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Introduction

In an article by Skinner et al., with Dr. Russell Ross and James Nelson as the senior 
authors in the first issue of Nature Medicine, 1995, the authors claimed that mag-
netic resonance imaging (MRI) was able to non-invasively identify features of the 
atherosclerotic plaque and their progression in a rabbit model [1]. They further 
claimed that the advancement in imaging had significant implications for determin-
ing risks and benefits associated with various therapeutic approaches. The article 
was accompanied by comments from Dr. Peter Libby [2], titled “Lesion versus 
Lumen,” that highlighted the information gap between luminal imaging (angiogra-
phy and Doppler ultrasound) and vessel wall imaging, an area where imaging would 
play an ever more important role.

These two articles marked the beginning of a new era in vessel wall imaging, and 
another advancement followed within a year, in an article by Wildy et al. [3], with 
Dr. D. Eugene Strandness as the senior author. This article linked signals coming 
from human carotid MRI of atherosclerotic plaques (taking advantage of improved 
signal-to-noise via a novel MRI coil design by Dr. Cecil Hayes) to a pioneering 
histology validation process developed by Strandness and colleagues. With a solid 
footing based on histopathology, this in vivo imaging and ex vivo histology com-
parison helped propel vessel wall imaging to a much higher level of scientific rigor 
and acknowledgment of its importance.

The first intracranial vessel wall MRI paper was published by Aoki et al. [4] in 
1995, and focused on enhancement of intracranial internal carotid and vertebral 
arteries and their significant correlation with patient age. The topic was not heavily 
visited in the literature until Kuker et al. [5] published a case series on the appear-
ance of vasculitis on intracranial vessel wall MRI. The technique however, remained 
obscure, with only a few institutions worldwide performing the exams. With the 
publication of utilization of 3D techniques [6] that afforded shorter scans with better 
visualization of disease due to improved resolution and less need for radiologist 
scan involvement, the technique began to gain increased attention. With increased 
research, the value of intracranial vessel wall MRI in its application to all intracra-
nial vascular diseases became apparent.



xiv

More than 20 years later, many more advancements have been, and continue to 
be made, in the field of vessel wall imaging. These advancements have led to a 
greater understanding of the role imaging can play in studying vessel wall pathol-
ogy. Dr. Alexander Clowes and colleagues recognized early that advanced vascular 
imaging techniques provide a non-invasive window to visualize processes involved 
in the pathogenesis of high-risk atherosclerosis [7]. More recently, increasing evi-
dence highlight the important role of vessel wall imaging for directing clinical diag-
nosis and treatment. Vessel wall imaging continues to advance in numerous vascular 
beds, but has now established itself as an important imaging technique for risk 
stratification and disease differentiation in various vasculopathies. Now, we present 
this book as a summary of the current state-of-the-art. The intended readers are 
medical professionals, especially those dealing with vascular disease diagnosis, 
treatment, pathology, and prevention, and for clinical and basic scientific research-
ers in imaging, vascular biology, and related fields.

This book is divided into seven sections based on the divisions of vascular sys-
tems. Each section generally has a pathological review of the vascular system that 
sets the stage for introduction of current imaging approaches, followed by a detailed 
description of vessel wall imaging.

A later section addresses general imaging techniques, analysis tools available for 
vessel wall imaging as well as new trends in technical developments. New advance-
ments in AI, imaging technology, and clinical advancements continue to make this 
an exciting field.

 Thomas S. Hatsukami 
Mahmud Mossa-Basha

 Chun Yuan

Seattle, WA, USA
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Chapter 1
Vascular Dysfunction 
and Neurodegenerative Disease

Zhongbao Gao, Eugene M. Cilento, Tessandra Stewart, and Jing Zhang

The brain is an essential organ for a diverse array of functions within the human 
body. It is also a complex organ, consisting of nearly 100 billion neurons, the cells 
responsible for basic and complex neurological processing. To maintain proper neu-
ronal functionality, the brain requires a constant provision of oxygen and nutrients 
as its own energy stores are scarce [1]. The brain is considered the most metaboli-
cally active organ in the human body, consuming about 20% of the body’s oxygen 
and other nutrients supplied by the vascular system, although comprising only 2% 
of the total body weight. Therefore, the brain must rely on uninterrupted external 
delivery of oxygen and nutrients within the blood of the vascular system to meet its 
intense metabolic demands.

Neurodegenerative diseases, e.g., Alzheimer’s disease (AD), Parkinson’s disease 
(PD), and amyotrophic lateral sclerosis (ALS), are incurable and debilitating condi-
tions that result from the progressive degeneration and/or death of neurons in the 
brain and spinal cord. Neurodegeneration results from a combination of genetic 
factors, viruses, alcoholism, toxins, and repetitive brain injuries, which cumula-
tively drive changes in brain function, microenvironment, and, ultimately, dimin-
ished neuronal survival. Recent evidence also suggests that cerebrovascular 
dysfunction contributes to dementia and AD [2], PD [3], as well as ALS [4].

The relationship between cerebrovascular dysfunction and neurodegenerative 
diseases is complex, as they share many of the same risk factors, and their overlap 
increases with age. Both cerebrovascular and neurodegenerative diseases increase 
significantly after 60 years of age in almost all populations worldwide [5]. Age is 
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the strongest risk factor for brain degeneration, regardless of whether the  mechanism 
is vascular, neurodegenerative, or a combination. Brains of demented subjects often 
exhibit more than one type of pathology. For example, in addition to the classical 
amyloid and tau pathology, vascular lesions are frequently found to coexist with 
pathological changes related to AD in elderly subjects [6]. Remarkably, the length 
of brain capillaries is reduced in aging and neurodegenerative disorders [7]. These 
vascular reductions can diminish transport of energy substrates and nutrients across 
the blood-brain barrier (BBB) and reduce the clearance of potential neurotoxins 
from the brain. Impairments of other brain vessel functions including autoregula-
tion, neurovascular uncoupling, BBB leakage, and decreased cerebrospinal fluid are 
responsible for variable degrees of neurodegeneration in the aging population.

 Normal Neurovascular Structure and Function of the Brain

The integrity of the vascular system is accomplished through a vast vascular net-
work of arteries, arterioles, capillaries, and veins to assure the continuous supply of 
oxygen and nutrients, as well as provide a route for washout of metabolic waste 
products. Indeed, it has been estimated that nearly every neuron in the human brain 
has its own capillary [8, 9]. The normal neuronal-vascular relationship is critical for 
normal brain functioning.

 Blood-Brain Barrier

The BBB is a highly specialized structure of the neurovascular system composed of 
a microvascular endothelium, as well as proximal astrocytes, basement membrane, 
and pericytes. It maintains separation between the components of the circulating 
blood and those of the central nervous system (CNS) and controls homeostatic bal-
ance between these systems. Under physiologic conditions, the BBB ensures con-
stant supply of nutrients (oxygen, glucose, and other substances) for brain cells and 
guides the inflammatory cells to respond to the changes of the local environment. To 
meet the energetic demands of the brain, glial cells work with neurons to regulate 
the function and dilation of blood vessels in response to metabolic requirements. 
The concerted efforts of all of these cell types together are conceptualized as the 
neurovascular unit (NVU), which couples brain activity to vascular supply, allowing 
the import of metabolic materials, as well as providing for the export of waste, via 
the BBB.

Anatomically and functionally, endothelial cells (ECs) situate at the interface 
between the blood and the brain. Cerebral ECs are not fenestrated but are intercon-
nected by tight junctions forming a continuous BBB [10]. It has become apparent 
that ECs require contacts with various CNS cell types to establish BBB characteris-
tics [11]. They compose the vessel walls and generate a physical barrier imperme-

Z. Gao et al.
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able to most large or charged molecules through abundant tight junctions. From this 
position, they perform essential biological functions, including barrier, transport of 
micronutrients and macronutrients, receptor-mediated signaling, leukocyte traffick-
ing, and osmoregulation. They express a wide variety of transporters and receptors, 
engaging in transporter- and vesicle-based transfer of molecules between the brain 
and the blood. Specialized receptors on the membrane of ECs initiate intracellular 
signaling cascades in response to agonists that activate specific receptors or changes 
in shear stress at the cell surface produced by changes in the rate of blood flow. The 
best described transporter is the glucose transporter isoform 1 that becomes highly 
expressed upon BBB formation. Gap junctions permit cross talk between adjacent 
ECs allowing the transmission of intracellular responses. Once initiated, these cas-
cades trigger the release of potent vasodilator substances such as nitric oxide (NO) 
and prostacyclin and vasoconstrictors, such as endothelin and endothelium-derived 
constrictor factor [12, 13].

Astrocytes are the most numerous cell type in the CNS, and their specialized 
end-feet cover nearly the entire surface of CNS microvessels. Astrocytes are star- 
shaped cells with many processes emanating from the cell body and surround most 
portions of the microvessels and capillaries and as part of the NVU interact with 
ECs through the end-feet of their processes [14, 15]. Astrocytes in the brain perform 
an array of homeostatic functions. Their processes encircle the synapses, where they 
control the extracellular pH, ion balance, and neurotransmitter concentrations nec-
essary for optimal neuronal function. These activities make them ideally suited for 
sensing the demands of the associated neurons, which they translate to the other 
cells of the BBB via their end-feet. Thus, they act as a link between synaptic activity 
and the cerebrovascular cells by translating information between neurons and cere-
bral microvessels. Astrocytes and ECs also influence each other’s structure and 
function. For example, interaction of astrocytes with ECs can greatly enhance EC 
tight junctions and reduce gap junctional area, resulting in decreased permeability 
of the EC layer. Therefore, astrocyte-microvascular EC interactions are essential for 
a functional NVU [15]. Moreover, during intense activity, astrocytes signal the 
energy demands of neurons to the vascular cells mediating cerebral blood flow 
(CBF) which then can signal an increased demand in blood flow [16]. Astrocytes 
have also been shown to regulate CBF responses by influencing contractile proper-
ties of small penetrating intracerebral arteries [17].

Pericytes are mural cells covering the abluminal surface of microvessels. Pericytes 
are flat, undifferentiated, tissue cells with contractile potential that develop around 
capillary walls, contributing to stability of microvessels and covering a major part of 
the abluminal endothelial surface. In the neurovascular unit, pericytes are embedded 
in a thin layer of basement membrane, which separates them from ECs and end-feet 
of astrocytes. While most of the pericyte bodies and processes do not attach to ECs 
because of the basement membrane, interdigitations of pericyte and EC membranes 
can directly connect in the area lacking basement membrane, forming “peg-and-
socket” connections [18, 19]. Together with the ensheathment of brain capillaries by 
astrocytic end-feet, the close contact of ECs with pericytes via the peg-and-socket 
junctions within a common basal lamina is crucial for establishing and maintaining 
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the BBB [20]. The CNS vasculature has significantly higher pericyte coverage com-
pared with peripheral vessels, and pericytes have an important role in regulating 
capillary diameter, CBF, and extracellular matrix protein secretion. Perivascular 
pericytes release a large number of growth factors and angiogenic molecules, which 
regulate microvascular permeability, remodeling, and angiogenesis.

Microglia are the resident macrophages of the brain and play critical roles in 
innate and adaptive immune responses of the CNS. Once thought to be relatively 
quiescent in their “resting” state, their ramified processes actually constantly survey 
the brain parenchyma. Upon stimulation, activated microglia engage in a variety of 
pro- as well as anti-inflammatory morphologies including phagocytic phenotypes. 
The pro-inflammatory activated state of microglia typically affects the permeability 
of the BBB, increasing its permeability via production of reactive oxygen species 
and inflammatory cytokines such as TNF-α.

Basement membranes in the NVU also significantly contribute to BBB integrity 
through several mechanisms. The predominant constituents of the cerebrovascular 
basement membranes include collagen IV, laminin, perlecan, nidogen, and fibronec-
tin, which are extracellular matrix proteins produced by each cell type in the NVU 
[21, 22]. There are two types of basement membranes in the NVU: (1) an endothe-
lial basement membrane composed of extracellular matrix produced by ECs and 
pericytes and (2) a parenchymal basement membrane formed by those from astro-
cytes [23, 24]. Basement membranes function as a physical barrier surrounding the 
abluminal surface of endothelial cells and anchor the cells in place at the BBB. In 
addition, they also contribute to BBB regulation, where the extracellular matrix 
mediates diverse signaling in endothelial cells and pericytes [24].

 Neurovascular Unit and Neurovascular Coupling

In brain capillaries, ECs form the tube structure with barrier integrity, in which the 
abluminal surface is covered by basement membranes composed of extracellular 
matrix. The endothelial tubes are surrounded by pericytes, astrocyte end-feet, and 
neurons, comprising the NVU. The cells of the NVU work in concert to maintain 
homeostasis of the cerebral microenvironment, regulate CBF, control exchange 
between the BBB and blood, contribute to immune surveillance in the brain, and 
provide support to brain cells. While physical barrier structures in ECs predomi-
nantly control BBB integrity, molecular barrier systems through endothelial trans-
porters can mediate the influx and efflux of specific molecules at the BBB [25–27].

Cerebrovascular health is essential to maintain adequate brain perfusion and pre-
serve normal brain function. This is accomplished through coupling alterations 
in local CBF (e.g., by increasing vascular dilation in response to elevated metabolic 
demand) to neuronal activity, a process termed neurovascular coupling. The brain’s 
structural and functional integrity relies on an uninterrupted and well-regulated 
blood supply, and consequently brain dysfunction and ultimately death often involve 
interruption of CBF [28]. Mechanisms that ensure adequate neuronal blood supply 
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and CBF are essential to meet the brain’s metabolic demand and support its overall 
health [16]. Adjustments of CBF must be highly regulated to maintain proper cel-
lular homeostasis and function [29]. This is accomplished through neurovascular 
coupling orchestrated by an intercellular signaling network [30]. The NVU is func-
tionally integrated to regulate CBF responses to neuronal stimulation which ensures 
a rapid increase in CBF and oxygen delivery to activated brain regions [1, 31].

 Vascular Dysfunction and Neurodegeneration

Aging-related structural and functional disturbances in circulation of the brain con-
tribute to brain degeneration. Aging significantly impairs neurovascular coupling 
responses. Impairment of the NVU and pathological changes of BBB function is 
present in a variety of neurodegenerative diseases. Age-related deficits in neurovas-
cular coupling responses are also associated with impaired cognitive function and 
gait abnormalities [32, 33]. Although the detailed mechanisms of various neurode-
generative diseases remain veiled, it is clear that aging is a vital risk factor in neu-
rodegeneration. It has been speculated that age-related impairments in the NVU, 
together with alterations in genes and environmental factors, initiate and maintain a 
self-perpetuating cycle of neurodegeneration.

Cerebrovascular autoregulation is a mechanism that ensures relatively constant 
CBF and avoids fluctuations of cerebral perfusion resulting from arterial pressure 
[34]. In elderly patients, inadequate blood flow augmentation often leads to mis-
matches between supply and demand of oxygen and metabolic substrates and results 
in dysfunction during neuronal activation [35]. Microvascular degeneration dimin-
ishes CBF, resulting in shortages of oxygen supply, energy substrates, and nutrients 
to the brain. Additionally, microvascular defects compromise clearance of neuro-
toxic molecules from the brain, resulting in accumulation of pathological deposits 
in brains cells and interstitial fluid. Reductions in resting CBF or transportation of 
key brain proteins/metabolites (see below for more discussion) or altered responses 
to brain activation may occur in different CNS regions in AD, PD, and other CNS 
disorders.

Oxidative stress plays a critical role in age-related neurovascular uncoupling and 
participates in the development of various diseases such as arthritis, cancer, and 
cardiovascular and neurodegenerative diseases. With age, genetic, and environmen-
tal risk factors, the redox system becomes imbalanced, and levels of reactive oxygen 
(ROS) and nitrogen (RNS) species are increased. Mitochondria are one of the main 
sources of intracellular ROS as they produce 1–5% ROS in normal physiological 
conditions [36]. Given the high metabolic rates and energy demands, mitochondrial 
functionality is vital for supporting healthy brain functions such as synapse assem-
bly, generation of action potentials, and synaptic transmission. Therefore, for proper 
homeostasis, aged or dysfunctional mitochondria must be removed, and adequately 
functioning mitochondria must be properly recruited and distributed to meet altered 
metabolic requirements [37].
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Oxidative stress and endothelial dysfunction have a critical impact on age-related 
cerebrovascular impairment and neurovascular uncoupling [38]. Endothelial mem-
brane transporters based on the tight junctions between cerebral endothelial cells 
manage the trafficking of signaling molecules between the blood and the brain, 
including macromolecules, ions, amino acids, peptides, and neurotransmitters. 
Thus, transportation and clearance of toxic components involved with pathogenesis 
of neurodegenerative diseases are influenced by the integrity of this process [39].

 Cerebrovascular Dysfunction in AD

AD is a neurodegenerative disorder often associated with neurovascular dysfunc-
tion, cognitive decline, and accumulation in brain of amyloid beta (Aβ) peptide and 
tau-related lesions in neurons. With age, increasing prevalence of coincident AD 
and cerebrovascular disease (CVD) has been well-recognized. CVD and vascular 
risk factors are associated with AD and contribute to neuropathological changes 
such as selective brain atrophy and accumulation of Aβ in AD [40]. Intracerebral Aβ 
is removed from the brain through vascular mechanisms involving the lipoprotein 
receptor protein 1 (LRP1) and P-glycoprotein [41, 42]. A study of the association of 
vascular pathology and cerebrovascular disease with neuropathologically confirmed 
neurodegenerative disease revealed that AD has a significantly higher prevalence of 
cerebrovascular disease and vascular pathology than other related neurodegenera-
tive diseases [43]. Furthermore, AD is more likely to occur in patients presenting 
cerebral infarctions, as around 70% of patients diagnosed with AD have evidence of 
coexistent cerebrovascular disease.

Cerebrovascular abnormalities are a common phenomenon in AD. Multiple epi-
demiological studies have shown a remarkable overlap among risk factors for cere-
brovascular disorder and sporadic, late-onset AD. AD is associated with marked 
alterations in cerebrovascular structure and function of the NVU in both large intra-
cranial vessels and microvessels [44]. Microvascular pathophysiological alterations 
have a causal role both in the development of AD and related cognitive decline. 
BBB transport systems are significantly altered in AD patients compared to controls 
[45]. Amyloid β (Aβ) is a major contributor to BBB dysfunction in AD, and Aβ 
deposits in the vasculature enhance BBB permeability in the AD brain. Cerebral 
amyloid angiopathy (CAA), which is characterized by deposition of amyloid fibrils 
in the walls of small- to medium-sized blood vessels, promotes the degeneration of 
smooth muscle cells and pericytes, leading to compromised BBB or simply break-
down of BBB [26]. Reduced CBF occurs early in the development of AD, most 
significantly in areas where tau pathology is associated with AD. These perfusion 
deficits develop in pre-symptomatic stages before brain atrophy [46, 47]. CBF 
reductions correlate with dementia, cortical atrophy, and vascular disease in the 
white matter. AD patients exhibit significant impairment of neurovascular coupling 
responses. In AD or in CAA, accumulation of Aβ leads to the damage of the vessel 
wall, increasing the chance of lobar hemorrhages [44]. As neuronal activity continu-
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ously determines neurovascular and neurometabolic coupling [48], functional dete-
rioration of the neurons is a pathophysiological characteristic in brain aging and 
several age-related neuropathological conditions like AD (see below for PD) [1, 
49].

Vascular dysfunction also plays a central role in the development of AD. Typical 
amyloid plaques and neurofibrillary tangles (NFTs) may result from hypoperfusion 
due to inadequate blood supply. Ischemic conditions may trigger Aβ accumulation 
and facilitate amyloidogenic cleavage leading to increased levels of toxic Aβ. 
Indeed, dramatically and consistently increasing accumulation of Aβ has been 
observed after cerebral ischemia [50]. In vitro, Aβ has been demonstrated to be 
toxic to both cerebral and peripheral endothelium [51, 52]. The toxic effects of Aβ 
on cerebral blood vessels may also induce cerebral hypoperfusion and increase vul-
nerability to ischemic damage. Since amyloid plaques appear to promote ischemia 
and vice versa, it is plausible that there is a synergistic relationship between the 
amyloidogenic and vascular features of AD pathology. Cerebral hypoperfusion is an 
early feature of AD, which occurs several years before the onset of clinical symp-
toms. The perfusion of precuneus is firstly affected, followed by cingulate gyrus and 
the lateral part of the parietal lobe, about 10 years before the development of demen-
tia, and then the frontal and temporal lobes.

A strong relationship between age-associated CVD and AD exists; however, it is 
complicated by the high level of risk factors and overlap that increases with age. As 
such, the boundary between physiological and pathological aging is not categorical. 
For example, midlife hypertension and AD are strongly correlated, especially in 
those not undergoing treatment with antihypertensive drugs [53]. Furthermore, 
increased blood pressure (BP) in midlife not only leads to pathological changes in 
blood vessels but also brain atrophy and an increase in senile Aβ plaques and NFTs 
in the neocortex and hippocampus [54]. Moreover, long-lasting increases in BP may 
worsen the risk of AD by inducing small vessel disease (SVD), structural white mat-
ter alterations, and cerebral hypoperfusion through impairment of normal vascular 
regulation or atherosclerosis.

 Cerebrovascular Dysfunction in PD

PD is the second most common neurodegenerative disorder in the elderly popula-
tion. It is clinically characterized by parkinsonism (resting tremor, bradykinesia, 
rigidity, and postural instability), and histopathological changes include progressive 
loss of neurons in multiple regions, specifically the substantia nigra pars compacta, 
accompanied by the presence of aggregated deposits known as Lewy bodies and 
Lewy neurites. The relationship between CVD, vascular risk factors, and PD is vari-
able in clinical, radiological, and pathological studies. Furthermore, large-scale 
cohort studies have demonstrated that PD is associated with higher risk of CVD [55, 
56]. Cerebrovascular pathologies and vascular risk factors are associated with an 
increased prevalence of PD and cognitive impairment in the elderly [57, 58]. In a 
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clinicopathological study, prevalence of concomitant PD and cerebrovascular dis-
ease, mainly SVD, was 26–40% [59, 60]. A meta-analysis demonstrated that PD is 
associated with CVD, and patients with PD were at a higher risk of CVD later in 
their life [61].

The loss of dopaminergic neurons is a hallmark of PD. Dopaminergic neurons 
are equipped with abundant mitochondria and are therefore easily exposed to high 
levels of ROS [62]. Mitochondrial DNA is easily damaged by ROS, which results 
in mitochondrial malfunction. In aged cells, mitophagy is disturbed [63]. 
Meanwhile, low energy support results in reduced mitochondrial repair [64]. All of 
these changes can contribute to dopaminergic neuronal loss. In physiological con-
ditions, dopaminergic neurons are well equipped to deal with oxidative stress. 
Superoxide dismutase (SOD) and glutathione peroxidase (GPX) nonspecifically 
decompose ROS/NOS. However, when these protective mechanisms are compro-
mised during aging, excess ROS will be produced. The subsequent oxidative stress 
will then facilitate the aggregation of α-synuclein, eventually leading to formation 
of Lewy bodies [65].

Neuronal degeneration and bioenergetic derailment in PD are accompanied by 
cerebrovascular dysfunction and alteration in cerebral metabolism. Decreases in 
CBF values are observed in basal ganglia, hippocampus, prefrontal cortex, and pari-
etal white matter in PD patients when compared to healthy subjects [66]. In PD 
patients, CBF reductions in parietal regions correlated with cognitive dysfunction, 
suggesting a link between cognitive deficits and perfusion [67]. Impaired autoregu-
lation of brain perfusion, independent of dopaminergic treatment, has been demon-
strated in PD patients subjected to a drop in BP compared with controls [68].

In addition to neuronal injury, glial cells play a pivotal part in PD development. 
Dopaminergic neurons are equipped with unmyelinated axons, and thus astrocytes 
make the most intimate contact with them [69]. Intact astrocytes provide protection 
and support to dopaminergic neurons through production of antioxidants such as 
glutathione and by removing toxic molecules including glutamate and α-synuclein 
[70]. Meanwhile, astrocytic neurotrophic factors protect neurons from damage [71]. 
However, chronic inflammation in the aged CNS changes the phenotype of astro-
cytes that become more pro-inflammatory. The senile astrocytes fail to provide pro-
tection and support; instead, they produce cytokines, chemokines, and ROS, which 
harm the integrity of the NVU [69].

 Cerebrovascular Dysfunction in ALS

ALS is characterized by progressive loss of motor neurons in the anterior horn of 
the spinal cord and brain, resulting in progressive weakness, muscle atrophy, and 
respiratory failure. Although the pathogenesis of ALS remains largely unknown, 
neuropathologic features and gene mutations associated with ALS have shed impor-
tant light on the etiology of the disease. Mutations in superoxide dismutase-1 
(SOD1) are the most common form of inherited ALS, accounting for almost 25% of 
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familial cases. Mutations in SOD1 and overproduction of ROS/RNS and dramatic 
gliosis characterized by abnormalities of astrocytes, widespread astrocytosis, and 
activated microglial cells are evident in ALS [72].

Impairments of the BBB, blood-spinal cord barrier, or blood-cerebrospinal fluid 
barrier (BCSFB), aggravating motor neuron damage, are also possible pathogenic 
mechanism in ALS.  These barriers control the exchanges of various substances 
between the blood and brain/spinal cord and maintain proper homeostasis of the 
CNS. The first evidence of altered BCSFB affected permeability in ALS was pro-
vided in 1980s, with the finding of abnormally high levels of IgG, albumin, and 
complement component C3a in the CSF of ALS patients [73, 74]. At the same time, 
IgG deposits and C3 and C4 were found in the spinal cord and motor cortex of 
patients with ALS, suggesting BBB/BSCB disruption [75]. Compelling evidence of 
changes in all NVU components, including the BBB/BSCB, in both patients and 
animal models identifies ALS as a neurovascular disease. Qualitative analyses of 
spinal cord tissue from ALS patients evidenced markedly decreased perivascular 
tight junction and basement membrane, as well as astrocyte end-feet dissociated 
from the endothelium. These results confirmed lost endothelial integrity as one 
characteristic of BSCB disruption that might contribute to disease progression [76]. 
It has been suggested that entry of harmful blood-borne substances into areas of 
motor neuron degeneration may have implications for the pathogenesis of ALS 
[77]. Circulating ECs are considered markers for endothelial damage [78] and are 
unexpectedly reduced in peripheral blood of ALS patients with moderate or severe 
disease [79], providing further support for vascular damage in ALS.

Oxidative stress also plays a crucial role in ALS [80]. Oxidative stress is a major 
component of the BBB impairment. In physiological conditions, ROS are generated 
largely from mitochondrial activity in neural cells. Specific endogenous antioxi-
dants such as superoxide dismutase and glutathione peroxidase are able to scavenge 
ROS. In pathological conditions, however, injury leads to excitotoxicity, activation 
of inflammatory pathways, mitochondrial dysfunctions, leukocyte recruitment, and 
microglia activation, all of which increase levels of free radicals [81].

 Vasculoprotective Approaches

Nutritional factors are essential to neuroprotection. Development or progression of 
cognitive impairment and dementia can be slowed by consumption of certain foods 
and vitamin supplements [82]. Regular consumption of fish is related to lower risk 
of AD [56] and slower rate of cognitive decline [83]. Fish offers protection by coun-
tering inflammation and enhancing vascular tone and countering atherosclerosis. 
The B vitamins, especially folate, B6, and B12 are implicated as likely to sustain or 
improve cognitive function in older age [84]. Chronic accumulation of reactive oxy-
gen species in older brains may exhaust antioxidant capacity and trigger neurode-
generative processes as characterized in AD. Dietary supplementation with fruit or 
vegetable extracts high in antioxidants helps to decrease the enhanced vulnerability 
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to oxidative stress and improve neuronal communication via increases in neuronal 
signaling and animal behavior [85].

Changes in lifestyle factors will decrease the risk of developing dementia in later 
life [86]. Regular exercise can reduce rate of age-related cognitive decline and 
decreased risk of incident dementia or AD [87]. Increased physical activity in 
midlife has been found to be associated with less neocortical atrophy in the elderly 
[88]. Vasculoprotective factors such as nutritional factors, lifestyle factors, and 
physical activity will not only reduce the risk of onset of degenerative diseases but 
also slow down the progression of these disorders.

 Conclusions and Future Directions

An emerging role of brain vasculature in aging and the pathogenesis of human neu-
rodegenerative diseases, particularly AD, has led to increasingly recognized impor-
tance of healthy blood vessels for normal brain functioning. AD can be viewed as a 
model for other neurodegenerative diseases, e.g., PD and ALS highlighted in this 
chapter, that are beginning to reveal notable vascular contributions to disease patho-
physiology. However, the exact role of the vascular dysfunction in neurodegenera-
tive diseases and whether the vascular modulation is a viable therapeutic target for 
neurodegenerative diseases remains to be investigated further. It is expected that the 
molecular definitions of human brain vasculature, BBB, and perhaps NVU will gen-
erate an atlas of blood vessels in the human brain during health and disease. 
Neuroimaging holds the potential to further examine the regional vascular patho-
physiology in the living human brain. The advances in imaging and molecular 
investigation may establish early vascular biomarkers in the living human brain, 
hopefully revealing untapped novel targets of disease-modifying therapeutics for 
multiple neurodegenerative disorders. Future studies may also reveal why regional 
changes in the brain vasculature will lead to disease-specific neurological pheno-
types in different neurodegenerative diseases and inform about gene networks and 
upstream regulators driving the link between cerebrovascular dysfunction and 
neurodegeneration.
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Chapter 2
Current Imaging Approaches 
and Challenges in the Assessment 
of the Intracranial Vasculature

Justin E. Vranic and Mahmud Mossa-Basha

 Luminal Imaging Basics

Luminal imaging is a vascular imaging technique that evaluates the caliber of the 
intracranial vasculature. In some instances, these techniques can also provide infor-
mation regarding the hemodynamics through vessels of interest. Conclusions 
regarding underlying vessel pathophysiology are ultimately drawn from the 
observed luminal irregularity and alterations in flow. Catheter digital subtraction 
angiography (DSA) is typically performed in a dedicated biplane neuroangiography 
suite. Before diagnostic images can be taken, intra-arterial access must be first 
acquired and a vessel(s) of interest must be selectively catheterized. Images are then 
acquired with high temporal resolution as a bolus of contrast flows through the vas-
culature of interest. CTA is a noninvasive luminal imaging modality that requires 
intravenous administration of iodinated contrast prior to image acquisition. Modern 
CT scanners rely on a multi-detector array for photon detection and image acquisi-
tion. Multiplanar reformats are subsequently derived from source data with high 
spatial resolution [1]. MRA techniques allow for the assessment of the vessel cali-
ber and, in some instances, flow characteristics through intracranial vasculature. 
MRA acquisitions can be performed with or without intravenous contrast. Contrast- 
enhanced (CE) MRA relies upon the T1 shortening effects of paramagnetic contrast 
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media for luminal visualization [2]. Non-CE-MRA relies upon the intrinsic signal 
characteristics of flowing blood for luminal visualization. Noncontrast techniques 
specific to neurovascular imaging include time-of-flight (TOF), phase-contrast 
(PC), and arterial spin labeling (ASL) MRA.

 Technical Aspects of Luminal Imaging

 Conventional CTA

Conventional CTA requires the intravenous administration of iodinated contrast 
prior to image acquisition. A total bolus volume of 45–120 mL of contrast infused 
at a rate of 3–6 mL/s is generally sufficient for diagnostic quality image acquisition 
[3–5]. Contrast bolus monitoring techniques are commonly utilized to ensure that 
image acquisition is performed while the intracranial arteries are sufficiently opaci-
fied with contrast. Modern multi-detector CT (MDCT) scanners commonly possess 
an array of 64- or more detector panels, allowing for the acquisition of submillime-
ter thick image slices [1]. From this submillimeter thick source data, multiplanar 
reformats, maximum intensity projections, and 3D volume renderings can all be 
reconstructed with the goal of aiding in vascular lesion detection and characteriza-
tion (Fig. 2.1a, b). Despite the improvements made in spatial resolution, conven-
tional CTA continues to have inferior spatial and temporal resolution when compared 
to catheter DSA [6].

 Catheter Digital Subtraction Angiography (DSA)

Catheter DSA (Fig. 2.2) image acquisition requires intra-arterial infusion of con-
trast into catheter-selected arteries. Contrast volumes ranging from 8 to 20 mL are 
frequently injected at flow rates ranging from 2 to 6  mL/s per diagnostic run, 
depending on the size of the intracranial vessel [3]. A range of frame rates for image 
acquisition can be used depending on the cerebrovascular pathology in question. 
Commonly, a frame rate of 3–6 frames per second provides adequate temporal reso-
lution for the identification and assessment of rapid arteriovenous shunting. In some 
instances, frame rates as high as 60 frames per second or more can be acquired, 
providing superb temporal resolution. However, this comes at the cost of signifi-
cantly increased radiation exposure to the patient. Modern biplane angiography 
units allow the operator to use highly customizable imaging projections to optimize 
visualization of the vessel or vascular lesion in question. The use of three-dimension 
rotational angiography (3DRA) allows for three-dimensional image acquisition of a 
specific vessel or vascular lesion. This cerebral angiography technique allows for 
thorough assessment of the vessel in question and is vital to accurate intervention 
planning.
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Fig. 2.1 (a, b) Axial and coronal CTA MIP images demonstrating normal intracranial vasculature. 
(c, d) Coronal and axial 3D-TOF-MRA MIP images demonstrating normal intracranial 
vasculature

Fig. 2.2 (a, b) Frontal DSA images of the right and left ICA, respectively, illustrating normal 
intracranial vasculature. (c) Lateral DSA image of the left ICA again demonstrating normal intra-
cranial vasculature

2 Current Imaging Approaches and Challenges in the Assessment of the Intracranial…
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 Dual-Energy CTA (DE-CTA)

Dual-energy CT (DE-CT) takes advantage of differences in x-ray attenuation by 
target materials. These differences in attenuation are dependent upon the energy of 
the incident photons [7]. The attenuation of materials with a high atomic number is 
greater with lower energy incident photons than with higher energy incident pho-
tons [7]. Similarly, the attenuation of blood vessels is more conspicuous when a low 
tube voltage is used [7, 8]. When an object of unknown composition is imaged with 
two distinct energy spectra, materials within the object can be differentiated by 
comparing the change in differential x-ray attenuation to the x-ray attenuation of 
known reference materials [7].

There are three DE-CT systems currently available. These include dual-source 
dual-energy CT (DSDE CT), single-source dual-energy CT (SSDE CT) with fast 
kilovolt-peak switching, and single-source dual-layer detector CT systems [9, 10]. 
DSDE CT uses two x-ray tubes that operate at different voltages (80 kVp and 140 
kVp) positioned at 90° from each other [10]. In this system, spectral filtration can 
be independently optimized for each tube-detector pair, thus improving image 
quality. Due to differences in tube positioning relative to the target, acquisition of 
the two different datasets occurs at slightly different times, limiting the temporal 
registration of the DSDE CT images. Because both tubes are simultaneously ener-
gized, scattered radiation from one tube may be detected by the detector panel of 
the other tube (and vice versa), leading to degradation in spectral separation. 
Implementation of an appropriate scatter-correction algorithm can help correct for 
this phenomenon [10].

SSDE CT with fast kilovolt-peak switching relies on fast switching between 80 
and 140 kVp performed every 250 microseconds during a single projection for 
spectral separation. This results in the acquisition of 1000 high-energy and 1000 
low-energy projections during a single 360° gantry rotation at a full field of view of 
50  cm. Unlike DSDE CT, SSDE CT with fast kilovolt-peak switching produces 
well-preserved spectral separation, and temporal misregistration of the spectral 
datasets rarely occurs. SSDE CT with a dual-layer energy detector relies on spectral 
separation at the level of the detector. A layered detector separates low-energy pho-
tons collected by the innermost detector layer from high-energy photons collected 
by the outermost detector layer from a single x-ray source [10].

Acquisition of low-energy monochromatic images with DE-CT allows for 
improved vessel contrast on CTA. These low-energy monochromatic images prove 
particularly helpful in delineating small, peripheral vessels [10]. Although the use 
of a low tube voltage with a traditional single-energy CT scan can produce similar 
effects, this comes at the cost of increased image noise which is not encountered 
with DE-CT.  Additionally, acquisition of low-energy monochromatic images 
allows for the use of reduced iodinated contrast volumes while still preserving 
image quality [10]. This may prove helpful when imaging patients with underlying 
renal insufficiency in whom there is a clinical desire to minimize iodinated contrast 
exposure.
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DE-CTA allows for the correction of beam-hardening artifact. Beam hardening 
arises when low-energy photons within a polychromatic x-ray beam are preferen-
tially absorbed as they pass through a target [10]. This can result in streak on the 
reconstructed imaging and is frequently appreciated near the skull base and within 
the posterior cranial fossa. DE-CT corrects beam-hardening errors in the iodine- 
and water-based projection data, resulting in a reduction in beam-hardening arti-
facts and improved image quality [10].

Metallic implants produce significant streak artifact when imaged on a single- 
energy CT scanner. Monochromatic images obtained at higher energies with 
DE-CTA have increased penetration which reduces blooming and metallic streak 
artifacts [9, 10]. Image data collected at lower energies can then be used to correct 
for the decreased vessel contrast that occurs at these higher incident photon ener-
gies. The reconstructed image will display reduced metallic streak artifact with pre-
served vascular contrast. This technique proves particularly useful in evaluating 
vessel lumen patency following intraluminal stent placement. DE-CTA also allows 
for the subtraction of metallic artifacts, such as intracranial coil masses, from the 
reconstructed CTA images. This is accomplished through the subtraction of mono-
chromatic images between the two energy levels obtained from the same datasets. 
In doing so, complete removal of objects with CT attenuation values that reach an 
upper threshold at both energy levels is achieved. Delineation of the parent vessel 
remains well-preserved on the subtracted monochromatic images [10]. This same 
technique can be applied to arterial wall calcifications and adjacent osseous struc-
tures, allowing for improved vessel lumen visualization [10–13].

Unlike conventional CTA, DE-CTA allows for reconstruction of virtual noncon-
trast images (VNC) from DE-CTA source data. Material subtraction images allow 
for the measurement of CT attenuation values on monochromatic images at 70 keV, 
which is equal to images acquired on a single-energy CT scanner at 120 kVp. VNC 
images allow for a reduction in overall radiation exposure, as separate scans acquired 
before and after contrast administration are no longer necessary [10].

 4D-CTA/Timing-Invariant CTA (TI-CTA)

Four-dimensional CTA (4D-CTA), also referred to as timing-invariant CTA 
(TI-CTA), combines the noninvasive nature of conventional CTA with the dynamic 
imaging capabilities of catheter DSA [14]. 4D-CTA provides information regarding 
both the magnitude and directionality of flow through vessels of interest. It also 
details the angioarchitecture of the vasculature in question [14].

Like catheter DSA, a contrast bolus is delivered intravascularly and then imaged 
in real-time as it flows through the vasculature of interest. There are three distinct 
image acquisition techniques for performing 4D-CTA. These include volume mode, 
toggling-table mode, and shuttle mode scanning. The width of the CT detector ulti-
mately determines which acquisition mode can be used to ensure adequate brain 
coverage [15].
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Volume mode acquisitions are the most versatile, allowing for complete or par-
tial coverage of the intracranial circulation. CTA data can be acquired either con-
tinuously throughout a pre-specified time period or discontinuously at either preset 
fixed or variable time intervals. During discontinuous volume mode acquisitions, 
the time intervals typically range from 1 to 4 seconds [15]. The datasets obtained at 
each of these time intervals are then overlaid to produce the final dynamic images 
[14]. True 4D datasets from continuous volume mode acquisitions can then be ret-
rospectively reconstructed at any time interval. In general, the temporal resolution 
for this technique is on the order of 0.275–0.5 seconds [15]. Continuous scanning 
is only possible with volume mode acquisitions. Patients with high-flow vascular 
malformations benefit from the high temporal resolution of continuous acquisi-
tions. When assessing collateral flow following arterial occlusion, a lower temporal 
resolution may be used, making the other acquisition techniques viable alternatives 
[15, 16].

4D-CTA images can be reconstructed from CT perfusion (CTP) datasets. In CTP, 
multiple CT datasets are acquired at different time intervals following the injection 
of intravenous contrast. Because 4D-CTA images can be reconstructed from CTP 
datasets, CTA imaging performed in addition to CTP imaging is not necessary, sav-
ing both time and radiation exposure [17]. By reconstructing 4D-CTA from CTP 
data, it is possible to evaluate both the angioarchitecture of the vasculature in ques-
tion and the associated cerebral perfusion. The combination of these imaging tech-
niques allows for the comprehensive assessment of the cerebral collateral vessels 
and the parenchymal perfusion that they supply [17–22].

Maximum intensity projections (MIPs) constructed from the 4D-CTA datasets 
provide an accurate overview of the vasculature of interest. Bone subtraction post- 
processing techniques can be used to generate DSA-like images that can be viewed 
as a temporal sequence that shows the arterial inflow and venous washout of con-
trast. By filtering the data in the temporal domain, spatial resolution remains 
intact, while noise is reduced, allowing for TI-CTA reconstructions of the vascular 
tree [15].

 Time-of-Flight MRA (TOF-MRA)

TOF-MRA relies on suppression of background signal by slice-selective gradient 
echo excitation pulses [2, 24, 33]. In the selected slice or volume, static tissue expe-
riences a rapid series of radiofrequency pulses that cause the tissue to lose most of 
its T1 signal. Inflowing blood, however, has not experienced these radiofrequency 
pulses and enters the slice or volume fully magnetized demonstrating a stronger T1 
signal relative to the saturated background [24]. Saturation radiofrequency pulses 
are applied downstream of the slice or slab to suppress inflowing venous spins. 
Arterial contrast depends upon a combination of the T1 signal of both the arterial 
blood and background tissue, the radiofrequency pulse spacing and flip angle of the 
gradient echo sequence, and the velocity of the inflowing blood [33]. TOF-MRA 
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can be acquired in 2D or 3D formats, with 3D TOF-MRA being more suitable for 
imaging the intracranial arteries [2] (Fig. 2.1c, d). Three-dimensional acquisitions 
allow for isotropic voxels with submillimeter slice resolution [33]. Three- 
dimensional TOF-MRA is associated with longer image acquisition times, however, 
as well as increased susceptibility to flow dephasing artifacts resulting in loss of 
flow-related signal [2].

Multiple overlapping thin slab acquisition (MOTSA) is a hybrid of 2D TOF- 
MRA and single-slab 3D TOF-MRA that produces isotropic voxels with high spa-
tial resolution and allows for larger anatomic areas of coverage [2, 34]. Overlapping 
subvolumes are sequentially acquired, before then being fused with other subvol-
umes to create a complete 3D volume [2].

 First-pass Contrast-Enhanced MRA (CE-MRA)

First-pass CE-MRA images are commonly acquired using a T1W 3D gradient echo 
sequence [23, 24]. Artery visualization relies on the T1 shortening effects of intra-
venously delivered paramagnetic contrast agents, which makes the arteries of inter-
est appear bright on imaging [2]. Suppression of background signal is achieved by 
the application of a 3D radiofrequency spoiled gradient sequence [2, 24].

First-pass CE-MRA depends upon appropriate contrast bolus concentration 
and timing to optimize vessel visualization. The volume of contrast required is 
dependent upon the magnetic field strength used, with lower concentrations and 
smaller volumes of contrast required when imaging is performed at higher mag-
netic field strengths. The contrast injection rate determines the arrival time of 
contrast at the vascular bed of interest. A fast injection ensures a tight bolus of 
contrast arriving over a short period; however, if the rate of infusion is too rapid, 
infusion-related artifacts can result. Optimal arterial visualization can generally 
be achieved using a double dose of contrast (0.2 mmol/kg) infused over a slower 
rate (2 mL/s) [2].

Standard extracellular contrast media are commonly used for first-pass CE-MRA 
and provide strong and selective enhancement of the vessels of interest [25, 26]. 
During the steady state, however, rapid contrast-agent extravasation occurs, result-
ing in decreases in the vessel contrast-to-noise ratio (CNR) and increased back-
ground signal within the surrounding soft tissues [25]. Consequently, these agents 
have a relative short distribution phase half-life of approximately 100 seconds [18], 
limiting the time available for image acquisition. Agents such as Gd-DTPA 
(Magnevist) and Gd-BOPTA (MultiHance) fall into this category.

Unlike standard extracellular contrast media, blood pool agents (BPA) demon-
strate a prolonged intravascular distribution, allowing for strong and prolonged 
intravascular enhancement [25]. BPA provide an increased time frame for image 
acquisition (up to 60 minutes) and make steady-state MRA with high spatial resolu-
tion possible [27, 28]. BPA demonstrate significantly higher signal intensity in pre- 
stenotic and post-stenotic vessel segments [27], and MRA performed with BPA has 

2 Current Imaging Approaches and Challenges in the Assessment of the Intracranial…



24

demonstrated superior image quality of the intracranial vasculature compared to 
standard extracellular contrast agents [18].

These agents can be divided into three broad categories which include ultrasmall 
supraparamagnetic iron oxide (USPIO) particles, paramagnetic gadolinium-based 
macromolecules, and gadolinium-based small molecules with strong reversible pro-
tein binding. Of these three classes, USPIO particles and gadolinium-based small 
molecules with strong reversible protein binding prove to be the most clinically 
promising. USPIO particles demonstrate strong T1 and T2 shortening effects and 
are retained within the intravascular space for prolonged periods of time. On T1W 
imaging, these particles appear bright. Sequences with short echo times are neces-
sary to minimize confounding susceptibility artifacts [25]. Examples of USPIO par-
ticles include ferumoxtran-10 (Combidex, Sinerem, Guerbet, France), ferumoxytol 
(Advanced Magnetics, USA), and SHU-555C (Supravist) (Bremerich 2007). These 
agents have not yet received FDA approval for clinical use. Although paramagnetic 
gadolinium-based small molecule agents, such as gadofosveset trisodium (Vasovist/
Ablavar), have received FDA approval for use in humans, they are no longer made 
commercially available by their manufacturers.

First-pass CE-MRA requires the appropriate timing between contrast bolus infu-
sion and image acquisition. The scan time delay between contrast agent infusion 
and the start of imaging acquisition can be approximated using the following for-
mula [2]:

 
Scan Time Delay Contrast Travel Time Injection Time Sc= + ( )/ 2 - aan Time / 2( )

This formula does not take into account reduced cardiac output, high-grade arte-
rial stenoses, or abnormal shunt vascularity [2]. A contrast test bolus of 1–2 mL that 
is injected at the same rate as the actual injection can be used to determine the con-
trast travel time [2]. From this, the appropriate scan delay can be deduced. Automated 
bolus detection represents an alternative method for coordinating contrast bolus 
delivery and image acquisition [23]. This technique involves monitoring a vessel of 
interest for the arrival of contrast. Once an adequate contrast volume is within the 
vessel, image acquisition is initiated [2].

Optimization of image acquisition parameters is essential to acquiring high- 
quality angiographic images. Repetition time (TR) should be kept as short as pos-
sible (<4  ms) without increasing the bandwidth [2, 24]. By decreasing TR, it is 
possible to perform multiphase imaging or increase image spatial resolution. As TR 
is shortened, however, the signal-to-noise ratio (SNR) subsequently decreases. This 
can be compensated for by increasing the rate of contrast infusion [2, 24]. Like TR, 
echo time (TE) should also be kept as short as possible (<2 ms). A shortened TE 
decreases proton dephasing which in turn reduces the loss of intravascular signal [2]. 
This can also decrease SNR by widening the readout bandwidth. TR, TE, and SNR 
are each affected by changes in the readout bandwidth, with a high readout band-
width allowing for shorter TR and TE at the expense of SNR. A readout bandwidth 
of 32–64 kHz is generally sufficient for CE-MRA. The flip angle typically ranges 
from 20 to 60° in the case of CE-MRA with most image acquisitions utilizing a flip 
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angle between 30 and 45° [2]. Low flip angles are better suited for low contrast 
doses, slow injection rates, and very low TR, whereas high flip angles are better for 
high contrast doses and imaging with higher TR.

Increasing the magnetic field strength increases SNR which can be used to 
increase spatial resolution, decrease image acquisition time, or reduce contrast dose 
[2, 24]. A 3T field strength causes a T1 prolongation of tissue. Subsequently nonvas-
cular tissues with longer T1 relaxivities are more readily suppressed with 3T scan-
ners [24]. Increased magnetic field strength also increases the specific absorption 
rate (SAR) and generates higher field inhomogeneities when compared to 
1.5T. Increased SAR limits the maximum flip angle that can be used, thereby limit-
ing the increase in SNR. Despite these technical limitations, the net gain in signal 
remains higher at 3T when compared to 1.5T [2].

