recommendation for future work. This is because our study shows

the importance of the geometry in aneurysm expansion and the surrounding

tissues most likely have an influence on the geometry.

In vitro studies have shown that high wall stress is associated with a higher
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protease activity and a larger breakdown of collagen [133, 153, 242]. I recom-

mend an in vivo study to proof that proteolytic enzymes usually associated

with aneurysm wall degradation are increased by wall stress.


