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Summary
Atherosclerotic plaques are found at distinct locations in the arterial 
system, despite the exposure to systemic risk factors of the entire vas-
cular tree. From the study of arterial bifurcation regions, emerges 
ample evidence that haemodynamics are involved in the local onset 
and progression of the atherosclerotic disease. This observed co-locali-
sation of disturbed flow regions and lesion prevalence at geometri-
cally predisposed districts such as arterial bifurcations has led to the 
formulation of a ‘haemodynamic hypothesis’, that in this review is 
grounded to the most current research concerning localising factors of 
vascular disease. In particular, this review focuses on carotid and cor-
onary bifurcations because of their primary relevance to stroke and 
heart attack. We highlight reported relationships between athero-

sclerotic plaque location, progression and composition, and fluid 
forces at vessel’s wall, in particular shear stress and its ‘easier-to-
measure’ surrogates, i.e. vascular geometric attributes (because geo -
metry shapes the flow) and intravascular flow features (because they 
mediate disturbed shear stress), in order to give more insight in 
plaque initiation and destabilisation. Analogous to Virchow’s triad for 
thrombosis, atherosclerosis must be thought of as subject to a triad of, 
and especially interactions among, haemodynamic forces, systemic 
risk factors, and the biological response of the wall.

Keywords
Atherosclerosis, biomechanics, shear stress, arterial bifurcation, 
 haemodynamics

Correspondence to:
J. J. Wentzel, PhD
Head Biomechanics Laboratory, Biomedical Engineering
Department of Cardiology, Erasmus MC
P. O. Box 2040, 3000 CA Rotterdam, the Netherlands
Tel.: +31 10 7044044
E-mail: j.wentzel@erasmusmc.nl

Received: July 28, 2015
Accepted after minor revision: November 13, 2015
Epub ahead of print: January 7, 2016

http://dx.doi.org/10.1160/TH15-07-0597
Thromb Haemost 2016; 115: 484–492

Introduction

Atherosclerosis is a systemic inflammatory disease of the arterial 
system characterised by intimal lesion formation (atherosclerotic 
plaques) in the vasculature. Rupture of atherosclerotic plaques is 
responsible for the majority of the cardiovascular events (myo-
cardial infarction, stroke), which are leading causes of morbidity 
and mortality in the Western world. Atherosclerotic plaques dis-
play a variety of phenotypes: highly inflamed lesions with a large 
lipid pool and a thin fibrous cap are recognised as most vulnerable 
to rupture, whereas fibrous plaques are generally considered more 
stable (1).

Atherosclerotic plaques develop at arterial locations with a dys-
functional endothelium and involves leukocyte recruitment, lipid 
accumulation, smooth muscle cell migration and proliferation, cell 
death and fibrosis (2, 3). Atherosclerotic plaque development oc-
curs preferentially at geometrically predisposed areas, like the 
inner curvature of the aortic arch and close to arterial branch 
points, despite the fact that the entire arterial tree is exposed to 
systemic risk factors such as hypertension, hypercholesterolaemia 
and diabetes (4, 5).

There is ample evidence that haemodynamic factors are in-
volved in the local onset and progression of atherosclerosis, often 
referred to as the ‘haemodynamic hypothesis’. Haemodynamic fac-
tors regulate multiple aspects of vascular biology and physiology 
and play a key role in vascular homeostasis as well as in arterial 
disease development (6). In analogy to Virchow’s triad on throm-
bosis, ▶ Figure 1 shows a schematic representation of factors in-
volved in atherosclerotic plaque formation, illustrating the com-
plex interplay between a) haemodynamic factors, b) the biological 
response of the arterial wall, and c) systemic risk factors.

A haemodynamic factor that is widely recognised for its in-
volvement in atherosclerotic plaque formation is endothelial shear 
stress, the frictional force per area exerted at the vessel wall by the 
flowing blood (▶ Figure 2). In general, in the plaque initiation 
process low and oscillatory shear stress is considered atherogenic, 
whereas high shear stress is athero-protective (7).