 Time-Resolved Contrast-Enhanced MRA (TR-CE-MRA)

TR-CE-MRA represents a unique form of CE-MRA that provides important temporal 
information in addition to structural information about angioarchitecture. TR-CE-
MRA acquires image sets sequentially at multiple time points during the passage of 
contrast through vessels of interest [30]. TR-CE-MRA provides high temporal resolu-
tion while maintaining sufficient SNR and spatial resolution, allowing for the evalua-
tion of hemodynamic flow and distinction between arterial and venous structures [2]. 
Precise bolus timing is not necessary with TR-CE-MRA as multiple vascular phases 
are obtained [2]. Three-dimensional volume acquisitions are possible, providing 
greater anatomic coverage and higher spatial resolution and SNR [2]. TR-CE-MRA 
image acquisition techniques include keyhole imaging; contrast-enhanced time-
robust angiography (CENTRA); time-resolved imaging of contrast kinetics (TRICKS; 
GE Healthcare, Chicago, IL); time-resolved echo- shared angiographic technique 
(TREAT); time-resolved imaging with stochastic trajectories (TWIST; Siemens 
Healthineers, Erlangen, Germany) (Fig.  2.3); four- dimensional (4D) time-resolved 
angiography using keyhole (4D-TRAK); vastly undersampled isotropic projection 
(VIPR); and highly constrained back-projection reconstruction (HYPR) [2, 31].

Keyhole imaging generates a series of images by combining rapidly acquired 
temporal samples of the central k-space region before performing a single sampling 
of the outer regions of k-space at the end of the scan [2, 31]. Although this technique 
provides some sense of the flow dynamics through vessels of interest, high spatial 
frequency venous signals appear even in the early arterial frames due to late high 
spatial frequency sampling [31]. CENTRA imaging relies on randomly segmented 
k-space ordering in which a central sphere of k-space is randomly sampled during 
the full arterial window. Acquisition of data can extend beyond the time of passage 
of the contrast bolus through the arteries so that high spatial resolution of a large 
field of view is achieved [2].

TRICKS imaging samples the center of k-space more frequently than the periph-
ery, and time frames are formed by temporal interpolation [2, 31]. K-space is sub-
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divided into fixed portions, and a part of the peripheral k-space is updated for every 
keyhole dynamic. Additionally, a rectangular keyhole is used to acquire full lengths 
of k-space lines [24]. The TRICKS technique then attempts to estimate missing 
k-space data by linear interpolation of values from shared data across time frames 
[30]. TRICKS increases the frame rate of a 3D multiphase examination by a factor 
of 3–4 [2]. This technique offers a significant improvement over the keyhole method 
because of the ongoing updating of high spatial frequency information. This tech-
nique and subsequent derivate methods are the most prevalent commercially avail-
able methods for TR-CE-MRA.  Although frames may be updated every few 
seconds, the data used to form each frame covers a substantial time interval of 
10 seconds or more due to the temporal interpolation that is required [31].

Multiple variations of the TRICKS technique exist, each with its own unique 
name. The main differences between these techniques are the size of the central 
k-space portion that is sampled and how it is combined with k-space periphery data 
[24]. Like TRICKS, the TREAT technique uses a rectangular keyhole to acquire full 
lengths of k-space lines with alternating lines of k-space being sampled with each 
iteration [32]. The TWIST technique alternates between sampling central and periph-
eral k-space using a spiral, pseudostochastic trajectory. This trajectory is based on the 
radial distance from the center of k-space and partially updates the k-space periphery 

Fig. 2.3 (a) Coronal TR-TWIST-MRA acquired during the early arterial phase shows opacifica-
tion of the pulmonary vasculature, aorta, and the major aortic branch vessels. Although the carotid 
arteries and left vertebral artery are well visualized, the right vertebral artery is not opacified 
(arrow). (b) A late arterial phase image shows delayed partial opacification of the right vertebral 
artery (arrow). (c) Venous phase image shows increased delayed opacification of the right vertebral 
artery (arrow). This patient was found to have a right vertebral artery dissection with impaired flow 
through the vessel. Non-time-resolved MRA techniques could have led to an erroneous diagnosis 
of vertebral artery occlusion
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[24, 32]. 4D-TRAK combines the CENTRA technique with sensitivity encoding 
(SENSE), partial Fourier, and keyhole techniques [2]. A central keyhole ellipsoid of 
k-space is acquired at each successive dynamic time point, and the periphery of 
k-space is acquired at the last dynamic time point. The k-space periphery acquired at 
the end of the scan is then used to reconstruct all of the previous dynamics where 
only the central keyhole was acquired, ultimately optimizing the speed with which 
contrast enhancement is captured [24]. 4D-TRAK allows for more than 60-times 
accelerated MRA with high spatial resolution [2, 24]. Temporal resolutions of 
1.6–3 seconds can be achieved within the intracranial vasculature [2]. The temporal 
performance of dynamic high-resolution 3D TR-CE-MRA is faster than what can be 
achieved by conventional first-pass CE- or non-CE-MRA techniques [2].

 Phase-Contrast MRA (PC-MRA)

PC-MRA generates image contrast by exploiting inherent differences in transverse 
magnetization that occurs between stationary and moving tissues, resulting in phase 
shifts [2]. PC-MRA uses a flow-encoding gradient along multiple planes to visual-
ize flow [2, 24]. Gradients are turned on in one direction at a time for a pre-specified 
time interval before then being switched in orientation for the same amount of time. 
The first gradient dephases spins, while the second gradient rephases spins that are 
stationary. After application of this bipolar gradient, stationary spins associated with 
background tissue will have a zero phase shift, whereas spins associated with the 
flowing intravascular blood pool will accumulate a net phase shift that can then be 
visualized [24, 33]. This phase shift is proportional to the flow velocities within the 
imaged vessels [2] with higher flow velocities accumulating more phase shift. 
Velocity-induced phase shift can subsequently be quantified [2, 35].

PC-MRA requires preselection of a velocity-encoding factor (Venc) based on 
whether faster moving arterial blood or slower moving venous blood will be imaged 
[2]. Appropriate Venc selection is critical to image quality. If the Venc is too low, 
velocity aliasing occurs, whereas if the Venc is too high, vascular CNR will be too 
low due to decreased sensitivity to slow flow near the edge of the vessel lumen [2, 
24, 33]. A reference image is acquired in addition to the velocity-encoded scan. The 
reference image can then be subtracted from the flow-sensitive images to remove 
phase errors unrelated to flow. Because phase shift is proportional to flow velocity, 
an image can be generated where pixel intensity directly relates to flow velocity [24].

 Arterial Spin Labeling MRA (ASL-MRA)

ASL-MRA labels flowing spins within the blood pool for image generation. ASL- 
MRA requires that two image sets are acquired and later subtracted for final image 
generation. These two image sets differ only in the magnetization of inflowing 
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arterial spins. Pseudocontinuous labeling techniques can also be utilized. In this 
variant, a stream of radiofrequency energy is applied to a thin (~1 cm thick) label-
ing plane through which intravascular arterial spins flow before traveling down-
stream into the vasculature of interest. Pseudocontinuous ASL (pCASL) improves 
the SNR of vessels near the labeling plane. ASL-MRA allows for high arterial 
contrast and complete elimination of background signal. The use of extended, mul-
tiphase readouts can provide time-resolved ASL data as illustrated by triggered 
angiography noncontrast- enhanced (TRANCE) MRA (Philips Healthcare; Best, 
Netherlands) [33].

 Clinical Considerations for Luminal Imaging

 Catheter DSA

Catheter DSA has superior spatial and temporal resolution when compared to non-
invasive, cross-sectional luminal imaging modalities, making it well-suited for the 
detection of small cerebrovascular lesions, such as blister aneurysms of the supra-
clinoid ICA, small AVMs, and small dural arteriovenous fistula (dAVF). DSA has 
been shown to better characterize geometric features of aneurysms, including the 
width and conformation of the aneurysm neck, when compared to CTA and MRA 
[36]. Traditionally, DSA has been used to assess changes in the intracranial vascu-
lature following open surgery, endovascular intervention, or radiation therapy. 
Because intra-arterial access is required to perform DSA, examinations can be eas-
ily converted into therapeutic endovascular procedures, such as endovascular aneu-
rysm coiling or parent artery reconstruction, should the need arise.

Catheter angiography is an invasive procedure with associated iatrogenic risks. 
The most serious of these complications is catheter-associated embolic phenomena 
capable of producing transient or permanent focal neurological deficits. The risk of 
transient focal neurological deficits following cerebral angiography is estimated to 
be 0.9%, whereas the risk of permanent neurological deficit is lower, estimated to be 
0.5% [6, 37–40]. Arterial wall dissection is also possible. Puncture site complica-
tions include perivascular hematoma, arterial pseudoaneurysm formation, arteriove-
nous fistula formation, and vessel occlusion. The risk of clinically significant 
perivascular hematoma requiring either surgical evacuation or blood transfusion is 
approximately 0.2%. The risk of arterial injury or arterial occlusion requiring surgi-
cal thrombectomy or thrombolysis is approximately 0.2% [41].

Catheter angiography exposes both patients and operators to radiation. The dose 
of radiation that one receives increases with increasing frame rate of image acquisi-
tion. An individual’s cancer risk is proportional to increases in radiation exposure 
[6, 42, 43]. Unlike noninvasive luminal imaging, catheter angiography requires the 
coordination and participation of multiple other clinical providers, including dedi-
cated neurointerventionalists and their associated support staff. This makes catheter 
angiography a time- and resource-intensive endeavor relative to CTA and MRA.
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2D DSA projections can limit detection of subtle vascular lesions due to vessel 
overlap. In these instances, dedicated 3D rotational angiography (3DRA) acquisi-
tions are helpful in further evaluating a region of interest. Despite catheter angiog-
raphy’s superb spatial and temporal resolution, it does not allow for direct 
visualization of soft tissues, including the vessel wall. Clinically relevant informa-
tion regarding vessel wall characteristics such as abnormal wall thickening, athero-
sclerotic plaque burden and composition, vessel wall inflammation, and the presence 
of intramural hematoma or intraplaque hemorrhage remain largely unknown when 
catheter angiography is used to assess the intracranial vasculature. In the case of 
ICAD, catheter DSA can significantly underestimate plaque burden as plaque 
remodeling often occurs in an outward fashion early in the disease process without 
appreciable luminal stenosis.

 Conventional CTA

The combination of high spatial resolution, short image acquisition time, and the 
noninvasive nature of conventional CTA makes it an ideal screening examination, 
particularly in critically ill individuals or in the emergency department setting where 
efficient patient triage and throughput is essential to overall departmental function. 
As such, a patient’s clinical stability is less of a concern when it comes to CTA 
image acquisition. Critically ill patients are often able to complete both noncontrast 
head CT and CTA image acquisitions without issue.

Compared to DSA, there is little short-term risk to patients in performing 
CTA. Like DSA, iodinated contrast is utilized in CTA imaging protocols. While 
rare, allergic reactions occur in approximately 0.2–0.7% of patients exposed to 
intravenous low-osmolar iodinated contrast media. The majority of these reac-
tions are nonlife-threatening [44]. Like contrast-induced allergic reactions, 
contrast- induced nephropathy is also considered a rare clinical entity that is most 
likely to occur in patients with poor baseline renal function, though this topic is 
controversial [45–48] and some question the existence of post-contrast acute kid-
ney injury. Nonetheless, caution should still be exercised in patients with ordered 
CTA exams who have severely compromised renal function but continue to pro-
duce urine [45, 48–50].

CTA is of limited utility in the evaluation of intracranial vascular lesions follow-
ing open surgical clipping, coil embolization, or endovascular flow diversion. This 
is due to significant metallic streak artifact generated by these implanted materials. 
CT imaging in general has difficulty evaluating the posterior cranial fossa and skull 
base secondary to beam-hardening artifact and photon starvation caused by the 
dense surrounding bone.

CTA has difficulty detecting small (<3 mm) aneurysms, including blister aneu-
rysms, small bifurcation aneurysms, perforator artery aneurysms, dissecting aneu-
rysms, and peripheral mycotic and myxomatous aneurysms [38]. CTA, with the 
exception of time-resolved or multiphase CTA, only provides a single time point of 
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imaging. This limits its ability to thoroughly evaluate vascular lesions that demon-
strate shunting phenomena such as intracranial AVMs and dAVFs. Additionally, 
CTA provides limited information about pathological processes affecting the intra-
cranial arterial walls. While findings such as eccentric narrowing of the vessel 
lumen may suggest ICAD, these findings are not accurate for vasculopathy 
differentiation.

 DE-CTA

Relative to conventional CTA, DE-CTA can be used to improve vessel contrast, 
particularly as it relates to small and peripheral blood vessels. This proves particu-
larly useful in the evaluation of the intracranial vasculature. The distinct high- and 
low-energy spectra generated by DE-CTA can be used to reduce beam-hardening 
artifact at the skull base and within the posterior cranial fossa. These spectra can 
also be used to minimize metallic streak artifact from objects such as aneurysm 
clips, endovascular coil masses, or endovascular flow diverters. DE-CTA can be 
used to reliably assess vessel patency following endovascular stent placement as 
well as to evaluate for residual aneurysm sacs following microsurgical clipping. 
This imaging modality is highly sensitive to parent vessel compromise and residual 
aneurysm sac formation following the placement of multiple aneurysm clips [9]. 
DE-CTA can produce VNC images from DE-CTA datasets which are helpful in 
assessing for intracranial hemorrhage and differentiating hemorrhage from iodin-
ated contrast [10], potentially allowing for better prediction of hematoma expan-
sion. Unlike conventional CTA where patients must be scanned before and after 
contrast delivery, DE-CTA requires only one scan from which VNC images can be 
reconstructed. This ultimately reduces patient radiation exposure.

Despite its many advantages, DE-CTA has several pertinent shortcomings. First, 
DE-CTA exposes patients to ionizing radiation. However, the total radiation dose 
for DE-CTA is estimated to be equivalent to or reduced relative to standard CTA 
imaging [7, 10, 12]. Although VNC images can be generated from DE-CTA  datasets, 
they have more noise than conventionally acquired noncontrast head CT images. 
This image noise, however, does not appear to adversely affect radiologists’ abilities 
to identify acute intracranial hemorrhage [22].

 4D-CTA/TI-CTA

The clinical value of 4D-CTA comes from its ability to provide both vascular struc-
tural information and the associated flow characteristics, making it useful for the 
evaluation of flow patterns in acute stroke, Moyamoya disease, AVMs, dAVFs, and 
large intracranial aneurysms. Additionally, 4D-CTA can provide information regard-
ing the relationship between intracranial tumors and pertinent arterial vascular sup-
plies and venous drainage pathways that may be useful to surgical planning [14].
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4D-CTA possesses several unique clinical advantages relative to other luminal 
imaging techniques. Good correlation exists between 4D-CTA and DSA for the 
detection and grading of intracranial high-flow vascular malformations [15, 16]. 
Retrograde cortical venous flow can be visualized with 4D-CTA [15]. 4D-CTA can 
more accurately grade collateral vascularity in the setting of acute ischemic stroke 
than conventional CTA [15, 20, 22].

4D-CTA uses ionizing radiation for image acquisition and therefore exposes 
patients to nontrivial amounts of radiation. Because multiple image acquisitions are 
performed, the cumulative radiation dose for 4D-CTA is significantly higher than 
conventional CTA [15]. Despite this fact, the cumulative radiation dose of 4D-CTA 
is likely still lower than that of catheter DSA [16]. 4D-CTA generates thousands of 
images as part of a single study. As such, significant computing power is necessary 
for fast and efficient image post-processing [15].

 First-pass CE-MRA

First-pass CE-MRA is a useful imaging modality for the follow-up evaluation of 
coiled intracranial aneurysms [2]. Compared to noncontrast 3D TOF-MRA, first-
pass CE-MRA is more sensitive to the presence of aneurysm neck remnants [51] and 
can more accurately classify these remnants [2]. The detection of aneurysm neck 
remnants with 3D TOF-MRA can be improved, however, by scanning with intrave-
nous contrast [51]. Unlike non-CE-MRA techniques, first-pass CE-MRA is rela-
tively insensitive to artifacts generated by turbulent flow and saturation effects [28].

Unlike other MRA techniques, first-pass CE-MRA requires accurate timing of 
contrast bolus arrival to ensure that the maximum volume of contrast is within the 
target vessel lumen at the time of scan initiation [2]. The accuracy of first-pass 
CE-MRA in detecting vascular lesions such as brain aneurysms is limited by the 
enhancement of adjacent venous structures if timing is delayed [2]. An obvious 
example of this is the presence of a cavernous segment ICA aneurysm that is sur-
rounded by the cavernous sinus. After aneurysm coiling, the aneurysm wall may 
demonstrate thin peripheral enhancement which is postulated to represent some 
combination of peripherally distributed intra-aneurysmal thrombus, vasa vasorum 
within the adventitial layer of the aneurysm wall, and/or ingrowth of vascularized 
tissue about the coil mass due to inflammation or healing. Regardless of the under-
lying etiology, these findings may be confused with a residual aneurysm sac on all 
types of CE-MRA [51].

 TR-CE-MRA

TR-CE-MRA provides a combination of structural and hemodynamic information 
about the intracranial vasculature. It provides for evaluation of the complex flow 
patterns of intracranial AVMs and dAVFs [2]. This technique facilitates the 
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visualization of arterial feeders, the nidus, and draining veins in AVMs [2, 52–54] 
and allows for the evaluation of dAVFs due to its sensitivity for the detection of 
early venous drainage [2].

TR-CE-MRA readily depicts vascular lesions with arteriovenous shunting [24, 
30]. It can determine the directionality of flow through vascular structures and has 
excellent suppression of background tissue signal [24]. Unlike other luminal imag-
ing modalities, TR-CE-MRA is relatively insensitive to the shape and timing of the 
contrast bolus [29]. The start of image acquisition coincides with the start of intra-
venous contrast injection, and no timing bolus is required [30].

TR-CE-MRA commonly exhibits a trade-off between spatial and temporal reso-
lution, with greater temporal resolution coming at the expense of spatial resolution. 
Additional loss of SNR can result from the incorporation of acceleration techniques, 
such as parallel imaging. Blurring of vessel walls commonly occurs when aggres-
sive undersampling is applied [32]. In consideration of the vascular disease being 
evaluated, balancing the spatial and temporal resolution and imaging acceleration 
for optimal disease evaluation is paramount.

 TOF-MRA

TOF-MRA is routinely used to image the cervical and intracranial arteries. It pro-
vides a useful screening tool for asymptomatic patients at higher risk for cerebral 
aneurysm [33]. 3D TOF-MRA has proven particularly useful in imaging the intra-
cranial vasculature due to its higher spatial resolution, whereas 2D TOF-MRA is 
typically reserved for evaluation of the cervical vasculature [55].

The scan time for TOF-MRA is longer than first-pass CE-MRA [56]. Signal loss 
of in-plane flow due to saturation effects can occur, giving the appearance of 
 pseudostenosis or pseudo-occlusion. Signal loss occurs in vessels with complex or 
turbulent flow, as can be seen in areas of moderate- or high-grade vascular stenosis, 
large intracranial aneurysms, or arteriovenous malformations, secondary to intra-
voxel dephasing [55]. In the setting of arterial stenosis, dephasing artifacts can over-
exaggerate the degree of stenosis or even present a stenosis as an occluded artery [2].

 PC-MRA

PC-MRA is an excellent imaging technique for the visualization of the intracranial 
veins, allowing for accurate detection of dural venous sinus thrombosis [2]. 
PC-MRA also offers excellent background signal suppression, improving visualiza-
tion of the intracranial vasculature [33, 55].

The use of multiple flow-encoding gradients lengthens the scan time for PC-MRA 
relative to other non-CE-MRA techniques [2]. As with TOF-MRA, PC-MRA expe-
riences signal loss in vessels with turbulent flow because of intravoxel dephasing. 
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This imaging artifact can lead to an overestimation of luminal stenosis [55]. 
PC-MRA is susceptible to patient motion because of mask subtraction that occurs 
as part of image generation [55]. PC-MRA image quality is largely dependent upon 
appropriate Venc parameters. Finally, PC-MRA image post-processing is complex, 
making it a time- and resource-intensive endeavor [56].

 ASL-MRA

ASL-MRA is an imaging technique that provides complete suppression of back-
ground tissues, allowing for high-quality angiographic image generation with high 
CNR [33]. ASL-MRA is well-suited for imaging vascular regions with rapid flow 
such as the extracranial or intracranial carotid arteries [56].

ASL-MRA is associated with long image acquisition times, requiring two image 
acquisitions so that the signal from background tissues can be subtracted out of the 
final image set [33, 55, 56]. Because image subtraction is performed, ASL-MRA is 
sensitive to patient motion causing misregistration artifact [33, 56]. Like other non- 
CE- MRA techniques, in cases of slow flow, ASL provides decreased vascular cov-
erage due to a combination of signal losses and the delayed arrival of spin-labeled 
protons [33]. This is particularly important in the setting of high-grade stenosis 
causing severe reduction in downstream flow velocities or in patients with poor 
cardiac output.

 Luminal Imaging Characterization of Cerebrovascular 
Pathology

 Intracranial Aneurysms

Intracranial aneurysms are pathological vessel wall outpouchings which can be 
located anywhere within the intracranial circulation but are commonly encountered 
at vessel bifurcation points. DSA better characterizes geometric and morphologic 
features of aneurysms, flow characteristics of aneurysms, as well as the lesion’s 
relationship to the arterial vasculature and small branch origins when compared to 
CTA and MRA [36]. DSA has a higher sensitivity and specificity for the detection 
of small supraclinoid blister aneurysms which prove difficult to identify with either 
CTA or MRA. Additionally, DSA outperforms CTA in the detection of small dis-
secting aneurysms, perforator artery aneurysms, and small peripheral infectious or 
myxomatous aneurysms [38].

DSA allows for accurate aneurysm assessment following treatment with micro-
surgical clipping, endovascular coiling, or flow diversion. After such interventions, 
DSA accurately identifies residual aneurysm necks and incompletely thrombosed 
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aneurysm sacs [57] as well as identifies in-stent stenosis following flow diverter 
placement [57]. While the use of flow-diverting stents has posed many technical 
challenges to both conventional CTA and MRA evaluation, DSA has not encoun-
tered the same issues. Unlike these other luminal imaging modalities, DSA can 
accurately and reproducibly quantify the degree of in-stent stenosis following flow- 
diverter placement [58–60].

Information regarding aneurysm size, dome morphology, direction of dome pro-
jection, and location in the intracranial circulation can all be attained from CTA 
with a high degree of accuracy [61]. With conventional CTA, the sensitivity and 
specificity for aneurysm detection are more than 80% [62]. Unfortunately, CTA 
assessment of treated aneurysms proves significantly more difficult. Assessment of 
the aneurysm neck proves particularly difficult. The use of metallic streak artifact 
reduction techniques paired with iterative and noise-reduction filters is emerging as 
a promising CTA imaging technique for the evaluation of treated intracranial aneu-
rysms [63].

Like CTA, MRA can also accurately characterize intracranial aneurysms 
(Fig. 2.4). 3D TOF-MRA demonstrates a sensitivity and specificity for the detection 
of intracranial aneurysms ≥3 mm that exceeds 80% [64]. First-pass CE-MRA using 
a 3D T1W gradient echo sequence with short TE and 3D TOF-MRA with contrast 
are accurate follow-up imaging modalities for the detection and surveillance of 
aneurysm recanalization after endovascular treatment [58]. These techniques can be 
used to reliably monitor intracranial aneurysms that have undergone stent-assisted 
coiling. In these patients, the presence of a stent in the parent artery at the aneurysm 
neck does not diminish the accuracy of CE-MRA in the detection of aneurysm rem-
nants [58]. It is important to apply MRA with the shortest possible TE in order to 
limit metallic susceptibility artifact and prevent obscuration of a potential residual 
aneurysm lumen [51].

 Intracranial Arteriovenous Malformations

Intracranial AVMs are abnormal clusters of blood vessels characterized by feed-
ing arteries coalescing into a central nidus which drains directly into veins, 
bypassing intervening capillary beds (Fig. 2.5). While rare, these lesions are of 
high clinical significance given their propensity to bleed. In cases of intracranial 
AVMs, there is a 2–4% risk of spontaneous hemorrhage per year. Following sen-
tinel bleeding episodes, these lesions have a rebleeding risk as high as 30% within 
the first year, depending on their location and venous drainage patterns [65]. 
Accurate identification of the AVM nidus, the abnormal feeding arteries, and the 
venous drainage pathways is critically important to appropriate management 
decisions and therapy planning [65–67]. DSA allows for accurate characteriza-
tion of the angioarchitecture as well as characterization of associated perinidal 
and intranidal aneurysms which, when present, contribute to rupture risk and may 
affect lesion management [66].

J. E. Vranic and M. Mossa-Basha



35

Fig. 2.4 (a, b) Axial and coronal CTA MIP images demonstrating a saccular aneurysm of the 
anterior communicating artery (arrows). (c, d) Axial and coronal 3D-TOF-MRA images again 
demonstrating a saccular aneurysm of the anterior communicating artery (arrows). (e) Frontal 
DSA projection again demonstrating the anterior communicating artery aneurysm (arrows) visual-
ized on CTA and MRA. (d) 3D rotational angiographic image provides better visualization of the 
aneurysm (arrows). On this image, a focal bleb arising from the right side of the aneurysm sac and 
a small perforator vessel arising directly from the aneurysm dome are more conspicuous than on 
2D DSA alone
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The overall sensitivity and specificity of CTA for the detection of underlying 
vascular anomalies following spontaneous intraparenchymal hemorrhage range 
from 83.6% to 100% and 77.2% to 100% [68, 69], respectively. When evaluating for 
only ruptured and unruptured intracranial AVMs, the sensitivity of CTA has been 
reported to be as high as 90% [70]. This sensitivity increases to more than 95% in 
cases of unruptured AVM detection. Conversely, the presence of intracranial hemor-
rhage decreases the sensitivity of CTA to approximately 87% [70]. The sensitivity 
of CTA for detecting AVMs is also dependent upon lesion size. Small AVMs prove 
more difficult to detect and evaluate than larger ones. Published reports suggest that 
the sensitivity of CTA decreases to approximately 60–84% when dealing with 
AVMs less than 3 cm in diameter [70]. CTA also allows for the identification and 
characterization of flow-related circle of Willis and perinidal and intranidal aneu-
rysms [65]. Modern CTA has been shown to detect more than 85% of AVM- 
associated aneurysms [70].

Improvements in the temporal resolution of current TR-CE-MRA techniques 
have allowed for improved AVM characterization. Current TR-CE-MRA techniques 
can delineate arterial inflow and identify the AVM nidus [71] as well as increase 
diagnostic confidence [72]. Despite these improvements, accurate depiction of 
venous drainage remains difficult. Additionally, MRA generally performs poorly in 
the identification of flow-related perinidal and intranidal aneurysms [70]. DSA is 
typically required to both accurately characterize lesional venous drainage and con-
fidently exclude perinidal/intranidal aneurysms following AVM detection with 
MRA or CTA.

Fig. 2.5 (a, b) Coronal and sagittal CTA MIP images depicting a small AVM (arrows) within the 
left midbrain. (c, d) Coronal and sagittal MPRAGE images again showcasing this small AVM 
(arrows). (e, f) Lateral and oblique DSA images show a large left fetal posterior communicating 
artery supplying blood from the anterior circulation to the AVM nidus. (g, h) Lateral and transfa-
cial DSA images of a left vertebral artery injection demonstrate a small AVM nidus in the left 
midbrain that is supplied by left PCA branches. Early faint opacification of a dilated venous varix 
representing early venous drainage is appreciated (black arrow in image g)
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 Dural Arteriovenous Fistulas

Dural arteriovenous fistulae (dAVFs) are pathological anastomoses between 
meningeal arteries and dural sinuses or cortical veins (Fig. 2.6). They are distin-
guished from pial AVMs by their arterial supply and lack of a parenchymal 
nidus. The risk of adverse neurological events depends on the degree of dural 
sinus involvement and the presence of cortical vein reflux, with cortical vein 
reflux representing a known risk factor for hemorrhage. The pathophysiology 
underlying the development of these lesions is not well known; however, in a 
small subset of these lesions, head trauma, infection, tumor, dural sinus throm-
bosis, or prior craniotomy are favored to represent contributing factors for their 
formation [73].

Fig. 2.6 (a, b) Axial 3D-TOF-MRA images showing dilated branches of the right occipital artery 
draining into the right sigmoid sinus (arrows) consistent with a dural AVF. (c) Coronal 3D-TOF- 
MRA MIP image showing asymmetrically hypertrophied extracranial vessels in the vicinity of the 
right sigmoid sinus (arrows). (d, f) Oblique, lateral, and frontal DSA images better illustrate the 
angioarchitecture of this dural AVF. The fistula is supplied by hypertrophied branches of the right 
occipital, posterior auricular, and middle meningeal arteries (dashed lines). Early venous drainage 
into a dilated right sigmoid sinus and internal jugular vein is also appreciated (solid black arrows). 
The high temporal resolution of DSA provides important hemodynamic information regarding 
flow through the lesion. Additionally, subtle cortical vein reflux that might otherwise be missed on 
CTA or MRA is more readily identified on DSA
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Catheter DSA allows for accurate delineation of feeder artery anatomy, arterio-
venous shunting, dural sinus and venous anatomy, and cortical vein reflux [65, 73, 
74]. In addition to cortical vein reflux, catheter angiography identifies engorged 
leptomeningeal veins which are another imaging finding of venous congestion [73, 
74]. Evaluation of dAVFs with CTA is difficult as these lesions often do not have a 
nidus. CTA features of dAVFs include the early opacification of a dural sinus, 
 stenosis or thrombosis of a dural sinus, asymmetric enlargement of cortical veins, 
and the presence of enlarged medullary or pial veins [65, 75]. The presence of med-
ullary or pial vein enhancement on CTA is reported to have the highest specificity 
for dural AVFs with associated cortical vein reflux with a specificity greater than 
90% [75].

Historically, the evaluation of dAVFs with MRA was difficult given the lack of 
lesion nidus and the complex associated flow patterns. Technical improvements in 
TR-CE-MRA have made this technique a more viable imaging alternative for dAVF 
screening and evaluation [74]. Improvements in temporal resolution using tech-
niques such as CENTRA k-space sampling have improved separation of arterial and 
venous phases, allowing for improved visualization of venous outflow [76]. In a 
small cohort, TRICKS-MRA has been shown to correctly identify (or exclude) and 
grade dAVFs relative to catheter DSA in more than 90% of cases [77].

 Intracranial Vasculopathies

Intracranial vasculopathies represent an array of disease processes which affect the 
walls of intracranial arteries. These disease processes ultimately manifest as single 
or multifocal narrowing or irregularity on luminal imaging. These diseases include 
intracranial atherosclerotic disease (ICAD), reversible cerebral vasoconstriction 
syndrome (RCVS), infectious/inflammatory vasculitis, and Moyamoya disease 
(MMD). ICAD has a variety of appearances on luminal imaging. Early in the dis-
ease process, there is outward vessel wall remodeling with minimal or no luminal 
stenosis [78]. As ICAD progresses, eccentric luminal stenosis is frequently present 
[79–81]. ICAD most commonly involves arterial bifurcation points and more com-
monly involves proximal intracranial arteries (Fig. 2.7). Unlike ICAD, infectious/
inflammatory vasculitis (Figs. 2.8 and 2.9) and RCVS will often present with con-
centric luminal stenoses that is thought to more commonly involve peripheral 
branches as compared to ICAD [81–83]. Luminal imaging features of RCVS 
include involvement of multiple vascular territories with a beaded appearance of 
medium to large cerebral vessels with multifocal areas of narrowing interspersed 
with normal caliber vessel segments [84]. RCVS may also present as diffuse lumi-
nal narrowing (Fig. 2.10). In cases of first-pass CE-MRA or 3D TOF-MRA with 
contrast, smooth concentric vessel enhancement may be appreciated at the site of 
stenosis in patients with underlying infectious/inflammatory vasculitis [85]. This 
enhancement is better visualized on dedicated vessel wall imaging (VWI) studies. 
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In the case of MMD, luminal imaging commonly demonstrates stenosis and occlu-
sion of the carotid termini, proximal MCAs, and proximal ACAs with development 
of robust compensatory collateral vessels as the disease process progresses 
(Fig. 2.11), at least in the middle stages of disease evolution [80, 86]. True MMD 
commonly demonstrates concentric, smooth tapering until occlusion, whereas 
MMS caused by ICAD is more likely to have irregular occlusion and will more 
frequently involve other vascular territories with irregular, multifocal narrowing, 
although MMD may also involve the posterior circulation [86]. While MMD does 
not have to involve both sides equivalently at the time of detection, the patient will 
eventually develop bilateral steno-occlusive disease. This is not the case with many 
MMS processes. There is frequently proximal collapse of the ipsilateral cervical 
internal carotid artery in MMD secondary to downstream outflow obstruction.

Luminal imaging, such as DSA, provides information regarding the severity and 
distribution of luminal stenoses in patients with an underlying intracranial vascu-

Fig. 2.7 (a, b) Axial and coronal 3D-TOF-MRA MIP images showing focal stenosis of the proxi-
mal left A2 segment (arrow). (c) Lateral DSA image of the left ICA highlights eccentric, multifocal 
narrowing of the left ACA and the left PCA (arrows). (d) Frontal DSA image of the left ICA shows 
eccentric narrowing of the supraclinoid ICA and proximal A2 segment (arrows). (e) Frontal DSA 
image of the right ICA with eccentric narrowing of the proximal M1 segment (arrow). The eccen-
tric distribution of these multifocal stenoses within the proximal intracranial vasculature, closely 
associated with arterial branch points, is consistent with intracranial atherosclerotic disease 
(ICAD)

2 Current Imaging Approaches and Challenges in the Assessment of the Intracranial…



40

Fig. 2.8 (a) Axial 3D-TOF-MRA MIP shows occlusion of the inferior division of the left MCA and 
focal stenosis of the left A2 segment (arrows). (b) Coronal 3D-TOF-MRA MIP shows occlusion of 
the inferior divisions of the bilateral MCAs and high-grade left ACA stenosis (arrows). (c) Frontal 
DSA image of the left ICA demonstrates complete occlusion of the inferior division of the left MCA 
(arrow). (d) Frontal DSA image of the right ICA shows a high-grade, eccentric stenosis of the infe-
rior division of the right MCA (arrow). MRA tends to overestimate the degree of luminal stenosis, 
as is evident in this case. Although the eccentric distribution of the stenosis is more commonly 
associated with ICAD, this patient had PCR-confirmed varicella-zoster virus (VZV) vasculitis

Fig. 2.9 (a) Axial 3D-TOF-MRA MIP image with diffuse narrowing of the bilateral M1 and 
proximal M2 segments (arrows). (b) Coronal 3D-TOF-MRA MIP image demonstrating severe 
diffuse narrowing of the bilateral M1 and A1 segments (arrows). This patient was found to have 
fungal meningitis complicated by severe vasculitis
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Fig. 2.10 (a) 3D-TOF-MRA demonstrates segmental narrowing of the bilateral A1 and A2 seg-
ments (arrows) at initial presentation. The affected arterial segments have a subtle beaded appear-
ance. (b) Repeat MRA performed 2 weeks later illustrates marked improvement in vessel caliber 
(arrows). Although the luminal narrowing is nonspecific, the spontaneous improvement in the cali-
ber of these arterial segments with time is consistent with reversible cerebral vasoconstriction 
syndrome (RCVS)
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Fig. 2.11 (a, b) Frontal projection DSA images depicts steno-occlusive disease of the bilateral 
ICAs secondary to Moyamoya disease (MMD). There is occlusion of the terminal ICAs with 
development of robust compensatory basal ganglia perforators (arrows) giving the characteristic 
“puff of smoke” appearance associated with this disease process. (c, d) 3D-TOF-MRA MIP per-
formed on a different patient again highlights steno-occlusive disease of the bilateral terminal 
ICAs with robust collateral vessel formation (arrows), compatible with MMD. MMD is a diagno-
sis of exclusion, reached only after other underlying vasculopathies are excluded. These include 
ICAD, infectious/inflammatory vasculopathy, or radiation-induced vasculopathy. If an underlying 
etiology for the luminal imaging abnormalities is identified, then a diagnosis of Moyamoya syn-
drome (MMS) is made. Unfortunately, luminal imaging has extreme difficulty discriminating 
between underlying vasculopathy etiologies
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lopathy. However, these findings are not specific to any one disease process. The 
high spatial resolution of DSA allows for accurate evaluation of small peripheral 
arterial branches in addition to the circle of Willis and large proximal arterial seg-
ments [84, 87]. In cases of ICAD, the degree of luminal stenosis has proven helpful 
in predicting individual patient stroke risk [88, 89].

In most cases of intracranial vasculopathy, CTA and MRA will demonstrate seg-
mental luminal narrowing of varying severity [84]. Although CT is sensitive to vas-
cular calcifications, there is little impact of this finding in shaping one’s differential 
diagnosis as these findings are most commonly related to senescence [90]. Multiple 
studies have demonstrated that it is difficult to confidently suggest an underlying 
etiology for multifocal intracranial stenoses based on luminal imaging findings 
alone [80, 81, 91] (Fig. 2.12). The accuracy of CTA in diagnosing ICAD has been 
reported to be less than 32%, whereas the accuracy with which it can diagnose intra-
cranial vasculitis has been reported to be less than 15% [80].

Fig. 2.12 (a, b) DSA images of the right ICA and posterior circulation, respectively, with multifo-
cal luminal stenoses secondary to ICAD. (c, d) Oblique and lateral DSA images of the left ICA 
with multifocal stenoses secondary to RCVS. (e, f) Oblique and lateral DSA images of the left ICA 
with multifocal high-grade stenoses secondary to VZV vasculitis. Based on luminal imaging alone, 
it is nearly impossible to differentiate between these underlying etiologies. Advanced imaging 
techniques, such as dedicated MR vessel wall imaging (VWI), prove helpful in better differentiat-
ing causes for intracranial vasculopathy
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 Future Directions of Luminal Imaging

At present, luminal imaging provides limited information about the health of the 
vessel wall. Dedicated high spatial resolution vessel wall imaging (VWI) techniques 
that null intraluminal blood signal for improved vessel wall visualization may pro-
vide new insights into a multitude of cerebrovascular pathologies [92]. Moving for-
ward, techniques that incorporate both luminal imaging and VWI acquisitions in the 
same sequence may prove to replace MR luminal imaging [91, 93–99]. Incorporation 
of VWI data into the luminal scan can help identify combinations of distinct imag-
ing findings that can differentiate specific types of intracranial vasculopathies or 
better characterize disease risk [80, 81, 91, 100, 101].

Other new emerging imaging techniques will undoubtedly improve the quality of 
current luminal imaging. For instance, ultrashort echo time (UTE) MRA has the 
potential to reduce flow artifacts from turbulent flow and off-resonance artifacts 
from metallic implants [56]. In this technique, a short duration, spatially nonselec-
tive hard pulse for radiofrequency excitation, simultaneous gradient ramping and 
data acquisition, and k-space sampling with half radial projections are performed 
[56]. The development of simultaneous multislice (SMS) image acquisition tech-
niques has the potential to accelerate image acquisition by a factor proportional to 
the number of slices/slabs simultaneously acquired [56, 102]. Incorporation of com-
pressed sensing-sensitivity encoding (CS-SENSE) techniques, which rely on 
 random undersampling of k-space, into MRA image acquisition algorithms repre-
sents another promising alternative for MRA acquisition acceleration that still pre-
serves image quality [103]. The implementation of deep learning algorithms into 
imaging workflows and image processing has the potential to dramatically increase 
radiologist efficiency and image quality [56]. Implementation of intracranial artery 
feature extraction algorithms may provide quantitative vascular data that may better 
predict patient outcomes in the setting of intracranial vascular disease, including 
stroke and dementia [104].
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Chapter 3
Advanced Intracranial Vessel Wall 
Imaging and Future Directions

Noushin Yahyavi-Firouz-Abadi and Bruce Alan Wasserman

 Introduction

Conventional angiographic techniques such as CT angiography, MR angiography, 
and digital subtraction angiography demonstrate luminal stenosis but are unable to 
characterize the underlying disease within the vessel wall. Depiction of the vessel 
wall abnormality improves the ability to distinguish vasculopathies with similar 
angiographic findings and can offer insight into risk and management of the under-
lying disease. Vessel wall visualization requires suppression of blood flow most 
commonly using black blood MRI (BBMRI) sequences [1]. Historically, two- 
dimensional (2-D) T1 or proton density black blood sequences were developed to 
characterize the vessel wall of carotid arteries driven partly by access to endarterec-
tomy specimens for comparison with imaging [2, 3]. However, application of 2-D 
sequences for imaging intracranial vessels is challenging given the smaller size and 
tortuosity of these vessels. 2-D techniques have a non-isotropic resolution that 
results in overestimation of vessel wall thickness due to the small size of vessels 
compared to even the most optimized 2-D voxel size [4]. In addition, achieving 
contiguous 2-D slices orthogonal to the course of intracranial vessels can be very 
challenging due to the tortuosity of these vessels [5]. Isotropic 3-D vessel wall MRI 
(VWMRI) overcomes this challenge and enables characterization of the intracranial 
vessel wall with reduced partial volume averaging [6]. A detailed explanation of the 
3-D high isotropic resolution black blood MRI technique and protocols has been 
previously reported [1, 7].
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In this chapter, we review the role of vessel wall MRI for evaluation of vascu-
lopathies including atherosclerotic disease, vasculitis, reversible cerebral 
 vasoconstriction syndrome (RCVS), dissection, and aneurysms. In addition, we 
review 4D flow MRI, 4D-CTA, and transcranial Doppler ultrasound.

 Intracranial Vasa Vasorum

Vasa vasorum consist of networks of arteries, capillaries, and veins supplying oxy-
gen and nutrients to the walls of larger blood vessels. Intracranial vessels are unique 
in the paucity of vasa vasorum found in their adventitia under normal conditions, 
thought to be a consequence of the surrounding cerebrospinal fluid environment [8]. 
Vasa vasorum may develop within intracranial arteries with age, predominantly at 
the proximal portions [9], and as a consequence of vascular diseases such as athero-
sclerosis, vasculitis, and aneurysms [8, 10]. Its development has been implicated in 
promoting inflammatory processes, which can progress to the inner layers [11] 
leading to the initiation and acceleration of intracranial atherosclerosis [8]. For 
example, there is a strong association between presence of vasa vasorum and ath-
erosclerotic plaque particularly in thicker intracranial vessels [10]. The relative pau-
city of intracranial vasa vasorum offers an explanation for the lower frequency of 
intracranial atherosclerosis compared to coronary and carotid atherosclerosis and 
higher correlation of extracranial carotid and coronary atherosclerosis compared to 
intracranial and coronary atherosclerosis [12].

Given the unique features of intracranial vasa vasorum and its implication in 
intracranial vasculopathies, imaging detection of intracranial vasa vasorum may 
have an important role in disease diagnosis and prognostication. Intracranial vasa 
vasorum can be detected by contrast-enhanced MR and CT techniques and is evi-
dent by vessel wall enhancement [8, 13].

 Intracranial Atherosclerotic Disease

Intracranial atherosclerotic disease (ICAD) is very prevalent and a major cause of 
ischemic stroke [14]. The estimated prevalence of symptomatic intracranial stenosis 
varies from 1  in 100,000 for whites to 15  in 100,000  in African Americans in 
population- based studies [15]. Autopsy studies have noted intracranial atheroscle-
rotic disease to be present in as many as 23% and 80% of people in their 6th and 9th 
decades of life, respectively [15]. Traditional methods of diagnosing atherosclerosis 
have been based on measures of luminal narrowing which underestimates plaque 
burden because of compensatory dilatation (remodeling) to accommodate plaque 
formation especially early on [6]. In coronary arteries, outward (positive) remodel-
ing can preserve the lumen at a plaque burden as high as 40% of the arterial lumen 
circumscribed by the internal elastic lamina based on plaque specimen analyses 
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[16]. Negative or inward remodeling results in luminal narrowing and may alter 
hemodynamics. Although outward remodeling limits the hemodynamic impact of 
the plaque, it may be associated with increased plaque vulnerability and clinical 
events as shown in coronary arteries [17, 18].

 Imaging Intracranial Atherosclerotic Plaque

Vessel wall magnetic resonance imaging is an effective method for measurement of 
wall thickness and characterization of pathologic features of the carotid arteries [3] 
and intracranial vessels [1, 19]. 3D high isotropic resolution black blood MR imag-
ing has made it possible to identify and characterize intracranial atherosclerotic 
disease [1, 20] and discriminating it from other vasculopathies [7, 21].

A US community-based population study (the Atherosclerosis Risk in 
Communities (ARIC) study) estimated the prevalence of having at least one intra-
cranial atherosclerotic plaque to be 34.4% using VWMRI [22] which is higher than 
previous estimates of intracranial stenosis in population-based studies [15]. In the 
ARIC study, 10.8% of participants had ICAD with no detectable stenosis [22] which 
helped to explain the difference in prevalence estimates. Cross-sectional reliability 
estimates of VWMRI measurements of intracranial atherosclerotic plaque based on 
102 repeat scans and 20 inter-reader and 29 intra-reader repeat readings have been 
shown to range from good to excellent for quantitative measurements (e.g., intracra-
nial vessel lumen, wall thickness) and fair to good for qualitative measurements 
(plaque presence, ordinal stenosis) [20]. The high reliability is likely a reflection of 
the reproducibility of 3D imaging and the effect of adequate training for image 
interpretation, which was heavily emphasized in this study [20].

 MR Features of Atherosclerotic Plaque and Identifying  
Culprit Plaque

Imaging features of atherosclerotic plaque on VWMRI are more challenging to 
detect in intracranial vessels compared to extracranial vessels due to the smaller size 
of intracranial vessels. This can result in partial volume averaging of plaque compo-
nents, including lipid core, fibrous cap, calcification, intraplaque hemorrhage, and 
enhancement, resulting in a heterogeneous signal [19, 23]. Intracranial atheroscle-
rotic plaques are eccentric often with irregular wall thickening and variable degrees 
of enhancement (Fig.  3.1) [19, 21, 24]. Although individual plaque components 
may not be readily visible due to resolution constraints, heterogeneous signal and 
intraplaque hemorrhage may be helpful discriminators from other lesions [19, 23]. 
If detected, the fibrous cap may present as a T2 hyperintense and enhancing band 
overlying a T2 hypointense lipid core [21]. This T2 hyperintense band and hetero-
geneous signal are typically absent in cases of vasculitis and RCVS [21]. Intracranial 
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atherosclerotic plaque enhancement can vary in degree and, consequently, is not 
useful for discriminating from other vasculopathies. However, a high degree of 
enhancement might be useful for identifying lesions that are responsible for down-
stream ischemic infarcts (culprit plaques) likely reflecting inflammation, endothe-
lial permeability, and neovascularity associated with increased macrophage 
infiltration and neovascularity as seen in postmortem specimens [25–29]. Therefore, 
plaque enhancement may be used as a marker for plaque instability and stroke risk 
assessment. In addition, recanalized vessels following treatment for thromboem-
bolic disease demonstrate concentric vessel wall thickening and enhancement which 
is more robust in patients who underwent both mechanical thrombectomy and med-
ical therapy than medical therapy alone [30].

VWMRI has been used to characterize vascular remodeling in extracranial 
carotid [31, 32] and intracranial arteries [6] and has enabled our ability to detect 
atherosclerosis with no luminal stenosis [33]. These non-stenotic lesions appear to 
be the strongest risk factor for white matter hyperintensities in patients without 
intracranial stenoses [34]. Luminal preservation in cervical internal carotid arteries 
has been shown to occur at plaque burdens up to 62% measured using MRI tech-
niques [31, 32]. Intracranial arteries can also remodel to a high degree as a result of 
plaque formation with the posterior circulation having a higher capacity for positive 
remodeling than the anterior circulation [6]. Prevalence of positive remodeling in 
atherosclerotic plaques in stroke patients was shown to be 29.9% in the anterior 
circulation versus 54% in the posterior circulation, with lumen patency being main-
tained in the posterior circulation with plaque burdens up to approximately 55.3% 
[6]. This may be attributed to differences in hemodynamics (i.e., slower flow in the 
posterior circulation) and sparse sympathetic innervation of the vertebrobasilar sys-
tem [6, 35, 36].

Fig. 3.1 Features of an 
atherosclerotic plaque 
involving the cavernous 
carotid artery with an 
enhancing fibrous cap 
(short arrow), lipid core 
(dotted arrow), and 
peripheral calcification 
(long arrow)
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Another potential application of VWMRI is determining the location of athero-
sclerotic plaque relative to a branch artery. Although atherosclerotic plaques tend to 
arise from arterial wall opposite a branch artery ostium [5, 37, 38], some plaques 
arise close to the ostia and are associated with increased risk of infarction [38]. 
Angioplasty can push the atheromatous material from the treated artery to a branch 
resulting in acute stroke. Determining location of plaque relative to ostium may be 
useful in intracranial angioplasty risk assessment [39].

 Vasculitis

Vasculitides are rare group of diseases defined by inflammation of the vessel wall 
[8]. Central nervous system vasculitis (CNSV) can be defined as any inflammatory 
vasculopathy that results in nonatheromatous intracranial vascular inflammation 
[40]. Primary CNSV is caused by direct involvement of vessels, while secondary 
vascular inflammation can result from infections, autoimmune processes, tumors, or 
other processes [40]. Although exact mechanism of involvement of vasa vasorum in 
vasculitis is not well established, higher prevalence of extracranial vasculitis sug-
gests a role given higher density of vasa vasorum in extracranial arteries [8].

Conventional angiographic features of vasculitis are nonspecific and include 
multifocal luminal irregularity and stenosis that may overlap with a variety of intra-
cranial vasculopathies such as atherosclerosis and RCVS. Intracranial VWMRI may 
help in distinguishing vasculitis from other etiologies of intracranial stenosis. 
Furthermore, some of small vessel vasculitides cannot be identified on catheter 
angiography [40]. Luminal narrowing is only detected on cerebral angiography in 
25–43% of patients with biopsy-proven primary CNS angiitis [41, 42]. On VWMRI, 
intracranial vasculitis tends to present with segmental, concentric homogenous 
enhancement of the vessel wall and/or circumferential, peri-adventitial enhance-
ment following a vessel segment (Fig.  3.2) [40]. Imaging features that are more 
suggestive of atherosclerosis such as calcification, fibrous cap and lipid core, or 
focal, non-circumferential wall thickening may help to exclude vasculitis [40]. 
Vasculitic lesions typically lack T2 hyperintensity, while ICAD lesions often dem-
onstrate T2 hyperintensity or heterogeneous T2 signal [21]. It is important to note 
that there is overlap between ICAD and vasculitis as ICAD can demonstrate cir-
cumferential wall thickening and vasculitis can have eccentric enhancement [23, 43, 
44]. Given the similarity and overlap of imaging findings and clinical manifesta-
tions between CNS vasculitis and atherosclerosis and the toxicity of immunosup-
pressive therapy, a biopsy may be needed for definitive diagnosis [40]. Because of 
the high false negative rate of biopsies for CNSV due to patchy and segmental 
involvement of vessels by this disease, VWMRI may be useful for guiding biopsies, 
and this has yielded higher success rates compared to biopsies guided by conven-
tional imaging [40]. VWMRI should be acquired close to the time of biopsy to 
ensure the target is actively inflamed since vessel wall inflammation may be tran-
sient [40].
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Pitfalls of VWMRI for vasculitis include inability to distinguish between trans-
mural inflammation (e.g., primary CNSV) and perivascular inflammation (e.g., sar-
coidosis) [40]. In addition, concentric wall thickening after thrombectomy may 
mimic vasculitis if patient’s history is not known [30].

 Reversible Cerebral Vasoconstriction Syndrome

Vasospasm results from smooth muscle shortening and increased wall redundancy 
that can result in a fivefold increase in wall thickness corresponding to 60% luminal 
narrowing [45, 46]. Arterial wall thickening is a feature of vasospasm on vessel wall 
imaging [7]. RCVS is characterized by noninflammatory reversible multifocal cere-
bral vasoconstriction associated with recurrent thunderclap headaches that resolve 
spontaneously within 3 months [47, 48]. It is an underdiagnosed entity and may lead 
to complications such as posterior reversible encephalopathy, subarachnoid hemor-
rhage, and ischemic infarcts [48, 49]. Timely distinction of RCVS from its top dif-
ferential consideration, vasculitis, is essential since treatment strategies are very 
different. In particular, the appropriate management of vasculitis by steroids carries 
a significant morbidity [42].

VWMRI can be helpful to distinguish RCVS from CNSV. Both vasoconstriction 
and vasculitis result in vessel wall thickening and luminal narrowing, but CNSV 
tends to demonstrate more intense wall enhancement and moderate wall thickening. 

Fig. 3.2 VWMRI 
appearance of small vessel 
vasculitis in a patient with 
clinical and radiological 
diagnosis of small vessel 
vasculitis. Contrast-
enhanced VWMRI 
demonstrates peri-
adventitial enhancement of 
an inflamed segment of a 
vessel seen in long axis 
(arrow)
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In contrast, RCVS typically demonstrates little to no enhancement (Fig. 3.3), with 
only 31–47% of patients showing any enhancement with this disease [43, 44, 47]. 
However, the sensitivity of using a low degree of enhancement to diagnose RCVS 
is limited considering strong enhancement was seen in as many as a fourth of cases 
in one series [47]. The most reliable test for confirming this diagnosis remains fol-
low- up imaging since wall enhancement in RCVS tends to resolve early, within 3 
months [44].

 Arterial Dissection

Arterial dissection results from an intimal tear with blood products tracking into the 
vessel wall. Vasa vasorum are implicated in the pathogenesis of intramural throm-
bus in arterial dissection [8]. Intracranial vessel wall dissection may result from 
extension of a dissection from extracranial arteries such as vertebral or carotid arter-
ies or may be an isolated finding [7, 50]. VWMRI features of intracranial arterial 
dissection include intimal flap (curvilinear T2 hyperintensity) separating the true 

Fig. 3.3 VWMRI in a 5-year-old with RCVS. Time-of-flight MR angiography (a) demonstrates 
focal narrowing of duplicated left posterior cerebral artery. VWMRI shows cross-sectional 
appearance of normal segment of the vessel (b) compared to narrowed segment (c). No peri-
adventitial or vessel wall enhancement in region of focal narrowing of the left posterior cerebral 
artery is seen (c)
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lumen from the false lumen and eccentric arterial wall thickening with T1 hyperin-
tense intramural hematoma (Fig. 3.4) [7, 50]. A study of dissecting aneurysms dem-
onstrated improved detection of dissections using VWMRI compared to catheter 
angiography (42% vs 16%, respectively) [50]. Intramural hematoma evolves over 
time. Deoxyhemoglobin in acute intramural hematoma is iso-intense on T1-weighted 
images and may be detected using T2∗ or susceptibility-weighted imaging before 
conversion to methemoglobin which is T1 hyperintense [51]. In a study of dissect-
ing aneurysms, 83% of intramural hematomas were detected on T1-weighted 
images, and 59% could be seen on T2-weighted images [50]. However, T1 hyperin-
tensity in the wall is not specific to arterial dissection and can also be seen with 
intraplaque hemorrhage in ICAD lesions [23], so other features such as vascular 
calcification or a trauma history can be helpful for diagnosis.

 Aneurysms

There is ongoing debate regarding the pathophysiology that underlies aneurysm 
growth and rupture. Vasa vasorum are reported to be present in large (4  mm or 
larger) saccular aneurysms and fusiform aneurysms and have been implicated in 
growth and rupture of these lesions [8]. Repetitive intramural hemorrhage from vasa 
vasorum and reabsorption of blood is believed to induce inflammation and 

Fig. 3.4 Chronic arterial dissection of the horizontal petrous segment of the carotid artery. Non- 
contrast (a) and contrast-enhanced (b) VWMR images through the short axis of the artery demon-
strate enhancement of the vessel wall and flap separating the false lumen (arrow) from the true 
lumen
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proliferation of microvessels that are prone to re-bleeding. This is postulated to 
result in enlargement and weakening/rupture of the aneurysm wall [52].

There is a growing body of evidence that supports the use of VWMRI for evalu-
ating aneurysms [53, 54]. Contrast enhancement in the wall of unstable aneurysms 
has been reported and may be due to a loss of vasa vasorum integrity, intimal angio-
genesis, and inflammatory activity [8, 55, 56]. Two recent histological studies of 
unruptured intracranial aneurysms revealed associations of aneurysm wall enhance-
ment on VWMRI with higher macrophage infiltration, increased cellularity, neovas-
cularization, and a thicker wall of the aneurysm [57, 58].

Retrospective studies have reported thick peripheral enhancement of ruptured 
aneurysms in the setting of subarachnoid hemorrhage, while unruptured aneurysms 
do not enhance [56, 59, 60]. It is noteworthy that in these retrospective studies, 
enhancement may represent inflammatory changes related to the rupture itself [23].

Aneurysm wall enhancement may also be a predictor of progression. In prospec-
tive studies of asymptomatic patients, enlarging or morphologically changing aneu-
rysms demonstrate thick peripheral enhancement compared to little to no 
enhancement in stable asymptomatic aneurysms suggesting a potential role of 
VWMRI for treatment planning [60, 61]. Circumferential aneurysm wall enhance-
ment >1 mm in thickness is shown to have the highest specificity and negative pre-
dictive value for differentiating between stable and unstable aneurysms [61]. In 
addition, a stronger degree of enhancement was associated with a higher clinical 
risk for rupture based on PHASES (population, hypertension, age, size, earlier sub-
arachnoid hemorrhage, and size) score [62]. A meta-analysis of five retrospective 
and prospective studies with 492 subjects showed a significant and independent 
association of aneurysm wall enhancement with aneurysm rupture [63].

Potential use of VWMRI in detecting the source of hemorrhage in angiogram 
negative non-perimesencephalic subarachnoid hemorrhage has also been studied 
with no change in patient management [64]. Further investigation is warranted to 
understand the mechanism of aneurysm rupture and instability before contrast 
enhancement can be used as a marker for impending rupture.

 4D Flow MRI

New applications of phase-contrast MRI have emerged to noninvasively evaluate 
blood flow qualitatively (flow visualization and direction) and quantitatively (veloc-
ity, pressure, wall shear stress) [65]. Hemodynamic parameters such as flow pat-
terns, location of flow impact on aneurysm wall, size of impact zone, and wall shear 
stress (WSS) are of particular interest in assessing risk of aneurysm growth and 
rupture [66]. Low WSS and high oscillatory shear index are thought to initiate 
inflammatory cell-mediated remodeling in large aneurysms, while high WSS and 
positive WSS gradients can facilitate mural cell-mediated remodeling in small or 
secondary bleb aneurysms [66]. Both of these pathways may lead to aneurysm 
growth and rupture.
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4D flow MRI has also been used to measure flow in arteriovenous malformations 
(AVM), specifically in arterial feeders along with arteries adjacent and contralateral 
to the AVM for a global hemodynamic evaluation for embolization planning [67, 
68]. Velocity-derived flow-tracking cartography can help with functional assess-
ment of the AVM with high reliability and good to excellent agreement with DSA 
for identification of shunt location and arterial feeders and evaluation of retrograde 
flow in dural venous sinuses or cortical veins [65]. Virtual MR flow-tracking cartog-
raphy can classify dural arteriovenous fistulas (AVF) similar to catheter angiogra-
phy (Cognard classification) providing risk stratification of bleeding based on 
assessment of venous drainage [69].

 4D-CTA

In 4D CT angiography (4D-CTA), images are obtained throughout intravenous 
administration of contrast bolus using continuous or noncontinuous acquisition 
[70]. 4D-CTA is shown to be comparable to DSA in detecting and grading of cere-
bral AVMs [71, 72] and dural AVFs [73, 74]. In the work-up of acute ischemic 
stroke, 4D-CTA has been shown to be superior to conventional CTA for character-
izing the extent and dynamics of collateral flow [75] and intracranial thrombus bur-
den [76]. 4D-CTA has been comparable with DSA in discriminating antegrade flow 
from retrograde flow across an occluded vessel helping to predict rate of recanaliza-
tion following intravenous thrombolysis which is correlated with antegrade flow 
[77]. Characterization of collateral flow also helps with prognostication of clinical 
outcome after ischemic stroke and rate of complications such as hemorrhagic trans-
formation [70, 78].

 Transcranial Doppler Sonography

Transcranial Doppler ultrasound (TCD) is a noninvasive ultrasound technique 
that can be used at the bedside to detect and localize intracranial arterial narrow-
ing or occlusion. For detecting middle cerebral artery (MCA) occlusion, TCD has 
greater than a 90% sensitivity and its specificity approximates that of CTA [79]. 
TCD has lower sensitivity than CTA for detection of basilar or carotid terminus 
thrombus [79]. In addition to establishing patency, TCD can provide complemen-
tary information to CTA such as visualizing real-time embolization, presence of 
microemboli, and alternating flow signals indicative of steal phenomenon [79]. 
Furthermore, TCD can detect restenosis or re-occlusion after thrombolysis or 
thrombectomy [80]. Main drawbacks of its use are lack of adequate sonographic 
window through the temporal bone and limited availability of experienced techni-
cian or clinician [81].
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 Conclusions

In summary, the current literature supports an important role for intracranial vessel 
wall imaging in differentiating etiologies of intracranial vessel wall narrowing such 
as atherosclerosis, vasospasm, vasculitis, and arterial dissection. In addition, it can 
be useful for identification of non-stenotic lesions that would escape angiographic 
detection. Potential applications include risk stratification for atherosclerotic 
plaques and identifying actively inflamed lesions in vasculitis which could be useful 
for directing targeted biopsies of vessels. Future applications of VWMRI might also 
include risk stratification of aneurysms for rupture or growth. 4D flow technique is 
a useful adjunct for assessment of flow dynamics and rupture risk of aneurysms, 
AVMs, and dural arteriovenous fistulas and may be useful in treatment planning. 
Further investigations are warranted in larger samples for validation of clinical use 
of vessel wall MR and 4D MR/CT.
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Chapter 4
Atherosclerosis of the Carotid Artery

Matthijs F. Jansen, Esther Lutgens, and Mat J. A. P. Daemen

 Pathogenesis of Atherosclerosis

Atherosclerosis is a two-faced disease. While it has one of the longest incubation 
periods known to man, its main complications, myocardial infarction and ischemic 
stroke, happen suddenly and often without prior warning. The earliest signs of dis-
ease, fatty streak lesions, can already be found in the first decade of life in the aorta 
and will develop in the coronary arteries in the second decade [1]. These lesions 
form after the arterial endothelium is activated by an injurious stimulus, such as low 
shear stress, turbulent flow, or oxidative stress. Both low shear stress and turbulent 
flow are present at arterial bifurcations, including the bifurcation of the internal and 
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external carotid artery, causing a high incidence of atherosclerotic plaques at sites 
like these [2].

Due to the activation of the endothelium, lipid components, most notably low- 
density lipoproteins (LDL), start accumulating in the subendothelial space. Once 
trapped in the subendothelial space, the lipid particles are altered, most importantly 
by lipid oxidation as a result of exposure to the oxidative waste of vascular cells. 
The oxidation of LDL particles leads to the formation of oxidized LDL (oxLDL), 
the most potent early stimulator of the inflammatory process driving atherosclerosis 
[3]. The activated endothelium also starts attracting immune cells by expressing cell 
adhesion molecules and secreting chemokines, a process that is also propagated by 
immune cells, mostly macrophages, already present in the plaque [4, 5].

The extent and speed of atherosclerotic plaque buildup are modulated by the 
severity of dyslipidemia as well as severity of the inflammatory response, and both 
are correlated with incidence of cardiovascular disease [6]. Many factors play a 
role in the severity of the inflammatory response in atherosclerosis; some of the 
most notable are mechanical forces [2], sex hormones [7], chronic inflammatory 
diseases [8], metabolic syndrome/obesity [9], (epi)genetics [10, 11], and diabetes 
mellitus [12].

 Lipids

More than a century ago, the German pathologist Rudolf Virchow discovered that 
cholesterol was present in atherosclerotic plaques. In the 1950s, the Framingham 
Heart Study firmly established high lipid levels as a risk factor for atherosclerosis 
[13]. Lipid-lowering statins (inhibitors of HMG-CoA reductase) are very successful 
in reducing cardiovascular risk [14]. PCSK9 inhibitors are a new class of drugs, 
capable of dramatically lowering lipids in combination with statins, resulting in the 
further lowering of cardiovascular risk [15, 16]. The importance of lipids is also 
evident in mouse models, where, besides a knockout of genes such as apolipopro-
tein E (ApoE) or the LDL receptor (LDLR), a lipid-rich diet is needed to induce 
significant atherosclerosis.

Intracellular cholesterol homeostasis is the cumulative result of three simultane-
ous processes: (1) intracellular synthesis; (2) uptake from plasma lipoproteins, most 
importantly via LDL; and (3) reverse cholesterol transport by high-density lipopro-
teins (HDL). Cholesterol levels are sensed by the LXR (liver X receptor), a nuclear 
receptor which stimulates cholesterol transport toward the liver, biliary excretion, 
and possibly reduction in cholesterol synthesis. Contrary to the function of LXR, 
sterol regulatory element-binding protein 1c and 2 (SREBP-1c and SREBP-2) 
increase lipogenesis, cholesterol synthesis, and cholesterol uptake. Mice lacking the 
LXR gene feature a higher expression of SREBP-2, as well as several cholesterol- 
related genes such as HMG-CoA synthase and HMG-CoA reductase [17]. These 
properties make increasing LXR or decreasing SREBP interesting new therapeutic 
targets.
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 Low-Density Lipoproteins

Low-density lipoproteins are a large contributor to cardiovascular risk, and lower-
ing LDL is one of the most effective ways for risk reduction [14]. In patients, both 
in clinics and clinical trials, plasma levels of LDL are generally not measured 
directly due to high costs; instead, LDL-C is determined using the Friedewald equa-
tion (LDL-C = Total cholesterol - HDL - triglycerides). In most situations, LDL and 
LDL-C correlate well; however, in certain situations, most notably hypertriglyceri-
demia, the LDL-C value can deviate from the actual LDL concentration [18]. In 
health, cells upregulate the LDL receptor (LDLR) when in need of cholesterol, 
which is required for cell growth, steroid/hormone synthesis, and the structural 
integrity of cell membranes. Circulating LDL particles bind to the LDL receptor 
and are then transported into the cell via endocytosis. At higher plasma levels of 
LDL, the LDLR will become saturated. When the amount of circulating LDL 
exceeds the ability of the liver to catabolize LDL, receptor-independent uptake of 
LDL will occur, especially at sites where the endothelium has become activated, 
ultimately leading to the formation of foam cells and fatty streaks [18]. After bind-
ing to LDL and internalizing it, the LDLR is able to be reused on the cell membrane. 
The enzyme PSCK9 inactivates the LDLR, making it unable to be reused. Inhibiting 
the PSCK9 enzyme severely lowers plasma LDL-C levels [15, 16].

 Oxidized LDL

When entering the vessel wall, LDL is modified via a variety of mechanisms. The 
most relevant mechanism is the oxidation of LDL by reactive oxygen species (ROS). 
While non-modified LDL binds to the LDLR, oxLDL binds to scavenger receptors 
including CD36, SR(A), and LOX-1 that are mostly expressed by macrophages [3]. 
OxLDL is a potent activator of macrophages, ultimately leading to the formation of 
foam cells. The presence of oxLDL upregulates the LOX-1 receptor while down-
regulating the LDLR, initiating a positive feedback loop where more LDL is oxi-
dized and then taken up via LOX-1 [18].

 Triglycerides

Like LDL, triglycerides have been shown to be an important risk factor for cardio-
vascular disease in the Framingham Heart Study [13]. In humans, triglycerides are 
transported via very low-density lipoproteins (VLDL) [18]. Pharmacological inhi-
bition of triglycerides has not been as successful as LDL lowering. However, some 
recent studies have shown that in patients on statins with high triglycerides, triglyc-
eride lowering reduces major adverse cardiovascular events (MACE) [19].
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 HDL

HDL is the smallest of the lipoprotein family. HDL acts as a reverse carrier of cho-
lesterol, as it is able to uptake cholesterol from cells. HDL is important for the 
recycling of cholesterol back to the liver and the delivery of cholesterol toward 
hormone-producing organs [19]. As higher levels of HDL are correlated with lower 
incidence of adverse cardiovascular events in the general population, HDL was 
thought of as a promising new therapeutic target [13]. However, this has come 
under scrutiny in recent years as more in-depth examinations of population data 
show no other associations between HDL and cardiovascular events, except for an 
increased risk when HDL levels are very low. Furthermore, in Mendelian random-
ization studies, it was shown that genetically high HDL does not protect against 
cardiovascular events [20]. Ultimately, increasing HDL through various pharmaco-
logical methods in cardiovascular patients does not result in the lowering of cardio-
vascular risk [20, 21].

 Inflammation

 Monocytes

Among the first cells recruited to the activated endothelium are monocytes. 
Monocytes are short-lived mononuclear phagocytes, which differentiate into mac-
rophages once they infiltrate into the vessel wall. Monocytes are recruited to the site 
of the plaque by the secretion of chemokines such as CCL2 and CCL5 by the endo-
thelium. The endothelial cells express the adhesion molecules P-, L-, and E-selectin, 
ICAM-1, and VCAM-1, to which the monocyte adheres. After adhering to the ves-
sel wall, the monocytes start rolling along the activated endothelium and subse-
quently enter the subendothelial space, either via para-endothelial or trans-endothelial 
migration [4, 5].

In mice, two general subpopulations of monocytes have been described: the 
inflammatory Ly6Chigh monocyte, which is preferentially recruited toward inflamed 
tissue, and the patrolling Ly6Clow monocytes which are homed toward non-inflamed 
tissues. In murine atherosclerosis, inflammatory (Ly6Chigh) monocytes are preferen-
tially recruited toward the vessel wall and have been shown to aggravate atheroscle-
rosis [22–24]. In humans, three major monocyte subsets have been described. 
Similar to mice, human monocytes can be divided into inflammatory CD14++CD16- 
expressing monocytes (classical monocytes) and anti-inflammatory CD14+CD16++ 
expressing monocytes (nonclassical monocytes). Additionally, in humans, an inter-
mediate CD14++CD16+CCR2+-expressing subset (intermediate monocytes) can be 
identified. Functionally, CD14++CD16- monocytes (classicals) support inflamma-
tion and phagocytosis, CD14++CD16+CCR2+ monocytes (intermediates) are pro- 
inflammatory, and CD14+CD16++ monocytes (nonclassicals) are aimed toward 
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restoration of homeostasis (healing) [5, 25]. In humans, both higher levels of classi-
cal monocytes and intermediate monocytes have been shown to correlate with a 
higher incidence of cardiovascular disease [24, 26, 27].

When monocytes migrate over the endothelial barrier toward the intima, they 
come into contact with colony-stimulating factors, most importantly macrophage 
colony-stimulating factor (M-CSF) and granulocyte-macrophage colony- stimulating 
factor (GM-CSF) secreted by endothelial cells, vascular smooth muscle cells 
(vSMC), and macrophages. These factors initiate the differentiation of monocytes 
into macrophages [28].

 Macrophages

In healthy tissue, the most notable macrophage functions are phagocytosis (the 
uptake of solid particles or pathogens), efferocytosis (the uptake and clearance of 
apoptotic cells), tissue remodeling, and chemoattraction. All of these processes are 
impaired in the atherosclerotic plaque.

Like monocytes, macrophages can be divided into different subtypes. Which 
subtype a macrophage becomes is mostly determined by the environment and stim-
uli the macrophage is exposed to. At the extremes, macrophages can be divided 
into the pro-inflammatory M1- and the anti-inflammatory M2 macrophage. M1 
macrophages are induced by Th1 cytokines and excrete pro-inflammatory cyto-
kines like TNF, IL-6, IL-1β, and IL-12. Sustained M1 activation results in tissue 
damage and eventually impaired wound healing. The anti-inflammatory M2 mac-
rophages are induced by Th2 cytokines and excrete anti-inflammatory cytokines 
like IL-10 and TGF-β. Functionally M2 macrophages scavenge debris and promote 
the resolution of inflammation, most importantly by clearing apoptotic cells (effe-
rocytosis) and the dampening of immune responses, ultimately promoting tissue 
repair and healing [29].

It is important to note however that the M1 vs. M2 division is a simplified 
concept. Between the M1 and M2 phenotypes, a spectrum of other macrophage 
phenotypes can be identified, each with a different or yet undetermined function. 
In experimental mouse models of atherosclerosis, the M1 subtype and the plaque- 
specific M4 subtype are pro-inflammatory and pro-atherogenic. An increase of 
these macrophage subtypes inside the murine atherosclerotic plaque is correlated 
with larger and more vulnerable plaques. The other macrophage subtypes, the M2 
phenotype and the plaque-specific M(hb) and Mhem phenotypes, have been 
shown to be anti-inflammatory and anti-atherogenic in murine atherosclerosis. 
The Mox phenotype that has been identified fairly recently is currently not well 
understood [30]. Through phagocytosis, macrophages take up oxLDL, an impor-
tant step in the progression of atherosclerosis. Via scavenging receptors CD36, 
SR (A), and LOX- 1, oxLDL is transported into the macrophage, where it is trans-
formed into cholesteryl esters by the enzyme acetyl-CoA acetyltransferase 
(ACAT1).
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 Foam Cells

The excessive accumulation of cholesteryl esters in the endoplasmic reticulum of 
the macrophage induces its transformation to a foam cell (named after its foamy 
appearance on histology) [3]. Furthermore, the phagocytosis of cholesterol crystals 
activates the NLRP3 inflammasome, which in turn induces an enhanced secretion of 
IL-1β. The inhibition of IL-1β via the monoclonal antibody canakinumab has been 
shown to reduce cardiovascular events in patients [31, 32].

It is currently unknown which specific macrophage phenotype is the precursor of 
the foam cell. However, several studies have shown that the M2 phenotypes are 
more prone to differentiate into a foam cell.

The transformation of a macrophage into a foam cell induces various apoptotic 
pathways that ultimately lead to its demise. In advanced atherosclerosis, efferocyto-
sis is impaired, leading to the formation of “post-apoptotic” foam cells that ulti-
mately undergo secondary necrosis. This process is one of the main drivers of the 
formation of the necrotic core and a major cause of enhanced and sustained inflam-
mation in the plaque [33].

 Neutrophils

Neutrophils are short-lived phagocytic cells. Even though few neutrophils can be 
found in advanced atherosclerotic plaques, their importance in atherosclerosis is not 
to be underestimated. The degree of hypercholesterolemia-induced neutrophilia is 
positively correlated with atherosclerotic plaque size in experimental models and 
associated with plaque vulnerability in humans [34]. In both health and atheroscle-
rosis, neutrophils work in conjunction with macrophages. Macrophages improve 
neutrophil survival through secretion of growth factors such as G-CSF, GM-CSF, 
and TNF.  In turn, neutrophils attract monocytes toward the plaque and improve 
endothelial permeability, ultimately aiding and increasing monocyte infiltration into 
the atherosclerotic plaque [35]. Neutrophils, co-localized with macrophages, can be 
found at the cap of the atherosclerotic plaque. There, neutrophils release granule 
proteins, matrix metalloproteinases, and cathepsins. These factors are potent deter-
minants of atherogenesis in experimental animal models, and many of them have 
been correlated with vulnerable plaques [36, 37].

 T Cells

T cells play a central role in cell-mediated immunity. These immune cells are 
defined by T cell receptor (TCR) on their cell surface. Antigen-presenting cells 
(APCs, DCs, macrophages, and B cells) present antigens via MHC II to the TCR, 
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causing the T cell to become activated after simultaneous interaction of co- 
stimulatory molecules with their ligands, though it is also possible for T cell activa-
tion to be antigen independent.

Several subtypes of T cells have been identified, the T-helper cell (Th), the cyto-
toxic T cell (Tc), and the regulatory T cell (Treg). Like macrophages, T cells can 
somewhat switch between these subtypes depending on environmental cues it 
encounters.

T-helper cells (Th cells) are defined by the expression of CD4 and functions as 
an assistant to other immune cells. Most importantly, it induces activation of B cells, 
macrophages, and cytotoxic T cells and maturation of B cells. In general, there are 
two subtypes of Th-cells, Th1 and Th2. The Th1 subtype is considered pro- 
inflammatory; the Th2 is more anti-inflammatory. The balance between Th1 and 
Th2 levels plays a role in several diseases, like psoriasis (Th cell population skewed 
toward Th1) and asthma (Th-cell population skewed toward Th2) [38, 39].

T cells are recruited toward the vessel wall via mechanisms similar to macro-
phage recruitment and make up about 10% of the total cell populace in an athero-
sclerotic plaque. About 70% of these T cells are T-helper (CD4+) cells, the remaining 
fraction mostly being cytotoxic (CD8+) T cells [40]. In the vessel wall, T cells 
become activated in response to antigens and start to produce inflammatory agents 
(e.g., IFN-γ).The antigen that triggers the immune response and induces T cell pro-
liferation and polarization is most likely atherosclerosis-specific antigens such as 
(the ApoB100 part of) LDL [41].

The majority of CD4+ T cells, and thus the majority of T cells, are of the Th1 
subset. This subset has been extensively described as pro-atherogenic. Through the 
production of IFN-γ, T cells recruit macrophages and other T cells toward the ath-
erosclerotic plaque, causing an increase in the secretion of Th1-promoting cyto-
kines, an increased lipid uptake by macrophages, and an increase in foam cell 
formation, ultimately leading to an increased plaque growth and vulnerability. The 
positive feedback loop where Th1 cells recruit other Th1 cells is a major contributor 
to plaque progression. In patients suffering from cardiovascular disease, higher lev-
els of Th1 cells have been found [42–44].

Th2 cells support antibody production of B cells via secretion of IL-4, IL-5, 
IL-10, and IL-13. While the Th2 subtype is increased in hyperlipidemia, the Th2 
subtype is rare in atherosclerotic lesions. The role of Th2 cells in atherosclerosis is 
still poorly understood and seemingly contradictory. While IL-5 and IL-13 clearly 
protect against atherosclerosis, the prototypic Th2 cytokine IL-4 doesn’t protect 
against atherosclerosis [42–44].

Regulatory T cells comprise around 5% of CD4+ T cells in the peripheral blood 
in humans. An overall protective role of regulatory T cells is suggested in both 
murine and human atherosclerosis studies. In mice, depletion of regulatory T cells 
aggravated atherosclerosis, suggesting that regulatory T cells limit plaque inflam-
mation and thus disease progression. The mechanism of this action has not yet been 
identified. In humans, relatively low levels of regulatory T cells were found in ath-
erosclerotic plaques, which might play a role in the persistent inflammation in these 
lesions. Moreover, compared to stable plaques, in rupture-prone plaques, fewer 
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regulatory T cells can be found. Together, this data suggests a protective role of 
regulatory T cells in atherosclerosis [45].

In early atherosclerosis, few cytotoxic (CD8+) T cells are present in the athero-
sclerotic plaque. However, they appear to be the dominating immune cell in 
advanced human plaques. In these lesions, CD8+ T cells concentrate around shoul-
der regions and fibrous caps. Furthermore, in murine atherosclerosis, CD8+ T cells 
have a pro-atherogenic effect. CD8+ T lymphocytes most likely promote the devel-
opment of vulnerable atherosclerotic plaques by inducing apoptosis of macro-
phages, smooth muscle cells, and endothelial cells that in turn leads to secondary 
necrosis and necrotic core formation [46].

 B Cells

B cells are known for their ability to produce antigens and are identified by the pres-
ence of a B cell receptor on their cell membrane. Besides antigen production, B 
cells are also able to serve as antigen-presenting cells and can activate both CD4+ 
and CD8+ T cells. Furthermore, they can promote chemokine production, produce 
a variety of cytokines (e.g., IFN-γ, IL-2, IL-12, IL-4, IL-6, and IL-10), promote 
leukocyte recruitment, and polarize T cells. Mature B cells can be divided into two 
categories: the B1 subtype, which is innate, T cell independent and produces poly-
reactive natural IgM antibodies, and the B2 subtype, which is important in adaptive 
immunity, as it is able to produce specific IgG antibodies tailored to a specific anti-
gen and T cell dependent. Natural IgM antibodies against oxLDL, produced by B1 
cells, are protective against atherosclerosis. In murine atherosclerosis, IL-5 medi-
ates the production of the anti-oxLDL IgM antibodies. In contrast to the IgM anti-
bodies produced by B1 cells, IgG antibodies against oxLDL promote atherosclerosis. 
This is evident in mice lacking B2 cells, as those have decreased plaque formation. 
Conversely, an increase in B2 cells increased plaque formation. This correlates with 
the fact that increased titers of anti-oxLDL antibodies are associated with an increase 
in adverse cardiovascular events [47].

 Progression Toward the Advanced Plaque

As defined by histology, different stages of plaque development can be distinguished 
[48, 49]. As noted above, atherosclerotic lesions start developing around the second 
decade of life. The first detectable abnormalities in the vessel wall are intimal xan-
thomas (or fatty streaks). These lesions show accumulation of foam cells in the 
vessel wall, without the presence of a necrotic core or fibrous cap. Both human and 
animal research suggest that most of these lesions regress [50, 51].

While intimal xanthomas are detectable in children, the majority of advanced 
atherosclerotic lesions seem to originate from intimal thickening [52]. Intimal 

M. F. Jansen et al.



77

thickening refers to the accumulation of smooth muscle cells (SMCs) in the intima, 
without the presence of lipid, macrophages, or foam cells. From normal intima 
thickening, pathological intimal thickening can develop. The lesions are character-
ized by a proteoglycan-rich matrix containing smooth muscle cells, perhaps a few 
macrophages and other immune cells, with small areas of lipid accumulation but 
with minimal or no evidence of a lipid core or necrosis. These lesions seem espe-
cially prone to erosion (see below).

Both intimal xanthomas and lesions with (pathological) intimal thickening can 
develop into a fibrous cap atheroma. These atherosclerotic plaques are characterized 
by a fibrous cap, overlaying a well-developed necrotic core. The fibrous cap is an 
overlay of connective tissue, consisting of smooth muscle cells and collagen in a pro-
teoglycan matrix. This fibrous cap separates the blood from the highly thrombogenic 
necrotic core, which consists of a core of necrotic cells, surrounded by macrophages. 
When the necrotic core increases in size, increasingly large amount of extracellular 
lipids and cholesterol crystals will accumulate in it and form one or several large 
masses, also called the lipid core. Depending on the thickness of the fibrous cap, 
plaques can be quantified as thick-cap fibroatheromas or thin-cap fibroatheromas. The 
cut-off value distinguishing between these two plaques is different per vascular bed. 
In carotid plaques, plaques with a cap thinner than 165–200 μm are considered thin-
capped [53, 54], while in coronary atherosclerosis, this cut-off value is 65 μm [55].

Thick-capped fibroatheromas rarely rupture but can erode (see below). 
Conversely, thin-cap fibroatheromas are very prone to rupture; most ruptured coro-
nary plaques found during an autopsy study of >200 deceased patients had a cap 
thinner than 65 μm [48].

Ultimately, plaques can develop into stable fibrocalcific plaques. While these 
plaques can still cause clinical symptoms due to a reduction of lumen size, they will 
not cause acute ischemic syndromes. These plaques usually cause significant steno-
sis, are collagen-rich, and have large calcified areas. They contain few inflammatory 
cells, though a necrotic core may be present [48].

It is very important to note that progression of atherosclerotic disease is not a 
linear process. During the lifespan of an atherosclerotic plaque, its fibrous cap 
thickness can increase or decrease, and the plaque can regress all together or prog-
ress into a fibrocalcific plaque, making a previously dangerous (vulnerable) plaque 
suddenly stable or vice versa [56].

 The Vulnerable Plaque

As atherosclerotic disease progresses, plaques will cause ischemic syndromes via 
three main mechanisms:

 1. Plaque rupture: rupture of the fibrous cap overlaying the plaque, exposing the 
highly thrombogenic lipid core to blood, which immediately starts clotting, ulti-
mately resulting in a thromboembolic stenosis or even occlusion of the vessel.
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 2. Plaque erosion: typically, the endothelial layer is absent in these plaques, result-
ing in the exposure of smooth muscle cells and extracellular matrix to blood, 
resulting inocclusion precipitated largely by the thrombus or distal 
embolization.

 3. Calcified nodule: a relatively rare occurrence where calcifications protrude into 
the lumen, which are correlated with ischemic stroke [57–59].

 Plaque Rupture

In a histopathological study of carotid endarterectomy, 67% of stroke patients had a 
thrombus at the endarterectomy site, compared to 27% in asymptomatic individu-
als. Plaque rupture was the most common cause of thrombus formation in both 
cases (64% of cases in stroke patients, compared to 25% of asymptomatic patients) 
[53]. Similar numbers are seen in coronary atherosclerosis, where about 60% of 
acute myocardial infarctions are due to plaque rupture. However, it should be noted 
that carotid plaque composition has changed over the years, as a decrease in per-
centage of carotid plaques with vulnerable characteristics has been observed. The 
same phenomenon can be observed in coronary atherosclerosis, where a decrease in 
plaque rupture and concurrent increase in plaque erosion has been observed. These 
changes over time are possibly due to the increased statin use and decreased tobacco 
use in recent years [60].

Plaques vulnerable to rupture (vulnerable plaques) have several histological 
characteristics, first identified in postmortem studies in patients who died from 
myocardial infarction. These plaques have a large lipid core (>40% of the total 
plaque area), a large necrotic core, intra-plaque neovascularization, intra-plaque 
hemorrhages, inflammatory cell infiltration into the fibrous cap, and, most impor-
tantly, a thin fibrous cap [1]. These same characteristics are of importance in carotid 
atherosclerosis, with one notable difference [61]. In carotid vulnerable plaques, 
intra-plaque hemorrhage (IPH) is especially predictive of future carotid atheroscle-
rosis progression and stroke [62, 63]. Advanced lesions often show IPH, and it is 
postulated that micro-hemorrhages within the plaque occur from microvessels, 
originating from the adventitial vasa vasorum or from neovessels arising from the 
luminal endothelium. Both IPH and plaque rupture are associated with an increased 
density in microvessels [62].

Plaque rupture occurs when the shear stress pulling on the fibrous cap exceeds 
the tensile strength of this fibrous cap. In the carotid artery, retrospective studies 
determined that caps thinner than <165 μm [53] or <200 μm [54] are prone to rup-
ture. These plaques are termed thin-cap fibroatheromas (TCFA). In coronary athero-
sclerosis, the threshold for rupture prone plaques is lower (65 μm [55]), most likely 
due to differences in flow and vessel diameter. The coronary threshold and the 
importance of the thin cap in coronary plaque rupture have been confirmed by 
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in vivo intravascular imaging in patients [64]. In carotid atherosclerosis, no prospec-
tive studies determining the usefulness and/or accuracy of these values have been 
performed yet.

Thinning of the fibrous cap is induced by two concurrent mechanisms. 
Macrophages and foam cells inside the plaque induce tissue remodeling, especially 
fibrous cap thinning, via the secretion of several proteolytic enzymes such as plas-
minogen activators, cathepsins, and matrix metalloproteinase) [65]. Furthermore, 
smooth muscle cells (SMC) are gradually lost in the thinning fibrous cap due to 
SMC apoptosis. At the site of cap rupture, SMCs are usually absent. Both of these 
processes are most apparent at the shoulder regions of a plaque, which is probably 
why this is the region with the thinnest fibrous cap [66].

In both coronary and carotid atherosclerosis, rupture of a thin fibrous cap can 
sometimes be induced by a trigger, such as alcohol or coffee consumption, heavy 
meals, cigarette smoking, anger, anxiety, work stress, industrial accidents, war and 
terror attacks, earthquakes, and sporting events [67]. These triggers likely cause 
activation of the sympathetic nervous system, resulting in an increased heart rate 
and higher blood pressure and possibly increased platelet reactivity. It should be 
noted that some studies indicate that plaque rupture caused by these triggers would 
have happened a few weeks later anyway [66].

 Plaque Erosion

About 35% of myocardial infarctions are due to plaque erosion, a number that is 
seemingly rising in the last decade [60]. These numbers might be lower in carotid 
atherosclerosis, being the underlying mechanism in about 10% of stroke or TIA 
patients, though it should be noted that this study was performed with a low number 
of patients in an older database [68]. Plaque erosion occurs when the endothelial 
cell layer overlying the fibrous cap disappears, thus exposing the thrombotic extra-
cellular matrix to the blood, ultimately leading to clot formation. As no identifying 
morphological features of plaque prone to erosion have been identified, character-
izing these plaques has proven difficult [57].

In regions of disturbed flow, toll-like receptor 2 (TLR2) is activated on endothe-
lial cells. Ligation of TLR2 induces the production of IL-8, promoting neutrophil 
adhesion and recruitment. In vitro, co-incubation of endothelial cells with TLR2 
agonists and neutrophils promotes endothelial cell death. This combination of fac-
tors might also lead to the loss of endothelial cells in vivo, ultimately resulting in the 
exposure of the fibrous cap to the blood. This exposure activates platelets, causing 
them to release pro-inflammatory mediators (further aggravating the process lead-
ing to endothelial cell death) and to release blockers of fibrinolysis (increase the 
durability of clots) and causing them to adhere to the exposed fibrous cap, leading 
to the initiation of thrombus formation [69].
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 Calcified Nodules

About 6–7% of carotid thrombosis is thought to be caused by calcified nodules, 
though it should be noted that this number is derived from a low number of cases 
[53]. This number is slightly lower in coronary atherosclerosis [58]. First introduced 
by Virmani et  al., calcified nodules refer to a rare type of thrombosis caused by 
extruding calcified nodules into the vessel lumen [48]. These calcified nodules are 
more often present in older individuals and tortuous arteries. In coronary atheroscle-
rosis, calcified nodules identified by IVUS in the PROSPECT trial were unlikely to 
cause adverse cardiovascular events during a 3-year follow-up [57].

 Atherosclerosis in the Carotid Artery

Atherosclerotic plaques have different morphologies in every vascular bed, mostly 
due to the differences in anatomy and/or hemodynamics between the vascular beds. 
The carotid artery can be subdivided into several distinct regions. The left common 
carotid artery (CCA) directly stems from the aortic arch, the right CCA stems from 
the brachiocephalic artery, which in turn stems from the aortic arch. On both sides, 
the CCA bifurcates into two arteries, the internal and the external carotid artery. Both 
internal carotid arteries, together with the basilar artery, supply the circle of Willis. 
The external carotid arteries supply the neck, face, and eyes. At the bifurcation of the 
CCA, a widening of the artery occurs called the bulb (Fig. 4.1). This unique aspect 
of the CCA aggravates the already disturbed, turbulent flow at the bifurcation [70].

Internal carotid
artery

Bulb Bifurcation

External carotid
artery

Common carotid
artery

Fig. 4.1 The carotid artery
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The disturbed flow around the bifurcation and bulb aggravates the formation of 
atherosclerotic plaques. When observing plaque size in carotid endarterectomy, 
the largest, most restricting, plaques form around the base or midsection of the 
internal carotid artery [71]. Furthermore, when observing atherosclerotic plaques 
using MRI, the common carotid artery showed outward remodeling, while at the 
bifurcation and internal carotid artery, the more malign inward remodeling was 
observed [70].

 Carotid Artery Versus Coronary Artery Atherosclerosis

Carotid and coronary atherosclerosis overlap in many key areas but also differ in 
many other aspects (see Table 4.1). Systemic factors, like blood lipid levels, are 
similar in coronary and carotid atherosclerosis for obvious reasons. The hemody-
namic environment however is very different in the two vascular beds.

The amount of flow through the carotid artery is mostly determined during the 
systolic phase. In contrast, flow thorough coronary arteries is only present during 
the diastolic phase, as the smaller coronary vessels are closed by the ventricular 

Table 4.1 Differences between carotid and coronary atherosclerosis

Feature Carotid artery Coronary artery

ANATOMY Collateral 
circulation

Well developed (circle of 
Willis)

Developed in response to 
flow deficit

Other factors Carotid artery bulb aggravates 
non-laminar shear stress

Blood flow only during 
diastole

Plaque 
features

Thin-cap cut-off Thin cap: <165–200 μm Thin cap: <65 μm

Plaque 
hemorrhaging

Important predictor for stroke Weaker correlation with ACS

Plaque 
pathology

Thrombosis Distal embolization Local thrombosis causing 
obstruction

Plaque rupture Frequent Frequent (ca. 60%), 
associated with STEMI

Erosion Rare (10%) Infrequent (35%), associated 
with NSTEMI

Calcified nodules Rare (6–7%) Rare (5%)
Risk factors Hypertension Both high diastolic and high 

systolic pressure are a risk 
factor

High systolic pressure is a 
risk factor

Inflammation 
(CRP)

Risk factor Risk factor

Therapy Blood pressure 
therapy

Effective (more effective in 
stroke prevention than in ACS 
prevention)

Effective (more effective in 
stroke prevention than in 
ACS prevention)

Anti-lipid therapy Effective (but no reduction in 
IMT)

Effective (plaque regression 
with very low lipids)

Reduction of 
inflammation

Likely effective (one trial 
showing benefit)

Probably not effective (one 
trial showing no benefit)
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pressure during the systolic phase. While blood pressure influences the increase of 
both coronary and carotid atherosclerosis, changes in blood pressure affect stroke 
incidence more than the incidence of myocardial infarction [72]. Due to the carotid 
bulb, the maximum area at the carotid bifurcation is much higher than the maximum 
area in the common carotid area, leading to slower blood flow and low, non-laminar 
shear stress. This phenomenon is not present in the coronary arteries [73].

While carotid artery plaques develop later in life, as compared to lesions in the 
coronary circulation, the morphology of carotid atherosclerosis is somewhat similar 
to that of coronary atherosclerosis [74]; however, some notable differences exist.

The mean fibrous cap thickness is about 3× as thick in ruptured carotid plaques 
(165–200 μm [53, 54]) as compared to ruptured coronary plaques (65 μm [64]), 
most likely due to the stronger pull, and thus earlier rupture, on the fibrous cap 
caused by different hemodynamics in the carotid artery. Intra-plaque hemorrhage is 
more frequent and larger in the carotid artery, as compared to the coronary artery. 
These changes are thought to be due to the higher pressure and flow in the vasa 
vasorum of carotid plaques [73]. Possibly secondary to these differences, calcified 
nodules are more frequent in carotid atherosclerosis, while plaque erosion is rarer in 
carotid atherosclerosis, as compared to coronary atherosclerosis [73].

In general, myocardial infarction is caused by local thrombosis at the site of the 
atherosclerotic plaque. Conversely, distal embolization appears to be the most prev-
alent mechanism causing ischemic events by carotid atherosclerosis. Only when the 
intracranial collateral network (circle of Willis) is incomplete or obstructed, carotid 
artery occlusion can lead to cerebral ischemia [74].

While the relation between complete blockage of the carotid artery and brain 
ischemia is obvious, the correlation between embolization and cerebral ischemia is 
clouded by confounders. Many risk factors for carotid atherosclerosis (hyperten-
sion, smoking, etc.) also increase risk of atrial fibrillation (AF) [75, 76]. While AF 
is an important risk factor for ischemic stroke, it is not for carotid atherosclerosis 
[77]. This interaction makes it harder to interpret whether an increase in the inci-
dence ischemic stroke is due to more vulnerable carotid plaques, due to the presence 
of atrial fibrillation, or both.

In patients with atherosclerotic stenosis of the carotid artery of >50%, who expe-
rienced ischemic symptoms (amaurosis fugax or TIA), carotid endarterectomy 
reduces stroke risk by about 75% [78], suggesting that the problematic emboli often 
originate in the carotid plaque. It should be noted that these trials are more than 
10 years old, and, as stated above, carotid artery plaque composition has changed 
since. As such, the beneficial effects of carotid endarterectomy could be lower 
today. However, no newer trials comparing optimal medical treatment to carotid 
endarterectomy in symptomatic patients have been performed.

In asymptomatic carotid artery stenosis, the benefit of carotid endarterectomy is 
less clear as asymptomatic patients have a low long-term risk for stroke. Furthermore, 
the benefit of carotid endarterectomy compared to medical therapy has not been 
well established in asymptomatic patients, as there is a likely relationship between 
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vascular dementia and the extent of carotid atherosclerosis [79]. There is a clear 
association between the extent of carotid atherosclerosis and signs of brain ischemia 
on MRI [80]. Furthermore, the extent of carotid artery atherosclerosis is associated 
with cognitive impairment. However, the effect of carotid endarterectomy in halting 
cognitive impairment is unclear [81]. It should be noted that none of these studies 
exclude patients with AF, meaning that the exact role of carotid atherosclerosis in 
vascular dementia should still be viewed with some uncertainty.