Wall shear stress can be determined by calculating the gradient 
of the local blood flow velocity close to the vessel wall multiplied 
by the blood viscosity. Physical laws determine that blood flow 
velo cities, due to the balance of centrifugal, pressure and viscous 
forces, are spatially distributed such that skewed, highly 
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 asymmetric velocity profiles can be observed in bending arterial 
segments or at arterial branching (4, 8) and bifurcating regions, 
where flow separation and reattachment can occur, consequently 
leading to complex distinct patterns of low and high shear stress at 
the vessel wall (4, 9, 10).

Additionally, the direction and velocity of blood flow in arteries 
fluctuate throughout the cardiac cycle. Vascular locations that are 
exposed to low, oscillatory shear stress (i.e. varying in direction, 

with both forward and reverse velocities) during the cardiac cycle 
are considered as ‘disturbed’ shear stress regions.

Nowadays, shear stress is most commonly assessed using ad-
vanced computational fluid dynamics (CFD) (11). However, these 
methods are typically limited to engineering experts and can be 
sensitive to assumptions and uncertainties in input parameters in-
cluding blood flow rates and vessel geometry. Other methods to 
estimate shear stress include magnetic resonance imaging (MRI)-

Figure 1: The complex interplay among sys-
temic risk factors, biological factors and 
haemodynamic factors leading to vascular 
pathology and atherosclerotic plaque 
formation may be seen as a triad in analogy 
to Virchow’s triad of thrombosis. The sys-
temic risk factor most influencing atherosclerosis 
is hypertension, whereas shear stress locally in-
fluences the endothelial function and vascular 
 biology. In turn, endothelial function is also in-
fluenced by systemic risk factors such as choles-
terol levels.

Figure 2: Definition of endothelial shear 
stress, intramural wall stress and geometric 
parameters in a schematic representation 
of carotid artery bifurcation. The shear stress 
is the gradient of the velocities close to the 
vessel wall multiplied by the viscosity, not to be 
confused with intramural stress (more markedly 
involved in plaque rupture) inside the vessel wall, 
also shown. The geometric parameters demon-
strated for the carotid bifurcation as ‘easy-to-
measure’ surrogates for shear stress are the ratio 
of maximal area at the bifurcation region (AMAX) 
to the area at the common carotid artery (ACCA); 
and the ratio of the CCA centreline distance (D) 
to the shortest distance (L) between ACCA and 
AMAX. Also shown is the often-reported angle (α) 
between the two side branches.
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based velocity measurements, but these can only be applied to 
larger arteries such as the carotid artery and aorta. Using MRI, ab-
solute shear stress values are typically underestimated due to MRI’s 
low spatial and temporal resolution; however, the relative distribu-
tion of low vs. high shear stress that can be obtained from the ac-
quired phase velocities is generally correct (12).

Researchers have also investigated whether geometric features 
of arteries, as easier-to-measure surrogate markers of shear stress, 
might be able to predict risk for atherosclerotic plaque formation, 
the so-called ‘geometric risk hypothesis’ (13). More recently, at-
tempts have been made to correlate specific geometric attributes of 
the carotid bifurcation with shear stress distribution (14–17) and 
with intimal thickness location (18). Descriptors of the intravascu-
lar flow itself, such as helical flow (which has been demonstrated 
to smooth out extremes of wall shear stress (19–21), have also been 
investigated as easier-to-measure surrogate markers of shear stress 
(20, 21).

This review focuses on carotid and coronary bifurcations be-
cause of their primary relevance to stroke and heart attack. We 
highlight reported relationships between atherosclerotic plaque lo-
cation, progression and composition and shear stress or its sur-
rogates, i.e. vascular geometry (because geometry shapes the flow) 
and helical flow (because it is instrumental in suppressing flow dis-
turbances), in order to give more insight in plaque initiation and 
destabilisation.

Vascular biology and its relationship with 
shear stress

The luminal side of blood vessels is lined by a monolayer of en-
dothelial cells, which regulate leukocyte adhesion and transmi-
gration, mass transport/permeability, platelet aggregation and 
smooth muscle function through the release vasoactive sub-
stances, such as nitric oxide, endothelin-1 and prostacyclin, and by 
the expression of specific adhesion and junctional molecules 
(22–24). The endothelial cells are the only cell layer directly in 
contact with flowing blood, and shear stress influences vascular 
function by activating endothelial mechanoreceptors, which trans-
mit biochemical signals in response to the shear stress. Three 
groups of potential shear stress sensors have been proposed over 
the past two decades: 1) cell membrane-associated molecules such 
as ion channels, receptors, adhesion molecules and the glycocalyx, 
2) specific membrane microdomains, like primary cilia and caveo-
lae, and 3) general cell supporting structures such as the cytoskele-
ton and the lipid bilayer membrane itself (25). There are substan-
tial differences in the endothelial response in straight parts of ar-
teries that are exposed to pulsatile laminar blood flow and in re-
gions of disturbed shear stress near arterial bifurcations, which 
may be initiated by different sensing mechanisms. The endothe-
lium in regions of disturbed shear stress displays increased ex-
pression and activation of the pro-inflammatory Nuclear Factor 
Kappa B (NF-ĸB), an increased oxidant/anti-oxidant balance, acti-
vation of the unfolded protein response and endoplasmic reticu-
lum stress as well as low expression of protective factors such as 

endothelial nitric oxide synthase, thrombomodulin and Krüppel-
like transcription factors (KLF2, KLF4) (26, 27). These disturbed 
shear stress-induced changes in endothelial cell behaviour result in 
increased susceptibility to injury and inflammation and limit the 
regenerative capacity of endothelial cells, this way explaining the 
focal nature of atherosclerotic lesion formation (6, 28).

Shear stress may not only affect the initiation of atherosclerosis, 
but may also directly modify plaque composition and thereby its 
vulnerability (29). Indeed, the pattern of (imposed) shear stress 
disturbance appeared by itself crucial for plaque phenotype in 
mice (30), i.e. plaques in a low shear stress region contained low 
amounts of smooth muscle cells and collagen, high quantities of 
macrophages and a large lipid core, corresponding to a vulnerable 
plaque phenotype in human. In contrast, oscillatory shear stress 
induced smaller plaques with a more stable phenotype.

The relationship between shear stress and atherosclerosis is re-
ciprocal, since plaque formation leads to alterations in local shear 
stress. During early atherogenesis, outward vessel wall remodelling 
can compensate for plaque growth, thus minimizing changes to 
the vessel lumen (31). Since the geometry of the lumen determines 
blood flow patterns, this implies that shear stress will not alter sig-
nificantly during this period. As a result of persisting low shear 
stress, plaques with a large lipid core, intense inflammation and a 
thin fibrous cap are found at such locations in porcine coronary 
arteries (32). When expansive remodelling is exhausted, further 
plaque growth leads to narrowing of vessel lumen, resulting in 
marked alteration of the shear stress patterns. The upstream seg-
ment of the plaque to the point of maximal stenosis is exposed to 
high shear stress, whereas the downstream segment is subjected to 
low and oscillatory shear stress. Although defined successive alter-
ations in shear stress patterns have not (yet) been experimentally 
imposed in animal models, the distribution of leukocytes in 
human carotid atherosclerotic lesions seems to relate to shear 
stress (33).

Upstream segments of plaques at the carotid bifurcation show 
enhanced macrophage accumulation and apoptosis, intraplaque 
haemorrhage, thinner fibrous caps and greater incidence of plaque 
rupture (33, 34). Increased smooth muscle cell and collagen con-
tent in the downstream segment seems to stabilise the plaques at 
this location. Several mechanisms have been proposed (35) that 
potentially are responsible for the high shear stress-induced fi-
brous cap destabilisation. High shear stress leads to an increased 
NO production and may thereby enhance MMPs expression by 
macrophages, which can promote cap rupture (36). Also, plasmin, 
which is produced by the endothelium in response to high en-
dothelial shear stress (37) is a strong activator of specific MMPs 
(i. e. MMP-1, –3, –9, –10 and –13) (38).