Logically, the risk of major adverse cardiovascular events increases with the 
number of arterial systems affected by atherosclerosis [82]. For example, patients 
presenting with symptomatic ischemic disease in one cardiovascular system at 
baseline had a 25% risk of recurrent major adverse cardiovascular event (MACE) 
after 3 years, compared to a 45% risk of MACE after 3 years in patients with symp-
tomatic disease in three cardiovascular systems [83].

Furthermore, the extent of atherosclerosis in the carotid artery correlates with the 
extent of the disease in the coronary circulation. Increasing carotid intima-media 
thickness is well correlated with risk of ischemic stroke and correlates almost as 
well with risk of myocardial infarction [84]. Moreover, a significant portion of 
symptomatic stroke patients has subclinical coronary atherosclerosis [85]. Lastly, 
carotid plaque phenotype as measured by MRI might be an excellent predictor of 
future coronary artery disease [86]. This overlap suggests that the development of 
atherosclerosis is influenced by systemic parameters; however, due to local anatomy 
and hemodynamic parameters, differences between vascular beds are present.

 Risk Factors in Carotid Atherosclerosis

Of the two types of stroke, ischemic and hemorrhagic, only ischemic stroke is cor-
related with carotid atherosclerosis. Stroke caused by carotid atherosclerosis is 
invoked by either of the two mechanisms, thrombosis or embolization. In throm-
botic stroke, the carotid artery is (almost) completely occluded. When the anatomy 
of the circle of Willis is incomplete, the resulting flow deficit cannot be compen-
sated by the collateral circulation, culminating in cerebral ischemia. In thromboem-
bolic stroke, the dominant cause of stroke in carotid atherosclerosis, emboli that 
form at various sites, gets stuck in the cerebral vascular network, leading to a block-
age of that artery. Clinical symptoms are dependent on the size of the embolus and 
which the artery is blocked by the thrombus. About 15–20% of all ischemic stroke 
occurrences are thought to be due to carotid atherosclerosis [87]. Furthermore, the 
extent of carotid artery atherosclerosis is likely associated with cognitive impair-
ment and signs of brain ischemia on MRI [80, 81].

It should be noted that the risk of stroke, especially in asymptomatic patients 
with carotid stenosis >50%, has drastically decreased over the last 40 years, most 
likely due to much improved pharmacological interventions [88].
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 Lipids

Unfavorable lipid profiles (high LDL-C, high triglycerides, low HDL) correlate 
with atherosclerosis in any vessel. In the carotid artery, unfavorable lipid profiles are 
associated with carotid intima-media thickness and a vulnerable plaque composi-
tion [89–91]. Surprisingly however, levels of total cholesterol and low-density lipo-
protein (LDL-C) cholesterol appear unrelated to incidence of stroke in the 
Framingham Heart Study [92].

Ultimately, lowering lipid levels is effective in the prevention of stroke. In a vari-
ety of large statin trials, designed to study the reduction of major adverse cardiovas-
cular events in general, the incidence of ischemic stroke was lower in statin-treated 
patients. Furthermore, more aggressive treatment further decreased stroke risk [14]. 
In both the FOURIER and the SPIRE trials, designed to study the effect of anti- 
PSCK9 antibodies on lipid levels and reduction of cardiovascular events on top of 
statins, treatment with the anti-PSCK9 antibodies severely lowered lipids and low-
ered ischemic stroke risk [15, 16].

 Hypertension

Hypertension, most importantly systolic and pulse pressure, is a risk factor in all 
cardiovascular diseases. In carotid atherosclerosis, both a higher carotid intima- 
media thickness and vulnerable carotid plaque composition are highly correlated 
with blood pressure [90, 91]. Furthermore, hypertension is one of the largest con-
tributors to risk of ischemic stroke [77]. Though it should be noted that atrial fibril-
lation, another large contributor to stroke risk, is also correlated with hypertension. 
Pharmacological reduction of blood pressure toward baseline is effective in reduc-
ing stroke risk, though debate is still ongoing about optimal pressure targets 
[92–94].

 Smoking

It is well known that the smoking of tobacco is a major contributor to atherosclerotic 
plaque initiation, development, and ultimately its complications, such as stroke and 
myocardial infarction. Smokers have an unfavorable lipid profile (LDL-C, triglyc-
erides, and total cholesterol are higher) and more inflammation (LDL-C, triglycer-
ides, and total cholesterol are higher) and are more prone to thrombosis. Furthermore, 
they have decreased vascular function due to reduce nitric oxide (NO) production, 
increased in adhesion molecules on endothelial cells, and eventual endothelial dys-
function [95, 96]. Together, these effects lead to a more vulnerable plaque, which 
has more atheroma, a smaller fibrous cap, and more plaque hemorrhage. In carotid 
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atherosclerosis, smoking is correlated with a higher carotid intima-media thickness 
and vulnerable carotid plaque composition [90, 91].Ultimately, stroke risk is 
increased by tobacco and is estimated to cause about 15% of all strokes per year. 
Cessation of smoking is highly effective, as it decreases stroke risk back to baseline 
after 2–4 years [97].

 Obesity

Obesity is a growing epidemic, with 76% of people being overweight and 25% 
being obese in the United States. Obesity is associated with many risk factors of 
cardiovascular disease but also separately with atherosclerosis. It is associated with 
hypertension, diabetes, and metabolic syndrome and a higher risk of coronary 
artery disease. In carotid atherosclerosis, higher body weight is associated with 
increased intima-media thickness and high-risk plaque characteristics [90, 91]. 
Moreover, for each 1-unit increase in BMI, there is a 4% increased risk of ischemic 
stroke. It should be noted that obesity increases risk of atrial fibrillation by the same 
amount [98].

 Diabetes

Intracellular hyperglycemia, caused by diabetes mellitus, induces excessive reactive 
oxygen species (ROS) production in the atherosclerotic plaque, leading to increased 
oxidation of lipids and increased inflammation, most notably via activation of the 
NLRP3 inflammasome [99]. It has been shown that diabetes mellitus is an indepen-
dent and modifiable risk factor for ischemic stroke. Interestingly, risk for stroke is 
higher in younger patients suffering from diabetes mellitus. Even prediabetes has 
been linked to an increase in the risk of ischemic stroke [100]. Older glucose- 
lowering drugs have already been successful in lowering cardiovascular risk, and 
several new drugs have shown promising results in reducing cardiovascular events, 
including stroke [101].

 Inflammation (High hsCRP Levels)

High-sensitive C-reactive protein (hsCRP) is a marker of inflammation, being 
produced downstream of IL-1β and IL-6. Higher levels of hsCRP are associated 
with acute coronary syndromes and ischemic stroke [102]. And, like in coronary 
atherosclerosis, hsCRP is associated with a more advanced plaque in the carotid 
artery [103]. In a primary prevention setting, treating patients with a high hsCRP 
at baseline with atorvastatin (the JUPITER trial) reduces incidence of ischemic 
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stroke. In high-risk populations, this correlation is not present, probably because 
these patients have maximal benefit of statins therapy regardless of hsCRP 
[104]. However, in the CANTOS trial, reduction of inflammation via 
canakinumab (an IL-1β inhibitor) on top of statin did reduce hsCRP, but not 
stroke incidence [32].

 Conclusion

The formation of an atherosclerotic plaque is a complex process, involving a variety 
of lipids and immune and nonimmune cells. While the disease is similar in the 
carotid and coronary arteries, some large differences are present between the two, 
due to the hemodynamic variations and different disease etiologies of stroke and 
myocardial infarction. A plethora of risk factors is involved in carotid plaque forma-
tion and subsequent stroke risk, with hypertension and lipid levels being the most 
prominent risk factors.
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Chapter 5
Current Imaging Approaches 
and Challenges in the Assessment 
of Carotid Artery Disease

Krishnan Ravindran, Waleed Brinijiki, J. Kevin DeMarco,  
and John Huston III

 MR Angiography in Vessel Wall Imaging of the Internal 
Carotid Artery

 Introduction

MRI has historically been the most well-established imaging modality for carotid 
plaque characterization due to its high signal-to-noise ratio and its establishment as 
the gold standard for carotid plaque imaging when compared to histological gold 
standards. Both intraplaque hemorrhage and lipid-rich necrotic core can be detected 
with high sensitivity and specificity on MRI and, importantly, good inter-observer 
agreement. Its noninvasive nature, lack of radiation exposure, and high soft tissue 
contrast enable detailed visualization of plaque morphology. There are a wide vari-
ety of pulse sequences available for plaque characterization with MRI. Fast spin 
echo (FSE) is the most commonly used technique as it allows for T1-, T2-, and 
proton density (PD)-weighted imaging. Gradient echo imaging with or without 
inversion recovery preparatory pulses is another technique for rapid imaging acqui-
sition which has high reliability to detect plaque hemorrhage and lipid-rich necrotic 
core on T1-weighted images. This method uses FSE sequences with double 
inversion recovery preparatory pulses, thus resulting in a high amount of contrast 
between the dark vessel lumen and the vessel wall.
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Fat suppression is absolutely essential for characterization of plaque morphol-
ogy. This method is needed to suppress signal of subcutaneous fat resulting in a high 
degree of contrast between plaque components, the carotid wall and surrounding 
tissues. Administration of gadolinium-based contrast aids delineation of plaque 
morphology and differentiation of core from fibrous cap on T1 sequences [1]. 
Contrast enhancement is believed to be associated with plaque inflammation and 
neovascularization [2]. Neovascularity is seen in nearly 100% of contrast- enhancing 
areas and the histological presence of macrophage infiltration in nearly 90% of 
post-contrast-enhancing regions [3]. MRI findings correlate strongly with histo-
pathological findings of plaque morphology and have high specificity/sensitivity 
and inter-observer agreement [4]. Antibody-coated superparamagnetic iron oxide 
particles have also been used as an alternative potential contrast agent and shown to 
reflect histological plaque inflammation and endothelial activation [5].

 Intraplaque Hemorrhage

MRI is excellent at detecting intraplaque hemorrhage [6, 7]. Intraplaque hemorrhage is 
often located diffusely in the plaque and colocalizes with lipid-rich necrotic core. 
Intraplaque hemorrhage is optimally evaluated on T1-weighted and fat-/flow- suppressed 
sequences as hemoglobin products induce T1 shortening [8, 9]. Black- blood sequences 
using T1-weighted imaging with fat saturation or MPRAGE-type sequences demon-
strate plaque hemorrhage as T1 hyperintense with signal intensities at least 50% higher 
than the adjacent sternocleidomastoid muscle. These sequences suppress flow artifact 
near the carotid bifurcation, though increasing the time for examination. Plaque hemor-
rhage can easily be identified using both surface coil imaging techniques and large 
field-of-view MPRAGE imaging using standard head and neck coils. The sensitivity of 
specificity of plaque hemorrhage identification using surface coils is about 98% com-
pared to histological gold standard, while the sensitivity of plaque hemorrhage identifi-
cation of surface coils compared to MPRAGE imaging is well over 90%. Figure 5.1 
shows an example of intraplaque hemorrhage.

Plaque hemorrhage signal intensities can change over time. Fresh plaque hemor-
rhage is hyperintense on T1-weighted images and hypointense/isointense on 
T2-weighted images and PD-weighted images. Both hemorrhage and lipid-rich core 
may exhibit high T1 signal. These can be distinguished on T1-weighted time-of- 
flight (TOF) sequences, with hemorrhage typically appearing hyperintensing on 
both T1 and TOF. Proton density-weighted sequences are also used, though plaque 
hemorrhage appearance on this sequence is more variable. In a study of 26 patients 
undergoing TOF and T1- and T2-weighted imaging prior to endarterectomy, MRI 
was able to differentiate intraplaque hemorrhage from juxtaluminal hemorrhage 
with near 100% accuracy [10]. Recent plaque hemorrhage is hyperintense on all 
contrast weightings. In a study of 42 plaques with recent intraplaque hemorrhage, 
Yim and colleagues demonstrated the presence of a peripheral rim of high signal 
intensity (“halo sign”) around the carotid on maximum intensity project images of 
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TOF MRI [11]. The negative predictive value of this halo sign on TOF MR angiog-
raphy was 95%. The T1 hyperintensity of plaque hemorrhage can last for months to 
years following the initial event. However, older plaque hemorrhage has been 
reported to appear hypointense on all contrast weightings [12].

In asymptomatic individuals with 50–70% carotid stenosis, the presence of intra-
plaque hemorrhage on MRI was associated with a markedly increased risk of cere-
brovascular events [13] (hazard ratio 3.59, 95% confidence interval 2.48–4.71, 
p < 0.001). In a further meta-analysis of 689 patients undergoing carotid MRI, the 
event rate for cerebrovascular events was 17.8% per year, compared to 2.4% in 
patients without MRI-visible intraplaque hemorrhage [14].

Fig. 5.1 Example of intraplaque hemorrhage on surface coil MRI at 3T. Time of flight (TOF) 
shows a widely patent lumen (∗) with a large plaque associated with positive remodeling, which is 
T1 hyperintense (arrows). On T2, the lumen (∗) is widely patent, and there is T2 hypointensity 
within the plaque. On MPRAGE, we see the patent lumen (∗) with marked T1 hyperintensity in the 
carotid plaque consistent with hemorrhage. On the contrast-enhanced T1 weighted image (CET1), 
the plaque is again seen with minimal internal enhancement but robust enhancement of the adven-
titia. (J jugular vein)
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 Lipid-Rich Necrotic Core

Lipid-rich necrotic core is best identified on MRI black-blood vessel wall imaging. 
Lipid-rich necrotic core is identified using a combination of T1 fat-saturated black- 
blood imaging with and without contrast. Lipid-rich necrotic core consists of a 
hypointense plaque on T1 fat-saturated imaging with an associated internal hypoin-
tense/non-enhancing region. Unlike plaque hemorrhage, necrotic core typically 
appears hyperintense on T1-weighted sequences but isointense on TOF images. The 
lack of internal enhancement indicates necrotic lipid which is not vascularized. The 
sensitivity and specificity of surface coil imaging at 3T in identification of LRNC 
are also over 95% when compared to histological controls. When compared to a 
surface coil exam, imaging of carotid plaques with standard head and neck coils has 
a sensitivity and specificity of about 85–90% for identification of lipid-rich necrotic 
core. Unlike ultrasound, MRI is able to distinguish lipid-rich core from hemorrhage 
and calcification with high sensitivity and specificity. Single-sequence T1-weighted 
turbo field echo (TFE) MRI has been shown to be as good, if not superior, to multi- 
sequence MRI in quantifying lipid-rich necrotic core with inter-reader reproduc-
ibility above 0.90 [15]. Contrast-enhanced MRI importantly allows discrimination 
of fibrous cap from necrotic core; given the avascular nature of the core, it displays 
minimal contrast enhancement, while the surrounding fibrous tissue has been shown 
to display strong enhancement [16]. In this study, the authors further identified a 
subset of lesions that hyper-enhanced with contrast administration, which was his-
tologically corroborated with the presence of plaque neovascularization. Use of 
high-resolution contrast-enhanced MRI furthermore enables in vivo quantification 
of fibrous cap length and area [17]. T2-weighted sequences have been suggested to 
overestimate lipid core volume [18]. Moreover, the presence of hemorrhage within 
the lipid-rich necrotic core may result in T2 hyperintensity and make delineation of 
fibrous cup and necrotic core difficult. On high-resolution contrast-enhanced MRI, 
hemorrhage showed minimal enhancement making lipid-rich necrotic core delinea-
tion easier. Figure 5.2 shows an example of lipid-rich necrotic core.

 MRI Plaque Features and Prognosis

Plaque enhancement with gadolinium visualized using 3T MRI is strongly associ-
ated with plaque vulnerability and cerebrovascular ischemic events, independent of 
wall thickness and degree of stenosis [19]. Indeed, MRI biomarkers of carotid 
plaque show stronger association with the presence of clinical symptoms than 
degree of luminal stenosis [1]. In a meta-analysis of nine studies (779 patients) 
assessing plaque characteristics and clinical prognosis, incidence of future transient 
ischemic attack or stroke was more than three times higher with the presence of 
either intraplaque hemorrhage or lipid-rich necrotic core [20]. Taken together, these 
results suggest characterization of plaque morphology and composition using MRI 
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techniques may indeed provide greater information for risk stratification than quan-
titative stenosis measurement.

 MRI Summary

MRI is highly specific and sensitive for plaque morphology, and features of plaque 
vulnerability on MRI correlate well with risk of future cerebrovascular events across 
several studies. Literature assessing the role of multiple contrast-weighted MRI in 

Fig. 5.2 Example of lipid-rich necrotic core. TOF shows a patent carotid artery lumen (∗). There 
is a large plaque with positive remodeling, which does not have any internal hyperintensity. On T2, 
there is some internal hyperintensity, but for the most part, the plaque is hypointense. On the T1 
fat-saturated image, we see internal hypointensity. On the contrast-enhanced T1 image (CET1), 
there is peripheral enhancement of the plaque and no internal enhancement. This is characteristic 
of lipid-rich necrotic core
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evaluating carotid plaque has substantially increased. Expense and availability remain 
limiters in certain populations. Importantly, MRI findings also corroborate very 
strongly with histological findings, suggesting MRI with multiple contrast weightings 
may be an important tool for selecting candidate patients for intervention. Notably, 
plaque morphology findings may not be fully concordant with MR angiographic ste-
nosis, particularly in predicting risk of future transient ischemic attacks or stroke.

 CT Angiography in Vessel Wall Imaging of the Carotid Artery

 Introduction

Multi-detector row CT angiography (CTA) is an easy and rapid imaging modality to 
detect extracranial carotid stenosis. The role of CTA to evaluate carotid vessel wall 
abnormality is less clear. Compared with the robust, extensive literature describing 
the MR imaging characteristics of vulnerable carotid plaque features, there is less 
literature and less consensus on the vulnerable plaque detection using CTA. Carotid 
CT vessel wall imaging (VWI) to detect various components in the soft plaque has 
been limited by overlapping Hounsfield units (HU) and blurring/blooming effect of 
extensive plaque calcifications (CA). Nevertheless, exciting new research indicates 
that vulnerable plaque features can be detected using CTA. We will review the CTA 
appearance of lipid-rich necrotic core (LRNC) which is associated with the 
American Heart Association lesion type IV/V (AHA-LT4/5). Next, we look at mul-
tiple different techniques that have been proposed to detect intraplaque hemorrhage 
(IPH) seen in American Heart Association lesion type VI (AHA-LT6) plaques. 
Lastly, we will look at research evaluating the ability of CTA to measure fibrous cap 
and/or identify fissured fibrous cap.

 Lipid-Rich Necrotic Core

Carotid CTA can differentiate between soft tissue and calcified plaque. The use of 
simple Hounsfield units (HU) to detect LRNC on carotid CTA has led to inconsis-
tent results. Some of the initial poor correlation of CTA-detected LRNC and histol-
ogy was probably related to partial volume artifacts due to the use of single-slice 
CTA with thick axial images. Even with the use of more modern multi-detector CT 
(MDCT) scanners with thinner axial slices, partial volume effects still limit the 
detection of smaller LRNC regions. Also, extensive carotid plaque CA can lead to 
blurring/blooming which limits detection of adjacent soft tissue plaque including 
LRNC. Recent post-processing algorithms can mitigate both the blurring and partial 
volume effects to more accurately detect and quantify carotid plaque LRNC.

Initial studies comparing the detection of LRNC on CTA with histological evalu-
ation of carotid endarterectomy specimens (CEA) utilized a single-slice spiral CT 
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scanner with axial images reconstructed every 1.5 mm. In a review of 55 patients 
undergoing CEA who underwent single-slice spiral CTA preoperatively, there was 
a statistically significant decrease in HU density measurements with increasing 
plaque lipid but with high standard deviation of these values [21]. The authors con-
cluded that analysis of plaque attenuation does not give useful information concern-
ing plaque composition.

In a subsequent study in 15 symptomatic patients with severe carotid stenosis 
who underwent a carotid CTA just prior to CEA using a 16-slice MDCT scanner 
with axial images reconstructed at 0.6  mm intervals, the measured attenuation 
value of LRNC was 25 HU ± 19 HU with a cutoff of 60 HU to differentiate between 
LRNC and fibrous tissue [22]. However, the regression plots showed good correla-
tion of LRNC size measured on CTA compared with CEA specimen histology 
(R2 = 0.77) only in mildly calcified carotid plaques (0–10%). The authors hypoth-
esized that the lack of correlation between LRNC HU measurements in more 
densely CA plaque and histology could be explained by the blooming effect of CA 
on CTA.

Wintermark et al. described their comparison of eight patients with recent TIA 
who underwent preoperative 16-section MDCT carotid angiography with postop-
erative microCT and histological evaluation of the CEA specimen [23]. Despite 
using more modern preoperative CT scanners with 0.5 mm thick reconstructed axial 
images on their in vivo carotid CTA, there was a significant overlap in HU measure-
ments between fibrous tissue and LRNC. The authors did note that if they restricted 
the analysis to large LRNC (>5 pixels in diameter), there was a greater concordance 
between CTA and histology (κ = 0.796, P < 0.001).

In a more recent study of 51 patients with suspected ischemic stroke or transient 
ischemic attack (TIA) who underwent MDCT carotid angiography and multi- 
contrast carotid plaque MRI within 14 days of the event, a significantly lower HU 
was detected in plaque containing LRNC or plaque with IPH contained in the LRNC 
region compared to fibrous plaque [24].

Very recently a new post-processing algorithm using lumen boundary to detect 
and mitigate blurring and partial volume effects and fit a patient-specific point 
spread function to the original CTA data has been developed to more accurately 
measure LRNC and CA [25]. When comparing the preoperative carotid CTA using 
multiple modern MDCT scanners in 31 consecutive patients scheduled for CEA 
with postoperative specimen histology, there were a high correlation and low bias 
between the in  vivo software analysis and ex  vivo histopathological quantitative 
measurements of LRNC as well as low reader variability even in the presence of 
extensive plaque CA (Fig. 5.3).

In summary, there were initial conflicting results when comparing the detection 
and quantification of LRNC using simple HU measurements on carotid CTA com-
pared with histological evaluation of carotid CEA specimens. As the research and 
technology have evolved, it now appears that the combination of modern MDCT 
scanners and a recent post-processing algorithm to mitigate blurring and partial 
volume effects is now possible to measure carotid plaque LRNC with high correla-
tion and low bias compared with histology.
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 Intraplaque Hemorrhage

The literature suggests that accurate detection and quantification of IPH with carotid 
CTA is even more difficult than LRNC quantification. We will review the research 
to detect IPH with direct HU measurements as well as indirect detection using gen-
eral plaque morphology to imply the presence of IPH.

Adjuk et al. analyzed the HU measurements of carotid plaque in the preoperative 
carotid CTA obtained with a 16-row MDCT scanner in 2 studies of 31 and 50 
patients with CEA specimen correlation. They obtained three measurements using 
a 2 mm diameter region of interest on the 0.7 mm thick axial image in the visually 
lowest attenuated portion of the plaque and record the lowest of the 3 measurements 
for comparison with histology. Some of these low attenuation regions were adjacent 
to CA. Using 33.8 HU as the IPH cutoff value, CTA had 100% sensitivity and 64.7–
70.4% specificity to detect IPH.

In a comparison of 167 patients with suspected carotid stenosis who underwent 
a 4-row or 64-row MDCT carotid angiogram and 1.5T MRA with magnetization- 
prepared rapid acquisition gradient echo (MPRAGE) sequence using an 8-channel 
large field-of-view neurovascular coil obtained within 3 weeks, the mean HU for 
MRI+ IPH was higher (47 HU) compared with MRI- IPH (43 HU). However, sig-
nificant overlap between distributions of plaque densities limited the value of mean 
plaque density for prediction of IPH [26].

Fig. 5.3 Example of severe stenosis internal carotid artery. (a) Three-dimensional segmentation 
of lumen, vessel wall, and plaque components performed. (b) Magnified raw CT angiographic 
oblique axial image at the level of maximum stenosis shown as green line in part a. (c) Same level 
with the segmentation results superimposed (residual lumen outlined by dashed line, yellow out-
line = LRNC, green outline = calcifications). (d) Overlay of regions derived from CT angiography 
and histologic examination. Histologic sections are shown in solid colors, and results of software 
analysis are shown in outline. (Yellow = LRNC, green = calcification, blue = fibrosis post-process-
ing using vascuCAP, Elucid Bioimaging Inc., Wenham, MA.  ClinicalTrials.gov Identifier: 
NCT02143102. Images courtesy of Andrew Buckler and Samantha St. Pierre)

a

b c d
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In the previously described comparison of 8 patients with recent TIA who under-
went preoperative 16-section MDCT carotid angiography with postoperative 
microCT and histological evaluation of the CEA specimen, the authors found the 
HU measurements of IPH to be higher than fibrous tissue with a cutoff value of 72 
HU [23]. As with LRNC and fibrous tissue in the same study, the authors found 
significant overlap between the HU measurements of IPH and fibrous tissue which 
limits the value of HU to determine various plaque components. The authors did 
note that by restricting their analysis to large (>5 pixel) IPH, there was a greater 
concordance between CTA and histology (κ = 0.712, P = 0.102).

In a more recent publication of 91 patients undergoing preoperative carotid CTA 
using a 16-row MDCT scanner with 0.6 mm slice thickness, a low average value 
(18.4 HU) was found for IPH.  Using a threshold of 25 HU, IPH presence was 
detected with a sensitivity of 93.2% and a specificity of 92.7% compared with his-
topathological evaluation of the CEA specimen [27].

There is an almost equal number of publications demonstrating that IPH has 
simple HU measurements lower than or higher than fibrous tissue using either his-
tological validation or comparison with MPRAGE. There is no clear way to recon-
cile these discrepant findings. IPH detection on MDCT carotid angiography using 
the newly developed post-processing algorithm to mitigate blurring and partial vol-
ume effects is an area of current research.

Given the discrepancies in using simple HU to detect IPH, other authors have 
exploited indirect findings on carotid CTA to detect IPH and/or AHA-LT6 plaques 
which in part can contain IPH. To date, CTA is not able to reliably identify compli-
cated AHA-TL6 plaques, which are characterized by fibrous cap rupture, attached 
thrombus, or plaque hemorrhage. Multi-contrast MRI using dedicated carotid 
plaque surface coils has been shown to accurately identify AHA-LT6 plaques which 
are closely associated with an increased clinical risk of stroke.

Trelles et  al. reported a study of 51 patients with suspected stroke/TIA who 
underwent multi-contrast carotid MRI with dedicated surface coils and MDCT 
carotid angiography within 14 days of the event/hospitalization [24]. The maximum 
soft plaque component thickness proved the best discriminating factor to predict 
AHA-LT6 by MR imaging, with a receiver operating characteristic area under the 
curve of 0.89. The optimal sensitivity and specificity for detection of AHA-LT6 by 
MR imaging was achieved with a soft plaque component thickness threshold of 
4.4 mm (sensitivity, 0.65; specificity, 0.94; positive predictive value, 0.75; and nega-
tive predictive value, 0.9).

Eisenmenger et al. took a different approach to find an indirect sign of IPH 
[28]. Because adventitial inflammation is highly associated with IPH and chronic 
inflammation is associated with calcification, they undertook a retrospective 
study of 96 patients who underwent a multi-contrast carotid MRI with dedicated 
surface coils and MDCT carotid angiography within 1 month of each other to 
determine whether adventitial calcification with internal soft plaque (rim sign) 
could aid in carotid IPH prediction. A positive rim sign was defined as adventi-
tial calcification (<2-mm thick) with internal soft plaque (≥2-mm thickness). 
Their final model included the rim sign (prevalence ratio = 11.9, P < .001) and 
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maximum soft plaque thickness (prevalence ratio = 1.2, P = .06). This model had 
excellent intraplaque hemorrhage prediction (area under the curve = 0.94), out-
performing the rim sign alone, maximum soft plaque thickness, NASCET steno-
sis, and ulceration (area under the curve = 0.88, 0.86, 0.77, and 0.63, respectively; 
P < .001).

In summary, there are conflicting results using simple HU to detect IPH. The 
potential to use the recently described post-processing algorithm to mitigate blur-
ring and reduce partial volume effects to improve IPH detection/quantification is an 
active area of research. Currently, the best recommendation is to use indirect find-
ings such as the rim sign and maximum thickness of soft tissue plaque to suggest the 
presence of IPH and/or AHA-LT6 plaque.

 Fissured Fibrous Cap

Wintermark et al. developed an automated carotid plaque classification algorithm to 
identify LRNC and IPH which showed good correlation with histology only when 
larger LRNC and IPH were considered. They also reported the linear regression 
between CTA and histology examination was excellent for mean minimal and mean 
maximal fibrous cap thickness [23]. This technique has not been validated in a 
separate set of patients. Saba et  al. evaluated diffuse plaque enhancement when 
manually comparing pre-contrast and post-contrast carotid CTA to predict the pres-
ence of a fissured fibrous cap [27]. They demonstrated that both plaque neovascu-
larization and fissured fibrous cap were associated with plaque enhancement. 
Histologic analysis showed that the presence of fissured fibrous cap is associated 
with a larger contrast plaque enhancement compared with the contrast plaque 
enhancement of plaques without fissured fibrous cap. The authors noted the 
increased radiation dose required to calculate the contrast enhancement and hypoth-
esized that future radiation reduction techniques could help make the approach 
more suitable for clinical use.

 CTA Summary

General wisdom says that CT is best to evaluate high-contrast structures (bone, 
lung, etc.) and MR is best to detect low-contrast soft tissue abnormalities. The 
extensive literature detailing MR techniques to identify carotid plaque characteris-
tics and the prognostic significance of MR plaque features as well as using MR 
plaque findings to monitor medical therapy effectiveness supports this general wis-
dom. Recent research now indicates that CTA can also be used to detect LRNC with 
high correlation and low bias compared with histology. Even without the use of this 
new post-processing algorithm, there appears to be value in reviewing the source 
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axial CTA images to measure the thickness of soft tissue plaque and describe low 
attenuation regions within the soft tissue plaque to suggest the presence of vulner-
able plaque including LRNC. The role of CTA to detect IPH and fibrous cap abnor-
malities is less clear. Given the ubiquitous use of CTA to evaluate carotid disease, 
there may be value to include LRNC detection in the routine workup of patients 
with suspected carotid stenosis. Put another way, do not just report carotid stenosis 
on CTA neck exams. Despite the new research, there are no randomized controlled 
trials or even natural history cohort studies to clarify the role of CTA-detected 
LRNC to predict future ipsilateral stroke/TIA. The role of carotid CTA to evaluate 
the change in LRNC volume with changes in medical therapy has not been tested, 
and the impact of multiple CTA exams with its radiation dose needs to be taken into 
consideration.

 Ultrasound Carotid Plaque Imaging

 Introduction

Duplex ultrasound is the most widely available noninvasive imaging modality for 
assessment of carotid plaque. Carotid ultrasound allows for real-time assessment of 
both plaque morphological characteristics and blood flow. Increasing evidence sup-
ports characterization of plaque morphology using ultrasound in risk stratification 
of patients with both asymptomatic and symptomatic carotid disease, as highlighted 
in meta-analyses [29, 30]. Established techniques such as B-mode ultrasound as 
well as newer generation technologies such as contrast-enhanced ultrasound and 
three-dimensional ultrasound provide extensive information surrounding plaque 
morphology that may be used for prognostication and interventional consideration.

 Techniques

Grayscale ultrasound morphological features of carotid plaques include echo-
genicity, surface characteristics, and the presence of plaque ulceration. Grayscale 
ultrasonography can be used to identify non-calcified hypoechoic plaque regions 
which have been shown to be an independent risk factor for stroke [31]. B-mode 
ultrasonography allows delineation of vessel wall and is used to assess plaque echo-
genicity with strong histopathologic correlation [1, 32]. Grayscale carotid plaque 
echogenicity has been originally stratified into four types by Gray-Weale and col-
leagues: purely hypoechoic (type I), hypoechoic with small hyperechoic areas (type 
II), hyperechoic with small hypoechoic areas (type III), and hyperechoic (type IV) 
[33]. Echolucency is strongly correlated with plaque vulnerability and stroke risk in 
patients with asymptomatic carotid stenosis; in a 2015 meta-analysis of seven 
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studies comprising 7557 patients, the relative risk of future ipsilateral stroke with 
echolucent plaque was 2.31, independent of stenosis degree (95% confidence inter-
val 1.58–3.39, p < 0.0001) [29]. A meta-analysis of 23 studies comprising 6706 
carotid plaques showed echolucency to occur nearly four times as frequently in 
symptomatic plaques compared to asymptomatic plaques [30]. In an attempt to 
standardize images and mitigate inter-observer variability, the median grayscale 
content of each plaque following normalization of pixel brightness using blood col-
umn and adventitia has been used by certain study authors [34]. Others have 
extended this concept by quantifying the specific pixel intensities of various plaque 
components on B-mode images, including fibrous tissue, blood, calcium, and lipid 
and then mapped these to normalized carotid plaque images, termed pixel distribu-
tion analysis [35]. This analysis demonstrates symptomatic plaques to have larger 
quantities of calcium, intraplaque hemorrhage, and lipid, compared to asymptom-
atic plaques.

B-mode carotid ultrasound is highly specific for identification of plaque surface 
ulceration though ultrasound-visible ulceration is not always a widespread feature 
of symptomatic plaques. Additionally, substantial variability exists in the incidence 
of plaque ulceration as detected on ultrasound [36]. Pulse and color Doppler ultra-
sound allow for quantification of several flow parameters including peak systolic 
velocity, end-diastolic velocity, and performance of spectral waveform analysis for 
assessment of luminal stenosis. While this technique is inexpensive and portable 
and provides direct information regarding flow, this modality is operator-dependent 
and is associated with inconsistent inter-observer agreement. Moreover, the correla-
tion of duplex ultrasonography with angiographically determined stenosis is poor 
[37]. Doppler ultrasound assessment of plaque vulnerability has lower specificity 
and sensitivity compared to black-blood fat-suppressed MRI sequences; it has been 
suggested that ultrasound may not be sufficient to identify LRNC vs fibrous plaque 
for surgical decision-making [38, 39].

Contrast-enhanced ultrasound (CEUS) is a relatively novel technique that uti-
lizes intravenous microbubble contrast agent to assess vessel lumen, intraplaque 
morphology, and, in particular, neovascularization. Microbubbles are produced 
from an inert gas and can be contained within a hydrophobic shell for stability [35]. 
Importantly, microbubble contrast is not nephrotoxic and is associated with minimal 
side effects. Ultrasound pulses are used to suppress tissue signal, thereby amplify-
ing signal from contrast bubbles. Following injection, microbubbles move into the 
vasa vasorum and intraplaque microvessels. The vasa vasorum is identified by the 
presence of echogenic microbubbles in the adventitial layer, while intraplaque ves-
sels are identified by movement of microbubbles from adventitia to plaque core. 
Thus, plaque and intima-media interface appear hypoechoic, while lumen and wall 
appear enhanced. Both expanded vasa vasorum and intraplaque neovascularization 
are associated with advanced lesions.

Plaque enhancement with microbubble contrast is markedly higher in symptom-
atic plaques and associated with increased cardiovascular events, though not always 
histologically corroborative with plaque morphology [40–42]. Uniquely, CEUS 
allows for visualization of plaque heterogeneity both spatially and temporally with-
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out exposure to ionizing radiation (Johri et  al. 2017). Intraplaque vessel size as 
determined by CEUS has also recently been significantly associated with carotid 
plaque histology (Amamoto Cerebovasc Dis 2018). Persisting plaque enhancement 
following contrast administration is suggested to reflect increased intraplaque 
inflammatory cells, which phagocytize microbubbles and adhere to adjacent endo-
thelium, termed “late-phase enhancement” [43]. Though an informative technique, 
CEUS is similarly operator-dependent and contraindicated in several conditions, 
including acute heart failure, unstable angina, and right-to-left cardiac shunts [44].

Three-dimensional (3-D) ultrasound is another novel technique that has garnered 
interest in recent years. Though two-dimensional B-mode images are readily obtain-
able, the single slice provides limited information. Importantly, 3-D imaging miti-
gates the inherent operator dependence of two-dimensional ultrasonography. 
Segmented image acquisition is performed longitudinally along the plaque, bounded 
by vessel wall; these images are then stacked and collated to produce volume -ren-
dered reconstructions. In small preliminary studies, 3-D ultrasound has shown excel-
lent specificity for the evaluation of stenosis and for measurement of plaque volume 
[45, 46]. Volumetric quantification allows plaque components to be identified based 
on tissue volumes, including hemorrhage, lipid, and calcium. Plaque composition is 
furthermore readily characterized using 3-D protocols, and plaque volume changes 
as small as 5% are detectable [35, 47]. However, 3-D ultrasound is more time-con-
suming than traditional two-dimensional ultrasound. Inter- and intra- observer reli-
abilities are substantially lower than compared to conventional ultrasound.

Ultrasound elastography is another technique that has been used in other organs, 
namely, breast and thyroid, and has recently been applied to carotid plaque imaging. 
This modality takes advantage of radial and longitudinal displacement of the plaque 
in response to artery pulsation and enables plaque motion to be tracked using regis-
tration and visualized displacement vectors [35]. Elastography analysis enables 
determination of strain and translation in both axial and longitudinal axes. Carotid 
plaque elasticity has been corroborated with intraplaque neovascularization as seen 
on CEUS [48]. Furthermore, axial strain and translation have been reported to be 
higher in vulnerable, neovascularized plaques with corollary MRI [49, 50]. These 
results suggest a potential role for quantitative analysis of plaque morphology 
through measurement of displacement parameters.

Poor signal-to-noise and moderate spatial resolutions make intraplaque hemor-
rhage difficult to distinguish from lipid-rich necrotic core on ultrasound. On B-mode 
imaging, the necrotic core can appear hypoechoic in appearance, also known as a 
juxtaluminal black area. Histologically, this region correlates with a lipid core that 
is adjacent to the vessel lumen. A juxtaluminal black area of 8 mm2 has been shown 
to be highly prevalent in symptomatic plaques and independently associated with 
neurological symptoms [51]. Furthermore, in the analysis of 1121 patients with 
asymptomatic carotid stenosis, the juxtaluminal black area was linearly associated 
with future stroke rate, with 0.4% risk in patients with area less than 4 mm2 and 5% 
risk in patients with area greater than 10 mm [2, 52]. In this study, the juxtaluminal 
black area was defined as an area of pixels with grayscale value less than 25 without 
an evident echogenic cap (grayscale greater than 25).
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 Ultrasound Summary

Ultrasound has remained the workhorse imaging modality for carotid plaque imag-
ing, though the technique is limited by operator dependence, non-optimal spatial 
and contrast resolution, and inter-observer variability. Unlike other modalities, how-
ever, ultrasonography is inexpensive, widely available and does not pose risk of 
radiation exposure or contrast nephrotoxicity. Importantly, Doppler ultrasound 
remains a key modality for real-time assessment of flow and carotid stenosis. Newer 
generation improvements to ultrasonography include administration of microbub-
ble contrast and three-dimensional image acquisition. These techniques allow for 
improved assessment of plaque vulnerability via intraplaque neovascularization 
with markedly higher inter-observer reliability. The utility of carotid ultrasonogra-
phy in selecting patients for carotid endarterectomy based on degree of stenosis and 
plaque characteristics, however, remains to be determined.

Disclaimer The views expressed in this chapter are those of the author and do not reflect the 
official policy of the Department of Army/Navy/Air Force, Department of Defense, or US 
Government.

The identification of specific products or scientific instrumentation does not constitute endorse-
ment or implied endorsement on the part of the author, DoD, or any component agency.
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Chapter 6
Advanced Carotid Vessel Wall Imaging 
and Future Directions

Jie Sun and Thomas S. Hatsukami

 Introduction

Within the circulatory system, the extracranial carotid artery bifurcation is one of 
the most common sites for developing atherosclerotic plaques. In an imaging study 
of middle-aged males and females, carotid atherosclerosis was seen in 31% of the 
participants, which was more common than atherosclerosis in the aorta or coronary 
arteries and only behind iliofemoral atherosclerosis [1]. Most individuals with 
carotid atherosclerosis are not aware of its presence as the disease is often asymp-
tomatic, even when there is already substantial luminal stenosis. However, prognos-
tic evaluation of carotid plaque in high-risk individuals is clinically significant given 
its potential pathophysiological consequences, including intraluminal thrombosis, 
artery-to-artery thromboembolism, and in the late stage, severe luminal stenosis, all 
of which may lead to brain infarction and/or hypoperfusion. Because of the high 
prevalence of carotid atherosclerosis in the general population, carotid artery dis-
ease is a major source for neurological ischemic events, accountable for about 
41,000 ischemic stroke incidences annually in the USA alone [2]. The burden of 
asymptomatic brain infarctions and/or hypoperfusion is often less recognized but 
expected to be >10-fold higher than that of ischemic strokes, which is increasingly 
recognized as a major contributor to cognitive impairment and dementia [3]. 
Furthermore, as a local manifestation of systemic atherosclerosis, carotid athero-
sclerosis is often evaluated for improving cardiovascular risk assessment and moni-
toring response to medical treatment, given that carotid lesions are less challenging 

J. Sun 
Department of Radiology, University of Washington, Seattle, WA, USA
e-mail: sunjie@uw.edu 

T. S. Hatsukami (*) 
Department of Surgery, University of Washington, Seattle, WA, USA
e-mail: tomhat@uw.edu

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-25249-6_6&domain=pdf
mailto:sunjie@uw.edu
mailto:tomhat@uw.edu


112

to image and characterize compared to atherosclerotic lesions in other deep-seated, 
small-caliber arteries.

In contrast to luminal imaging techniques that grade the severity of carotid 
atherosclerosis according to its impact on lumen diameter or area, vessel wall 
imaging with magnetic resonance imaging (MRI) allows for direct visualization 
of carotid plaque morphology and tissue composition, as well as pathological 
activities at the cellular level when contrast agents are used. MRI of carotid ath-
erosclerosis has been rapidly evolving in the past two decades. Images with diag-
nostic image quality at 0.6–0.8 mm spatial resolution can now be achieved on all 
major platforms by modifying commercially available pulse sequences. This wave 
of technical development in the past two decades has been primarily driven by an 
unmet clinical need in the selection of patients with carotid disease for carotid 
revascularization. Since the early 1990s, several landmark clinical trials evaluated 
the efficacy of carotid endarterectomy (CEA) in a broad spectrum of patient popu-
lations. The North American Symptomatic Carotid Endarterectomy Trial 
(NASCET) compared CEA to medical treatment alone in patients with transient 
ischemic attack or nondisabling ischemic stroke within the previous 6 months. 
There was clear evidence of a net benefit in patients with high-grade stenosis 
(70–99%) but not in patients with moderate or mild stenosis [4]. The number 
needed to treat to prevent 1 ischemic stroke in 5 years was 6 and 15 in the groups 
with high and moderate stenosis, respectively. Nonetheless, the risk under medical 
therapy alone in patients with <70% stenosis was still considerable at about 20% 
over 5 years in the mild-to-moderate stenosis group. Compared to studies on symp-
tomatic patients, clinical trials that evaluated the efficacy of CEA in asymptomatic 
patients documented a more moderate benefit using stenosis severity to guide 
patient selection [5]. These clinical trials highlighted the limitations of luminal 
stenosis-based carotid disease risk assessment. Two decades later, it has become 
more challenging to decide on the best treatment for individual patients based on 
luminal stenosis due to the changing landscape in clinical management of carotid 
artery disease, including improvements in optimal medical therapy, reduced peri-
operative complication rates of carotid revascularization, and new approaches to 
carotid artery stenting (CAS). Since carotid vessel wall imaging may allow for 
more precise risk estimation than luminal stenosis assessment by characterizing 
key pathophysiological processes, it has potential to revise existing guidelines 
on indications for carotid revascularization.

 Evidence on the Capabilities of Carotid Vessel Wall Imaging

Early studies of CEA specimens have established the role of plaque rupture in the 
pathogenesis of ischemic strokes from carotid plaque. In a histopathological study 
of 269 carotid plaques obtained en bloc from surgical endarterectomy, Spagnoli 
et al. [6] found that thrombotically active plaque associated with high inflammatory 
infiltrate was observed in 74% of patients with stroke, 35% of patients with transient 
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ischemic attack, and 15% of asymptomatic patients. Intraluminal thrombi were 
associated with cap rupture in 90% of the cases and erosion in the remaining 10% 
of cases in the group with stroke [6]. The exact mechanisms of plaque rupture are 
still not fully understood. A variety of imaging modalities have been proposed for 
identification of specific carotid characteristics that were associated with risk of 
plaque rupture in histopathological studies [7], such as large necrotic core, thin 
fibrous cap, intraplaque hemorrhage, and inflammatory cell infiltration. Tissue 
echogenicity on ultrasound has been leveraged to identify carotid plaques with a 
large necrotic core [8]. Fluorodeoxyglucose positron emission tomography has 
been used to study carotid plaque inflammation [9]. Nonetheless, of the noninvasive 
vessel wall imaging techniques currently available, MRI holds the greatest promise 
for identification of high-risk carotid plaques because of its rich contrast mecha-
nisms that allow assessment of plaque burden, tissue composition, luminal surface 
condition, and inflammatory activities (Fig.  6.1), which will be discussed in the 
following sections.

 Plaque Burden

The carotid vessel wall expands at the origin of the internal carotid artery to form 
the carotid bulb, where atherosclerosis tends to build up due to the presence of low 
wall shear stress. During plaque development, there can also be various degrees of 

Plaque burden

Inflammation

Tissue composition

Surface condition

Fig. 6.1 Carotid plaque morphology: accessible information with MRI. Carotid plaques are het-
erogeneous at various levels. With different protocols, MRI allows us to noninvasively evaluate 
carotid plaque burden, tissue composition, surface condition, and inflammatory activities
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expansive remodeling of the vessel wall [10]. As such, a significant amount of ath-
erosclerosis could already exist before there is appreciable luminal stenosis. Large 
plaque burden is known to be associated with increased risk for plaque rupture [11]. 
As a marker of systemic atherosclerosis, carotid plaque burden was strongly associ-
ated with coronary calcium score and may improve the prediction of cardiovascular 
events beyond conventional risk factors [12, 13].

Accurate measurement of carotid plaque burden requires clear delineation of 
lumen and outer wall boundaries. High spatial resolution is necessary to minimize 
partial volume averaging [14]. Duivenvoorden et  al. [15] compared different in- 
plane resolutions of carotid MRI varying from 0.65 mm to 0.20 mm at 3 mm slice 
thickness performed on the same subjects. Mean wall area measured on images with 
lower resolution was larger than those measured on images with higher resolution. 
When a phased-array surface coil is available, images are typically acquired with 
2 mm slice thickness and 0.5–0.6 mm in-plane resolution in 2D carotid MRI and 
with 0.6–0.8 mm isotropic resolution in 3D carotid MRI [16–18], which have been 
shown to provide good signal-to-noise within clinically acceptable scan times. In 
addition to high spatial resolution, sufficient blood and fat suppression are also 
essential in achieving diagnostic image quality. Blood suppression in cardiovascular 
MR can be implemented using inflow saturation, double inversion recovery (DIR), 
or motion sensitization. As the flow pattern near the carotid artery bifurcation can be 
very complex, inflow saturation is rarely adequate. DIR is flow direction dependent 
and often used in 2D carotid MRI. However, flow artifacts may still arise from recir-
culating flow which has not outflowed from the imaging slice at the second inver-
sion pulse. Motion-sensitized driven equilibrium (MSDE) preparation has been 
shown to provide more complete flow suppression compared to inflow saturation 
and DIR [19]. MSDE preparation allows flow direction-independent blood suppres-
sion in a large imaging slab and, thus, has been frequently used in 3D carotid MRI.

Mean/maximum wall area and mean/maximum wall thickness are common 
measurements of carotid plaque burden, which are usually obtained by seg-
menting lumen and total vessel area on cross-sectional images. Multiple studies 
have evaluated the precision and accuracy of these measurements by carotid 
MRI. Despite minor methodological differences, previous studies consistently 
showed excellent inter-observer and inter-scan reproducibility of carotid wall 
measurements [16, 20–22]. The coefficient of variation for repeated scans, an 
indicator of measurement errors, was <10% for most carotid wall measure-
ments, which was smaller compared to similar measurements by B-mode ultra-
sound [15]. Of note, measurement precision is influenced by image quality and 
spatial resolution. At the same image quality, larger carotid plaques are expected 
to be associated with smaller measurement errors, which may have implications 
for planning pharmaceutical trials using imaging endpoints [23]. Furthermore, 
wall area measurements typically have smaller measurement errors than wall 
thickness measurements.