It is important to note that the mechanisms governing ad-
vanced plaque progression and vulnerability are almost certainly 
different from those for initiation and early progression. In fact, 
the hypothesis that atherosclerosis initiation correlates with low 
and/or oscillatory shear stress cannot explain why intermediate 
and advanced plaques continue to grow under the elevated high 
shear stress condition caused by severe stenosis-driven altered flow 
conditions (39–41).
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Carotid bifurcation
Variation in geometry and its influence on shear 
stress
The carotid bifurcation is the vascular connection where arterial 
blood from the common carotid artery (CCA) is distributed to the 
intracranial and extracranial circulations via the internal (ICA) 
and external (ECA) carotid artery branches, respectively. The pres-
ence of this bifurcating vessel, and in particular the dilatation of 
the region where the ICA stems from the CCA (the so-called caro-
tid bulb) causes complex intravascular flow structures, including 
flow separation and recirculation, consequently leading to low and 
oscillatory shear stress.

Early CFD studies using idealised geometries of the bifurcation 
demonstrated the impact of bulb diameter and bifurcation angle 
(16, 17) on the size and intensity of disturbed shear stress at the ca-
rotid bulb. Later, a more systematic approach using a parametric 
geometry demonstrated interactions among bulb diameter, bifur-
cation angle, and branch diameters in predicting low shear stress 
(42). Investigations using patient-specific geometries showed that 
bifurcation planarity had only a minor influence on disturbed 
shear stress compared to artificially straightened counterparts 
(43). A more comprehensive study of 50 young adults showed that 
the interaction between bifurcation area ratio and CCA tortuosity 
significantly predicts exposure to disturbed shear stress at the ca-
rotid bulb (14). Interestingly, in that study bifurcation angle did 
not show correlation with disturbed shear stress. These findings 
were corroborated by in vivo (MRI) imaging of blood flow in an 
independent cohort (44), and were later shown to be strengthened 
either by prudent combination of selected geometric parameters 
(45), or by refining the definitions of individual geometric para -
meters (▶ Figure 2) to better reflect their influence on the shear 
stress distribution at the luminal surface (46).

Plaque localisation, growth, composition vs shear 
stress

Autopsy specimens of carotid bifurcations (9, 10) have revealed 
that there are preferred sites for lesion location. Intimal thickening 
was 1) more pronounced along the outer wall, opposite of the flow 
divider of the bifurcation, 2) eccentric and greater than elsewhere 
in the carotid bulb, and 3) minimal and in general uniformly dis-
tributed at the common carotid and distal internal carotid levels.

In vitro studies on haemodynamics in adult carotid bifurcations 
have clarified that regions where maximum intimal thickening 
and atherosclerotic plaque formation occur were associated with 
low and oscillatory shear stress (9, 10, 47), whereas the minimally 
affected arterial lesions were exposed to high flow velocities and 
thus high shear stress (9). These observations suggested that low 
shear stress may enhance atherogenesis in the carotid bifurcation. 
CFD analysis on postmortem human carotid bifurcations with 
early atherosclerosis have also confirmed the existence of wall al-
terations at low shear stress regions (48).

Recent studies point to a link between shear stress and plaque 
composition, and thus plaque stability/rupture in carotid arteries 

(49, 50). For instance, at the upstream side of the plaque, presum-
ably exposed to high shear stress, a more vulnerable plaque pheno-
type is observed (33, 34), as is the majority of ulcerations (51). This 
observation has been confirmed by using MRI-based modelling of 
the shear stress, showing plaque ulcers being located at the high 
shear stress sites of the plaque (52).

Geometric risk factors and plaque localisation and 
growth

Vascular geometry might serve as a risk factor for the early devel-
opment of atherosclerosis disease because of its strong influence 
on local haemodynamics (13, 53). Early tests of this geometric risk 
hypothesis were equivocal (54–60), owing to small sample sizes 
(N< 100) and difficulties in controlling for systemic risk factors or 
possible secondary effects of plaque on lumen geometry. Larger 
studies from the early 2000s reinvigorated the search for geometric 
risk factors (61–63). In a recent study, proximal ICA radius and 
ICA angle were reported to be significant independent predictors 
of stenosis development (64), but the inclusion of cases with up to 
90 % stenosis makes it difficult to exclude the impact of plaque on 
geometry. This importance of cause vs effect was highlighted in a 
recent study demonstrating that so-called ‘haemodynamically-in-
spired’ geometric risk parameters were significant independent 
predictors of early carotid bulb wall thickening, but only after care-
fully excluding cases with possibly inward remodelling (18).

Helical flow velocity and plaque localisation and 
growth

The main geometric characteristics of the carotid artery bifur-
cation contribute to the onset and development of helical flow pat-
terns (i.e. pitch and torsion of the streaming blood) (20, 21, 65). 
Recent findings on a dataset of 50 models of human carotid bifur-
cations showed that helical flow intensity suppress flow disturb-
ances at the carotid bifurcation and thereby is potentially protec-
tive for atherosclerotic plaque build up (21). Since it was demon-
strated that intravascular helical flow can be reliably assessed in 
vivo (66), the quantitative analysis of helical flow patterns could 
offer a practical way to predict local risk on atherosclerosis in large 
scale clinical studies, as already done in other arterial districts (66, 
67) (▶ Figure 3).

Coronary bifurcation
Variation in geometry and its influence on shear 
stress

The coronary circulation provides the heart with blood and, in 
general, it consists of two-to-three major branches: the right side of 
the heart is fed by the right coronary artery (RCA), whereas the 
left side is fed by 1) the left main coronary artery (LM), which bi-
furcates into the left anterior descending artery (LAD) and the left 
circumflex (LCx), or 2) the LAD and LCx when they stem directly 
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from the aorta. Of all bifurcations in the coronary circulation, LM-
LAD-LCx bifurcations are most often affected by disease (68).

Data on geometrical attributes influencing shear stress in cor-
onary artery bifurcations is limited, with the only patient data 
available focusing on the LM bifurcation. A recent study of LM bi-
furcations from eight patients showed that LM-LAD tortuosity, 
appeared to be a good predictor for low shear stress (69), whereas 
LM-LCx tortuosity, bifurcation angle or area ratios were not pre-
dictive of shear stress. Interestingly, other studies have observed an 
association between LAD-LCx angle and low and oscillatory shear 
stress regions (70, 71). A positive correlation between regions ex-
posed to high shear stress and LAD-LCx and LM-LCx angles (69) 
has also been observed. In addition to the bifurcation angle, the 
sharpness/smoothness of the artery branching off has been shown 
to significantly influence the local shear stress: the sharper the bi-
furcation the lower the shear stress (72). Although the out of plane 
course of the coronary arteries (planarity) is potentially of in-
fluence on the local shear stress distribution, this geometric 
 parameter has not been studied for coronary arteries.

As noted earlier, the presence of stenosis in the bifurcation re-
gion potentially changes the local well-defined shear stress 
 distribution. As an example, a study investigated the shear stress 
distribution in the bifurcation region in the presence of lumen nar-
rowing in the proximal (main) vessel, main distal vessel or side 
branches (73). Intuitively the lowest shear stress values were ex-
pected when all vessels had a significant stenosis. However, it was 
observed that significant stenosis in the proximal vessel in combi-
nation with stenosis in the side branch resulted in the lowest shear 
stress values (i.e. an intense atherogenic environment) in the side 
branch, in the flow recirculation zone immediately distal to the 
stenosis (73).

Shear stress and plaque localisation and growth

In the left coronary arteries, plaques are most commonly located at 
the lateral wall (74–76). Based on a coronary CT study, it was 
speculated that the plaques grow from the opposite of the flow di-
vider (low shear stress) circumferentially towards the flow divider, 
presumably the high shear stress region (77). Interestingly, early 
plaques located near bifurcations were found to be associated with 
high shear stress. A possible explanation for this observation is 
that in the bifurcation region positive remodelling is limited, lead-
ing to lumen narrowing and shear stress increase already with 
early disease (78).

Although the impact of shear stress on plaque progression has 
been investigated for non-bifurcated segments of the coronary ar-
teries (79), no studies have been dedicated to the bifurcation re-
gion. The largest such plaque progression study ever, the 
 PREDICTION study of 500 patients, showed a positive relation-
ship between lumen area change and shear stress, and an inverse 
relation between plaque burden (percentage of plaque area with 
respect to the total vessel area) change and shear stress (80). Other 
studies have shown that low shear stress in combination with a 
plaque burden greater than 50 % was a hallmark of plaque area in-
crease over a period of six months (81), whereas high shear stress 
was found to be related to plaque area decrease (82).