The accuracy of MRI measurements of carotid plaque burden has also been 
established. In patients who underwent CEA, Luo et al. [24] demonstrated a high 
agreement between in vivo MRI measurements of carotid plaque burden and cor-
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responding ex vivo MRI measurements (Pearson’s correlation coefficient >0.90). 
The correlations between minimum lumen area, maximum wall area, and wall vol-
ume were weak, suggesting that these measurements provide different information 
of carotid plaque burden.

 Plaque Tissue Composition

Plaque tissue composition plays an essential role in the pathogenesis of athero-
thrombotic complications. Ruptured plaques frequently harbor large necrotic cores, 
intraplaque hemorrhages, and speckle calcifications [25]. As substantial heteroge-
neity in tissue composition exists among carotid plaques with the same level of 
luminal stenosis, it is expected that noninvasive imaging of carotid plaque composi-
tion would allow for improved prediction of clinical risk. Common plaque compo-
nents, besides fibrous tissue, include extracellular lipids, necrotic tissue, 
calcification, and intraplaque hemorrhage. MRI is unique for imaging plaque com-
position in that it allows differentiation between all common plaque components. 
Indeed, its capability of accurately classifying all common plaque components has 
led to multiple studies demonstrating that carotid MRI is able to not only detect 
lipid core presence but also quantitatively measure lipid core area or percent area 
[26, 27]. Furthermore, MRI is currently considered the only imaging modality that 
is capable of detecting intraplaque hemorrhage, a characteristic feature of high-risk 
carotid plaque.

Early work by Toussaint et al. [28] showed that water but not lipids gave the 
predominant signal in lipid core and that the lipid core and collagenous cap could 
be differentiated based on T2 contrast. By using CEA specimens, Yuan et al. [29] 
showed that multi-contrast carotid MRI, which included T1, T2, proton density, and 
3D time of flight (TOF), was able to detect lipid-rich necrotic core with and without 
intraplaque hemorrhage with high accuracy. Subsequent work by Yuan et al. [30] 
and Wasserman et  al. [31] suggested that gadolinium contrast enhancement may 
further improve the discrimination between lipid core and fibrous tissue. Using his-
tological analysis as the reference standard, Trivedi et al. [26], Cai et al. [27], and 
Saam et al. [32] evaluated the capability of multi-contrast MRI in quantifying the 
lipid-rich necrotic core in patients undergoing CEA. A high agreement was seen 
between multi-contrast MRI (either with or without gadolinium contrast) and histol-
ogy in quantifying the lipid-rich necrotic core, measured as a percentage of total 
wall area. When available, combining pre- and post-contrast images is preferred to 
T2-weighted images for quantifying lipid-rich necrotic core as gadolinium contrast- 
enhanced images not only afford a higher agreement with histological analysis but 
also improve the intra- and inter-observer reproducibility [27, 33]. With reference to 
pre-contrast images, the lipid core is measured as nonenhanced or little enhanced 
areas on post-contrast images. When gadolinium contrast-enhanced images are not 
available, T2-weighted images should be used for measuring lipid core comple-
mented by information from other contrast weightings such as the presence of intra-
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plaque hemorrhage (Fig. 6.2). While lipid core areas are typically hypointense on 
T2-weighted images, intraplaque hemorrhage frequently exists within lipid-rich 
necrotic core and sometimes results in hyperintense signals on T2-weighted images.

Intraplaque hemorrhage is a common finding in advanced carotid plaques. The 
degradation of red blood cells produces methemoglobin, which reduces the T1 
relaxation time of surrounding water molecules and generates a hyperintense signal 
on T1-weighted images. Moody et al. [34] studied 63 patients scheduled for CEA 
using a heavily T1-weighted magnetization-prepared 3D gradient echo (MP-RAGE) 
sequence. T1 hyperintensity was observed in 40 (63.5%) cases, with an 84% sensi-
tivity and 84% specificity for intraplaque hemorrhage seen on histology. Several 
other studies have since evaluated the performance of heavily T1-weighted 
MP-RAGE sequence with optimized contrast and/or improved spatial resolution for 
detecting intraplaque hemorrhage [35–37]. Notably, Ota et  al. [38] showed that 
MP-RAGE provided better tissue contrast between intraplaque hemorrhage and 
background tissue and achieved a higher agreement with histological analysis when 
compared to T1-weighted fast spin echo and TOF. When MP-RAGE is not avail-
able, the source images of the pre-contrast scan in contrast-enhanced MR angiogra-
phy and TOF images can be used to detect intraplaque hemorrhage [39], which may 
be particularly handy in the clinical setting.

 Luminal Surface Condition

The typical vulnerable plaque in the coronary artery is described as thin-cap fibro-
atheroma. Virmani et al. [25] measured fibrous cap thickness of ruptured coronary 
plaques and found that mean cap thickness at the site of rupture was 23 ± 19 um, 
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Fig. 6.2 Lipid-rich necrotic core detection by combining pre- and post-contrast images. (a) 
Because of presence of neovasculature and expanded extravascular space, fibrous tissue in carotid 
plaque enhances after gadolinium contrast injection. The lipid-rich necrotic core (arrow) is detected 
as areas with no or little enhancement on post-contrast T1w-TSE images when compared with 
pre- contrast T1w-TSE. (b) Cholesterols and cholesterol esters constitute the main lipid content of 
carotid plaque, which shorten T2 of water molecules. Thus, the lipid-rich necrotic core is detected 
as hypointense areas on T2w-TSE, which is used as an alternative when post-contrast images are 
not available. ∗indicates lumen of internal carotid artery; E, external carotid artery; T1w-TSE, 
T1-weighted turbo spin echo; T2w-TSE, T2-weighted turbo spin echo
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with 95% of the cases measuring <65 um. Therefore, the fibrous cap overlying the 
necrotic core is considered thin in coronary arteries if it is <65 um in histology. 
Compared to coronary plaques, carotid plaques can rupture when the fibrous cap is 
thicker or less infiltrated by inflammatory cells, which is likely explained by the 
different hemodynamic conditions between carotid and coronary arteries. Redgrave 
et al. [40] studied fibrous cap thickness in 428 CEA plaques. The median minimum 
cap thickness was 150 um (interquartile range: 80, 210), and the median representa-
tive cap thickness was 300 um (interquartile range: 200, 500). The optimal cutoff 
values for discriminating ruptured from nonruptured plaques were minimum cap 
thickness <200 um and representative cap thickness <500 um. Further, fibrous cap 
rupture leads to fissure or ulceration, which are important features to identify as they 
increase the  ipsilateral risk of cerebral embolism and the risk of cardiovascular 
events in general [41]. Another luminal surface condition that is of particular rele-
vance is calcified nodule, which is seen more frequently in carotid plaques than 
in coronary plaques [42].

Characterizing the fibrous cap has typically relied on endovascular imaging tech-
niques such as optical coherence tomography. Because of limited spatial resolution 
of carotid MRI, it is challenging to directly measure the thickness of fibrous cap. 
Nonetheless, it is possible to classify carotid plaques into those with thick, thin, or 
ruptured fibrous cap based on carotid MRI findings. Thick fibrous cap appears as a 
dark band between white lumen and gray wall on 3D TOF [43]. On T2-weighted or 
contrast-enhanced images, fibrous cap is distinguishable from the underlying 
necrotic core and considered to be thick if it is readily visible. On the other hand, 
absence of the dark band between the white lumen and gray wall on 3D TOF and 
lack of fibrous cap signal on T2-weighted or contrast-enhanced images indicate the 
presence of thin fibrous cap. Fibrous cap rupture is considered if there is juxtalumi-
nal hyperintense signal on 3D TOF, which indicates the presence of fissure or ulcer-
ation. In a study of 22 patients undergoing CEA, classification of fibrous cap by 3D 
TOF showed a high agreement with histological findings (89% agreement; kappa, 
0.83 [95%CI, 0.67, 1.0]) [43]. Calcified nodule appears hypointense on all MRI 
contrast weightings and protrudes into the lumen. As calcified nodules may be 
indistinguishable from carotid lumen on black-blood images, its detection usually 
requires comparing lumen morphology between bright- and black-blood images.

 Plaque Inflammation and Neovasculature

Atherosclerosis has been recognized as an inflammatory disease. Although most 
studies focused on coronary atherosclerosis or animal models, there is also clear 
evidence on the role of inflammation in carotid atherosclerosis progression. T lym-
phocytes and macrophages were abundant in symptomatic carotid plaques and 
closely associated with plaque rupture [6]. Redgrave et al. [7] and Peeters et al. [44] 
found that inflammatory cells and proinflammatory cytokines tended to decrease 
with time after ischemic stroke but persisted after transient ischemic attack, while 
smooth muscle cell content increased with time after ischemic stroke, suggesting a 
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possible healing process after ischemic stroke but not after transient ischemic attack. 
Plaque neovascularization has been described in the early stages of plaque develop-
ment and may alleviate hypoxia as the carotid wall thickens [45, 46]. However, it is 
likely a major contributor to plaque progression and rupture given its associations 
with intraplaque hemorrhage and plaque inflammation [47–49]. Electron micros-
copy studies revealed the compromised structural integrity and leucocyte infiltration 
of intraplaque microvessels [50], which supports plaque neovasculature as a route 
for intraplaque hemorrhage and plaque inflammation.

Imaging plaque inflammation and neovasculature with carotid MRI requires 
contrast agent. Initially developed in cancer imaging, dynamic contrast-
enhanced MRI (DCE-MRI) uses clinically available gadolinium contrast to 
study the amount and permeability of microvessels (Fig. 6.3). Kerwin et al. [51] 
developed a DCE- MRI protocol that was suitable to image plaque neovascula-
ture in carotid stenosis. Histological validation in CEA patients showed that 
pharmacokinetic parameters from DCE-MRI of carotid plaque (Ktrans, transfer 
constant; vp, fractional plasma volume) were associated with not only microves-
sel density but also macrophage content [52, 53]. In plaques with predominantly 

a
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Fig. 6.3 Dynamic contrast-enhanced MRI for probing plaque inflammation and neovasculature. 
(a) Original DCE-MR images of different time points show the dynamic enhancement process of 
a carotid plaque (arrows). (b) Pharmacokinetic modeling generates Ktrans and vp maps, which are 
fused in the color-coded vasa vasorum image. J, jugular vein. (c) Top graph shows signal-intensity- 
versus-time curves for all pixels in the 2 cm2 region for the set of blood curves extracted by the 
clustering algorithm (green lines) and their average (red line). Bottom graph shows typical fitting 
results for the kinetic model with corresponding points in (b), including a pixel in the lumen (1), 
adventitial pixels with high (2) and low (3) Ktrans, a pixel with partial volume of the lumen (4), and 
an interior plaque pixel (5). (Adapted with permission from Kerwin et al. [55])
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necrotic tissue, DCE-MRI measurements of the plaque area can be influenced 
by plaque composition [54]. On the other hand, the adventitia is a thickened 
layer of fibrous tissue and rich in  neovasculature, which makes it an appealing 
imaging target for studying plaque neovasculature [55–57]. Several studies have 
evaluated the scan-rescan reproducibility of DCE-MRI of carotid plaque. Gaens 
et al. [53] found that the Patlak model is preferred in DCE-MRI analysis, with 
which the coefficient of variation was 16% for Ktrans and 26% for vp. In a multi-
center study, Chen et al. [58] reported a coefficient of variation of 25% for Ktrans 
and 62% for vp. The lower reproducibility of vp indicated that it is more vulner-
able to flow signal contamination than Ktrans. The subset of larger plaques showed 
an improved reproducibility  for vp, with a coefficient of variation of 28%. 
Besides pharmacokinetic modeling, DCE-MRI data can also be analyzed for 
empirical parameters of the enhancement-versus-time curve such as area under 
the curve [59, 60]. Compared to pharmacokinetic parameters, area under the 
curve is influenced by other factors besides plaque neovasculature. Qiao et al. 
[61] showed that adventitial enhancement on post-contrast T1-weighted images 
may also provide information about plaque neovasculature, which could be use-
ful to classify patients when DCE-MRI data are not available.

Another approach to plaque inflammation is to use ultrasmall superparamagnetic 
iron oxide particles (USPIOs) as MRI contrast agent to directly image macrophages. 
Kooi et al. [62] studied the potential of USPIO-enhanced MRI for measuring plaque 
inflammation in 11 patients undergoing CEA. After at least 24 hours post USPIO 
injection, histological and electron microscopical analyses of plaques demonstrated 
that USPIOs were primarily found in plaque macrophages and could lead to signal 
changes on T2∗-weighted images. Trivedi et al. [63] found that 24–36 hours post 
USPIO injection was the optimal time window for detecting signal changes, with 
which USPIO-enhanced MRI may be a sensitive way to detect carotid plaque 
inflammation [64].

 Evidence on the Applications of Carotid Vessel Wall Imaging

As novel information on carotid atherosclerotic plaque becomes increasingly assess-
ible with vessel wall MRI techniques, there have come along new opportunities to 
optimize clinical diagnosis and management in patients with carotid artery disease or 
other atherosclerotic cardiovascular diseases. It is worth mentioning that the clinical 
value of vessel wall MRI usually depends on the strength and nature of the associa-
tion between an imaging feature and the risk of atherothrombosis. Once an imaging 
biomarker is successfully developed, it is essential to elucidate its relationship with 
clinical events or their surrogates, including the evolution of imaging biomarkers 
prior to or after clinical events. Imaging biomarkers that are strongly implicated in 
the pathogenesis of clinical events may be useful for identifying the culprit lesion in 
clinical diagnosis, selecting patients at higher risk for stroke for CEA or CAS, and 
monitoring disease progression or therapeutic response at the lesion level.
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 To Identify the Culprit Lesion

In patients who present with neurological ischemic events, carotid atherosclerosis is 
currently considered to be the culprit lesion if the degree of luminal stenosis exceeds 
50%, as specified in the TOAST classification [65]. While stenosis severity is an 
indicator of the likelihood of a carotid plaque to be accountable for ipsilateral 
thromboembolic events, the presence of stenosis itself is not a surrogate for athero-
thrombosis. Clinically, it is not uncommon to encounter cases in which only mild 
carotid stenosis (<50%) is found ipsilateral to brain infarct(s). In a retrospective 
study, Cheung et al. [66] studied 217 patients referred for carotid vessel wall imag-
ing due to neurological ischemic symptoms who had <50% carotid stenosis on 
Doppler ultrasound or TOF MR angiography. Intraplaque hemorrhage, detected as 
hyperintense signals on MP-RAGE, was found in 13% (31 out of 233) of carotid 
arteries ipsilateral to neurological ischemic symptoms compared to 7% (14 out of 
201) of contralateral carotid arteries (p < 0.05, Fisher’s exact test).

Freilinger et al. [67] interrogated the hypothesis that complicated, nonstenotic 
carotid plaques may contribute to clinical events previously classified as crypto-
genic strokes. Thirty-two consecutive patients with ischemic stroke of underter-
mined etiology  in the anterior circulation after extensive clinical workup were 
scanned with a multi-contrast carotid MRI protocol to detect complicated plaques 
(AHA Type VI) in the ipsilateral or contralateral carotid artery, defined as the pres-
ence of fibrous cap rupture, intraplaque hemorrhage, or mural thrombus. The mean 
time interval between qualifying stroke and carotid MRI was 5.8 ± 4.1 days. AHA 
Type VI plaques were found in 12 (37.5%) of carotid arteries ipsilateral to crypto-
genic stroke, whereas none was found on the contralateral side (p  =  0.001, 
McNemar’s test). The most common diagnostic feature was intraplaque hemor-
rhage (75%), followed by fibrous cap rupture (50%) and luminal thrombus (33%). 
This proof-of-concept study provided evidence that a substantial proportion of ante-
rior circulation ischemic strokes previously classified as cryptogenic may be due to 
artery-to-artery thromboembolism from nonstenotic carotid plaques.

Similar findings have been reported by Gupta et al. [68] and Singh et al. [69]. 
Gupta et al. [68] used TOF for detecting intraplaque hemorrhage, which is less sen-
sitive than MP-RAGE but more readily available in routine MR angiography studies 
of cervical arteries. A total of 119 (35.3%) patients were classified as having stroke 
of undetermined origin according to the TOAST criteria among 337 consecutive 
patients diagnosed with ischemic stroke. Twenty-seven cases, which had only uni-
lateral anterior circulation infarct(s) and available TOF images during inpatient 
admission, were selected for analysis. Six (22.2%) patients were found to have 
high-intensity signals in the nonstenotic carotid artery ipsilateral to brain infarct(s), 
while none had high-intensity signals consistent with intraplaque hemorrhage on 
the contralateral side (p = 0.01, McNemar’s test). The study by Singh et al. [69] 
examined 35 consecutive patients with embolic strokes of undetermined origin with 
MP-RAGE. Ipsilateral and contralateral intraplaque hemorrhage was found in seven 
(20.0%) and three (8.6%) patients (p = 0.005 for difference), respectively. The three 
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patients with intraplaque hemorrhage contralateral to stroke also had intraplaque 
hemorrhage on the ipsilateral side.

Despite these promising results, there remains a pressing need for large-scale, 
multicenter studies with standardized imaging protocols to determine the diagnostic 
features that can be incorporated into clinical diagnosis workup. Intraplaque hemor-
rhage is not rare even in asymptomatic patients. Silent fibrous cap rupture is also 
much more common than clinical events, which may stay unhealed for years. 
Residual luminal thrombus may provide the “smoking gun” evidence for recent 
thromboembolism from carotid atherosclerosis. However, the reliable detection of 
luminal thrombus remains challenging.

 To Select Patients at Higher Risk for Stroke for Carotid 
Revascularization

In the clinical decision-making of carotid revascularization versus medical therapy 
alone, future risk of carotid-source ischemic stroke needs to be evaluated and com-
pared to surgical risk including periprocedural stroke and myocardial infarction on 
an individual basis. As mentioned in the introduction section, multiple randomized 
clinical trials comparing CEA versus medical therapy alone have shown an unmet 
need for identifying which individual patients are at high risk for future stroke and, 
therefore, could benefit from prophylactic surgical intervention, among asymptom-
atic patients as well as symptomatic patients with mild-to-moderate carotid steno-
sis. These clinical trials were conducted during a period when clinical assessment of 
carotid atherosclerosis was largely limited to measuring luminal stenosis on angiog-
raphy, which provided limited information on plaque characteristics. As carotid ves-
sel wall imaging makes it possible to identify and quantify a variety of plaque 
characteristics, certain plaque features that are associated with neurological isch-
emic events have been shown in prospective, longitudinal studies to predict future 
risk of ipsilateral ischemic stroke. To date, evidence on the independent predictive 
value of plaque characteristics is most abundant for carotid plaque composition and 
luminal surface condition. Thus, vessel wall imaging information may help further 
classify carotid artery disease beyond stenosis severity.

In one of the earliest investigations using carotid MRI, Takaya et al. [70] fol-
lowed 154 patients with asymptomatic 50–79% stenosis for an average of 
38.2 months. Baseline plaque characteristics, including thin/ruptured fibrous cap 
(38% of cases; HR, 17.0; 95% CI, 2.2, 132), intraplaque hemorrhage (28% of cases; 
HR, 5.2; 95% CI, 1.6, 17.3), larger %lipid core area (HR, 1.6 per 10% increase; 
95% CI, 1.2, 2.0), and greater maximal wall thickness (HR, 1.6 per 1 mm increase; 
95% CI, 1.1, 2.3), were predictive of subsequent ipsilateral stroke or transient isch-
emic attack. Kwee et al. [71] showed that these plaque characteristics, including 
thin/rupture fibrous cap (HR, 5.8; 95% CI, 1.9, 17.3), intraplaque hemorrhage (HR, 
3.5; 95% CI, 1.1, 11.9), and lipid core (HR, 3.2; 95% CI, 1.1, 9.5), were also predic-
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tive of recurrent stroke in 126 symptomatic patients with 30–69% stenosis. 
Compared to lipid core and/or fibrous cap status, there has been more abundant 
evidence on the prognostic value of intraplaque hemorrhage, thanks to its straight-
forward detection on heavily T1-weighted MRI. Three independent meta-analyses 
have been published on this topic, which highlighted the great potential of MRI- 
detected plaque characteristics for identifying high-risk patients [72–74]. Recently, 
Gupta et al. [75] conducted a cost-effectiveness analysis concerning asymptomatic 
carotid stenosis (50–89%), which compared two management strategies: (1) inten-
sive medical therapy in which patients undergo CEA if there is substantial stenosis 
progression (≥90%) and (2) intensive medical therapy plus MRI-based patient strat-
ification in which those with intraplaque hemorrhage on carotid MRI undergo 
CEA. MRI-based patient stratification was found to be cost-efficient for identifying 
asymptomatic patients with carotid stenosis who are likely to benefit from CEA.

Given these promising results, vessel wall imaging will likely play a major role 
in stratifying patients with mild-to-moderate stenosis to optimize outcomes of 
carotid artery disease in the near future. MRI of intraplaque hemorrhage can be 
readily incorporated into clinical protocols, and presence of intraplaque hemorrhage 
was strongly associated with increased risk of ischemic stroke, particularly in symp-
tomatic patients [73]. Further optimizing the approach to imaging-based patient 
stratification is of high clinical significance since the majority of total ischemic 
strokes occur in patients with mild-to-moderate stenosis due to the vast population 
affected. However, prospective data from large-scale, multicenter studies remain 
scarce. While patients without intraplaque hemorrhage appear to have minimal risk 
for future stroke, the heterogeneous outcomes in patients with intraplaque hemor-
rhage remain to be understood.

 To Choose Between CEA and CAS

CEA is a well-established technique that provides long-lasting prevention of ipsilat-
eral stroke in patients with high-risk carotid artery disease. The perioperative risk 
for major surgical complications, including stroke, myocardial infarction, and 
death, is small but not negligible. CAS is less invasive than CEA and does not 
require general anesthesia [76]. Several randomized clinical trials have compared 
CEA and CAS in patients without high surgical risk. The composite event rate, 
which included both perioperative major events and long-term ipsilateral strokes, 
was similar between CEA and CAS. However, the overall stroke rate was higher 
with CAS (OR, 1.50; 95% CI, 1.22, 1.84), which was attributed to a higher periop-
erative risk of embolic stroke during CAS compared to CEA [77]. Current clinical 
guidelines by the Society for Vascular Surgery recommend CEA as the first-line 
treatment for most patients who require carotid revascularization. CAS is an alter-
native to CEA for selected anatomic or medical reasons. CAS mechanically disrupts 
carotid plaque during stent deployment, which is considered a major source for 
distal emboli as supported by intraoperative transcranial Doppler monitoring. As 
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such, carotid plaque composition (and its thrombogenicity) may serve as a risk 
 factor for perioperative embolization in the setting of carotid artery stenting.

Carotid plaques with intraplaque hemorrhage have large lipid-rich necrotic 
core, which is highly thrombogenic. Yoshimura et al. [78] tested the hypothesis that 
high- intensity signal on preoperative TOF-MRA, indicative of large intraplaque 
hemorrhage, is associated with increased risk of postoperative ipsilateral ischemic 
lesions on diffusion-weighted images. A total of 112 patients undergoing CAS 
were studied. High-intensity signal was present in 38 (33.9%) patients. After CAS, 
new ischemic lesions on diffusion-weighted images ipsilateral to CAS were found 
in 51 patients, which were more frequently seen in patients with high-intensity 
signal plaque (65.8% versus 35.1%, p = 0.002). Using the MP-RAGE sequence, 
Chung et al. [79] also examined whether intraplaque hemorrhage is a significant 
risk factor for cerebral embolism during CAS.  Intraplaque hemorrhage was 
detected in 43 (45.7%) patients. New ipsilateral ischemic lesions on postoperative 
diffusion- weighted images were found in 9 (20.9%) and 16 (31.4%) patients with 
and without intraplaque hemorrhage (p = 0.35). There have been a number of other 
studies on this topic [80–83]. All evaluated intraplaque hemorrhage as a risk factor 
for periprocedural cerebral embolization, whereas some also evaluated other vari-
ables such as plaque volume, remodeling index, and tumor necrosis factor α. The 
techniques that were used to detect intraplaque hemorrhage varied substantially 
between studies. Recently, Brinjikji et al. [84] performed a meta-analysis on the 
association between intraplaque hemorrhage on pre-surgery MRI and clinical out-
comes after CAS.  Nine studies with a total of 491 patients were included. The 
composite outcome of stroke, myocardial infarction, and death within 30 days was 
8.1% (13/160) in the intraplaque hemorrhage group and 2.1% (5/239) in the non-
intraplaque hemorrhage group (OR, 4.45; 95% CI, 1.61, 12.30). The rate of new 
ipsilateral ischemic lesions on diffusion-weighted imaging was 49.7% (75/161) in 
the intraplaque hemorrhage group and 33.6% (81/241) in the non-intraplaque hem-
orrhage group (OR, 2.01; 95% CI, 1.31, 3.09) [84].

Overall, existing data support that high-risk carotid plaques, when disrupted dur-
ing CAS, are more likely to lead to distal embolization and postprocedural stroke. 
How this pathophysiological association can be used clinically to optimize treat-
ment selection for individual patients, such as switching to CEA or a different type 
of protection device (e.g., proximal protection, flow reversal), remains to be 
explored.

 To Monitor Therapeutic Response

Imaging measurements of carotid atherosclerosis are often used to evaluate the effi-
cacy of medical therapies. Because of the large sample size and long follow-up that 
are needed to power a clinical trial using cardiovascular events as the primary end-
point, the development of new anti-atherosclerosis therapies is usually prolonged 
and expensive. Surrogate endpoints by vessel wall imaging may greatly expedite the 
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drug development process by dramatically reducing sample size and shorten study 
duration that are needed to demonstrate drug efficacy. As a noninvasive, ionizing 
radiation-free technique that  provides a spectrum of quantitative measurements 
from plaque morphology to inflammatory activity, carotid MRI is ideally suited for 
monitoring therapeutic response. Importantly, MRI measurements of carotid ath-
erosclerosis have shown excellent test-retest reproducibility in previous studies. 
Duivenvoorden et al. [15] compared common carotid mean wall thickness by MRI 
and common carotid intima-media thickness by ultrasound. Measurements were 
repeated 3 times within 3 weeks in 45 subjects, consisting of 15 healthy younger 
volunteers, 15 older volunteers, and 15 patients with 30–70% carotid stenosis. The 
coefficient of variation, which indicates measurement errors, was 6.9% for mean 
wall thickness by MRI and 12.8% for intima-media thickness by ultrasound. Other 
carotid wall measurements, such as mean wall area, showed similar measurement 
errors as mean wall thickness. Because of the smaller size, plaque components have 
larger measurement errors compared to wall thickness or area measurements. 
Nonetheless, plaque composition may tend to change earlier and/or more dramati-
cally than plaque size under treatment, as studies have documented significant 
changes in carotid plaque composition before significant changes in carotid plaque 
size were observed [85, 86].

A number of carotid MRI studies have evaluated the effects of statin therapy on 
carotid wall. In one of the earliest investigations, Corti et al. [87] studied 32 carotid 
plaques and found a reduction in wall area but not in lumen area after 1-year simvas-
tatin treatment. The ORION study was the first to evaluate changes in carotid plaque 
composition under statin therapy using multi-contrast vessel wall MRI.  In the 
ORION study, Underhill et al. [85] studied 33 subjects with 16–79% carotid stenosis 
by ultrasound and elevated LDL cholesterol. After 2 years of statin therapy, there was 
a reduction in lipid core volume but not in carotid wall volume. Zhao et al. [85] per-
formed a serial imaging study over 3 years in 33 subjects with documented necrotic 
core at baseline, which shed light onto the time course of plaque lipid depletion 
under lipid-lowering treatment. There was a significant reduction in necrotic core 
size in Year 1, whereas the reduction in wall volume was not apparent until Year 2.

Beyond cost saving via reducing sample size and shortening  study duration, 
imaging-based clinical trials provide some other benefits, including clarifying the 
mechanisms of experimental agents and revealing heterogeneous responses to treat-
ment at the individual level. Interestingly, different plaque phenotypes responded 
differently to the same lipid-lowering strategy. Intraplaque hemorrhage plaques 
were less likely to have lipid depletion than non-intraplaque hemorrhage plaques 
under intensive statin therapy, indicating a need for more aggressive or targeted 
treatment in patients with intraplaque hemorrhage [88]. Eventually, understanding 
atherosclerotic plaque progression or regression under various medical treatments 
may facilitate the pursuit of optimal medical therapy for individual patients. To this 
end, highly robust methods will be needed. Certain measurement errors may be 
acceptable (do not affect pathophysiological associations) in research that 
 investigates disease mechanisms at the group level but may be unacceptable in the 
management of individual patients.
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 Future Perspectives

 Validation of New Carotid Vessel Wall Imaging Techniques

Despite the established capabilities and expanding applications of traditional vessel 
wall imaging techniques, carotid MRI is an evolving field with tremendous oppor-
tunities in the coming years. New imaging techniques have been developed to over-
come certain limitations of the traditional techniques so that imaging biomarkers of 
carotid plaque morphology and activities may be measured more accurately and 
reproducibly. As such, comparison with traditional techniques may not be suffi-
cient. Further validation against CEA specimens is helpful to demonstrate if these 
new techniques bring about new or more detailed information on carotid plaques 
compared to traditional vessel wall MRI techniques.

Diffusion-weighted vessel wall imaging has been proposed as an alternative to 
T2-weighted imaging for measuring the lipid-rich necrotic core, but traditional 
diffusion- weighted imaging sequences may not be ideal for vessel wall MRI [89–
91]. Xie et al. [92] developed a diffusion-weighted turbo spin echo sequence and 
demonstrated in a pilot study that the in vivo ADC value of lipid-rich necrotic core 
was significantly lower than that of fibrous tissue (0.60 ± 0.16 × 10−3 mm2/s vs. 
1.27 ± 0.29 × 10−3 mm2/s, p < 0.01). Moreover, high-resolution T2 mapping has 
been developed as a more quantitative approach to lipid core quantification  in 
carotid arteries [93–96], in which lipid core can be measured by pixel-level classifi-
cation of T2 maps. Chai et al. [97] studied the performance of T2 maps for quantify-
ing lipid core by using histological analysis. Dual T2 thresholds were used to detect 
lipid cores with and without intraplaque hemorrhage. A high correlation was seen 
between T2 mapping and histology in measuring percent lipid core area (r = 0.83, 
p < 0.001).

Similarly, a number of new techniques have been developed to further improve 
intraplaque hemorrhage detection and/or provide additional information beyond 
MP-RAGE. Zhu et al. [98] developed a 3D spoiled gradient-recalled echo sequence 
with inversion recovery and multiple echoes (3D SHINE). In addition to intraplaque 
hemorrhage detection, 3D SHINE allows classification of intraplaque hemorrhages 
based on T2∗ estimated from the multi-echo acquisition. Wang et  al. [99] intro-
duced phase-sensitive image reconstruction so that both intraplaque hemorrhage 
(positive signal) and lumen (negative signal) have high contrast compared to the 
background static tissue, described as simultaneous non-contrast angiography and 
intraplaque hemorrhage (SNAP) imaging. Because of the high contrast between 
intraplaque hemorrhage and lumen, juxtaluminal intraplaque hemorrhage can be 
better characterized on SNAP than on MP-RAGE (Fig.  6.4). Fan et  al. [100] 
 developed a 3D spoiled segmented fast low angle shot readout with 3 different con-
trast weightings (heavily T1-weighted, gray blood, T2-weighted) acquired in an 
interleaved fashion (MATCH). The resulting co-registered images can be used not 
only for detecting intraplaque hemorrhage but also for measuring other plaque com-
ponents. Qi et al. [101] developed a high-resolution vessel wall T1 mapping tech-
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nique by adopting efficient radial data acquisition and sliding window image 
reconstruction (GOAL-SNAP). Compared to T1-weighted imaging, T1 mapping 
may generate highly reproducible, quantitative measurements of intraplaque hem-
orrhage for serial imaging studies.

Moreover, there have also been multiple exciting developments of new DCE- 
MRI protocols for carotid vessel wall imaging, which have potential to improve the 
usability and precision of pharmacokinetic parameters given the 3D imaging capa-
bility, improved spatial/time resolution, and T1-based quantification of gadolinium 
contrast [102–105].

 Clinical Translation of Carotid Vessel Wall Imaging

Although a number of carotid vessel wall imaging measurements have been shown 
to predict ipsilateral neurological ischemic events, there remains a critical need to 
clarify the key steps in carotid atherosclerosis progression that lead to symptomatic 
carotid plaques. With a wide spectrum of imaging measurements that provide 
carotid plaque information at various levels, it is critical to leverage the capabilities 
of vessel wall MRI to bridge our knowledge gap between imaging biomarkers (and 
their progression) and clinical events [106]. Furthermore, previous studies on the 
various applications of vessel wall imaging are primarily single-center investiga-
tions of limited sample size. Despite promising results from these studies, multi-
center collaborative studies are needed to establish specific clinical values of vessel 

(a) TOF MIP (b) SNAP CPR (c) SNAP cross-sectional

Fig. 6.4 Intraplaque hemorrhage detection by SNAP (Simultaneous Non-contrast Angiography 
and intraPlaque hemorrhage imaging). (a) TOF maximum intensity projection shows stenosis in 
the internal carotid artery. (b) Two SNAP curved-planar reformations illustrate the distribution of 
intraplaque hemorrhage (red arrows). (c) Cross-sectional SNAP image at the level of yellow line 
shows the presence of intraplaque hemorrhage (red arrow) and ulceration (white arrow)
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wall imaging in these applications. To this end, standardized imaging protocols and 
data collection schemes are warranted in the future so that it is possible to pool 
large-scale data from multiple institutions [107]. In doing so, the study results will 
also be more generalizable to the broad cardiovascular community.

 Summary

In the past two decades, abundant evidence has accumulated on the capabilities of 
vessel wall MRI in characterizing carotid plaques in terms of carotid plaque burden, 
tissue composition, luminal surface condition, and plaque inflammation and neo-
vascularization. Carotid plaque characteristics by vessel wall imaging have been 
shown to be associated with the pathophysiology of clinical complications indepen-
dently of luminal stenosis. As such, carotid vessel wall imaging affords the potential 
to optimize individual patient care by providing complementary information to tra-
ditional angiography techniques in clinical decision-making. Despite promising 
results from pioneering translational research that highlighted potential clinical val-
ues of vessel wall imaging in making etiology-level diagnosis, improving risk strati-
fication and treatment selection, and evaluating therapeutic response in clinical 
management of carotid disease, achieving the full potential of vessel wall imaging 
awaits establishment of key biomarkers, standardization of imaging protocols, and 
large-scale conclusive studies.
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Chapter 7
Peripheral Artery Disease: An Overview

Mary M. McDermott

Lower extremity peripheral artery disease (PAD), defined as atherosclerotic 
obstruction of the lower extremity arteries, now affects 8.5 million men and 
women in the United States and more than 200 million people worldwide [1, 2]. 
Atherosclerotic obstruction in the lower extremity arteries limits oxygen deliv-
ery to lower extremity skeletal muscle during walking activity, and in cases of 
extremely severe PAD, oxygen delivery can be limited at rest. Thus, people with 
PAD have difficulty walking long distances, due to inadequate oxygenation of 
lower extremity muscle during exercise, and patients with extremely severe PAD 
can develop critical limb ischemia including gangrene. Most patients with PAD 
will not develop critical limb ischemia, but have difficulty walking more than 
short distances due to ischemia of their limbs with walking. Consistent with this 
phenomenon, people with PAD have significantly greater functional impairment 
and higher rates of mobility loss, compared to people without PAD [3–5]. In 
addition, people with PAD typically have atherosclerotic blockages in the coro-
nary and cerebrovascular arteries [6]. Therefore, people with PAD also have an 
increased risk of coronary ischemic events, stroke, and mortality, compared to 
people without PAD [7, 8]. Major therapeutic goals for people with PAD consist 
of improving walking ability and preventing cardiovascular events. This chapter 
describes the epidemiology of PAD, diagnosis of PAD, and clinical conse-
quences of PAD. Therapeutic approaches to PAD are briefly summarized. The 
Table  7.1 provides a brief summary of risk factors, diagnosis, prognosis, and 
treatment for PAD.
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 Epidemiology and Risk Factors for PAD

Older age is a major risk factor for PAD and the prevalence of PAD increases mark-
edly with increasing age. PAD is uncommon in people younger than age 50 but 
affects as many as 20% of people age 80 and older [6, 8, 9]. PAD will be increas-
ingly common as the population survives to older ages with chronic diseases. In 
addition to older age, traditional atherosclerotic disease risk factors, such as diabe-
tes mellitus, cigarette smoking, hypertension, dyslipidemia, and increased inflam-
mation are risk factors for PAD.  Cigarette smoking and diabetes mellitus are 
particularly important risk factors for PAD [8, 10, 11]. For example, cigarette 
smoking and diabetes are stronger risk factors for PAD than for coronary artery 
disease [8, 9].

People who currently smoke have a 2.0- to 3.4-fold higher risk of PAD compared 
to people who never smoked [8]. Furthermore, there is a dose-dependent association 
between cigarette smoking and risk of PAD. Among male participants in the Health 
Professionals Follow-Up Study, men who smoked the most cigarettes had a 12.9- 
fold higher risk of developing PAD compared to men who had never smoked [12]. 
Smoking cessation reduces the risk of PAD, but smokers remain at increased risk 
for PAD for up to 20 years after quitting smoking, compared to individuals who 
never smoked cigarettes [8, 12]. Epidemiologic evidence shows that diabetes mel-
litus is associated with a 1.9–4.0-fold increased risk of PAD, even after adjustment 
for other potential confounders [8]. Some evidence suggests that more severe diabe-
tes is associated with higher risk of PAD [8]. In addition, people with PAD who 
have diabetes are at higher risk of amputation and mortality compared to people 
with PAD who do not have diabetes. One report described that among people with 
PAD, those with diabetes had a fivefold higher risk of an amputation, compared to 

Table 7.1 Overview of peripheral artery disease

Characteristic Evidence

Risk factors Older age, diabetes, and cigarette smoking are the strongest risk factors for 
PAD. Hypertension, hyperlipidemia, and inflammation are also risk factors for 
PAD

Diagnosis Ankle brachial index <0.90 is a widely accepted and noninvasive method for 
diagnosing PAD

Symptoms Intermittent claudication is considered the most classical symptom of 
PAD. However, most people with PAD are either asymptomatic or report 
exertional leg symptoms other than claudication

Treatment Treatment should focus on preventing cardiovascular events by prescribing 
antiplatelet therapy and a potent statin and by treating hypertension. Walking 
exercise improves mobility and prevents functional decline in PAD

Prognosis People with PAD are at increased risk of cardiovascular events and all-cause 
mortality, compared to those without PAD. Most patients with PAD experience 
decline in walking endurance over time, although only a relatively small 
minority will ever develop critical limb ischemia
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those without diabetes [13]. Among people with PAD, those who have diabetes also 
tend to have more distal lower extremity atherosclerosis compared to those without 
diabetes [13, 14]. Hypertension, hyperlipidemia, and inflammation are also signifi-
cant and independent risk factors for PAD [8, 12].

The prevalence of PAD is similar between men and women over age 65 [6, 15], 
but African-Americans have a higher prevalence of PAD compared to Caucasians, 
independent of differences in cardiovascular risk factors between African-Americans 
and Caucasians [6, 7]. For example, the Cardiovascular Health Study of 5084 
community- dwelling men and women age 65 and older in the United States reported 
that nonwhite race (primarily African-American race) was associated with a 2.1- 
fold higher prevalence of PAD compared to Caucasians [15]. In the Women’s Health 
and Aging Study, 328 of 933 community-dwelling women age 65 and older with 
mobility impairment had PAD. Those with PAD had a significantly higher preva-
lence of African-American participants, compared to those without PAD (36.3% vs. 
24.8%) [16]. In summary, there are not significant differences in the prevalence of 
PAD between older men and women, but African-Americans have a higher preva-
lence, compared to Caucasians.

 Symptoms and Diagnosis of Peripheral Artery Disease

The most classical symptom of PAD is intermittent claudication, defined as exer-
tional calf pain that begins with walking activity, resolves within 10 minutes of rest, 
and does not begin while at rest [17, 18]. In people with PAD, exertional calf pain 
due to ischemia is caused by insufficient oxygen supply during walking activity. 
Symptoms resolve with rest, when the flow of oxygen-rich arterial blood is sufficient 
to meet oxygen requirements. Although intermittent claudication is considered the 
most classical symptom of PAD, most people with PAD have atypical leg symptoms 
other than classical intermittent claudication, and many people with PAD are asymp-
tomatic – i.e., they have no exertional leg symptoms [3–5, 15, 16]. In patients identi-
fied from a community-dwelling setting with objectively documented PAD, 
approximately 60% report no exertional leg symptoms, and approximately 10% 
report classical exertional leg symptoms, with the remainder reporting exertional leg 
symptoms other than classical intermittent claudication [15]. In patients identified in 
a clinical practice setting, approximately 30% to 50% are asymptomatic and approx-
imately 25 to 30% have classical symptoms of intermittent claudication [3–5]. 
Reasons for the range of leg symptoms and high prevalence of asymptomatic disease 
among people with PAD remain unclear. However, nearly 60% of people with 
asymptomatic PAD developed exertional leg symptoms during a 6-minute walk test 
[19], suggesting that many people with PAD restrict activity to avoid leg symptoms 
and subsequently become asymptomatic. People with PAD who report exertional leg 
symptoms other than intermittent claudication have a higher prevalence of diabetes, 
peripheral neuropathy, and spinal stenosis [3], suggesting that comorbid diseases 
may influence symptoms experienced during walking activity by people with PAD.

7 Peripheral Artery Disease: An Overview



140

Only a small proportion of patients with PAD develop critical limb ischemia, the 
manifestation of end-stage PAD that may lead to amputation if not reversed. In one 
study, approximately 2.5% of patients with PAD developed rest pain or gangrene 
per year [8]. However, rates of progression to critical limb ischemia may be highest 
during the year after PAD is diagnosed [8], perhaps because severe PAD is more 
likely to be diagnosed than mild PAD.

 Diagnosing PAD

Although symptoms of PAD are myriad and many people with PAD report no leg 
symptoms, PAD can be noninvasively diagnosed with the ankle brachial index 
(ABI), a ratio of Doppler-recorded systolic pressures in the lower and upper extrem-
ities. A normal ABI is 1.10–1.40 [20]. An ABI < 0.90 is reasonably sensitive and 
highly specific for a diagnosis of PAD [20, 21].

The ABI can be performed in the outpatient setting by measuring Doppler- 
recorded systolic pressures in the right and left brachial arteries and in the dorsalis 
pedis and posterior tibial arteries in each lower extremity. In healthy people without 
PAD, arterial pressures increase with greater distance away from the heart. This 
phenomenon results in higher systolic pressures at the ankle compared to the bra-
chial arteries in people without lower extremity arterial obstruction. Therefore, 
people without lower extremity atherosclerosis typically have an ABI value ≥1.10 
and <1.40, and an ABI < 0.90 is consistent with significant lower extremity athero-
sclerosis [20–24]. Lijmer et al. reported that an ABI < 0.91 had a sensitivity of 79% 
and a specificity of 96% for PAD in approximately 100 limbs, based on a compari-
son of the ABI value with angiographic study of the lower extremities [21]. The 
relatively low sensitivity of ABI < 0.90 occurs because some patients with PAD 
have medial calcinosis of their distal lower extremity arteries, resulting in ABI val-
ues above 1.10 even in the presence of significant lower extremity arterial obstruc-
tion [20]. Lower ABI values are indicative of more severe PAD. An ABI value <0.50 
indicates severe PAD, while a value of 0.50–0.90 indicates mild to moderate 
PAD. People with an ABI value of 0.91–1.09 typically have mild PAD, and ABI 
values in this range are associated with higher rates of mobility loss and increased 
cardiovascular mortality rates, compared to people with ABI values of 1.10–1.40.

The ABI should be performed with the patient lying supine, after at least a 
5- minute rest period. Appropriately sized blood pressure cuffs are placed over each 
brachial artery and at each ankle. At the ankle, the blood pressure cuff bladder 
should be positioned so that the artery marker is directly over the posterior tibial 
artery. Patients should be instructed not to talk during the examination, since talking 
can alter the systolic pressures during the test. A handheld Doppler is used to locate 
each artery before each arterial pressure measurement. Blood pressures are typi-
cally measured sequentially starting with the right upper extremity and them  moving 
to the right lower extremity, left lower extremity, and the left upper extremity. In the 
lower extremities, the dorsalis pedis and the posterior tibial pressure are each mea-
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sured. The probe should be positioned so that it detects the strongest signal from the 
artery prior to cuff inflation. Accurate ABI measurement consists of inflating the 
cuff sphygmomanometer to at least 20 mm above the systolic pressure and deflating 
the pressure no faster than 2 mm/second. The systolic pressure at which the pulse 
reappears is measured and recorded for each artery and used to calculate the ABI.

 Calculating the ABI

An ABI may be calculated for each lower extremity artery, by dividing the lower 
extremity artery’s pressure by the highest of the brachial artery pressures. The ABI 
is typically calculated for each leg, by dividing the highest of the two pressures in 
each leg by the highest of the left vs. right brachial artery pressures. The highest 
pressure in each leg is traditionally used to calculate the ABI for each leg, because 
the highest pressure represents the greatest arterial pressure reaching the foot. This 
information is useful when estimating the degree to which overall perfusion is com-
promised for each leg. However, it has been demonstrated that the ABI calculation 
using the average of the dorsalis pedis and posterior tibial artery pressures correlates 
most closely with functional impairment in people with PAD [24]. Using the lowest 
of the dorsalis pedis and posterior tibial pressures to calculate the ABI in each leg 
maximizes sensitivity of the ABI for the diagnosis of PAD [25] but is associated 
with lower specificity.

 Association of PAD with Increased Risk of Mortality 
and Cardiovascular Events

It is well established that people with PAD have higher rates of all-cause mortality 
and cardiovascular events, compared to people without PAD [2, 26]. This associa-
tion has been demonstrated in multiple observational studies both from community- 
dwelling settings and from medical center settings. To illustrate the association of 
the ABI with all-cause and cardiovascular mortality, the ABI Collaboration team of 
investigators combined data from 16 population-based observational studies that 
collected data on ABI and subsequent occurrence of cardiovascular events and mor-
tality [26]. The meta-analysis included 24,955 men and 23,339 women with ABI 
values and 480,325 person years of follow-up [26]. Among men, cardiovascular 
mortality rates at 10-year follow-up were 18.7% for men with ABI < 0.90 vs. 4.4% 
for men with a normal ABI value (hazard ratio (HR) = 4.2, 95% confidence interval 
(CI) = 3.3–5.4) [26]. For women, cardiovascular mortality rates at 10-year follow-
 up were 12.6% among women with ABI < 0.90 and 4.1% in women with a normal 
ABI (HR = 3.5, 95% CI = 2.4–5.1) [26]. When men and women were stratified by 
Framingham Risk Score (FRS), an ABI  <  0.90 was associated with an approxi-
mately twofold increased risk of 10-year all-cause mortality, cardiovascular 
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mortality, and coronary event rate, compared to normal ABI values. These and other 
data demonstrate that the ABI is both an important diagnostic tool for detecting 
PAD and also an important prognostic tool with regard to future cardiovascular risk. 
An advantage of the ABI compared to other measures of PAD is that it is a simple, 
noninvasive, and relatively inexpensive test. However, the ABI may be insensitive to 
detecting PAD when lower extremity arteries are affected by medial calcinosis, 
which is common in older people and in people with diabetes.