Shear stress and plaque composition

In a porcine study, low shear stress was observed to be correlated 
with increased inflammation and lipid content, suggesting that 
low shear stress initiates plaque onset and the generation of vul-
nerable plaques (32). Similar data have been obtained in a number 
of patient studies, suggesting a co-localisation of low shear stress 
and vulnerable plaque components such as necrotic core, plaque 
burden and calcium (5, 82, 83). On the other hand, plaques 

Figure 3: Schematic representation of the 
relationship between shear stress, geo -
metry and helical flow in carotid arteries.  
It is hypothesised that 1) the local shear stress is 
associated with either the local geometry of the 
bifurcation (R2 up to 0.61) (46) or the helical flow 
(R2 up to 0.69) (21) and that 2) local geometry 
and helical flow are also correlated (R2 up to 
0.60) (65). Quantitative analysis of geometric 
vascular attributes and helical flow is feasible 
and reliable in a clinical setting. However, they 
could be less sensitive or specific than shear 
stress, for inferring vascular disease.
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 characterised by a plaque burden greater than 40 %, at which point 
lumen narrowing is typically observed, showed a co-localisation of 
high shear stress (i.e. a consequence of lumen narrowing) and the 
lipid core. This corroborates the hypothesis that shear stress re-
mains low until the plaque encroaches into the lumen, leading to 
high shear stress exposure at the upstream side of the plaque (84). 
Interestingly, high shear stress has been associated with plaque 
rupture sites (85, 86).

Several studies propose strain, the wall deformation caused by 
wall stress (▶ Figure 2), as a surrogate marker for plaque composi-
tion. Low strain or low tissue deformation presumably cor -
responds with ‘stable’ fibrous tissue and was found to be co-
 localised with low shear stress (83). In contrast high strain (or de-
formation), indicating weaker underlying materials such as lipid-
filled macrophages was associated with high shear stress regions 
(87). In a later study, high shear stress was found to be correlated 
with an increase in strain over time, suggesting that high shear 
stress modulates plaque compositional growth (88). Using virtual 
histology, high shear stress has also been associated with increase 
in necrotic core area and decrease in overall plaque area, poten-
tially leading to increase in plaque vulnerability (81).

Plaques that are located close to the bifurcation can extend 
from the main mother vessel into the distal main branch. Interest-
ingly, plaques show a clear difference in composition comparing 
plaques located proximal from the bifurcation versus distal from 
the bifurcation. Plaques containing larger lipid pools are predomi-
nantly located at the proximal site of the bifurcation, and lesions 
appear to be longer at this site (89–92). In general, the thinnest 
caps are observed at the proximal site of the bifurcation (90, 91), 
except for a study where the thinnest caps were found to be located 
at the distal site (93). Summarising the above, one would classify 
atherosclerotic lesions at the proximal site of the bifurcation as 
vulnerable and thus more prone to rupture.

Geometric risk factors and plaque localisation

Already in 1997, geometrical parameters were identified as possi-
ble risk factors for plaque localisation (94). Based on vascular cast-
ing techniques of the left coronary artery bifurcation (LM-LAD-
LCx), the presence of plaques in the LAD segment correlated best 
with an interaction term that included the planarity of the bifur-
cation and the LCx-LAD branch angle. Another study in 245 right 
coronary arteries correlated the shape of the coronary artery 
(C-shape vs sigma shape) to the presence of disease. Although 
multivariate analysis showed that C-shape was an independent 
predictor of significant coronary artery disease (95), the measure 
was not sensitive enough to be used as predictor (96).

Discussion

Since atherosclerotic plaques are observed at distinct locations in 
the vasculature, in particular around bifurcations, a link between 
local haemodynamics and the initiation and progression of 
plaques has been suggested. For instance, in the bulb region of a 