 PAD and Lower Extremity Functional Impairment

Because PAD blocks oxygenated blood perfusion of lower extremity skeletal mus-
cle during walking activity, oxygen requirements during activity exceed oxygen 
supply to lower extremity muscle, resulting in ischemic leg symptoms and/or weak-
ness of the lower extremities on exertion. Consistent with this phenomenon, people 
with PAD have greater functional impairment, poorer physical activity levels, and 
higher rates of mobility loss than people without PAD [3–5, 16, 27–29]. These asso-
ciations were demonstrated in the Walking and Leg Circulation Study (WALCS), in 
which 726 men and women age 55 and older with and without PAD underwent 
functional testing at baseline and were followed longitudinally with annual study 
visits, to document changes in mobility and walking performance over time [3, 27]. 
At baseline, compared to individuals with a normal ABI value, those with ABI < 0.50 
were 11.7 times more likely to be unable to walk for 6 minutes without stopping, 
and those with an ABI of 0.70–0.90 were 2.7 times more likely to be unable to walk 
for 6 minutes without stopping [16]. At 5-year follow-up, participants with severe 
PAD in the WALCS cohort were 4.2 times more likely, and those with mild PAD 
were 3.2 times more likely to develop mobility loss, defined as the inability to walk 
¼ mile or walk up 1 flight of stairs without assistance, compared to people without 
PAD [28]. These associations were independent of age, comorbidities, and other 
confounders. Furthermore, functional impairment and functional decline occurs 
even among people with PAD who report no exertional leg symptoms [3–5, 29]. The 
fact that many patients with PAD restrict their physical activity or slow their walk-
ing speed to avoid exertional ischemic leg symptoms is likely to further contribute 
to functional impairment and decline in people with PAD.

 Therapeutic Interventions for People with PAD

Therapeutic strategies for people with PAD should focus on preventing cardiovas-
cular events and improving functional impairment and preventing functional 
decline. Over the past 25 years, greater progress has been made in preventing car-
diovascular events than in improving walking impairment or preventing mobility 
loss in people with PAD. Quitting smoking is associated with lower rates of critical 
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limb ischemia and cardiovascular event rates. Therefore, all patients with PAD who 
continue to smoke cigarettes should be helped to quit smoking. Clinical practice 
guidelines for people with PAD recommend antiplatelet therapy and treatment with 
a potent statin to prevent cardiovascular events [30]. Some evidence suggests that 
clopidogrel is more efficacious than aspirin for preventing cardiovascular events in 
people with PAD [31]. Recent evidence supports prescription of low-dose rivaroxa-
ban (2.5 mg twice daily) in combination with low-dose aspirin in patients who have 
PAD and concomitant coronary artery disease and are high risk for cardiac and 
ischemic limb events [31]. Recent evidence suggests that adding vorapaxar to aspi-
rin or clopidogrel can prevent progression to ischemic limb events including critical 
limb ischemia or acute limb ischemia [31].

 Therapeutic Interventions for Improving Functional 
Performance and Preventing Functional Decline

Few medical therapies have been identified that improve walking performance in 
people PAD.  In 2019, only two medications, cilostazol and pentoxifylline, have 
been FDA approved for treating PAD-associated ischemic symptoms. However, 
benefits from cilostazol are modest, improving treadmill walking performance by 
only approximately 25–40% [32, 33]. Side effects are common and include palpita-
tions, dizziness, headaches, and diarrhea [32, 33]. In one study, 20% of patients 
discontinued cilostazol within 3 months [30]. Pentoxifylline does not improve walk-
ing performance meaningfully more than placebo, and the most recent clinical prac-
tice guidelines recommend against using pentoxifylline, due to lack of efficacy [30].

Supervised treadmill exercise is currently considered the most effective medical 
therapy for improving walking performance in people with PAD [34]. Based on 
consistent clinical trial evidence, demonstrating improved treadmill walking perfor-
mance in response to supervised treadmill exercise interventions, in 2017, the 
Centers for Medicare and Medicaid Services (CMS) published a decision memoran-
dum describing their intent to cover supervised exercise therapy for symptomatic 
peripheral artery disease. CMS now pays for up to three exercise sessions per week 
lasting 30–60 minutes per session for a duration of 12 weeks [34]. The exercise 
must take place in a hospital or outpatient hospital setting and must be delivered by 
qualified personnel trained with training in exercise therapy for patients with 
PAD. While the CMS decision to cover supervised exercise should increase access 
to this effective intervention, many patients with PAD find it burdensome to travel 
for supervised exercise three times weekly [35]. Furthermore, gains from super-
vised exercise may be lost, 6 months after completion of a supervised exercise pro-
gram [36]. Alternative approaches to help patients with PAD adhere to walking 
exercise regimens are needed.

Home-based walking exercise avoids the time, effort, and cost associated with 
travel to a medical center for supervised exercise. For these reasons, home-based 
walking exercise has the potential to be more accessible and acceptable to patients 
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with PAD than supervised exercise programs. However, not all home-based exercise 
interventions have been effective [37, 38]. Recent evidence suggests that effective 
home-based exercise interventions require incorporation of behavioral methods and 
occasional medical center visits, to encourage adherence to the walking exercise 
program at home.

 Conclusion

PAD is common, affecting approximately 10–15% of men and women age 65 and 
older. PAD will be increasingly common as the population lives longer with chronic 
disease. PAD is frequently underdiagnosed, in part because patients with PAD often 
report no exertional leg symptoms or have leg symptoms that are not consistent with 
classical intermittent claudication. The therapeutic approach to PAD consists of 
medical therapies to prevent cardiovascular events and exercise interventions to 
improve walking ability and prevent mobility loss. While the recent CMS determi-
nation to cover supervised exercise for people with PAD should increase access to 
this therapy, effective home-based exercise strategies that do not require frequent 
travel to a hospital-based exercise center are needed to maximize uptake of exercise 
activity by people with PAD.
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Chapter 8
Current Imaging Approaches 
and Challenges in the Assessment 
of Peripheral Artery Disease

Liisa L. Bergmann and Christopher J. François

 Introduction

The current standard of care for imaging peripheral artery wall pathology predomi-
nantly focuses on quantifying the vascular lumen size using digital subtraction angi-
ography (DSA), computed tomography angiography (CTA), and magnetic resonance 
angiography (MRA). In larger, central vessels, magnetic resonance can also be used 
to measure velocity and volume of flow. Velocity of blood flow can also be mea-
sured using Doppler ultrasound (US), in addition to visualizing vessel size with 
grayscale US; however, vascular wall calcifications create artifacts that limit visual-
ization of intraluminal flow. US is highly user dependent, and even when a skilled 
technician is available, the examination of the arterial system of an extremity is 
time-consuming. Interestingly, calcium possibly poses the greatest challenge in 
visualizing extremity vessel walls and lumens, as it may result in imaging artifacts 
in other modalities also.

This chapter will review standard peripheral artery imaging paradigms, focusing 
on peripheral arterial disease and acute limb ischemia, the most common and emer-
gent peripheral vessel wall diseases in the United States, respectively. Conventional 
standard imaging paradigms and their benefits and limitations will be discussed, 
predominantly in the context of these common conditions.
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 Peripheral Arterial Disease and Acute Limb Ischemia

 Background

Approximately 8.5 million Americans (7.2%) age 40 years or older are estimated to 
have peripheral arterial disease (PAD), defined as a low ankle-brachial index (<0.9) 
in 6.5 million and ABI  >  0.9 after revascularization therapy or false-negative 
ABI > 0.9 in an additional 2 million [1, 2]. Based on 2003–2008 nationwide ICD 
coding from large employers, Medicare and Medicaid, the incidence of PAD in 
adults over 40 years old was over 12% [2, 3]. At least 1.6 million (approximately 
25% of patients with low ABI) of these are estimated to have severe PAD, with 
ABI < 0.7 [1, 2]. Approximately 1.3% of American adults over 40 years of age have 
critical limb ischemia [2, 3], the most severe presentation of PAD.

The etiology of peripheral arterial disease is atherosclerosis, due to hardening 
and thickening of arterial walls. This process is exacerbated by smoking, diabetes 
mellitus, and hypertension, especially in the arterioles. Ultimately vessel lumens 
narrow so that blood flow becomes turbulent. Emboli may acutely and completely 
obstruct already narrowed arteries. The most severe presentation is acute limb isch-
emia (ALI), also known as a cold limb, when a vessel lumen is sufficiently obstructed 
so that blood flow approaches zero.

Acute limb ischemia is most commonly caused by complete arterial occlusion 
[4] associated with PAD; however, there are other causes. In a young and otherwise 
healthy person, cystic adventitial disease may cause ALI with markedly decreased 
or absent peripheral pulses. Trauma and prolonged exposure are usually clinically 
obvious. In traumatic posterior dislocation of the knee, the popliteal artery and 
distal pulses must be carefully evaluated. Patients with total venous outflow occlu-
sion, an uncommon cause of ALI, usually present with the precursor to venous 
gangrene, known as “phlegmasia cerulea dolens,” or swollen, dusky blue, and pain-
ful extremity; the presence of peripheral pulses readily excludes arterial occlusion 
as the etiology [4].

 Ankle-Brachial Index and Ultrasound

Ankle-brachial index, toe brachial index, and handheld Doppler can be used at the 
bedside to support a diagnosis of ALI [4]. Thermographic (infrared camera) attach-
ments for multiple brands of smartphones are commercially available to the general 
public, for the cost of approximately US $200.00, and provide another option for 
noninvasive bedside evaluation of distal extremity perfusion [5]. Although all of the 
bedside evaluations in this paragraph may aid in prompt clinical diagnosis of ALI, 
they are all insufficient for arterial mapping and interventional planning. Despite its 
wide availability, the role of ultrasound and Doppler is limited in ALI for several 
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reasons. Even when a skilled user is available, the exam of the arterial system of an 
extremity is rather time-consuming. Also vascular calcifications will prevent visual-
ization of intraluminal flow due to artifact.

 Catheter Angiography

When there is high clinical suspicion for ALI, catheter angiography, also known as 
x-ray angiography (XA) and digital subtraction angiography (DSA) which are used 
interchangeably throughout this chapter, remains the gold standard, because of its 
high resolution and because diagnosis and treatment are possible in the same proce-
dure. The American College of Radiology (ACR) recommends DSA when there is 
an intermediate level of suspicion of an acutely obstructed artery [4]. Despite its 
widespread availability, XA poses multiple risks to the patient. There is the possibil-
ity of iodinated contrast injury to the kidneys, which can be decreased by patient 
selection. The invasive nature of XA, even when the diagnostic portion of the pro-
cedure ultimately demonstrates no need for interventional treatment, poses the risk 
of numerous complications, including but not limited to hemorrhage, pseudoaneu-
rysm, dissection, subcutaneous hematoma, and infection. Additionally, exposure to 
ionizing radiation poses both risks of deterministic injury and increased risk of can-
cer over the patient’s lifetime.

 Computed Tomography Angiography

Computed tomography angiography (CTA) is also commonly used for diagnostic 
imaging in acute limb ischemia and/or peripheral arterial disease due to its wide 
availability and rapid acquisition times (Fig. 8.1). ACR guidelines indicate that CTA 
is usually appropriate to evaluate the sudden onset of a cold, painful limb, the same 
as magnetic resonance angiography (MRA) without and with contrast [4]. Clinical 
peripheral CTA typically consists of an initial non-contrast acquisition to assist with 
identification of calcified plaques that can be difficult to distinguish from enhancing 
lumen on the angiographic images. The CTA acquisition is performed during the 
first-pass of intravenous contrast through the peripheral arteries, scanning from 
cephalad to caudal. Timing of image acquisition can be based on real-time tracking 
of the contrast bolus or based on a test bolus scan performed prior to the CTA to 
determine the arrival of contrast in the peripheral arteries.

Despite its frequent use, CTA is imperfect and does pose some risk to patients. 
Calcified atherosclerosis can lead to difficulties in diagnosis in CTA (Fig. 8.2), spe-
cifically the overestimation of calcium plaque size and underestimation of vessel 
lumen size due to calcium blooming artifact, which is predominantly partial vol-
ume averaging artifact with some influence from motion artifact. Iodinated contrast 
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necessary for this examination is associated with the risk of contrast nephropathy. 
Also, each exposure to ionizing radiation brings with it a slightly increased risk of 
stoichiometric effects, including cancer.

 Magnetic Resonance Angiography

Appropriate catheters and guidewires for magnetic resonance image-guided intra-
vascular procedures are under development [6, 7]; however until these are widely 
available, magnetic resonance imaging will continue to be used predominantly for 
diagnostic imaging in PAD and ALI.  Magnetic resonance angiography (MRA) 

Fig. 8.1 CTA runoff including abdominal aorta, pelvic 
arteries, and arteries in the lower extremities can typically 
be performed in less than 20 seconds of scan time
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without and with IV contrast in suspected limb ischemia is considered usually 
appropriate, according to the ACR appropriateness criteria [4].

In a 2013 meta-analysis, no significant difference in sensitivity or specificity was 
found when comparing CTA to contrast-enhanced (CE) MRA [8]; this was espe-
cially true when dedicated additional CE MRA imaging of the calf was performed. 
In the acute setting, however, the use of MRA may be restricted by the lack of avail-
ability of an MR technician and/or MRI table time. Assuming a technician and the 
magnet itself are available, radiologists may consider non-contrast-enhanced MRA 
as well as a post-contrast T1-weighted MRA.  T2-weighted magnetic resonance 
imaging without, or prior to, contrast would demonstrate some secondary signs of 
acute limb ischemia, such as soft tissue edema.

High-temporal and high-spatial resolution time-resolved contrast-enhanced 
MRA techniques are widely used clinically [9]. These sequences were developed in 
the late 1990s [10, 11]. Clinically, these time-resolved contrast-enhanced MRA 
sequences are used to acquire high-resolution vascular images in the calves 
(Fig.  8.3a) followed by traditional 3D contrast-enhanced MRA in the pelvis 
(Fig. 8.3b) and thighs (Fig. 8.3c). This approach is often referred to as a “hybrid” 
peripheral MRA technique and results in consistent high-quality arterial imaging 
without venous contamination [12, 13].

The ACR notes that MRA without IV contrast is “sometimes appropriate,” par-
ticularly in patients with estimated glomerular filtration rate (eGFR) of <30 mL/min 
[4]. However, no unconfounded case of nephrogenic systemic fibrosis (NSF) was 
found in over 1400 high-risk inpatients who received gadobenate dimeglumine 
(MultiHance) [14]. Also, there was no case of NSF in 401 patients with decreased 
renal function, 303 of whom were dependent on dialysis, after administration of 
gadobenate dimeglumine [15]. Since 2008, only one case of NSF has been reported 

Fig. 8.2 Calcified plaque can limit the diagnostic quality of CTA. Calcified plaques (solid arrows) 
in the superficial femoral arteries appear to cause severe bilateral stenosis. Non-calcified plaque 
(dashed arrows) do not cause blooming artifact
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with any gadolinium-based contrast agent, and this was in a patient with normal 
eGFR [16]. American College of Radiology classifies gadolinium-based contrast 
agents (GBCAs) as follows: Group I GBCAs are associated with the greatest num-
ber of NSF cases; Group II GBCAs are associated with few, if any, unconfounded 
cases of NSF; and Group III GBCAs have limited data however are also associated 
with few, if any, unconfounded cases of NSF [17].

Concern for nephrogenic systemic fibrosis (NSF) after gadolinium-based con-
trast administration heightened interest in non-contrast MRA sequences. Non- 
contrast- enhanced (NE) MRA eliminates the exceedingly low possibility of NSF; 
however, our institution has identified zero cases of NSF since gadodiamide was 
removed from the gadolinium-based contrast agent (GBCA) formulary [18]. NE 
MRA also eliminates gadolinium retention and any as-of-yet-unknown associated 
risks [19, 20]. Patient preference may be to avoid GBCAs due to recent lay press 
coverage of gadolinium deposition and new symptoms following GBCA exposure, 
the US Food and Drug Administration issuance of a new class warning regarding 
the occurrence of gadolinium deposition, and the European Medicines Agency rec-
ommending suspension of use of some GBCAs [21, 22]. NE MRA has greatly 
improved in the last decade; however, challenges still remain.

The limitations of NE MRA sequences commercially available in 2011 were 
well summarized by Hodnett et al. [23]. Gated 2D time-of-flight imaging requires 
excessive scan time and results in less than ideal image quality often due to artifacts 
attributed to in-plane flow. Subtraction techniques are unfortunately highly sensitive 
to patient motion and require precise timing of systolic imaging during the peak 
velocity of blood flow for the vessel segment being images, “which is both patient- 

a b c

Fig. 8.3 Hybrid peripheral MRA approach consists of (a) time-resolved contrast-enhanced (CE) 
MRA in the calves followed by (b) 3D CE MRA in the pelvis and (c) 3D CE MRA in the thighs
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and operator-dependent” [23]. Electrocardiogram (ECG)-gated 3D half-Fourier fast 
spin echo (FSE) is one such subtraction technique, with which Lim et al. were tech-
nically successful just over half the time [24, 25]. Fan et al. explored flow-sensitive 
dephasing (FSD)-prepared balanced steady-state free precession (SSFP); however 
this also requires long imaging time and image subtraction, both of which increase 
sensitivity to motion artifacts [26].

As described in multiple 2011 publications, Hodnett et  al. explored the use of 
quiescent-interval single-shot (QISS) MRA, which was not commercially available 
at the time [23, 27, 28]. QISS NE MRA at 1.5 Tesla has demonstrated high diagnostic 
accuracy compared with DSA and improved visualization of heavily calcified arter-
ies in the lower extremities when compared to CTA [29]. In 3 Tesla magnetic fields, 
NE QISS MRA demonstrated similar sensitivity and specificity to CTA overall; how-
ever, NE QISS MRA sensitivity was significantly higher than CTA in heavily calci-
fied segments [30]. These various MR sequences are described in more detail below.

In 2011, QISS, MRA images of the arteries from the aortic bifurcation to the feet 
were obtained in approximately 6  minutes. These two-dimensional images were 
obtained sequentially via ECG-gated balanced steady-state free precession acquisi-
tion [27]. Each thin-slice two-dimensional image is obtained during diastole, after 
electromagnetic pulses eliminate signal from soft tissue in the slice as well as from 
anticipated venous inflow. Imaged arterial signal intensity thus depends only upon 
arterial inflow time, making heart rate and arrhythmias essentially irrelevant. 
Hodnett et al. found this technique interchangeable with MRA with contrast and 
with DSA due to similar results for all three modalities attributed to short table time, 
motion insensitivity, and lack of adjustments required for each patient [23, 27].

Liu et  al. provide an excellent summary of the current challenges facing the 
three main non-contrast-enhanced (NE) MRA techniques: quiescent-interval sin-
gle-shot (QISS), described above; flow-sensitive dephasing (FSD)-prepared bal-
anced steady-state free precession (SSFP), referred to simply as FSD SSFP; and 
non- contrast angiography of the arteries and veins sampling perfection with 
application- optimized contrast by using different flip angle evaluation, called  [31].

Ward et  al. compared QISS and NATIVE SPACE to contrast-enhanced MRA, 
time- resolved in the calf only, at 1.5 Tesla, and found QISS to have greater specificity 
and image quality than NATIVE SPACE [32]. Also, poor quality of multiple NATIVE 
SPACE images resulted in two of two reading radiologists to incorrectly identify 
segmental occlusion which was not present on QISS or contrast-enhanced MRA. CE 
MRA technique included “time-resolved coronal fast low angle shot-based sequence 
(TWIST  – time-resolved angiography with interleaved stochastic trajectories) …
[and] stepping table MRA for the remainder of the peripheral vascular system” [32].

Hansmann compared QISS at 3 T to contrast-enhanced MRA and also to digital 
subtraction angiography [33]. Similar to Ward’s methodology, CE MRA was 
obtained with time-resolution only in the calf. Due to time-consuming shimming, 
QISS acquisition time at 3 T was markedly increased to approximately 18 minutes. 
Motion artifact was attributed to this increased imaging time. QISS imaging was as 
sensitive to stenosis greater than 50% as contrast-enhanced MRA, however, and in 
several instances better correlated with DSA.
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Zhang et al. [34] compared NE MRA to contrast-enhanced CE MRA obtained at 
3.0 T magnetic field strength. NE MRA images were obtained using a flow-sensitive 
dephasing (FSD) technique that depends on magnitude subtraction of two images 
obtained sequentially via ECG-gated, 3D balanced SSFP acquisition. Dark artery 
measurements were obtained during systole and bright artery measurement obtained 
during diastole, when relatively slow arterial flow results in what is similar to a high 
T2 signal intensity. The images were obtained over 4–5 minutes. Magnitude sub-
traction of the two images results in easy visualization of the arteries, without 
venous contamination and without much visualization of the soft tissues. Aside 
from the relatively longer table time, dark artery image dependence on univector 
arterial flow velocity resulted in artifact resembling stenosis in vessel segments ori-
ented transversely. Contrast-enhanced MRA images were obtained using 3D 
gradient- echo (fast low-angle shot, or FLASH) sequence in three coronal images 
both prior to and following intravenous contrast administration after contrast arrived 
in the abdominal aorta as measured using a 2D gradient-echo sequence. These 
images were obtained in approximately 1  minute; however, they were not time- 
resolved and were found to have venous contamination. Non-contrast-enhanced 
MRA overestimated stenoses in comparison to contrast MRA.

Liu et al. compared imaging of calf vessels using non-contrast-enhanced (NE) 
MRA also using FSD 3D SSFP acquisition at 1.5 T to contrast-enhanced (CE) MRA 
[35] and at 3.0 T to CE MRA as well as DSA [31]. In both studies, CE MRA were 
obtained using the same sequences as Zhang et al. [34], again which were not time-
resolved. Similarly, NE MRA overestimated stenoses compared to CE MRA, and 
similarly, venous contamination was sometimes problematic in CE MRA images.

Zhang et al. [36] also compared two NE MRA sequences of the calf arteries, 
FSD SSFP and QISS, with contrast-enhanced MRA at 1.5  T.  ECG-gated QISS 
required about 4-minute acquisition time, only slightly less than FSD SSFP acquisi-
tion time. FSD SSFP had slightly higher specificity than QISS, but otherwise the 
two NE MRA sequences had similar sensitivity and negative predictive value for 
stenosis greater than 50%. CE MRA was approximately 1-minute acquisition time.

In summary, although much progress has been made in non-contrast-enhanced 
MRA of the peripheral arteries, at present we continue to favor MRA with contrast 
over non-contrast-enhanced MRA FSD SSFP sequence, due to decreased time of 
acquisition, decreased motion-artifact sensitivity, and lack of heart rate and arrhyth-
mia dependence. The addition of time-resolution contrast-enhanced MRA would 
reduce or eliminate venous contamination noted in contrast-enhanced MRA 
obtained using 3D gradient-echo (fast low-angle shot, FLASH) sequence.

 The Challenges Facing Current Imaging Paradigms

Like any medical test, ideally every imaging test ordered would be appropriate to 
the relevant diagnostic question, after a thorough patient interview and physical 
examination. The ideal imaging test would minimize risk to the patients  – this 
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would require it to be noninvasive and expose a patient to minimal or no ionizing 
radiation. The test would be reliable with rapid and consistent results.

In peripheral arterial disease, an ideal imaging test would clearly demonstrate 
vessel wall thickness, vessel wall elasticity, and direction, rate, and volume of intra-
luminal flow. Also, improved means of visualizing the perfusion of adjacent tissue 
would be helpful to clinical decision-making. Finally, an ideal test would provide 
information that enables us to predict future progression of disease, even in an 
asymptomatic patient.

In peripheral arterial disease, we currently prefer MRA without and with con-
trast, including time-resolved imaging. CTA with iodinated contrast remains a 
reliable and fast diagnostic option; however, this poses increased risk to the kid-
neys and ionizing radiation exposure relative to contrast-enhanced MRA. There 
is ongoing improvement of non-contrast-enhanced MRA for clinical evaluation 
of peripheral arterial disease. Techniques for evaluating microvasculature in 
peripheral arterial disease that are not yet commonly used in the clinical setting 
include contrast- enhanced ultrasound, contrast-enhanced MRI perfusion imag-
ing, non-contrast- enhanced blood-oxygen-level-dependent (BOLD) and arterial 
spin labeling (ASL) MRI, and magnetic resonance spectroscopy with 31-phos-
phorus [37, 38].
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Chapter 9
Advanced Peripheral Artery Vessel Wall 
Imaging and Future Directions

Adrián I. Löffler and Christopher M. Kramer

In the field of peripheral arterial disease (PAD), the ankle-brachial index (ABI) is 
considered the gold standard imaging modality for initial screening or diagnosis of 
lower extremity PAD based on current clinical practice guidelines [1]. While the ABI 
is an excellent study for diagnosing peripheral arterial occlusion, it has limited utility 
for assessing arterial wall disease. Being able to directly measure plaque and periph-
eral arterial remodeling in arterial walls may be better suited for defining disease 
burden. It is widely recognized that PAD is more complicated than a flow- limiting 
process and that atheromatous plaque is a nidus for inflammation with consequent 
risk of plaque rupture [2]. A recent histopathologic study has suggested that athero-
thromboembolic disease is a primary feature of PAD [3]. We will review the current 
imaging techniques presently used for vessel wall imaging including intravascular 
ultrasound (IVUS), fluoro-deoxy-glucose positron emission tomography/computed 
tomography (FDG-PET/CT), and magnetic resonance imaging (MRI).

 Intravascular Ultrasound (IVUS)

IVUS is an imaging technique that uses a transducer or probe attached to a catheter 
that generates real-time ultrasound waves and provides a 360-degree cross-sectional 
view of arteries [4]. Whereas angiography portrays only a 2D profile of the lumen, 
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ultrasound allows for real-time cross-sectional image acquisition of vessel wall ath-
eromatous plaques, intimal thickening, media and adventitia (Fig. 9.1) [5]. IVUS 
can also be used to define plaque morphology (i.e., soft, fibrous, calcified, or mixed) 
and identify presence or absence of a lipid core in the plaque [6]. IVUS has been 
studied for measuring regression or regression of atherosclerosis and restenosis 
after percutaneous interventions [4, 7–9]. IVUS historically was the gold standard 
for quantitative and qualitative evaluation of the vascular wall and lumen [10]. 
However, IVUS is not suitable in the peripheral vasculature as approximately 50% 
of vessel segments aren’t quantifiable due to extensive vessel wall calcifications 
resulting in dorsal echo extinction [10]. Another limitation is its invasiveness and 
higher costs as it requires an invasive peripheral angiogram.

 Computed Tomography Angiography (CTA) and FDG- 
Positron Emission Tomography/CT (FDG-PET/CT)

CTA has the advantage of higher spatial resolution compared to ultrasound. Since 
the arrival of multidetector scanners and multiple cross-sectional imaging allowing 
for rapid acquisition times, the use of CTA has grown. CTA also allows for three- 
dimensional (3D) imaging of the peripheral arterial tree which can be useful when 
planning revascularization strategies. CTA has shown to be effective in identifying 
>50% stenotic lesions in PAD with a sensitivity of 95% and specificity of 96% [11]. 
The presence of dense focal calcifications in the arterial wall can lead to overestima-
tion of the degree of stenosis [12]. Other limitations of CTA include the need for 
iodinated contrast and ionizing radiation exposure.

FDG-PET/CT can be used to evaluate atherosclerotic plaque composition in the 
superficial femoral artery [13]. PET utilizes positron-emitting radiotracers that 
encounter electrons in neighboring tissues that lead to annihilation reactions result-
ing in emission of gamma photons which are detected by scintillation detectors on 
the scanner. The regions of tracer uptake detected by PET need to be co-registered 

Fig. 9.1 Atheroma morphology by IVUS. Soft (left), mixed fibrous and calcified (center), and 
heavily calcified atheromas (right) are illustrated. (From Nissen and Yock [5]; with permission 
from Wolters Kluwer Health, Inc.)
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with CT (PET/CT) or MRI (PET/MRI) to link the region of uptake with an anatomi-
cal location. The advantage of PET is that it can directly measure the metabolic 
processes within plaque [2]. Different radiotracers can be used to target and mea-
sure the distinct metabolic features of atherogenesis such as macrophage-mediated 
inflammatory change (18F-fluorodeoxyglucose), hypoxia (18F-fluoromisonidazole), 
and microcalcification (18F-sodium fluoride) [2]. Figure 9.2 shows a highly calcified 
superficial femoral artery (SFA) on CT with the uptake of 18F-sodium fluoride (18F- 
NaF) on PET in the calcified plaque region of the vessel.

18F-fluorodeoxyglucose (FDG) is the mainstay radioligand in PET imaging and 
thus has been the most commonly used radiotracer in atherosclerosis. FDG is an 
analogue of glucose which accumulates intracellularly via glucose transporter 
member (GLUT) 1 and 3 in proportion to demand for glucose. GLUT 1 and 3 are 
upregulated during atherogenesis due to hypoxia within the plaque core [2]. A small 
study of 20 patients underwent PET/CT of the iliac, femoral, and carotid arteries 
90 minutes after 18F-FDG administration with repeat imaging 2 weeks later [14]. 

Fig. 9.2 Lower limb 18F-NaF imaging: non-contrast CT (top left) with a rim of calcification of the 
vessel, 18F-NaF PET (top right), and fused 18F-NaF PET/CT (bottom left) of the superficial femoral 
artery (arrow) at the level of the adductor canal, demonstrating significant vessel uptake in this 
symptomatic patient. In addition, there is prominent uptake seen in the vessel at the same level on 
the coronal image (bottom right). (Reprinted from Evans et al. [2], page 7; http://creativecommons.
org/licenses/by/4.0/; no changes were made)
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This demonstrated excellent reproducibility of 18F-FDG uptake as a marker of 
inflammation within vessel wall plaque. This technique along with complementary 
MRI has been used to classify plaque into three different groups, collagen, lipid- rich 
necrotic core, and calcium, as shown in Fig. 9.3 [15].

 Magnetic Resonance Imaging (MRI)

 Contrast-Enhanced Techniques

Contrast-enhanced magnetic resonance angiography and CT angiography are both 
useful for diagnosing and assessing PAD; however, they don’t provide information on 
arterial remodeling and can underestimate the extent of atherosclerosis [16]. 
Furthermore, contrast agents limit the use of both of these modalities in certain patients, 
including those with advanced chronic kidney disease. Below we will summarize dif-
ferent MRI techniques that have been developed for arterial wall assessment.

MRI has the advantage of lack of radiation exposure and thus can be used for 
serial arterial wall assessments. Technical advances have enabled improved spatial 

a

b

Fig. 9.3 (Reprinted from Silvera et al. [15]; with permission from Elsevier) (a) Transverse MR 
and FDG-PET/CT images demonstrating a collagen rich plaque of the right common carotid 
artery. The T2-weighted (T2W) image demonstrates the right common carotid artery (white 
arrow), the jugular vein (“v”), the sterno-cleido-mastoid muscle (‡) and the thyroid cartilage (†). 
Carotid artery wall appears hyperintense on T2W (white arrow) and on proton density weighted 
(PDW) images. CT confirms the absence of calcification in the artery wall. The right common 
carotid artery is displayed on the computed tomography (CT) and on the fused positron emission 
tomography/CT (PET/CT) images (white dashed circle). (b) Transverse MR images and correspond-
ing FDG-PET/CT images indicate a carotid artery lipid-rich necrotic core plaque, hypointense on 
T2W (white arrow) and on PDW images. CT image demonstrates the absence of calcification. The 
white dashed circle demonstrates FDG uptake into the entire artery section on the PET/CT image
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resolution which permits imaging of structures smaller than 1 mm in diameter with 
MRI [10]. This paved the path for new studies using MRI for noninvasive assess-
ment of atherosclerotic plaque in  vivo [17, 18]. Meissner et  al. studied high- 
resolution MRI in the femoral arterial segments of patients with PAD and compared 
it to IVUS [10]. MRI was performed at 1.5 T with a three-dimensional (3D) time- 
of- flight sequence with in-plane resolution of 0.78 × 0.49 mm2. When compared 
with IVUS, they demonstrated precise assessment of cross-sectional lumen area and 

a b

c d

Fig. 9.4 Correlation between IVUS and axial high-resolution (HR) 3D time-of-flight MR images 
in two different vessel segments. Insets in each MR image represent magnified views of the distal 
superficial femoral artery. HR MR images are acquired at a slice thickness of 2 mm with an in- 
plane resolution of 0.78 ′ 0.49 mm2, with no interslice gap. (a) IVUS visualization of a vessel 
segment with a side branch (white arrows); (b) corresponding HR MR image. The course of the 
side branch can be clearly followed. (c) IVUS visualization of a vessel wall segment with charac-
teristic plaque formation. (d) corresponding HR MR image. The hypointense plaque can be clearly 
differentiated from the hyperintense lumen. (Reprinted from Meissner et al. [10]; with permission 
from Elsevier.)
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extent of calcification in PAD. Figure 9.4 demonstrates how hypointense plaque can 
be clearly differentiated from the hyperintense lumen. This technique however does 
require gadolinium contrast for 3D contrast-enhanced angiography to allow for 
exact position of the MR imaging slices. This would preclude patients with stage 4 
or 5 chronic kidney disease or allergic reactions to gadolinium from undergoing this 
technique.

 Non-contrast-Enhanced Techniques

More recent advances in MRI techniques in PAD have focused on non-contrast 
sequences [19]. The SFA is a suitable vessel for high-resolution MR plaque imaging 
as it is the most common site of lower extremity atherosclerosis [20, 21]. The SFA 
also is not influenced by artifacts from systolic and diastolic changes such as coro-
nary arteries, carotid arteries, and the thoracic aorta. Its anatomical position allows 
for use of high-resolution coil systems with associated high spatial resolution. SFA 
occlusion and plaque burden are associated with reduced ABIs and 6-minute walk 
distance [21–23].

Multiple plaque imaging techniques described below utilize turbo (fast) spin 
echo sequences as this is an efficient way to increase the speed of basic spin echo 
imaging. Preparation pulses can be added prior to imaging sequence in order to 
change image contrast, such as fat suppression, “black blood” contrast, T1 contrast 
enhancement, etc.

“Black-blood” two-dimensional (2D) fast spin echo (FSE) MRI approaches, 
where blood signal is suppressed using a double inversion recovery (DIR) pulse, 
are suitable for arterial wall imaging, but these approaches tend to be very time- 
consuming [24–26]. 3D FSE sequences were effective in reducing partial volume- 
averaging effects by allowing contiguous acquisition of thin sections however 
suffered from T2-induced signal decay and long scan times [27, 28]. More recently 
SPACE (sampling perfection with application optimized contrasts using different 
flip angle evolution) has been developed which uses a single-slab 3D turbo spin 
echo (TSE) sequence with variable refocusing flip angles and spatially nonselec-
tive radiofrequency (RF) refocusing pulses [16, 29]. These modifications allow for 
greater efficiency over the previous 3D FSE by allowing more echoes to be 
acquired following each RF pulse excitation. This sequence also dephases flowing 
blood and suppresses the blood signal without the need for DIR preparation, per-
mitting the use of thicker 3D slabs and efficient coverage of larger vascular terri-
tories. Mihai G. et  al. used T1-weighted SPACE and compared it to 
contrast-enhanced MR angiography (CE-MRA) in aorta, iliac, and SFA arteries 
assessment in patients with PAD [16]. Quantitative comparison of lumen areas 
with T1-weighted SPACE and CE-MRA had strong correlation (r > 0.9; P < 0.001). 
Furthermore, SPACE allows for visualization of the vessel wall remodeling and 
atherosclerosis burden, which is an advantage over the conventional CE-MRA as 
shown in Fig. 9.5.
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a

b

Fig. 9.5 (a, b) Use of T1w-SPACE (left, a and b) and CE-MRA (right, a and b) to assess disease 
in a patient with PAD. The 3D SPACE (left) and MPR CE-MRA (right) images of abdominal aorta 
(a) and SFA (b) segments demonstrate luminal stenosis and atherosclerosis in a 63-year-old patient 
with PAD. ABI was 0.82 on the right lower extremity. Arrows depict total right iliac occlusion (a, 
right and left). Observe the almost normal looking SFA lumen in the sagittal reconstruct of 
CE-MRA (b, left). The 3D SPACE sagittal and transversal reconstructed images (right) show wall 
thickening suggestive of uniform plaque buildup. Note: Dotted lines on sagittal reconstructed 
images show position/orientation of transversal MPR images. (Reprinted from Mihai et al. [16]; 
with permission from John Wiley and Sons)
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Isbell D.C. et al. studied the use of MRI for SFA plaque volume quantification 
[30]. This technique uses multi-slice TSE pulse sequences with fat presaturation. 
Blood flow is suppressed creating a dark lumen. Imaging slices begin above the 
femoral bifurcation and continue through the adductor canal. With each indi-
vidual slice, cross-sectional area (CSA) of the vessel wall is measured. The vol-
ume for each slice can be derived by multiplying the CSA by the slice thickness. 
Total SFA plaque volume is then calculated by adding the volume of all the 
individual slices. This technique has been shown to have excellent intra-observer 
(r = 0.997), inter- observer (r = 0.987), and test-retest (r = 0.996) reliability and 
reproducibility. This is ideal for the study and validation of pharmacologic thera-
pies for PAD. Statin and ezetimibe used in statin-naïve patients with PAD showed 
no progression of SFA plaque volume using MRI [31]. PCSK9 inhibitors are 
newer cholesterol reducing agents that have been shown to reduced LDL choles-
terol up to 70% in patients on statins or intolerant to statins [32, 33]. A recent 
study has also shown they can improve cardiovascular outcomes [34]. A current 
randomized controlled trial is underway seeing if a PCSK9 inhibitor (alirocumab) 
can reduce SFA plaque volume, measured by MRI, in PAD patients (NCT 
02959047).

MRI techniques have also been studied in PAD plaque characteristic imaging. 
The proximal SFA is identified and imaged with bright-blood 2D time-of-flight 
images and proton density-weighted images. Additional T1- and T2-weighted 
TSE images are acquired for plaque characterization. Readers trace the outer 
boundary and the lumen of each cross-sectional image as shown in Fig. 9.6 [35]. 
Plaque area, wall thickness, and lumen area are then quantified. Lipid-rich 
necrotic core (LRNC) without hemorrhage is identified by isointense on proton 
density-weighted and time-of-flight images, hypointense on T2-weighted 
images, and isointense or slightly hyperintense on T1-weighed images. 
Intraplaque hemorrhage is characterized as hyperintense on time-of-flight and 
T1-weighted images and can be either hyperintense or hypointense on 
T1-weighted and proton density images based on the stage of hemorrhage. 
LRNC plaque and intraplaque hemorrhage have been identified as high-risk 
plaque and have been identified in the proximal SFA of <25% of adults with 
PAD [35]. PAD patients with LRNC in the SFA have higher rates of clinical PAD 
events independent of ABI [36]. LRNC however does not predict higher mobil-
ity loss in PAD which appears to be more impacted by greater plaque quantity 
and smaller luminal area in the SFA [37].

In summary, vessel wall imaging for PAD has been mainly studied using IVUS, 
FDG-PET/CT, and MRI. MRI has largely replaced IVUS for plaque assessment in 
PAD due to the limitation of IVUS in calcified plaques. MRI techniques summa-
rized above have been used to validate pharmacologic therapies for PAD in clinical 
trials but aren’t widely utilized in the clinical setting as of yet. These new techniques 
set the stage for larger clinical trials studying SFA plaque characteristics and 
outcomes.
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c

d

Fig. 9.6 MRI images of the proximal superficial femoral artery (SFA) from a participant in the 
Walking and Leg Circulation Study III cohort. Imaging sequence is time of flight (a), T1 (b), pro-
ton density (c), and T2 (d). Panels on the left are the original images, and panels on the right 
include the traced contours for the plaque composition analysis. The blue contour delineates the 
outer boundary of the SFA, the red contour delineates the lumen, and the yellow contour delineates 
the lipid-rich necrotic core. (Reprinted from Polonsky et al. [35]; with permission from Elsevier)
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Chapter 10
Imaging Approaches for Aortic Disease

Muhannad Aboud Abbasi, Ashitha Pathrose, Ali Mostafa Serhal, 
and James Carr

 Introduction

Aortic diseases are a significant cause of morbidity and mortality that can poten-
tially result in catastrophic clinical consequences if a diagnosis is delayed. 
Therefore, prompt and accurate assessment is paramount to safe patient care and 
appropriate clinical outcomes. Aortic diseases can broadly be divided into valvular, 
aneurysmal, dissection-related, atherosclerotic, trauma-related, and congenital. 
The goal of this chapter is to outline common disease processes that affect the 
aorta, with emphasis on the strengths and limitations of the different imaging 
modalities, which are currently in use.

 Overview of Imaging Techniques

The imaging options available for assessment of the thoracic aorta include plain 
radiography, transthoracic echocardiography (TTE), transesophageal echocardiog-
raphy (TEE), computed tomography (CT), computed tomography angiography 
(CTA), magnetic resonance imaging (MRI), and aortography. Imaging modalities 
used for the abdominal aorta include ultrasonography (US), CT, CTA, MRI, and 
catheter angiography.
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 Plain Radiography

Plain radiography has limited use for assessing the thoracic aorta and is mostly 
utilized as an initial screening tool. Signs such as an abnormal aortic contour or 
widening of the aortic silhouette in a suggestive clinical scenario raise the clinical 
suspicion for aortic dissection or other aortic pathologies. CXRs have a sensitivity 
of 64% and a specificity of 86% for acute aortic syndromes [1]. However, radio-
graphs alone are not sensitive enough to exclude aortic pathology or blunt aortic 
injury when it is clinically suspected [2, 3].

 Echocardiography

Transthoracic echocardiography is a noninvasive imaging technique that is widely 
used in clinical practice due to its rapid availability and portability. It is highly effec-
tive in the evaluation of the proximal aorta, the aortic valve, left ventricular mor-
phology and function, and suspected pericardial effusions. However, due to limited 
acoustic windows and reduced anatomic coverage, it is not considered the first-line 
imaging technique for the entire aorta and often demands further evaluation with 
TEE, CT/CTA, and MRI. Compared to TTE, TEE is a more sensitive and specific 
modality, offering superior visualization of the posterior cardiac structures and is 
particularly effective at assessing diseases of the aortic root. TEE has high sensitiv-
ity in the evaluation of suspected acute aortic pathology (dissection, transection, and 
intramural hematoma), suspected prosthetic valve dysfunction (thrombus, pannus 
ingrowth, vegetation, or regurgitation), and screening for left atrial thrombus in 
patients with atrial fibrillation or atrial flutter [4–6]. However, since TEE provides 
limited anatomic coverage of the aortic arch and descending thoracic aorta, it is 
mainly reserved for evaluating diseases at the aortic root, such as aneurysms and 
dissections. Since TEE is a portable modality, it is particularly useful for evaluating 
sick patients in the intensive care unit or emergency department, who cannot be 
transferred for more advanced imaging with CT or MR. TEE is also an invasive 
procedure with possible morbidity [7], albeit small, and is therefore mostly used for 
exclusion of aortic root pathology.

 Ultrasonography

Ultrasound is the examination of choice for initial workup of abdominal aortic 
pathologies. It has a sensitivity of nearly 100% in the diagnosis of abdominal aortic 
aneurysms (AAA) [8]. Ultrasonography is largely preferred for screening and moni-
toring because of its relatively low cost, widespread availability, and noninvasive 
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nature. It is accurate to within 0.3 cm in estimating aneurysm diameter on serial 
scans with little interobserver variation [9]. However, limitations include subopti-
mal image quality in patients who are obese or who have excessive bowel gas. 
Furthermore, US cannot reliably identify the presence of periaortic disease or the 
proximal and distal extent of an aneurysm. It also has limited ability in determining 
the patency of the visceral vasculature, the relationship of an aneurysm with respect 
to renal vessels, or the presence of iliac aneurysms. As a result, US alone cannot 
fully provide the necessary information required in the preoperative evaluation of a 
patient undergoing elective aneurysm repair.

Contrast-enhanced ultrasound (CEUS) is an evolving complementary imaging 
technique useful for real-time characterization of macrovascular pathologies like 
aortic dissection, ruptures, and endoleaks following endovascular repair of AAA, as 
well as microvascular pathologies like aortitis. This technique uses microbubbles 
containing inert gases as ultrasonographic contrast agents, making them safe for 
patients with impaired renal function [10, 11].

 Computed Tomography and Computed Tomography 
Angiography

The speed and ease of CT acquisitions render this technique of choice for diagnos-
ing acute and chronic aortic pathologies, such as intramural hematomas, aneurysms, 
traumatic injuries, atherosclerosis, and dissections. Multi-detector row CT (MDCT) 
has become one of the most widely used imaging modalities for the assessment of 
aortic diseases. Its major advantages are excellent spatial and temporal resolution, 
widespread availability, and ability to image the entire aorta (i.e., thoracic and 
abdominal aorta) within seconds. By markedly shortening the scan time, respiratory 
motion artifacts are limited, and the dose of iodinated contrast can be reduced [12]. 
It also enables easy visualization of the aortic lumen and wall, resulting in precise 
and reproducible measurements of aortic diameter. Current scanners with higher 
rows of detectors allow acquisition of isotropic volumetric datasets, which can be 
reconstructed in any plane for optimal display and measurement [13].

The typical CT protocol for assessing the aorta includes a non-contrast CT ini-
tially followed by an arterial phase CT angiogram. A delayed post-contrast CT 
may be indicated in certain conditions such as dissection and vasculitis. In an acute 
non- traumatic scenario, the non-contrast scan is essential for detecting acute aortic 
wall intramural hematomas, which appears as a curvilinear hyperdense region in 
aortic wall. A relatively thick 5 mm slice can be more useful than thinner sections 
due to relatively decreased image noise and increased contrast, which enables the 
appreciation of the high-density rim of an acute intramural hematoma [14]. A 
contrast- enhanced CT angiogram (CTA), timed to the arterial phase, is the main-
stay for evaluating the thoracic and abdominal aorta. Nonionic iodinated contrast 
agents are preferably injected from the right arm to minimize artifacts from the 
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dense contrast in the innominate veins. Triggering the scan by automated bolus 
tracking in the aortic lumen will usually provide reliable aortic enhancement. A 
delayed  post- contrast venous-phase CTA is used for the assessment of dissection 
or inflammatory diseases (e.g., vasculitis). Table 10.1 outlines a typical thoracic 
CTA protocol.

Newer approaches to CT imaging of the aorta include dual-energy CT (DECT) 
that uses both low-energy (i.e., 80–100 kVp tube potential) and high-energy (140 
kVp) photons when acquiring data – this is becoming more widely available for 
aortic imaging. It can be used for quantifying aortic calcification, thus enabling 
identification of patients at risk for adverse cardiovascular events [15]. Alternatively, 
it can be employed to subtract calcification from the aortic wall to allow improved 
visualization of the mural contours, thereby facilitating more accurate measure-
ments of aortic dimensions. Spectral detector CT (SDCT) is also a new technique in 
which multiple spectrally distinct attenuation datasets are acquired, enabling dif-
ferentiation of tissues with varying attenuation at different photon energies. SDCT 
aids in artifact reduction, increasing intravascular contrast in suboptimally enhanced 
contrast studies and differentiating delayed slow flow from the thrombus [16]. 
Single-source dual-layer detector CT which involves the use of a single-source 
scanner that discriminates DECT data at the detector level and photon-counting 
detector CT that uses a polychromatic x-ray energy beam to acquire DECT data are 
other novel CT techniques that hold promise.

Various post-processing image visualization techniques can also be used for 
CTA including multiplanar reconstruction (MPR), maximum intensity projection 
(MIP), 3D volume rendering (3D-VR), and curved planar reformation (CPR).

The main disadvantages of CTA are the need for contrast administration and ion-
izing radiation exposure. Iodinated contrast agents (ICA) may cause allergic reac-
tions and need cautious use in patients with nephropathy. The administration of ICA 
may cause contrast-induced nephropathy (CIN), especially in those with pre- 
existing renal impairment. The incidence of CIN in the general population is up to 
6%; however, studies indicate that up to 50% of patients with pre-existing nephrop-
athy are at risk of developing CIN [17]. Ionizing radiation exposure from CT may 
limit its use, especially in young patients who may require serial follow-up imaging 
[18]. Dramatic decreases in radiation exposure have been observed recently from 

Table 10.1 ECG-gated thoracic CTA protocol

Pre-contrast (Y/N) Yes

CTA (contrast) mAs 120 care dose
IV contrast (injection rate) 70 cc (4 cc/s)
Slice thickness 2 mm
Collimator 192 × 0.6
Rotation time 0.25
Pitch 3.2
kV 80–120 kV (90 ref. care kV)

Delayed post-contrast Indicated for assessment of vasculitis
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using various dose reduction techniques, including prospective ECG triggering, 
ECG-based tube current modulation, lower peak kilovoltage (kVp), and iterative 
reconstruction algorithms [19, 20].

Compared to other modalities such as TTE and MRI, CT lacks flow assessment 
capabilities, which are useful in assessing aortic insufficiency and shunts. Cardiac 
motion artifacts mainly affect the aortic root in non-ECG-gated CTA and are more 
frequently present with heart rates of 65 bpm or more. ECG gating reduces motion 
artifacts from cardiac and aortic movement at the cost of an increase in radiation 
dose; however this technique is still preferentially used for imaging the thoracic 
aorta [21], whereas non-ECG-gated CTA is preferred for imaging the abdominal 
aorta [22]. Retrospective ECG gating is rarely used in the thoracic aorta due to 
greater radiation exposure [23] but may be used in clinical situations where there is 
concomitant aortic valve disease (e.g., infective endocarditis).

 Magnetic Resonance Imaging

Magnetic resonance imaging (MRI) is a versatile modality for imaging a variety of 
aortic diseases, providing precise information about anatomy and pathology, as well 
as flow and functional data, all from the same protocol. The combination of targeted 
sequences, multiplanar imaging, and lack of ionizing radiation with MRI makes it 
particularly useful for the assessment of a diverse range of aortic conditions, espe-
cially in younger patients. The major drawback of using MRI is its limited availability 
in an acute setting and when there are implanted metallic devices adjacent to the aorta, 
such as stents, embolization coils, or occlusion devices, which often cause artifacts 
which preclude adequate evaluation. Table 10.2 summarizes the common sequences 
employed in different clinical scenarios affecting the thoracic and abdominal aorta.

Table 10.2 Clinical indications for different MRA sequences

Acute aortic 
syndromes

Thoracic aortic 
aneurysm

Congenital 
abnormalities Vasculitis

bSSFP + + + +
Cine bSSFP + (AV valve) + (AV valve)
TR-MRA + + + +
CE-MRA + + + +
PC-MRA + (AV valve) + (AV valve)
Pre-contrast 
VIBE

+ +

Post-contrast 
VIBE

+ + (delayed post-contrast 
for inflammation)

NC-MRA + + + +

Plus sign (+) indicates sequence is performed for clinical suspicion
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 MRI Techniques

 Balanced Steady-State Free Precession

Balanced steady-state free precession (bSSFP) techniques are gradient echo tech-
niques that are widely used for cine imaging of the heart. These sequences are pri-
marily T2 weighted and produce a high signal from blood without the need for a 
contrast agent. The contrast-to-noise ratio depends on the T2/T1 relaxation differ-
ences of the tissues, which at short repetition times (TR) is high for blood and soft 
tissues, thus improving the overall image quality. There are different strategies for 
implementing the bSSFP technique: as a single shot (electrocardiographically (ECG)-
triggered 2D acquisition), as cine (breath-hold ECG-triggered segmented k-space 
acquisition), as real-time cine (which does not require breath- holding or ECG trigger-
ing but with lower spatial and temporal resolution), or as a 3D sequence (nonselective 
radiofrequency pulse with segmented acquisition to obtain isotropic 3D data with 
very high spatial resolution) for imaging the coronary arteries and thoracic aorta.

 Black-Blood Imaging

Black-blood imaging (BB) enables evaluation of blood vessel walls and is useful for 
the evaluation of a variety of pathologies, including acute aortic syndromes, athero-
sclerosis, vasculitis, and neoplasms. A flow-sensitive double inversion recovery (DIR) 
technique is used to null signal from flowing blood [24]. This technique uses two 
180° inversion recovery pulses in close succession to null the signal of flowing blood, 
helping to visualize the walls of the blood vessels. The first 180° inversion recovery 
pulse is spatially nonselective which inverts the magnetization in the entire tissue 
volume, including the blood signal, while the succeeding reversion 180° pulse is spa-
tially selective and regenerates the magnetization for imaging [25]. Vectorcardiogram 
(VCG)-gated proton density-weighted 2D fast spin-echo (FSE) sequence is the most 
commonly used pulse sequence. VCG gating increases imaging time; however, it sig-
nificantly reduces motion artifact. Single-shot FSE (SSFSE) sequences are much 
faster and allow for image acquisition in either a single breath- hold or during free 
breathing. T1-weighted BB images with fat saturation are recommended in an acute 
setting, to help in the diagnosis of aortic wall hematomas [26]. T2-weighted BB 
imaging with fat saturation helps to evaluate edema in inflammatory disorders [27].

 T1-Weighted Gradient Echo Fat-Saturated Imaging

T1-weighted gradient echo fat-saturated (GRE-FS) imaging before and after con-
trast injection is used routinely in evaluating several thoracic pathologies. Pre- 
contrast T1 GRE-FS is useful in demonstrating intramural hematomas, which 
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appears as a bright T1-hyperintense region within the aortic wall. The entire tho-
racic aorta is imaged in axial and either coronal or sagittal orientations before and 
after contrast injection. Delayed post-contrast GRE-FS may be used to assess con-
trast enhancement of the aortic wall in conditions such as vasculitis.

 Contrast-Enhanced MRA

 Time-Resolved MRA (TR-MRA)

Advanced gradient strength with modern MRI systems allows shorter acquisition 
times per 3D acquisition volume, enabling contrast-enhanced MRA (CE-MRA) to 
be implemented with sub-second temporal resolution [28]. This is achieved using a 
combination of acceleration strategies, i.e., short TR, parallel imaging, and view 
sharing (e.g., TWIST). When these strategies are used in combination, the aorta can 
be imaged with acquisition speeds of 1–2 frames per second, allowing evaluation of 
high-flow vascular lesions, such as shunts and dissections. In its most basic imple-
mentation, TR-MRA can be used as a timing bolus acquisition for planning the 
higher-resolution CE-MRA.

 Conventional CE-MRA

Conventional CE-MRA is the most widely used technique for a comprehensive eval-
uation of the thoracic aorta. It is a timed, single-phase acquisition, which provides 
better spatial resolution than TR-MRA, particularly in the z-direction, and produces 
better depiction of more subtle abnormalities, such as penetrating aortic ulcers. The 
basic pulse sequence for conventional CE-MRA is also a standard 3D GRE acquisi-
tion. Gadolinium contrast is injected through a cannula placed in an antecubital vein. 
The contrast transit time is calculated from the sub-second TR-MRA, which is used 
for bolus timing. Images are acquired during breath- holding. Image subtraction is 
employed to enhance contrast, and subtracted 3D sets are calculated from the raw 
data which are subjected to MIP and volume-rendering post-processing algorithms. 
ECG gating is used for CE-MRA of the thoracic aorta to provide artifact-free images 
of the aortic root in particular, similar to CTA [29, 30].

 Phase-Contrast MRA (PC-MRA)

Phase-contrast MRA (PC-MRA) is a velocity-sensitive imaging technique that is 
most useful where there is high suspicion for vascular stenoses, such as in coarcta-
tion. This technique depends on velocity differences or phase shifts in moving blood 
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(i.e., protons) to produce image contrast in flowing blood. Phase shifts from moving 
spins are generated by applying magnetic field gradients with alternating opposing 
polarities. The velocity-encoding (VENC) variable controls the amplitude of the 
magnetic gradient and is adjusted up or down depending on the amplitude of the 
velocity being measured. PC-MRA can be implemented as a 2D or 3D acquisition. 
2D PC-MRA is useful when the region to be assessed is clearly visible so that the 
imaging slice can be accurately placed. 4D flow MRI combines tri-directional 
VENC with a 3D spatial acquisition potentially allowing vascular flow patterns to 
be visualized and measured from a single 3D acquisition [31]. This technique allows 
assessment of complex vascular hemodynamics with MRI in large aneurysms or 
congenital heart diseases. Disadvantages of this technique include long acquisition 
times and complex time-consuming post-processing. This technique is described in 
greater detail in a subsequent chapter.

 Non-contrast MRA

Non-contrast MRA (NC-MRA) techniques are increasingly being used routinely, 
particularly in “at risk” patients, such as those with renal failure or pediatric patients. 
NC-MRA of the thoracic aorta incorporates several techniques including bSSFP 
which produces bright blood signal determined by T2/T1 ratio and FSE which relies 
on an ECG-gated 3D partial-Fourier FSE sequence, which is triggered to systole 
and diastole [32]. bSSFP can be implemented as a 2D or 3D acquisition. 2D SSFP 
is a rapid free-breathing technique that is useful in acutely ill patients and reserved 
for excluding serious pathology such as aortic dissection [33]. 3D SSFP has a longer 
acquisition time (typically 3–4 minutes with respiratory gating) and facilitates accu-
rate orthogonal measurement of aortic aneurysms. FSE approaches depend on the 
timing of acquisition to different parts of the cardiac cycle adding complexity and 
consequent error to the imaging protocol.

 Positron Emission Tomography-Computed Tomography 
(PET-CT) or Nuclear Imaging

Although PET-CT has been established as a standard imaging modality in the evalu-
ation of malignancy, growing evidence suggests that PET-CT images have many 
advantages in the evaluation of aortic disease as well, especially acute aortic syn-
dromes, aortic aneurysms, atherosclerotic lesions, aortitis, and aortic tumors [34]. 
Elevated uptake of fluorine-2-deoxy-D-glucose (FDG) has been correlated with the 
development and progression of both thoracic and abdominal aneurysms in a num-
ber of clinical studies [35–39]. Other radiotracers targeting matrix metalloprotein-
ases, mitochondrial translocator proteins, and endothelial cell adhesion molecules 
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are being investigated for clinical utility in identifying the progression of disease in 
aortic aneurysms [40]. FDG PET/CT imaging of atherosclerosis allows for the 
in vivo visualization of vascular inflammation, which can help evaluate plaque vul-
nerability and predict clinical events. It is also useful in diagnosis, differential diag-
nosis, and the identification of target sites for biopsy in aortitis. Moreover, it is 
helpful for evaluating disease extent and activity, predicting prognostic outcomes, 
monitoring response to therapy, and evaluating therapeutic effectiveness [34].

 Abnormalities of the Thoracic Aorta

 Acute Aortic Syndromes

Acute aortic syndrome (AAS) comprises of three overlapping clinical entities: aor-
tic dissection, intramural hematoma, and penetrating atherosclerotic ulcer [41].

 Aortic Dissection

Aortic dissection is the most common type of AAS [42, 43]. It is a potentially life- 
threatening condition that occurs secondary to an aortic intimal tear which allows 
blood to propagate into the media and separate the layers of the aorta, forming a 
false lumen which is separated from the true lumen by an intimal flap [44]. Although 
the true incidence of aortic dissection is difficult to define, a recent population study 
has suggested that the incidence of aortic dissection is up to 4.6 cases per 100,000 
people per year [45]. The most important risk factor for the development of aortic 
dissection is uncontrolled hypertension. Other risk factors include increased age, 
cocaine abuse, bicuspid aortic valve, connective tissue disorders, and aortic surgery 
or infection.

Aortic dissections are most commonly classified according to the anatomical 
extent based on the DeBakey and Stanford classifications. The Stanford classifica-
tion divides dissection into those affecting ascending aortic (Type A) (Figs. 10.1 and 
10.2), which is a surgical emergency, and those that do not involve the ascending 
aorta (Type B) (Figs. 10.3 and 10.4) which can be managed medically if patients are 
hemodynamically stable with no signs of end-organ damage.

Urgent and definitive imaging of the thoracic aorta using echocardiography, 
MDCT, CTA, or MRA is recommended in all patients with suspected aortic dissec-
tion [46]. The role of imaging in dissection is to confirm the diagnosis, classify, 
evaluate the false lumen, and determine branch involvement as well as the extent of 
involvement. Table  10.3 summarizes the American College of Radiology (ACR) 
imaging recommendations for aortic dissection [47]. ACR recommends CTA of the 
chest and abdomen as the definitive test in most patients with acute aortic dissection. 
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Fig. 10.1 A 61-year-old female presenting with chest pain. ECG-gated CTA of the thoracic aorta 
depicting a Type A aortic dissection (black arrows) which extends from the root to the ascending 
aorta. Note the extension of the dissection flap into the ostium of the right coronary artery depicted 
on the volume-rendering image (white arrow)

Fig. 10.2 This is the same patient from above. The sagittal and coronal contrast-enhanced MRA 
of the aorta demonstrates a Type A dissection with the flap extending from the root into the mid- 
aortic arch (arrows)
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Fig. 10.3 A 59-year-old man with history of Type B aortic dissection, conservatively managed to 
date. Axial and sagittal reformats of an ECG-gated thoracic CTA demonstrating a Type B aortic 
dissection arising from the lesser curvature extending to the origin of the left subclavian artery and 
extending to the common iliac arteries bilaterally (not shown)

Fig. 10.4 A 61-year-old female with a history of chronic type dissection following a motor vehicle 
accident 2 years prior. Sagittal bSSFP MRA (a) and CE-MRA (b) of the thoracic aorta demonstrat-
ing a Type B aortic dissection involving the mid-descending thoracic aorta and extending to the 
bilateral common iliac arteries (not shown). The false lumen is enlarged and partially thrombosed 
proximally
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However, if the patient is hemodynamically stable, has contraindications to ICA, or 
has had a significant number of previous CTAs for similar symptoms, an MRA of 
the chest and abdomen with or without contrast is a reasonable diagnostic alterna-
tive. A CXR should be ordered in any patient with acute chest pain to look for other 
causes (e.g., pneumothorax), if it does not delay the definitive diagnostic test. In the 
case of an aortic dissection, a widening of the mediastinum on CXR can be initially 
suggestive in the correct clinical context but cannot be used to exclude an aortic 
dissection as it is highly non-specific, with approximately 1/3 of the patients show-
ing no abnormalities [48]. Echocardiography has the advantage of being easily 
accessible; however, it does not produce images of the entire aorta, particularly the 
descending aorta, and is not widely recommended. TEE may be preferentially used 
to exclude Type A dissection in very ill patients who are unfit to undergo CTA or 
MRA.

CTA is considered the first-line test for assessing aortic dissection as it provides 
an accurate assessment of the entire aorta in the chest and abdomen within seconds 
and at high spatial resolution. CTA can accurately distinguish the true from the false 
lumen and assesses the extent of the dissection and involvement of aortic branches. 
A pre-contrast scan of the upper thorax is considered an essential part of the clinical 
scan protocol in order to exclude intramural hematoma, which may be a precursor 
for dissection. Additionally, a delayed venous-phase CT acquisition (40–60 seconds 

Table 10.3 The American College of Radiology (ACR) imaging recommendations for aortic 
dissection

Imaging modality Comments

CXR Done mainly to rule out other pathology. Non-specific findings, low 
negative predictive value

CTA chest and 
abdomen with contrast

Rapid, cost-effective, safe, and minimally invasive modality. 
Information provided on the intimal flap, entry/reentry site, branch 
vessel involvement, and other diagnoses. Considered the gold standard 
at many centers

Angiography Invasive, high contrast, and radiation burden. Used rarely when the 
branch vessel involvement is not determined from CTA. Still required 
in the definitive preoperative evaluation of coronaries if other 
examinations were suboptimal

MRA chest and 
abdomen with or 
without contrast

Used in hemodynamically stable patients, those with contraindications 
to contrast, those with uncertain diagnosis or suspicion for a chronic 
dissection. Newer imaging sequences may allow quicker imaging. 
Information provided by non-contrast ECG- and respiratory-gated 
MRA is comparable to contrast-enhanced MRA, making it an appealing 
alternative in those with nephropathy

Echocardiography Bedside, rapid, widely available. TEE is recommended if skilled 
operator and reader are present and if the hemodynamic stability of 
patient precludes CTA or MRA. Sensitivity is similar to that of MRA 
and CTA. Can assess coexisting coronary artery involvement. TTE not 
recommended due to low sensitivity in detecting distal dissections

FDG-PET/CT skull 
base to mid-thigh

May be recommended in distinguishing acute from chronic dissection 
in certain clinical scenarios, if available
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post-contrast injection) is usually included to allow visualization of a slow filling 
false lumen in aortic dissection.

MRA is usually reserved for patients with a contraindication to CT. MRA has 
high sensitivity and specificity for detection of dissection and is used as a first-line 
test or alternative to CTA [28]. The MRA protocol for dissection includes bSSFP, 
pre- and post-contrast GRE-FS, TR-MRA, CE-MRA, and delayed-phase post- 
contrast GRE-FS. bSSFP has been shown to be highly accurate for diagnosis and 
classification of aortic dissection in sick patients who cannot hold their breath [33]. 
Breath-hold cine SSFP or non-ECG-triggered real-time SSFP can be used to evalu-
ate aortic insufficiency and hemopericardium in Type A dissections. In chronic 
 aortic dissections which become aneurysmally dilated, 4D flow MRI may be very 
useful for identifying the site of fenestration between true and false lumen [49].

 Intramural Hematoma (IMH)

IMH, which is bleeding into the aortic wall, can result from microscopic tears within 
the aortic intima, hemorrhage of vasa vasorum into the medial layer of the aorta, or 
from penetrating atherosclerotic ulcers. IMH usually occurs in patients with diffuse 
atherosclerosis, most commonly in the descending aorta. It may propagate in an 
antegrade or retrograde direction similar to dissection and progress to dissection in 
up to 50% of cases. Imaging relies on demonstrating blood within the aortic wall. 
MRI is ideally suited to making this diagnosis due to its sensitivity for detection of 
blood products. Intramural blood, which appears as a T1-hyperintense rim within 
the aortic wall, is detected on pre-contrast T1 GRE-FS or using black-blood FSE 
techniques (Fig.  10.5). Non-contrast CTA is included in all CTA protocols for 
assessing an IMH. Extensive IMH conforming to the false lumen of a typical dissec-
tion is sometimes termed a non-communicating dissection as false lumen may have 
thrombosed or is extremely slow to fill.

 Penetrating Atherosclerotic Ulcer

Penetrating aortic ulcer (PAU) is a chronic aortic condition, defined as an athero-
sclerotic lesion that penetrates the internal elastic lamina through the media and is 
associated with hematoma formation within the aortic wall. PAUs are more frequent 
in elderly men with hypertension, tobacco use, and coronary artery disease [50]. 
Initially, these atheromatous ulcers are confined to the intimal layer and are usually 
asymptomatic. If untreated, the lesions progress to deep atheromatous ulcers that 
penetrate through the elastic lamina into the media, and patients present with acute 
chest pain radiating to the interscapular region. It is usually located in the descend-
ing aorta and is rarely observed in the ascending aorta. PAU is considered a prelude 
to IMH and aortic dissection [28]. PAUs are well depicted either on MRA 
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post- contrast T1 GRE-FS images as a protrusion from the lumen in acute or sub-
acute disease or on conventional CE-MRA and on CTA as a contrast-filled out-
pouching with jagged margins on an aortic wall with severe underlying atherosclerotic 
disease (Fig. 10.6) [51].

 Thoracic Aortic Aneurysm

Thoracic aortic aneurysms (TAA) are a relatively common and important patho-
logic entity which predispose to lethal clinical consequences such as rupture or 
dissection if left undiagnosed [52]. The incidence of TAA is estimated to be up to 
7.6 cases per 100,000 person-years [45]. Many risk factors have been implicated in 

Fig. 10.5 MRA and CTA images of a 59-year-old male patient with intramural hematoma. Axial 
T1 VIBE image (a) demonstrates a crescent-shaped hyperintensity in the distal aortic arch with 
corresponding hyperdensity on the non-contrast CT image (b). The intramural hematoma demon-
strates hypodensity on the sagittal contrast-enhanced MRA (c) and the axial post-contrast CT 
scan (d)
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the development of TAA, the most common being chronic atherosclerosis, hyper-
tension, smoking, and hyperlipidemia [53–55]. TAAs are clinically silent and most 
commonly discovered as an incidental finding when conducting thoracic imaging 
for other unrelated conditions. When present, symptoms may be subtle and include 
stridor or hoarseness due to the compressive effect of an enlarging aneurysm or 
dyspnea and fatigue secondary to aortic root involvement and resulting aortic regur-
gitation causing heart failure.

TAAs are most commonly classified based on the aortic segment they involve 
and their shape. TAAs are more common in the aortic root and ascending aorta 
(60%) when compared to the descending aorta (40%). Most TAAs are fusiform in 
shape (involving a continuous segment of the vessel), whereas a saccular aneurysm 
(arising in an eccentric manner from aortic wall) suggests a mycotic aneurysm or 
pseudoaneurysm [56, 57]. By definition, a TAA is diagnosed when the aortic diam-
eter is greater than 5 cm in the ascending aorta and 4 cm in the descending aorta 
[58]. Gender, age, and the location in the thoracic aorta all dictate if an aortic seg-
ment is considered aneurysmal. Women typically have smaller aortic diameters than 
men. Diameters that are considered normal also increase with increasing age and 
larger body masses [59, 60]. Therefore, it is more accurate to calculate values nor-
malized to body surface area. The normal diameters of the thoracic aorta in adults 
are as follows: 3.5–3.7 cm for females and 3.6–3.9 cm for males at the aortic root, 

Fig. 10.6 Non-contrast MRA (navigator 
balanced SSFP) in a 55-year-old male 
patient referred for arch abnormality 
identified on transesophageal 
echocardiogram; axial slice demonstrates 
the outpouching from the lateral aspect 
of the arch with partial thrombus 
consistent with a penetrating 
atherosclerotic ulcer (arrow)
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around 2.85 cm for both genders at the mid-ascending aorta, and 2.45–2.6 cm for 
females and 2.4–3.0 cm for males at the mid-descending aorta [61]. Figure 10.7 
depicts a volume-rendered image of a thoracic aortic aneurysm with standardized 
measurements taken at six anatomical locations.

TAAs can have variable expansion rates based upon current diameter, location 
within the aorta, and the etiology [28, 52, 62]. The size and rate of expansion of the 
TAA will determine the urgency for surgical intervention [61, 63]. Rarely, a TAA 
may rupture, particularly if it is over 5.5 cm in size, which leads to significant mor-
bidity and mortality. Therefore, prompt and accurate assessment is paramount to 
appropriate clinical outcomes. Symptomatic TAAs require urgent surgical interven-
tion, while asymptomatic TAAs can be serially monitored with imaging and risk 
factor control. Long-term surveillance is necessary to evaluate the development of 
symptoms, size of aneurysm, and development of complications. The preferred 
imaging modality is based on the location of the aneurysm. Ideally, consistency 
using the same modality for follow-up is preferred to have an accurate assessment 
of aneurysmal diameter [64]. Current guidelines recommend imaging 6  months 
after the initial diagnosis to monitor for rapid aneurysmal expansion and stability. If 
imaging shows instability or rapid expansion, best practice would be surgical inter-
vention or more frequent imaging. Table 10.4 outlines the guidelines for TAA sur-
veillance and recommended management [61].

Fig. 10.7 Volume- rendered CTA of 
a thoracic aortic aneurysm. (A) 
Sinus of Valsalva: 47 × 44 × 41 mm. 
(B) Sino-tubular junction: 
43 × 41 mm. (C) Mid- ascending 
aorta: 49 × 47 mm. (D) Proximal 
aortic arch: 41 × 40 mm. (E) Distal 
aortic arch: 31 × 29 mm. (F) Lower 
descending thoracic aorta: 
28 × 27 mm
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TTE, ECG-gated CTA, and MRA are the most commonly used modalities in 
the diagnosis and surveillance of TAA [65]. The modality used is dictated by the 
clinical context as well as the availability and expertise at each institution. 
Table 10.5 summarizes the ACR recommendations for imaging TAAs [66]. TTE is 
useful in the assessment of aneurysms of the aortic root. The proximal ascending 
aorta and the descending aorta are not visualized with enough detail to obtain 

Table 10.4 Guidelines for thoracic aortic aneurysm surveillance and recommended management

Aneurysmal description Size and frequency of monitoring

Aortic root/ascending aortic aneurysm (sporadic/
degenerative)

3.5–4.5 cm: annual CTA or MRA
4.5–5.4 cm: biannual CTA or MRA
Over 5.4 cm: surgical intervention
-If aortic valvular disease present 
concomitant TTE is recommended

Aortic root/ascending aortic aneurysm (genetically 
mediated/connective tissue disease)

3.5–4.0 cm: annual CTA or MRA
4.0–5.0 cm: biannual CTA or MRA
Over 5.0 cm: surgical intervention
-If aortic valvular disease present 
concomitant TTE is recommended

Descending aortic aneurysm 4.0–5.0 cm: annual CTA or MRA
5.0–6.0 cm: annual CT or MRA
Over 6.0 cm: surgical intervention

Table 10.5 The American College of Radiology recommendations for imaging thoracic aortic 
aneurysms

Imaging modality Comments

CXR Helpful to exclude other thoracic pathology, but findings such as a 
widened mediastinum or tortuous aorta on CXR are not sensitive or 
specific to TAA

CTA chest with 
contrast

Provides an excellent anatomic assessment including branch involvement 
and pre- and postoperative assessment. ECG-gated CTA has provided the 
ability to minimize cardiac motion artifacts, particularly at the aortic root. 
More appropriate than MRA if the patient is hemodynamically unstable. 
Limited in follow-up by high radiation and contrast burden

MRA chest with or 
without contrast

Allows for excellent assessment and follow-up of TAA size, shape, extent, 
and diameters with no radiation exposure. Although ECG- and navigator- 
gated CE-MRA is currently the gold standard to evaluate TAA, an 
NC-MRA using bSSFP is an acceptable alternative to CE-MRA in those 
with nephropathy. More appropriate than CT for aneurysms involving the 
aortic sinus and in patients who required follow-up for known TAAs to 
limit radiation exposure

Echocardiography Rapid, widely available modality which is particularly useful in unstable 
patients, may be useful for initial workup for TAA. Transthoracic 
echocardiography allows for adequate assessment of the aortic root; 
however, it provide limited assessment of the ascending and descending 
aorta. It also may be limited in obese patients or patients with an 
abnormal thoracic wall secondary to surgery or comorbid chronic 
obstructive pulmonary disease. Therefore, should be followed up with 
CTA or MRA.
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accurate measurements for diagnosis or follow-up. Therefore, if TAA is detected 
with TTE, it is imperative to further assess and characterize the aneurysm with 
either CTA or MRA. TEE is not typically used in clinical practice to diagnosis 
TAA due to its invasive nature and inability to assess the distal ascending aorta and 
proximal arch [61].

ECG-gated CTA (Fig. 10.8) is most commonly used to evaluate TAAs, given its 
rapid acquisition, wide availability, and submillimeter diagnostic accuracy [67]. ECG 
gating to diastole minimizes artifact due to cardiac motion and possible erroneous 
measurements, which is particularly necessary when assessing mobile structures like 
the aortic root and ascending arch [68]. Patients who require serial imaging for follow-
up of TAAs are exposed to higher amounts of radiation over time when using 
CTA. This has been reduced with prospective ECG gating and low kV techniques. The 
downside to this technique is that the cusp motion and aortic valve morphology cannot 
be adequately assessed, as imaging throughout the whole cardiac cycle (retrospective 
gating) is required to assess moving structures. Also, the risk of contrast-induced 
nephropathy is always of concern, particularly in patients with renal insufficiency.

CE-MRA is also useful as a first-line test for diagnosing and assessing TAAs, as 
it can depict the exact diameters, the morphology, and extent of an aneurysm. Cine 

Fig. 10.8 ECG-gated CTA of the thoracic aorta in a 59-year-old patient for routine follow-up of a 
thoracic aortic aneurysm. Cross-sectional measurements of the ascending aorta were performed 
using a double oblique technique using the sagittal and coronal reformats in order to obtain orthog-
onal measurements. The mid-ascending aorta measures 51 × 51.1 mm
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imaging sequences obtained by PC-MRA provide an accurate assessment of con-
comitant aortic valve function by evaluation of valve morphology and cusp motion, 
which is helpful in assessing the degree of regurgitation or stenosis in patients with 
coexisting BAV or if the aortic root is involved in the TAA. Importantly, CE-MRA 
does not involve ionizing radiation and therefore may be more desirable for younger 
patients with TAAs who require serial follow-up (Fig. 10.9). Similar to CTA, ECG 
gating to diastole is preferred when assessing TAAs with CE-MRA to produce 
high- quality accurate artifact-free images of the thoracic aorta. Although gadolin-
ium contrast is helpful for thoracic aortic evaluation, it is not always necessary 
when evaluating TAA with MRA, particularly if assessing aortic diameter. 
NC-MRA using bSSFP technique may serve as a suitable alternative to CE-MRA 
in patients with renal insufficiency or allergy to gadolinium. Additionally, repeated 
gadolinium contrast administrations when following up TAA with CE-MRA may 
be undesirable, particularly due to recent emerging concerns about gadolinium 
brain deposition [69].

Fig. 10.9 A 61-year-old male who presents for a routine follow-up for a thoracic aortic aneurysm. 
Sagittal contrast-enhanced MRA (a) and a volume rendering (b) of a thoracic aortic aneurysm with 
a maximum measurement of 4.8 cm at the sinus of Valsalva (white arrow in b) and 4.5 cm at the 
mid-ascending aorta level (blue arrows)
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Newer techniques such as 4D flow MRI may provide additional information 
about flow patterns in TAAs (e.g., vortical flow) as well as additional quantitative 
parameters such as wall shear stress [70], which may contribute to aneurysmal 
expansion.

 Traumatic Aortic Injuries

Traumatic aortic injuries (TAI) are one of the most common causes of death in road 
traffic accidents with aortic transection accounting for 18% of all deaths from motor 
vehicle accidents [71]. Table 10.6 outlines the Society for Vascular Surgery criteria of 
traumatic aortic injuries (TAI). TAI are classified into Grade 1 (intimal tear), Grade 2 
(intramural hematoma or large intimal flap), Grade 3 (pseudoaneurysm), and Grade 
4 (aortic ruptures) (Fig.  10.10) [72]. The morbidity and mortality are historically 
around 85% if the injury is left untreated [73], and a high index of suspicion and care-
ful evaluation is needed for an accurate diagnosis. A newer classification system 
known as the Harborview criteria classifies aortic injury into mild, moderate, and 
severe. No intervention and possible follow-up imaging are indicated in mild aortic 
injury if an intimal tear (<10 mm) is present; if the injury is moderate (intimal tear 
>10 mm), a semi-elective repair is indicated; and in severe injury (including rupture, 
active bleeding, and large left subclavian hematoma; >15 mm), immediate repair is 
indicated [74]. Proposed mechanisms include rapid acceleration or deceleration, 
shearing forces, osseous pinch, and hydrostatic forces or water hammer phenomenon 
[75]. Contrast-enhanced MDCT is the preferred imaging technique for evaluation of 
patients with multiple trauma; injuries to several organ systems can be detected in a 
matter of minutes. A traumatic aortic transection (aortic rupture) is a devastating 
condition that usually affects patients involved in high- energy blunt trauma such as 
road traffic accidents. The most common area is at the aortic isthmus distal to the left 
subclavian artery origin. For survivors, prompt imaging is crucial to guide emergency 
management. Contrast-enhanced computed tomographic angiography (CE-CTA) of 
the chest and TEE are the gold standard imaging modalities for diagnosis of this 
potentially fatal condition [61]. CE-CTA is highly sensitive and specific and there-
fore recommended for the hemodynamically stable patient [76], while TEE is 
employed in the hemodynamically unstable patient [77]. It is recommended that all 
patients with TAI should undergo a follow-up CTA 6 weeks post-injury.

Table 10.6 The Society for Vascular Surgery criteria of traumatic aortic injuries with indicated 
management

Classification 
grade Description of injury (and indicated management)

Grade 1 Intimal tear (medical management; low-dose aspirin)
Grade 2 Intramural hematoma/large intimal flap (medical management or by thoracic 

endovascular repair; TAVER)
Grade 3 Pseudoaneurysm (urgent TEVAR)
Grade 4 Rupture (emergency TEVAR)
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Fig. 10.10 A 27-year-old male patient who suffered a chest gunshot wound. These are coronal (a), 
sagittal (b), and axial (c) CTA images which demonstrate aortic injury in the anterior aspect of the 
proximal descending aorta (arrow). Note the presence of a large left hemothorax and a chest tube 
in situ (black arrow). Metal artifact from the restrained bullet can be seen
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 Vasculitis

Vasculitis is an umbrella term that refers to a group of disorders causing inflamma-
tion of the blood vessels. This chapter will focus on large vessel vasculitis (LVV) 
which is the most common type of primary vasculitis affecting the aorta and its major 
branches. LVV is comprised of giant cell arteritis (GCA) and Takayasu’s arteritis 
(TAK). A broad range of noninvasive imaging modalities and techniques have super-
seded conventional angiography and biopsy in diagnosing and monitoring the pro-
gression of these two conditions, as they are associated with lower complication rates 
and provide information about vessel wall morphology and active pathology [78, 79].

 Takayasu’s Arteritis (TAK)

TAK is an idiopathic granulomatous patchy vasculitis which affects the aorta and its 
main branches. The disease is more common in younger patients under the age of 50, 
in women more than men (10:1), and is more prevalent in the Asian population [80]. 
Symptoms are highly variable based on the vascular territory involved, but most 
patients who present acutely are either in the acute pre-pulseless phase and have non-
specific constitutional symptoms such as muscle pain, weight loss, low- grade fever, 
and fatigue. Patients who present in the more chronic pulseless phase usually have 
more severe symptoms such as renovascular hypertension or limb ischemia second-
ary to the inflammation causing stenosis of affected vessels. A severe inflammatory 
phase can destroy the media and lead to the development of TAA [81]. Classification 
of TAK (I-V) is based on the extent of aortic and main branch involvement [82].

The most recent 2018 EULAR guidelines recommend CE-MRA as the initial 
modality in evaluating mural inflammation and luminal structural associated with 
TAK such as stenosis, occlusion, or aneurysm development (Fig. 10.11) [79]. Using 
CE-MRA in TAK minimizes radiation exposure to patients, who are typically young. 
A recent study indicated that CE-MRA had a sensitivity and specificity approaching 
100% when compared to conventional angiography [83]. CTA and/or PET are used 
as an acceptable alternative (Figs. 10.12 and 10.13) [79]. Findings on MRA and CTA 
that indicate acute active disease include wall thickening and enhancement. The aor-
tic valve may be involved and show signs of stenosis or regurgitation. In the chronic 
phase, diffuse distal narrowing may be appreciated with aneurysmal formation [84]. 
US does not allow for adequate assessment for the thoracic aorta; therefore, it is not 
typically used. One small study indicated that CTA had a specificity and sensitivity 
approaching 100% when compared to conventional angiography [85].

 Giant Cell Arteritis (GCA)

GCA is a granulomatous vasculitis that affects medium to large elastic arteries, par-
ticularly in the aorta and temporal branch of the extracranial carotid artery, giving it 
the commonly known name of temporal arteritis. The disease is uncommon before 
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Fig. 10.11 Single image 
from a coronal time-
resolved MRA of the chest 
in a 38-year-old female 
patient with suspected 
Takayasu arteritis. There is 
a long-segment stenosis in 
the left axillary artery (a), 
multifocal stenosis in the 
right subclavian artery (b), 
and the occlusion in the 
right axillary artery (c). In 
the limit of the field of 
view, note the 
circumference of the 
infrarenal aorta (d)

Fig. 10.12 This arterial 
phase CTA of the aorta in a 
patient with known 
Takayasu arteritis. There is 
circumferential wall 
thickening in the mid-
thoracic aorta and 
extending to the arch
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Fig. 10.13 Images from a whole body PET/MR of a 76-year-old female patient with polymyalgia 
rheumatic and suspicion for vasculitis. Coronal (a) and sagittal (b) MRA demonstrates circumfer-
ential narrowing of the aortic wall demonstrating low signal intensity (white arrows). Corresponding 
coronal (c) and sagittal (d) images from fused PET/MR demonstrate significant 18-FDG uptake in 
the aortic wall in the chest and abdomen concerning for vasculitis
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the age of 50 and tends to occur more commonly in females and in patients of north-
ern European descent [86]. Patients may have non-specific clinical findings, the 
most suggestive being jaw claudication, a temporal headache, and scalp tenderness.

US has very limited ability to assess LV-GCA affecting the thoracic aorta, and 
therefore in clinical practice, MRA, PET, and/or CTA are employed to assess for 
LV-GCA. CE-MRA is the modality of choice for evaluating LV-GCA [79]. Specific 
MRI protocols and sequences used can detect the presence and extent of structural 
lesions such as aortic wall thickening and occlusive/stenotic lesions with high accu-
racy. In addition, the contrast enhancement of the arterial wall suggests active mural 
inflammation [87, 88]. PET can also be used to assess GCA, with FDG uptake seen 
in regions of active inflammation, and has the advantage of evaluating other sinister 
pathologies such as cancer and infection in patients with non-specific constitutional 
and systemic symptoms. Nevertheless, PET is a costly modality, which is not widely 
available and exposes patients to radiation. Furthermore, inexperienced readers may 
misinterpret atherosclerotic disease as LV-GCA.  Missing structural information 
such as wall thickness and obstruction can be overcome by combining PET and CT 
[89]. The choice of imaging for long-term surveillance of the disease activity and 
assessment of structural damage is an individual decision based on specific clinical 
situations, local expertise, and availability of modalities.

 Congenital Abnormalities of the Aorta

A large number of congenital abnormalities can affect the thoracic aorta such aortic 
coarctation (Fig. 10.14), patent ductus arteriosus (PDA), aortic hypoplasia, right- 
sided aortic arch, aberrant subclavian artery, and double aortic arch. These condi-
tions are best assessed using CE-MRA [90, 91]. Cine images of the heart should 
always be included when assessing for congenital aorta abnormalities to detect 
coexisting cardiac defects. 3D steady-state MRA can be used to evaluate the com-
plex vasculature in congenital heart disease, and flow pattern can be visualized using 
4D flow MRI. Anomalies of the aortic arch are classified into three groups based on 
Edwards’ hypothetical model: Group 1 (double arch anomalies), Group 2 (left aortic 
arch anomalies), and Group 3 (right aortic arch anomalies) [92]. As these anomalies 
may be associated with congenital heart disease, comprehensive imaging using vol-
ume-rendered CTA and MRA is indicated to obtain important preoperative informa-
tion and assess the relationship of the arch to the esophagus and trachea [93].

 Abdominal Aorta

Abdominal aortic aneurysm (AAA) is defined as an abnormal focal or segmental 
dilatation of the abdominal aorta to 50% more than the proximal un-diseased seg-
ment or diameter of greater than 3 cm [94]. It is the most common area of arterial 
aneurysm [95]. It tends to affect people of older age, males more than females (4:1), 
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and Caucasians [96]. The main risk factors for AAA rupture are a large diameter 
(>5.5  cm), rate of expansion (1  cm/year), and most importantly current tobacco 
usage, as it has been proven to be the most detrimental risk factor leading to degen-
eration of the aortic wall [97]. Most patients are asymptomatic and are diagnosed 
when abdominal imaging is conducted for other reasons. When symptomatic, 
patients classically present with abdominal pain radiating to back or flank, and 
occasionally symptoms of ischemia occur in the lower extremities secondary to 
thromboembolism.

Currently, abdominal x-ray (AXR), US, MDCT, and MRA are used to assess the 
abdominal aorta. In clinical practice, US and MDCT are the most commonly used 
modalities as they are highly sensitive and specific for establishing a diagnosis of 
AAA [98]. Each modality is recommended under differing clinical conditions 
depending upon the clinical presentation and hemodynamic stability of the patient.

Lateral AXR views may show curvilinear calcification of the abdominal aorta, 
but both opposing aortic walls need to be calcified and viewed before the diagnosis 
of AAA can be made. A tortuous, calcified aorta can mimic AAA, and unless both 
walls can be seen clearly calcified, the diagnosis of AAA cannot be made.

US is the most commonly employed initial imaging modality in an asymptom-
atic patient, as it provides a noninvasive, inexpensive assessment of the abdominal 
aorta without the use of potentially nephrotoxic contrast and the exposure to radia-
tion. US has a sensitivity and specificity approaching 100% in detecting non- leaking 
AAAs [96, 99]. The limitation of US is technician and equipment-dependency 
[100]. Furthermore, US may not always provide an accurate visualization of the 

Fig. 10.14 Sagittal MRA images of the aorta in a 52-year-old female demonstrating focal post- 
ductal coarctation and over 90% stenosis of the lumen (white arrows). There are prominent col-
laterals in the chest wall (blue arrows). This patient also had a bicuspid aortic valve
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abdominal aorta in up to 3% of patients, due to air in the overlying loops of bowel 
or patient obesity [96, 101]. When the US images are adequate or when a preopera-
tive assessment is required, another imaging modality should be used, which is typi-
cally abdominal MDCT.

Abdominal MDCT is used in the acute setting in a symptomatic patient to deter-
mine if an aneurysm is leaking, has ruptured, or is enlarging rapidly or if the symp-
toms present could be related to other abdominal pathology [54, 102–104]. 
Abdominal MDCT is necessary for preoperative planning as it provides an 
 anatomical assessment of the proximal and distal extent of the aneurysm and 
involvement of the major branch vessels in relation to the aortic bifurcation, which 
determines the suitability for endovascular (EVAR) repair [54, 102–104]. If there is 
a concern for contrast-induced nephropathy, a non-contrast MDCT scan may be 
sufficient to provide diagnostic information about aortic dimensions. Disadvantages 
of MDCT are the potential to overestimate the aortic diameter, greater cost, and the 
cumulative risk of radiation with repeated scans in patients with known AAA [8]. To 
avoid overestimation of the aortic diameter on CT, measurements should be obtained 
perpendicular to the centerline which can be achieved using semiautomated soft-
ware or orthogonal measurements [105, 106]. CT scan findings consistent with rup-
tured aneurysm include para-aortic fat stranding, retroperitoneal hemorrhage or 
hematoma, indistinct aortic wall, and extravasation of intravenous contrast outside 
the aorta. Signs that indicate a contained leak or imminent rupture include the 
draped aorta sign, hyperdense crescent sign, thrombus fissuration, and a tangential 
calcium sign. Most importantly, a 5 mm increase of aneurysm diameter in a 6-month 
period, or a diameter of >7 cm are also considered urgent indications for surgical 
repair due to impending rupture.

MRA is not commonly used in the initial evaluation of AAA but may play a role 
in selected patients, such as in those with chronic kidney disease in whom iodinated 
contrast administration is contraindicated [107]. Similar to MDCT, MRA provides 
a reliable assessment of morphology and size of the aneurysm which guides man-
agement decisions and aids in preoperative assessment [108]. Furthermore, it can 
assess the presence of atheroma or thrombus and involvement of the side branches. 
Compared to MDCT, there is contradictory evidence regarding which modality is 
more sensitive to employ in assessing postoperative complication surveillance par-
ticularly post-EVAR endoleaks. CTA is the preferred modality due to its reproduc-
ibility and lack of impact of metal in stent grafts on image quality. MRA has also 
been shown to be sensitive for detecting post-EVAR endoleaks [109, 110]. 
Figure 10.15 shows an infrarenal abdominal aortic aneurysm on CTA. However, 
MRA is more susceptible to motion artifacts than MDCT, because a patient must 
remain still for a longer period than with MDCT. Additionally, MRA may be sus-
ceptible to metal artifacts from adjacent stent grafts. Table 10.7 outlines the classi-
fication of endoleaks occurring post-EVAR, most preferred imaging modality for 
detection and suggested management [111, 112].

Catheter arteriography has some utility in patients with significant contraindica-
tions to both CTA and MRA, although it is inadequate alone for pre-procedural 
planning.
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 Mycotic Aneurysm

A mycotic aortic aneurysm (MAA) is a specific type of aneurysm which causes 
focal dilation of the aorta secondary to an infection, usually in the setting of bacte-
remia [113]. High suspicion is required as symptoms are relatively non-specific, 
and prompt imaging is essential to confirm the diagnosis. Multi-detector CT angi-
ography (MD-CTA) provides a prompt 3D reconstruction with high resolution 
making it the imaging modality of choice. Recently, advances in CE-MRA have 

Fig. 10.15 Axial (a), sagittal (b), and volume rendered (c) and (d) images from a CTA of the 
abdomen and pelvis in an 88-year-old female demonstrate an infrarenal abdominal aortic aneu-
rysm with a maximum dimension of 4.3 cm. There is a partial thrombus in the aneurysm lumen 
anteriorly (arrow)
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rendered it a valid alternative to MD-CTA [114, 115]. Periaortic changes are also 
helpful in diagnosing MAAs. Earlier signs include arterial wall irregularity and 
periaortic edema or gas, which can progress to periaortic mass or stranding. 
Periaortic soft tissue inflammation may appear as a homogeneous contrast-enhanc-
ing mass on CT, which can develop into heterogenous attenuation with tissue 
necrosis.

 Conclusion

Aortic diseases cause significant morbidity and mortality and therefore require 
prompt and accurate evaluation. Advancements in imaging, especially CT and MRI, 
have contributed to a more accurate and effective diagnosis and follow-up in 
patients, resulting in improved clinical outcomes. As a result, both CT and MRI are 
the main imaging modalities used for assessing aortic diseases. Newer techniques, 
such as dual-energy CT and 4D flow MRI, promise to produce improved character-
ization of aortic pathology and may help predict which patients are more likely to 
progress. An understanding of the widely used imaging techniques and their charac-
teristic imaging findings plays an integral part in the successful diagnosis and man-
agement of affected patients [56].

Table 10.7 Classification of endoleaks occurring post-EVAR with recommended imaging and 
treatment

Definition and treatment Imaging modality of choice

Type 1 A leak occurring at the end of a graft. Most 
common post-thoracic aneurysm repair. 
Subclassified in 1a (proximal leak) and 1b (distal 
leak). Urgent intervention required

Triple-phased CT 
angiography; may show 
hyper-attenuation due to 
acute hemorrhage. Contrast 
usually collects in the center 
of the sac

Type 2 
(retroleak)

Retrograding flow through a collateral branch 
vessel, most commonly lumbar and inferior 
mesenteric branches. Most common after AAA 
repair. Subclassified into IIa (single vessel) and 
IIb (two or more vessels). Surveillance; most 
resolve spontaneously and require no 
intervention

Dual-energy and triple- 
phased CT angiography. 
Delayed phase particularly 
sensitive in detection of 
endoleak

Type 3 A leak secondary to mechanical failure of the 
graft and a defect in the graft fabric. 
Subclassified into IIIa (separation of the modular 
components) and IIIb (fracture in endograft). 
Rare; urgent intervention required

Multiphase CT angiography; 
arterial phase particularly 
sensitive in detection of 
endoleak

Type 4 Increased porosity graft; no treatment required None usually required
Type 5 
(endotension)

Is not considered a true leak and is defined as 
continuous expansion of the aneurysm sac 
greater than 5 mm, without an evident leak site 
on imaging; may relate to a low-flow endoleak. 
Often requires intervention

Debatable; MR angiography 
and contrast-enhanced 
ultrasound may be more 
accurate than CTA for 
postoperative endoleak
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Chapter 11
Pathophysiology of Coronary Artery 
Disease

Hiroyuki Jinnouchi, Frank D. Kolodgie, Maria Romero, Renu Virmani, 
and Aloke V. Finn

 Introduction

Despite many and continued advances in medical therapies and diagnostic imag-
ing modalities and greater understanding of the molecular mechanisms of athero-
sclerosis, coronary artery disease (CAD) remains the major cause of morbidity 
and mortality throughout the world. Deaths from cardiovascular disease (CVD) 
reached a total of 17.3 million worldwide in 2012 and are expected to rise up to 
23.6 million by 2030 [1]. Atherosclerosis is a mutifactorial disease and includes 
well-known risk factors like hypertension, hyperlipidemia, diabetes mellitus, 
smoking, and family history. In addition, recently high-sensitivity C-reactive pro-
tein, homocysteine, high fibrinogen, Lp(a), and LpPLa2 have been recognized as 
biomarkers associated with atherosclerosis. The American Heart Association 
(AHA) has suggested adding health metrics like physical activity, healthy diet, 
and body mass index (BMI) in addition to blood pressure, total cholesterol, blood 
glucose, and smoking. Understanding the morphologic features of the atheroscle-
rotic disease as well as its background can result in better comprehension of the 
disease. It is thought that most acute coronary syndromes (ACS) are the result of 
luminal thrombosis, although not all are associated with occlusive diseases. There 
are three main causes of coronary thrombosis such as plaque rupture, erosion, and 
calcified nodule [2]. Based on the autopsy studies, the majority of thrombosis 
occurs from plaque rupture (55–65%), followed by erosion (30–35%) and, least 
frequent, calcified nodule (2–7%) [2]. In a recent systematic worldwide review of 
published autopsy series of the causes of coronary thrombosis, plaque rupture 
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occurred in 73% which is higher than our data and is likely due to the inclusion of 
cases of acute myocardial infarction and those with known coronary artery dis-
ease. Our data is different because we have only included cases of sudden coro-
nary death without a known history of coronary artery disease, with a mean age of 
50  years. Also, individuals from hospital-based autopsies are usually older 
(>60 years) than those dying suddenly [3]. In addition to age distribution, plaque 
rupture is more common in AMI patients (79%) as compared to individuals who 
have died suddenly (65%) and to our knowledge does not equate the hospital. 
Also, the incidence of erosion is lower in AMI patients (25%) than individuals 
dying of sudden coronary death (35%) [2, 4].