carotid artery bifurcation the local flow velocity distribution and 
thus the local shear stress environment is complex, but well de-
fined. This is not to imply that haemodynamic factors are the sine 
qua non; additionally, systemic risk factors must also be recog-
nised in the onset and progression of atherosclerosis. As shown in 
▶ Figure 1, the interplay among haemodynamics, systemic risk 
factors and vascular biology may be visualised analogously to 
 Virchow’s triad. All factors go hand in hand towards vascular pa-
thology. For instance, the endothelial response to shear stress is 
modulated by systemic risk factors, such as hypercholesterolaemia, 
influencing the endothelial function and thereby the susceptibility 
to atherosclerotic plaque formation (7). This synergistic effect of 
hypercholesterolaemia on shear stress induced plaque progression 
was elegantly shown in an atherosclerotic animal model of plaque 
progression (97) corroborating the interaction among the three 
different factors. The same risk factors are also responsible for the 
extent of plaque growth, as has been convincingly demonstrated in 
clinical studies reducing cholesterol levels and systemic inflam-
mation by statin therapy (98) .

Surrogate markers of ‘haemodynamic risk’

Present methods to assess endothelial shear stress directly in vivo 
suffer from limitations of imaging technology (44, 99). On the 
other hand, acquisition of helical patterns or certain geometric fea-
tures of vascular segments are clinically feasible and may be con-
sidered as potential surrogate markers for atherosclerosis risk, by 
virtue of their influence on near-wall flow patterns (20, 21). ▶ Fig-
ure 3 shows an overview of the interplay between geometry on one 
hand and helical flow and the endothelial shear stress on the other, 
indicating the strength of associations reported by investigations 
of the carotid arteries. The possibility to screen risk from the bifur-
cation geometry or helical flow as promoters/surrogates of dis-
turbed shear stress is attractive in terms of translation of biomech-
anical principles into clinical practice. However, a better under-
standing of the interaction of biomechanical risk factors, systemic 
factors and factors related to vascular biology are needed to fully 
capture the total risk, as visualised in ▶ Figure 1.

Coronary arteries vs carotid arteries

Geometric features dictate the local haemodynamic environment 
and thereby plaque initiation and progression, irrespective of the 
vascular bed. The geometric features the carotid and coronary bi-
furcations have in common, which influence low shear stress, is 
tortuosity (46, 69). At the level of the bifurcation, marked differ-
ences are present: a larger area ratio was clearly associated with 
low disturbed shear stress for the carotid (46), but not for coronary 
bifurcation (69) owing to the dominant influence of the carotid 
bulb, which is unique to the carotid bifurcation. Geometric fea-
tures predominantly associated with plaque in the coronary ar-
teries were planarity and large bifurcation angle. The carotid bifur-
cation, on the other hand, is largely planar (15), while the in-
fluence of bifurcation angle on haemodynamics is negated by the 
competing influences of area ratio and tortuosity (45).
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Identical twins studies have underlined the ‘haemodynamic hy-
pothesis’ by showing plaque at similar locations even in pairs with 
different coronary risk profiles (100). In twin pairs with similar 
anatomy the location of plaque was most often in concordance 
contrasting the twin pairs of which the anatomy was not in con-
cordance (101). These observations highlight again the import-
ance of geometry and thus haemodynamics in addition to genetic 
and systemic risk factors in the generation of plaques.

Finally, while the focus of this review paper was on wall shear 
stress and the haemodynamic hypothesis, it is worth making brief 
mention of mass transport, because it would appear that the trans-
port of species (e.g. lipid-carrying macromolecules), their uptake 
into the arterial wall, as well as the adhesion of bioactive sub-
stances, can be strongly influenced by the fluid phase (102–104). 
These observations on the existence of a mechanism involving ar-
terial wall lipid metabolism and shear-dependent blood-wall mass 
transport, paralleled by the acknowledgment that blood-wall 
transport occurs by different routes (103), have led to the 
formation of the ‘mass transport hypothesis’, which is thought to 
partially underlie or at least complement the haemodynamic hy-
pothesis.

Conclusions

Disturbed haemodynamics, in particular low and oscillatory shear 
stress, is recognised as one of the most important determinants in 
plaque initiation and progression. In particular, arterial bifur-
cations can be markedly exposed to disturbed shear stress and 
thereby affected by local plaque formation, which reflects a com-
plex interplay among the triad of haemodynamics, biological and 
systemic risk factors. Simply using geometrical factors or intravas-
cular flow features might give a first indication on risk of plaque, 
but the interplay with biological and systemic risk factors should 
be taken into consideration.
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