This chapter will focus on the structural characteristic of plaque progression and 
mode of presentation, i.e., acute coronary syndrome versus stable angina.

 The Classification of Atherosclerosis

It is important to understand how atherosclerosis progresses and what lesion consti-
tutes atherosclerosis and to determine the various stages of lesion progression. In 
the mid-1990s, Stary et al. under the auspices of the American Heart Association 
defined early and advanced lesions of atherosclerosis in two separate publications 
[5, 6]. The first consensus document classified the stages of early atherosclerosis 
into three different numerical categories: initial lesion is the first microscopic and 
chemical detection of lipid deposits, Type I; fatty streak (FS) is the gross visibility 
of yellow color streaks, Type II; and transition or intermediate lesion is the transi-
tion to a fibroatheroma, Type III. In a separate manuscript, the definition of advanced 
lesions of atherosclerosis was described as fibroatheroma with well-defined region 
of necrotic core in the intima, Type IV; fibroatheroma or atheroma with a thick layer 
of fibrous connective tissue is Type V; and complicated plaques with surface defects, 
and/or hematoma-hemorrhage, and/or thrombosis are Type VI. At this time, other 
causes of coronary thrombosis, i.e., erosion and calcified nodule, did not weigh in 
at all in this classification.

Our laboratory with the largest registry of human autopsy cases of patients dying 
from sudden coronary death worldwide reported that this numeric nomenclature 
was not enough. For example, it was not appreciated that the precursor lesion of 
plaque rupture was a thin-cap fibroatheroma and that erosion and calcified nodule 
were other causes of coronary thrombosis. The atherosclerosis process is consid-
ered too complicated to be classified into numerical groups. These problems encour-
aged us to modify the AHA classification. In our modified AHA classification 
published in 2000, AHA types I–IV lesions were replaced by descriptive terminol-
ogy, i.e., adaptive intimal thickening (AIT), intimal xanthoma (FS), pathologic inti-
mal thickening, and fibroatheroma [2], which were later divided into early and late 
fibroatheroma. AHA types V and VI were discarded since these classifications did 
not show other types of coronary thrombosis such as erosion and calcified nodule 
and stabilized plaque like healed plaque, chronic total occlusion, and fibrocalcific 
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and fibrous plaques [7]. Stary wrote editorial review in which he modified the AHA 
classification but still did not acknowledge the existence of plaque erosion and cal-
cified nodule [8].

 Intimal Thickening and Fatty Streaks

The earliest stage in the arterial wall is called intimal thickening (AHA Type I), 
consisting of smooth muscle cells in an extracellular matrix and a lack of lipid depo-
sition. Intimal thickening is observed in most arteries (e.g., coronary, carotid, 
abdominal, and descending aorta and iliac artery) [9] (Fig. 11.1). It is thought that 
intimal thickening is a physiological response to blood flow rather than atheroscle-
rotic progression. However, in the autopsy studies enrolling neonates, adolescents, 
and young adults, intimal masses located in near branch points might be precursors 
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Intimal
thickening

Intimal
xanthoma

Smooth muscle cells Calcified plaque FC = fibrous cap
LP = lipid pool
NC = necrotic core

Hemorrhage
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Extracellular lipid
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intimal
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Fibrous
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Fig. 11.1 Development of human coronary atherosclerosis. The two nonprogressive lesions are 
intimal thickening or intimal xanthoma (foam cell collections known as fatty streaks, AHA Type 
II). Pathological intimal thickening (AHA Type III, transitional lesions) is the first of progressive 
plaques marked by an acellular lipid pool rich in proteoglycan; inflammation when present is typi-
cally confined to the most luminal aspect of this plaque. Fibroatheromas are lesions with areas of 
necrosis characterized by cellular debris and cholesterol monohydrate with varying degrees of 
calcification or hemorrhage. Finally, thin-cap fibroatheroma or vulnerable plaques are recognized 
by their relatively large necrotic cores and thin fibrous caps. (Reproduced with permission from 
Virmani et al. [2])
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to high-risk plaques that may eventually with plaque progression lead to thrombosis 
since the intimal masses enlarge with advancing age [10, 11]. Nakagawa and 
Nakashima reported an intermediate stage between AIT and FS which they called as 
fatty infiltration, but there is an absence of macrophages which we believe is similar 
to PIT without macrophages.

Intimal xanthoma (AHA Type II), which is called FS, is a lesion with infiltrating 
lipid-laden cells such as macrophages or SMC, the latter to a lesser extent within the 
intima [12–14] (Figs. 11.1 and 11.2). This lesion has been shown to regress espe-
cially in the thoracic aorta and the right coronary artery in young individuals in the 
study “Pathobiological Determinants of Atherosclerosis in Youth (PDAY)” reported 
by McGill et al. [15]. Therefore, it is believed that intimal xanthoma is atherosclerosis- 
prone lesion rather than the progressive atherosclerotic lesion.

 Pathologic Intimal Thickening

Pathological intimal thickening (PIT, AHA Type III lesion) is considered as the 
earliest lesion of progressive atherosclerosis which consists of SMCs within extra-
cellular matrix composed of proteoglycan within the lipid pool, which is located 
near the media [16] (Fig. 11.1). There is a relative absence of viable SMCs within 
the area of the lipid pool. The extracellular matrix consists of hyaluronan and pro-
teoglycans such as versican along with lipid deposition. The PIT lesion also shows 
the presence of proteoglycans biglycan and decorin surrounding the SMCs. The 
SMCs in the intima in the region of the lipid pool undergo apoptosis near the media, 
and in the late phases, there is loss of SMC and accumulation of basement mem-
brane (BM) as demonstrated by periodic acid-Schiff (PAS) stain and by transmis-
sion electron microscopy. Structural changes in the glycosaminoglycan chain of 
proteoglycans, i.e., versican and biglycan, are the initial proatherogenic proteogly-
cans which bind the atherogenic lipoproteins [17, 18]. On the other hand, enrich-
ment in decorin in the neointima of the internal thoracic artery is observed which 
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Fig. 11.2 Histology of fatty streak consists of foamy macrophage infiltration of the intima with 
variable smooth muscle cells and proteoglycan-collagen matrix deposition. (a) EVG stain: elastic 
fibers were stained in black. (b) SMC: SMCs immunostained with anti-α-SMA/HHF35. (c) Lipid: 
extracellular and intracellular lipids stained with Sudan IV stain. Extracellular lipids in the fatty 
streak are indicated by an asterisk. (d) Macrophage: macrophages immunostained with an anti-
 CD68 antibody. Arrowheads indicate internal elastic lamina. Bars represent 100 μm. TI, tunica 
intima; TM, tunica media. (Reprinted from Nakagawa et al. [14], with permission from Elsevier)
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may play a role that results in the resistance to the development of atherosclerosis 
[19]. As PIT lesions become more advanced, macrophages begin to accumulate 
toward the lumen with eventual infiltration into the lipid pool converting the latter 
to a necrotic core. PIT lesions with macrophages are considered as a more advanced 
lesion. Specific protein expressed in the lipid pools may initiate the macrophages 
accumulate in PIT lesions, although the specific proteins remain unknown.

Free cholesterol is seen as fine crystalline structures (devoid of lipids) in paraffin- 
embedded sections within the area of lipid pool to varying degree; however, they are 
never excessive. The origin of free cholesterol in early phases is likely derived from 
dying macrophages and SMC; however the exact processes involved remain 
unknown [20]. Accumulation of extracellular lipid within the area of lipid pools is 
derived from the circulating plasma lipoprotein [21, 22]. In some experimental stud-
ies, intrinsic phenotypic changes of smooth muscle cells were observed in the initial 
stage of plaque formation which may contribute to SMC apoptosis rather than 
intrinsic role of SMC (i.e., cell-cell interactions or the microenvironment of the 
plaque) [23, 24]. In the setting of hyperlipidemia (cholesterol-rich), SMCs undergo 
apoptosis in vitro likely through Bcl-2 and Bax genes. However, function of phago-
cytosis is reduced in the presence of hyperlipidemia, leading to necrosis of apop-
totic SMCs and leakage of intracellular IL-1. IL-1 acts on the surrounding viable 
SMCs and induces them to secrete IL-6 and monocyte chemotactic protein (MCP- 
1) which provoke the progression of atherosclerosis [25].

Microcalcifications (≥0.5 μm and typically <15 μm) are another feature in the 
PIT lesions, which can be identified by anionic stains such as von Kossa’s or alizarin 
red stains. It is likely that microcalcifications coalesce and form fragmented calcifi-
cation; this may also involve collagen which acts as a scaffold, enhancing aggrega-
tion of microvesicles. The mechanisms that lead to microcalcification remain 
controversial with one group in favoring microvesicles as the mechanism of calcifi-
cation and on the other related to apoptosis as the underlying mechanism with late 
coalescence. Most calcification in the early stages of PIT is microcalcification; how-
ever, fragmented calcification may be observed in a minority of cases.

 Fibroatheroma

Fibroatheroma is the more advanced lesion of atherosclerosis and is distinguished 
from PIT lesions by the presence of an acellular necrotic core (AHA Type IV) [2] 
(Fig. 11.1). At this phase there is an absence or decrease in hyaluronan and pro-
teoglycan such as versican and biglycan with the absence of collagen in the area 
of the necrotic core. Fibroatheromas are classified into two types, “early” and 
“late,” on the basis of the relative absence of matrix molecules. Early fibroather-
oma show some presence of hyaluronan, versican, and biglycan and other matrix 
proteins due to the infiltrating macrophages within the lipid pool, which is con-
verting to necrotic core by the focal loss of matrix. The late necrotic core is devoid 
of any matrix and no longer stains for hyaluronan, proteoglycans, and collagen 
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matrix as identified by specific stains for proteoglycans, hyaluronan, and Sirius 
red stain. Matrix metalloproteinases (MMPs) released by macrophages are 
responsible for the breakdown of proteoglycan and collagen. Also, apoptotic cell 
death of macrophages and free apoptotic bodies are abundant within the area of 
necrotic core, which has been described by Ira Tabas as a “grave yard” of macro-
phages [26]. In addition to the deficiency of extracellular matrix (ECM), the 
necrotic core in late fibroatheroma exhibits more cholesterol clefts, calcification, 
intraplaque hemorrhage, and surrounding neoangiogenesis as compared to early 
fibroatheroma [27].

The most distinguishing feature of late fibroatheroma is the accumulation of free 
cholesterol. Acyl coenzyme A (ACAT1) esterifies free cholesterol and stores esteri-
fied cholesterol in macrophages [28]. Macrophage ACAT1 deficiency has been 
shown in mice to lead to an increase in atherosclerotic lesion area including free 
cholesterol accumulation in hyperlipidemic mice. Therefore, it is thought that 
ACAT1 is deficient in macrophages in the setting of advance atherosclerotic lesions. 
Also, accumulation of free cholesterol along with macrophage death is believed to 
contribute to the development toward late fibroatheroma [28, 29]. We have shown 
that red blood cells membranes, which are richest in free cholesterol of all cell 
membranes, are likely another source of free cholesterol present within the human 
necrotic core.

 Thin-Cap Fibroatheroma

Late fibroatheromas are usually characterized by having a thick fibrous cap com-
posed mainly of type I and III collagen, proteoglycans, and interspersed SMCs. 
Fibrous cap plays an important role in harboring necrotic core away from the flow-
ing blood. As the lesion becomes more advanced, the fibrous cap can undergo thin-
ning and is referred to as a thin-cap fibroatheroma (TCFA) although the precise 
mechanism still remains unknown. It is unknown whether the fibrous cap may begin 
as a thin cap or is converted from a thick to thin cap. The thinning of the fibrous cap 
is thought to result from ECM degradation by MMPs and ADAMTS (a disintegrin 
and metalloproteinase with thrombospondin motifs) family, along with a deficiency 
in repair mechanism [30]. Although the MMPs and TIMPs in monocytes/macro-
phages secrete several types of extracellular proteases, which include serine prote-
ases, cathepsins, and metalloproteinases, it is likely that overproduction of MMPs is 
what leads to cap thinning. The TCFA generally has large necrotic core along with 
intact thin fibrous cap consisting mostly of type I collagen with coexisting inflam-
matory cells such as macrophages and lymphocytes of varying degree. Generally, 
there is the absence or decrease of SMCs within the thin fibrous cap of TCFA lesions 
due to SMC apoptosis. We have defined thin cap as ≤65 μm based upon the thick-
ness of ruptured cap. The ruptured caps measured 23 ± 19 μm considering 95% 
confidence interval of the cap; we calculated a cap thickness below ≤65 μm defining 
a TCFA [31]. The necrotic core was also measured and was found to be lesser in 
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TCFA than in plaque rupture (25 ± 15% vs. 35 ± 20%, respectively) [32]. Narula 
et al. showed the best discriminators of TCFA besides cap thickness were macro-
phage infiltration and necrotic core size [32].

 Plaque Rupture

Plaque rupture (PR) is defined by the presence of the disruption of thin fibrous cap 
along with an overlying thrombus and underlying necrotic core (Fig. 11.3). Generally, 
more than 30% of total plaque area is occupied by a necrotic core in plaque ruptures 
[2, 33, 34]. The thin fibrous cap is composed of Type I collagen with few SMCs, and 
the cap is infiltrated with macrophages and T lymphocytes as described above 
(Fig. 11.1). Due to discontinuity of the fibrous cap, the flowing blood comes in con-
tact with the highly thrombogenic necrotic core leading to a luminal thrombus, 

Erosion
Calcified noduleRupture

Fig. 11.3 Atherosclerotic lesions with luminal thrombi. Coronary plaque features responsible for 
acute thrombosis comprise three different morphologies: rupture, erosion, and calcified nodules. 
Ruptured plaques are thin fibrous cap atheromas with luminal thrombi (Th). These lesions usually 
have an extensive necrotic core (NC) containing large numbers of cholesterol crystals and a thin 
fibrous cap (<65 μm) infiltrated by foamy macrophages and T lymphocytes. The fibrous cap is 
thinnest at the site of rupture and consists of a few collagen bundles and rare smooth muscle cells. 
The luminal thrombus is in communication with the lipid-rich necrotic core. Erosions occur over 
lesions rich in smooth muscle cells and proteoglycans. Luminal thrombi overlie areas lacking 
surface endothelium. The deep intima of the eroded plaque often shows extracellular lipid pools, 
but necrotic cores are uncommon; when present, the necrotic core does not communicate with the 
luminal thrombus. Inflammatory infiltrate is usually absent but, if present, is sparse and consists of 
macrophages and lymphocytes. Calcified nodules are plaques with luminal thrombi showing cal-
cific nodules protruding into the lumen through a disrupted thin fibrous cap. There is absence of an 
endothelium at the site of the thrombus, and inflammatory cells (macrophages and T lymphocytes) 
are absent. (Reproduced with permission from Virmani et al. [2])
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which may or may not be occlusive. The thrombus is composed of aggregated plate-
lets (so-called white thrombus). If the lumen is obstructed, the thrombus propagates 
proximal to the obstruction site, consisting of layers of fibrin (line of Zahn) sepa-
rated by red blood cells (so-called red thrombus). Furthermore, the extent of organi-
zation can determine the duration of the thrombus. As the thrombus organized by 
monocyte infiltration which release growth factors attracting smooth muscle and 
endothelial cells. The SMCs proliferate and deposit extracellular matrix consisting 
of proteoglycans and collagen, while endothelial cells proliferate to form micro-
channels. Once thrombi begin to organize, they fail to respond to thrombolytic 
therapy.

While the precise mechanism of PR has not been fully understood, presumably 
one potential mechanism of disruption of cap is likely weakness of the cap infil-
trated by macrophages that release MMPs promoting degradation of collagen, pro-
teoglycans, and elastin. Also, T lymphocytes release interferon gamma which 
decrease the number of SMCs and their ability to form new collagen.

Recent studies have shown that MMP may play an important role in fibrous cap 
disruption in plaque ruptures. Type I collagen provides most of the tensile strength 
to the fibrous cap [35]. Collagenases, such as MMP-1, MMP-8, and MMP-13, result 
in proteolytic breaks in collagen types I, II, and III, whereas the continued degrada-
tion of the interstitial collagens results from the gelatinases MMP-2 and MMP-9 
[36–40]. Atheromatous lesions express more MMP-1, MMP-2, MMP-3, MMP-9, 
and MMP-13 in carotid plaques in diabetic and nondiabetic patients, without sig-
nificant differences, except for MMP-2 showing greater expression in nondiabetics. 
However, differences were seen between symptomatic and asymptomatic individu-
als with greater expression of MMP-1and MMP-9  in those without diabetes. 
Similarly endogenous antagonists to MMPs, i.e., tissue inhibitors of metalloprotein-
ases (TIMPS), are present in diabetic and nondiabetic, with no differences between 
them; however, symptomatic individuals had greater expression of TIMP-1 [40, 41]. 
Galis et al. have reported higher expression of MMP-1, MMP-3, and MMP-9; posi-
tive macrophages in shoulder region were found in the sites with collagenase- 
cleaved Type I collagen. Other proteinases such as the cathepsin family (cathepsins 
S and K) and the inhibitor cystatin C are associated with degrading extracellular 
matrix [42]. However, these proteinases have a capability of a strong elastolytic 
activity, leading to matrix remodeling and migration and proliferation of cells [36]. 
Collagenolysis is most likely the major trigger of plaque rupture. In addition to the 
importance of both collagenolysis and elastolysis, additional local factors such as 
flow dynamics and vasospasm and cap calcium can also contribute to rupture events.

Plaque ruptures not only result in symptomatic but also asymptomatic events 
[43]. Most symptomatic events occur secondary to severe narrowing which is 
observed in over 70% of cases of plaque rupture in individuals dying of sudden 
coronary death. However, approximately 30% of plaque ruptures occur in lesions 
that are less severely narrowed (<75% x-sectional area narrowing) [44]. In a previ-
ous study reported by Mann and Davies, healed plaque ruptures in the plaques with 
<50% diameter stenosis were observed in 18.6% of lesions, whereas those with 
≥51% luminal stenosis were in 73.2% (P < 0.001) [45] (Fig. 11.4). Also, in our 
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autopsy study, 61% of victims who suffered from sudden coronary death had healed 
plaque ruptures [43]. As the number of healed plaque rupture increased so did the 
luminal stenosis increase. Plaque ruptures without a previous healed rupture are not 
common. Only 11% of plaque ruptures were virgin ruptures in individuals with sud-
den death [43]. Also, the incidence of healed plaque ruptures was greatest in indi-
viduals with stable plaque with healed myocardial infarction followed by acute 
plaque rupture and was least in those with stable plaque without healed infarction 
(2.0 ± 1.4, 1.5 ± 1.2, and 1.1 ± 1.4, respectively) [43].

 Plaque Hemorrhage

An elaborate vascular network of intraplaque vasa vasorum (Vv) is frequently 
observed in atherosclerotic plaques, consisting of arterioles and capillaries. Vv are 
located in the adventitia in normal coronary arteries, and as the plaque enlarged, 
they enter the intima through media [46]. Vv are significantly increased when the 
luminal stenosis exceeds 25% [47], and it has been reported that plaques below 
0.35 mm in thickness are avascular but beyond 0.35 mm are vascularized. It has 
been reported that 70% of Vv originate from the adventitial, whereas the 
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Fig. 11.4 Episodic rupture and healing can lead to chronic total occlusion. Histological and sche-
matic images are shown for (a) single-layer healed plaque rupture, (b) multiple-layer healed 
plaque rupture, and (c) chronic total occlusion. Arrowheads indicate neoangiogenesis. Abbreviation: 
NC, necrotic core. (Histological image in panel (a) reprinted with permission from Nature 
Publishing Group © Otsuka et al. [61]. Histological image in panel (c) reprinted from Yahagi et al. 
[62], with permission from Elsevier)
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remaining 30% are luminal in origin [47]. In 1928, Boyed et al. were the first to 
describe the existence of intraplaque hemorrhages, and Davies et al. reported that 
plaque hemorrhages coexisting in plaque fissures [48] (Fig. 11.5). In the 1980s, 
Virmani and Roberts reported that 10% of epicardial coronary artery segments in 
patients dying with coronary heart disease showed intraplaque hemorrhage [49]. 
Also, in the same study, they described that 4% of them showed the presence of 
iron. Later, we reported that intraplaque hemorrhages provoked macrophage infil-
tration and accelerated plaque progression. Hemorrhage is an important source of 
free cholesterol within plaques [27]. We showed that intraplaque hemorrhage in 
sudden coronary death victims as assessed by glycophorin A staining increased as 
plaques progressed and was highest in TCFA and this correlated with increase in 
necrotic core as well as with increase in macrophage infiltration. Furthermore, 
imaging studies have shown that anticoagulation therapy increases the risk of 
intraplaque hemorrhage [50]. Intraplaque hemorrhage in coronary arteries is most 
frequently observed in patients treated with oral anticoagulants (61%) as com-
pared to those on antiplatelet inhibitors (53%) or without any such therapy (46%). 
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Fig. 11.5 Plaque morphologies that can lead to necrotic core expansion. Histological and sche-
matic images are shown for (a) plaque fissure and (b) intraplaque hemorrhage. Arrowheads indi-
cate neoangiogenesis. (Reprinted from Yahagi et al. [7], with permission from Elsevier)
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Density of intraplaque microvessels was highest in plaques of patients on platelet 
inhibitors (P < 0.05). Also, large intraplaque hemorrhages were associated with 
oral anticoagulant therapy [51].

 Plaque Erosion

Plaque erosion is defined as the presence of an acute thrombus which is directly in 
contact with the underlying intima that is mainly composed of SMCs and 
proteoglycan- collagen matrix without endothelial cells at the interphase of throm-
bus and underlying plaque (Fig. 11.3). The underlying plaque in erosions is com-
posed of either PIT or fibroatheroma, with majority of cases showing fibroatheromas 
(84%). Most erosion lesions show fragmented calcification when it is present (23%). 
The intimal plaque in erosion lesions is rich in versican, hyaluronan, and Type III 
collagen unlike rupture or stable plaques which typically have abundant type I col-
lagen and biglycan and decorin [44, 52]. Also, CD44, a cell-surface glycoprotein 
(homing cell adhesion molecule) involved in cell-cell interaction, was localized 
along the plaque/thrombus interphase in erosions, whereas in rupture and stable 
plaque, it is mostly confined to inflammatory cells. A selective accumulation of 
versican, hyaluronan, and CD44 in plaque erosion implicates an involvement of 
these molecules in the de-endothelialization and platelet aggregation. And also, 
hyaluronan is able to provoke polymerization of fibrin, which may promote SMCs 
migration and plaque progression. Typically, the plaque erosion lesions are eccen-
tric, with less severe narrowing from underlying plaque as compared to plaque rup-
tures and stable plaques. We have demonstrated that the culprit site of plaque 
erosions showed minimal inflammation consisting of few or absent macrophages 
and lymphocytes [2, 44]. Although inflammation at the site of erosion was reported 
by van der Wal et al. [53], we have rarely observed excessive inflammation in cases 
with erosion.

Plaque erosion is the second most frequent cause of coronary thrombosis in 
patients dying from acute myocardial infarction or sudden coronary death, with 
rupture being the most frequent [2, 31]. The risk factors for plaque erosions are dif-
ferent from those of rupture [31]. Of men dying from sudden coronary death, those 
with rupture had higher plasma total cholesterol (TC), lower high-density lipopro-
tein cholesterol (HDL-C), and higher TC/HDL-C ratio than plaque erosion [31]. On 
the other hand, only TC correlated with plaque rupture in women [54]. Smoking 
was the only important factor for plaque erosion in women with coronary disease 
who died suddenly [54]. In our sudden coronary death registry, plaque erosion is 
more frequent in females, especially those less than 50 years and who have less 
severe stenosis, less calcification, and less plaque burden and thrombus than rupture 
[54]. Also, women who smoke are more likely to have myocardial infarction than 
men who smoke [55]. More than 80% of thrombi are plaque erosion in young 
women, whereas the main cause of thrombosis is rupture in women who are older 
than 50 years old.
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In our autopsy study, distal embolization was more common in plaque erosion 
(71%) than plaque rupture (42%) [56]. Kramer et al. reported that 88% of coronary 
thrombi in erosions demonstrate late stages of healing, defined as >24 hours dura-
tion of thrombus. On the other hand, only 54% of plaque rupture showed late stage 
of healing [57]. Also, even later healing stage of 7 days duration occurs in 46% in 
plaque erosion, whereas only 9% of rupture. Ferrante G et al. reported that density 
of myeloperoxidase-positive cells is higher in plaque erosion than plaque rupture 
[58]. Moreover, living patients with plaque erosion show higher circulating myelo-
peroxidase levels as compared to plaque rupture, suggesting there is the possibility 
that inflammatory biomarkers may help differentiate rupture from erosion. 
However, large prospective clinical studies are needed to confirm the differences 
between erosion and rupture using the imaging modalities (i.e., optical coherence 
tomography).

 Calcified Nodule

Calcified nodule is the least frequent cause of coronary thrombi and exists only in 
the setting of highly calcified coronary disease (Fig. 11.3). Calcified nodule consists 
of fragments of pieces of calcium with disrupted intima and an overlying thrombus. 
The eruptive calcified nodule is usually eccentric and protrudes into the lumen. 
Calcified nodule typically shows lack of endothelium in the area of the nodules of 
calcium; the luminal surface shows the presence of a white thrombi consisting 
mainly of platelet which is usually nonocclusive. Although the mechanisms of cal-
cified nodule are not fully understood, there is abundant fibrin within the area of 
calcified spicules with a coexisting few osteoclasts and inflammatory cells. The 
arteries that harbor calcified nodule show the presence of sheets of calcium, and we 
believe that the sheets of calcium crack and break which is usually observed in 
highly tortuous arteries [2]. Nodular calcification is said to be present when nodules 
of calcium do not disrupt the luminal surface of the plaque. Medial disruption is 
common in both but is more frequent in those with nodular calcification. Both these 
entities are observed in older individuals, diabetics, and patients with chronic kid-
ney disease and especially in those on dialysis. The highest prevalence of nodular 
calcification is in the mid-right coronary or tortuous left anterior descending coro-
nary arteries.

It is not possible with IVUS imaging to distinguish calcified nodule from nodu-
lar calcification due to poor resolution. Recently OCT studies have been able to 
identify calcified nodule. Jia et al. defined OCT-calcified nodule as having a dis-
rupted fibrous cap over a calcified plaque characterized by protruding calcification 
with extensive calcium both proximal and distal to the lesion. In patients presenting 
with acute coronary syndrome, the prevalence of calcified nodule was 7.9% in 
patients, and its incidence was more common in older patients [59]. The more 
recent OCT study published in 2017 evaluated 889 de novo culprit lesions in 889 
patients (48% ACS and 52% with stable angina) [60]. Calcified nodules were most 
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frequently observed in the ostia or mid-right coronary artery. Significant predica-
tors for the presence of calcified nodule by multivariate analysis were seen in 
patients on hemodialysis, in-lesion angiographic tortuosity angle, and maximum 
arc of calcium by OCT.

In patients presenting with stable angina, there is usually severe underlying nar-
rowing (>75% cross-sectional area narrowing) by fibrocalcific plaque or healed 
plaque ruptures, and both these lesions demonstrate the highest degree of calcifica-
tion. In patients presenting with acute coronary syndrome, there is either a luminal 
thrombus from rupture, erosion, or calcified nodule or there is sudden enlargement 
of the plaque from intraplaque hemorrhage that may occur in vulnerable or non- 
vulnerable plaques. Luminal narrowing is usually severer in ruptures than in ero-
sions and is very variable in calcified nodules.

 Conclusion

Plaque rupture is characterized by the presence of disrupted thin cap that is infil-
trated by macrophages and T lymphocytes allowing a direct contact of the necrotic 
core to the circulating blood that leads to luminal thrombus. Plaque erosion is 
another cause of coronary thrombus, but its incidence is much less than rupture. 
Lesions of plaque erosion are rich in SMCs and proteoglycan-collagen matrix with 
an absence of endothelial cells at the site of the thrombus. Calcified nodule is the 
least frequent mechanism of coronary thrombus and must be distinguished from 
nodular calcification with the former having disruption of the fibrous cap and the 
presence of a luminal thrombus. The calcified nodule shows fragments of calcifica-
tion within which protrude into the lumen and are separated by fibrin. Stable angina 
patients usually demonstrate the presence of fibrocalcific plaque or healed plaque 
rupture in the presence of severe luminal narrowing. While unstable plaques are 
usually seen in acute coronary syndromes and constitute vulnerable plaque with 
hemorrhage and lesions with luminal thrombi. Understanding the mechanism of the 
three different causes of coronary thrombosis is crucial in order to better treat these 
modalities in patients presenting with acute coronary syndromes and stable angina.
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Chapter 12
Current Imaging Approaches 
and Challenges in the Assessment 
of Coronary Artery Disease

Mateus Diniz Marques and João Augusto Costa Lima

 Introduction

For many decades, coronary angiography was the gold standard for the study of 
coronary artery diseases. Angiography allows a two-dimensional assessment of the 
coronary lumen, a vessel silhouette. Important components of the atherosclerotic 
process in the coronary vessel wall are not evaluated by angiography, such as posi-
tive remodeling, plaque composition, plaque extension, or diffuse atherosclerosis. 
Currently, evaluating the cardiovascular risk based on diagnosing coronary stenosis 
by angiography is not enough for both the diagnosis and the therapeutic definition 
in coronary artery disease (CAD). The new paradigm is evaluating the coronary 
artery wall. We know that acute coronary events are caused mainly by plaques with 
small degrees of stenosis, but with vulnerability characteristics that are hardly diag-
nosed by angiography.

Several diagnostic methods have been used to evaluate the characteristics of arte-
rial walls in order to identify early stages of CAD and features that are able to pre-
dict plaque vulnerability. Many characteristics are evaluated in coronary artery wall. 
Some of the most clinically valuable characteristics are plaque burden, plaque vol-
ume, plaque extension, plaque high-risk features and contents, and signs of inflam-
mation. Currently, there is no diagnostic method capable to accurately evaluate all 
these characteristics at the same time. Therefore, the combination of methods to 
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achieve a complete diagnosis is necessary. Based on the clinical history, a reason-
able approach is to choose a method that provides the best answer to the clinical 
decision-making. In this chapter, we will cover clinically available techniques for 
evaluating the coronary artery wall, its related diseases, and limitations of each 
technique.

 Invasive Diagnostic Methods to Assess Coronary Wall

In order to better evaluate the coronary atherosclerosis, new diagnostic techniques 
such as intravascular ultrasound (IVUS) and optical coherence tomography (OCT) 
arose to complement the angiography exams. Both techniques corroborate and 
enrich coronary lumen assessment providing additional and valuable information 
regarding the coronary wall.

 Intravascular Ultrasound

The first reports about the use of IVUS appeared in the end of the 1980s. Since then, 
its use has become increasingly commonplace and technological advances made it 
increasingly clinically useful. Initially, IVUS exams used gray-scale technique to 
assess the coronary wall characteristics. This technique had several limitations 
which compromised its diagnostic accuracy. Current acquisition and processing 
technologies such as the backscattered ultrasound waves using radio frequency 
allow accurate analysis of coronary wall. IVUS enables plaque composition dis-
crimination (necrotic core, fibrous tissue, fibrofatty tissue, and dense calcium) as 
well as determining characteristics of high-risk plaques [1–3]. These diagnostic 
abilities allow us to use IVUS in monitoring the evolution of atherosclerosis over 
time and therapeutic response manifested by regression in plaque volume [4, 5].

An important clinical use of IVUS is diagnosing vulnerable plaques. Some 
plaque vulnerability characteristics assessed by IVUS are the thin-cap fibroather-
oma (TCFA), positive remodeling, large plaque burden, and small luminal area. The 
PROSPECT study showed that in patients with acute coronary syndrome (ACS) 
plaques with vulnerability signs had increased risk of major acute coronary events 
(MACE) even in non-culprit lesions [6].

Another quite common clinical use of IVUS is during percutaneous coronary 
intervention (PCI). IVUS findings help before, during, and after procedure comple-
tion. IVUS can be used to choose the most appropriate technique and materials to 
be used during the PCI.  It helps to confirm angiography findings and accurately 
reports the degree of coronary stenosis, plaque extension, plaque components, cor-
onary ostium involvement, and vessel size. After the procedure, IVUS evaluates 
minimal lumen area, stent malapposition, stent edge, dissection, and tissue pro-
lapse that may be determinant of future complications such as restenosis and stent 
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thrombosis [2]. Metanalyses focused on comparing IVUS-guided PCI with proce-
dures guided exclusively by angiography showed better immediate and late angio-
graphic results (greater post-minimal lumen diameter, lower restenosis, and 
revascularization requirement) as well as reduction in MACE [7, 8]. Currently, 
there is an increasing use of IVUS during PCI, especially when implanting drug 
eluting stents, where the risks of thrombosis and restenosis are significantly higher 
if there is stent malapposition. The IVUS-guided PCI is recommended for cases 
with increased  complexity (complex lesions, chronic occlusion, bifurcations with 
ostium involvement, extensive plaques, or left main artery involvement) or to assess 
stent failure [9].

 Limitations

Despite its excellent diagnostic capacity, IVUS usage to cardiovascular evaluation 
in general population is restricted for its invasive nature. IVUS exams must be per-
formed in a hemodynamic laboratory, with a trained team and executed by a highly 
experienced hemodynamicist. All exams use iodinated contrast and need ionizing 
radiation to precisely locate the target vessel or lesion to be studied. Additionally, 
longer examination time and extra materials increase the costs, limiting its use in the 
cardiologic diagnostic practice.

Concerning image quality, IVUS has some limitations evaluating plaques with a 
great amount of calcification, impairing the visualization behind calcium. 
Additionally, some plaque structures may exhibit very similar echogenicity charac-
teristics making it impossible to differentiate them, for example, thrombi and lipid 
component [2]. Finally, IVUS resolution is insufficient to measure the thickness of 
the fibrous cap; consequently TCFA is defined based on the identification of the 
necrotic core compressing the lumen.

 Optical Coherence Tomography

Usually OCT is considered an alternative or complement to IVUS. Its great advan-
tage comparing to IVUS is its spatial resolution (10–15 mc vs 100–150 mcm). The 
excellent resolution allows OCT to evaluate the atheroma layer in detail, being the 
only method capable of measuring in vivo the thickness of the layer and objectively 
defining TCFA (<65 mcm). Additionally, OCT allows the evaluation of the integrity 
of the cap, classifying culprit lesions as disrupted fibrous cap (with lipid predomi-
nance or calcified nodule) and intact fibrous cap [10]. In patients with ACS, those 
whose culprit lesion has uninterrupted fibrous cap instead of disrupted have a better 
prognosis over time, with a lower incidence of death, heart attack, and hospitaliza-
tion [11].

There are several plaque vulnerability features besides TCFA which can be eval-
uated accurately by OCT such as plaque composition, macrophages wall infiltrate, 
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microcalcifications, neovascularization, and thrombus. All those features are usual 
findings in patients with ACS [12–14].

Like IVUS, OCT has been used in planning, guiding, and following PCI. As well 
as IVUS-guided procedures, using OCT showed to reduce the risk of cardiac death 
or acute myocardial infarction compared to the angiography-guided procedures 
[15]. Its excellent spatial resolution allows an excellent plaque characterization, 
identifying stent malapposition, stent edge, dissection, tissue prolapse, and throm-
bus [15, 16]. However, the assessment of lumen size after the procedure (minimal 
lumen area) measured by OCT is significantly lower than that measured by 
IVUS. This may result in a suboptimal stent expansion in OCT-guided procedures, 
increasing the chances of late complications such as stent thrombosis or restenosis 
[16]. The indications for OCT-guided PCI still need stronger randomized controlled 
trials to support them and should be restricted to cases with greater complexity or 
with stent failure suspicion [9].

 Limitations

OCT imaging requires the use of contrast media to displace blood from the vessel 
lumen on the segment to be examined. This significantly increase the amount of 
contrast usually used in angiography. Another limitation imposed by red blood cells 
is the inability of OCT to visualize red thrombus.

The main disadvantage of OCT comparing to IVUS is the reduced image deep 
penetration (1–2 mm), making it impossible to fully evaluate plaque composition 
and the voluminous plaque necrotic core [13]. Reduced deep analysis limits the 
ability of assessing positive remodeling by OCT, an important plaque vulnerable 
feature perfectly evaluated by IVUS [13]. Recently, the advent of catheters with the 
two intracoronary imaging modalities IVUS and OCT promises to associate the 
high resolution of the OCT to evaluate the cap thickness with the best IVUS image 
depth for assessing the necrotic core and plaque burden. The combination of both 
would fully evaluate coronary plaque without dispensing the invasive approach, 
contrast media usage, and ionizing radiation exposure.

 Noninvasive Diagnostic Methods to Assess Coronary Wall

 Magnetic Resonance

The first high-resolution magnetic resonance imaging study (MRI) of human arter-
ies was published by Martin et  al. in 1995 [17]. Martin studied segments of the 
carotid, femoral, and aortic arteries and compared MRI findings with histological 
exams [17]. This study contributed significantly to developing arterial wall imaging 
techniques to reproduce such images in vivo and stimulated researchers to pursue 
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studying coronary artery walls by MRI. The use of MRI for the evaluation of coro-
nary arteries became clinically feasible after the advent of the latest-generation 
scanners, allowing faster acquisition sequences and better image quality. Coronary 
wall evaluation by MRI is safe and noninvasive, does not expose the patient to ion-
izing radiation, and often does not need any form of contrast medium. These fea-
tures make coronary wall MRI a promising diagnostic tool for the large-scale 
evaluation of suspected or known CAD individuals as well as evaluating coronary 
involvement of inflammatory pathologies.

After a long period of technological advances with emerging new-generation 
scanners and improvements of MRI sequences, in 2000 Fayad et al. [18] and Botnar 
et al. [19] published their studies on the use of MRI for the evaluation of coronary 
artery wall in vivo. They used T2-weighted sequences to assess the coronary artery 
wall characteristics without the use of contrast media. Coronary segments with ath-
erosclerotic plaques by angiography showed greater vessel area and wall thickness 
on MRI compared to normal segments in the same patients [18, 19]. These findings 
boosted the use of MRI to assess coronary wall features in different clinical 
scenarios.

Coronary MRI demonstrated to be able to identify atherosclerosis in early stages, 
before significant luminal reduction is established (<50% stenosis). Segments with 
atherosclerosis presented increased wall thickness and increased wall area com-
pared to healthy coronary segments on angiography [20]. MRI outer vessel area and 
plaque burden showed good correlation with IVUS [21]. However, coronary wall 
thickness assessed by MRI demonstrated low correlation with IVUS [22]. Besides 
identifying atherosclerotic plaques, an important role of MRI is identifying high- 
risk plaques and their vulnerable features. These plaques are characterized by a 
large lipid core, positive remodeling, a thin fibrous cap, and a high-inflammatory 
component being prone to rupture.

In order to assess high-risk plaques, different MRI techniques are available. The 
measurement of vessel wall signal intensity using T1-weighted three-dimensional 
black-blood gradient sequences without contrast-medium injection was validated in 
carotid arteries. High-intensity signal (HIS) in the carotid wall was associated with 
a high-risk plaque, intraplate thrombus, or hemorrhage assessed by histological 
exams [23–25]. This approach was used in patients with significant coronary steno-
sis (>70%), and HIS plaques had a high frequency of ultrasound attenuation, low 
CT density, and a high incidence of transient slow flow phenomena [26, 27]. 
Furthermore, the location of HIS in the coronary lumen or intrawall was also related 
to important features of plaque vulnerability [27]. Masumoto et al. [28] compared 
OCT findings in patients with angina pectoris and showed that thrombus and intimal 
vasculature were associated with intraluminal HIS. In contrast, intrawall HIS was 
associated with macrophage infiltration and absence of calcification [28].

Another non-contrast MRI ability is to identify methemoglobin in coronary wall 
using T1-weighted black-blood sequences. Methemoglobin is visualized in acute 
thrombus and intraplaque hemorrhages [26, 29], an important plaque vulnerability 
feature present in patients ongoing acute coronary syndrome [30, 31].
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These combined techniques allow non-enhanced MRI to assess coronary wall 
thickness, vascular remodeling, plaque burden, and intraplaque hemorrhage or throm-
bus. These characteristics are known as vulnerable plaque features with significant 
clinical impact. Patients with HIS plaques have higher probability of MACE [32].

Beyond these non-contrast techniques, MRI can also evaluate coronary artery 
wall through images acquired after contrast injection (gadolinium). The technique 
shares the same principles of late gadolinium enhancement for evaluation of myo-
cardial fibrosis. The pathophysiological pathway is based on the theory that there is 
a rupture of the cell membrane and the expansion of extracellular space by collagen 
in the fibrosis process. Providing gadolinium is an extracellular contrast, enlarged 
extracellular space will increase the contrast amount in those areas and extend the 
contrast wash out time. Late images acquired after gadolinium injection will 
enhance in fibrotic regions. Histological study of carotid plaques demonstrated that 
contrast enhancement was associated with neovascularization of the fibrous cap, 
increased endothelial permeability, and infiltration of inflammatory cells [33].

Early reports using T1-weighted images demonstrated that coronary wall con-
trast enhancement is strongly associated with vascular remodeling and atheroscle-
rosis severity [29, 34]. Coronary wall enhanced areas by MRI correspond 
predominantly to mixed plaques by computed tomography angiography (CTA) 
[34]. In the setting of chronic coronary artery disease, contrast uptake in the coro-
nary wall might be associated with neovascularization, endothelial permeability, 
and infiltration of inflammatory cells [29, 34].

Patients with ACS had significantly greater contrast uptake in the coronary wall 
of culprit lesions [35, 36]. However, long-term follow-up of these patients showed 
that the enhancement decreased 3 months after reperfusion [35]. This finding sug-
gests that edema and the inflammatory process present in ACS have a significant 
role in this phenomenon and that enhancement of the coronary wall may be a sur-
rogate biomarker of plaque activity and/or vulnerability [35, 36].

Delayed enhancement MRI can be useful for the evaluation of coronary wall 
involvement in several inflammatory diseases. Puntmann et  al. [37] showed that 
patients with systemic lupus erythematosus at clinical remission have a higher sig-
nal intensity measured by contrast noise ratio on the coronary wall compared to 
control subjects [37]. In another study of the same group, they demonstrated that 
patients with systemic lupus erythematosus presented contrast enhancement in a 
diffuse pattern while patients with CAD had a regional distribution, but both had 
contrast noise ratio values higher than control patients [38]. In Takayasu’s arteritis, 
the delay enhancement of the coronary wall seems to have the same distribution as 
segments with CAD [39].

 Limitations

The image acquisition of coronary arteries is a challenge for any noninvasive imag-
ing method, especially MRI. Some of the reasons for that lie in the fact that coro-
nary arteries have reduced caliber and tortuous trajectory and are subjected to heart 
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and respiratory movements. New-generation scanners with optimized sequences 
allow faster exams, minimizing cardiac cycle and respiratory movement artifacts 
while maintaining adequate image quality. Another variable that compromises coro-
nary MRI quality is the distance between MRI coil, positioned on the thoracic wall, 
and the coronary arteries. The greater the distance, the lower the noise signal ratio 
and worse image quality. Finally, the maximum spatial resolution obtained by the 
MRI (0.65 × 0.65 mm) is insufficient compared to those available by the IVUS 
(<0.1 mm) or even CTA (0.35 × 0.35 × 0.35 mm). MRI resolution allows a satisfac-
tory analysis only for segments with greater caliber and restricting its evaluation to 
the proximal or middle coronary segments [40].

 Computed Tomography Angiography

Computed tomography angiography has raised as an emerging diagnostic tool in the 
evaluation of coronary arteries in the past years. Coronary CTA allows the evalua-
tion of several cardiac structures in a single acquisition such as the coronary arteries 
lumen, coronary wall, coronary adjacent structures (pericoronary fat and pericar-
dium), myocardial perfusion, and functional and anatomical heart structures. These 
evaluations are possible using a single contrast-medium injection. The overall 
assessment of heart structure and function became possible by the evolution of 
scanners and the reconstruction algorithms. New equipment with a larger number of 
detectors (up to 320 detectors) and dual source energy scanners significantly 
improved spatial and temporal resolution, as well as reducing radiation exposure 
and the need of larger volumes of iodinated contrast [41].

In order to evaluate coronary arteries wall, it is necessary to inject iodinated 
contrast through a peripheral venous. The image acquisition technique for evaluat-
ing the coronary wall follows the same protocol as conventional CTA, allowing 
combined analysis of coronary lumen and coronary wall (Fig. 12.1). The identifica-
tion of coronary stenosis location is of great importance while interpreting CTA 
exams focused on coronary wall analysis, driving the examiner to the specific seg-
ment to be studied. Coronary wall analysis requires a combined interpretation, 
using a subjective visual analysis and objective measurements performed semiauto-
matically (Figs. 12.1 and 12.2). Visually, the examiner identifies several complex 
features such as TCFA, napkin ring signal, positive remodeling, and major cap dis-
ruption. Ideally, objective measurement should always be added, including mean 
plaque attenuation, determining plaque components based on its attenuation range, 
plaque overall volume, as well as volume of each plaque components. Objective 
measurements are semiautomatic by using commercially validated software [42, 
43]. The combined analysis allows the characterization of plaques as non-calcified, 
mixed, or calcified, as well as it highlights important features of plaque vulnerabil-
ity (Fig. 12.1).

Although there have been technological advances, the first stages of atheroscle-
rosis, which comprise the diffuse thickening of the intima with macrophage infil-
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trates and the formation of the fatty strains [44], are not visible in current clinical 
computed tomography scanners available [45]. However, it is well known that 
exactly on these early stages of atherosclerosis, the plaques are more susceptible to 
rupture. Positive remodeling is an early atherosclerotic feature well identified by 
CTA, which is commonly associated with large necrotic-core plaques, hemorrhage, 
and TCFA [46, 47]. Unfortunately, not all plaque disruption features can be clearly 
identified by CTA. However, some valuable findings such as increased plaque vol-
ume, low plaque attenuation, and positive remodeling are well documented by CTA 
[48, 49]. These findings are well correlated with angiographic findings [48] and are 
present in up to 40% of patients considered to be clinically stable, representing 
silent disrupted plaques. These cases are difficult to be identified by the traditional 
cardiovascular risk assessment and are precisely the target patient of primary car-
diovascular prevention [49].

Fig. 12.1 Coronary computed tomography angiography with simultaneous visualization of the 
three-dimensional anatomy of the heart and coronary arteries, visualization of the coronary artery 
lumen in curved multiplanar reconstruction, and transverse images of the coronary artery with 
lumen and artery wall visualization. Cross-sectional analysis of the artery allows the evaluation of 
the characteristics of each slice and identification of segments with lumen stenosis (A) as well as 
segments apparently normal to angiography (B) but with atherosclerotic involvement identified by 
tomography
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CTA demonstrated good discriminatory accuracy between lipid-rich and fibrous- 
rich plaques. The plaque mean attenuation assessed by CTA was validated with 
histology on cadaver coronaries. The tissue attenuation measurement discriminated 
the predominant plaque component and was able to differentiate several stages of 
coronary atherosclerosis [50]. Structures with lower attenuation values on CTA are 
predominantly composed by lipids, while higher attenuation values are associated 
with fibrocalcific composition [51, 52] (Fig. 12.1). Predominantly lipid or mixed 
plaques are more vulnerable to rupture. Plaque composition analysis by coronary 
CTA is considered reliable and has good correlation with gold standard methods 
such as IVUS and OCT [53–56]. However, defining plaques as lipid-rich or fibrous- 
rich based on semiautomatic attenuation measures has some pitfalls. There is some 
attenuation overlap among those structures and the contrast enhancement can influ-
ence attenuation values affecting the accuracy of these classifications. In order to 

Fig. 12.2 Coronary computed tomography angiography with visualization of the luminography 
and several transversal sections of the artery. Tomography allows semiautomatic identification of 
early stages of atherosclerosis, with maintenance of lumen diameter (Section 1). Different compo-
nents of the plaque are discriminated by color groups, based on the density expressed in Hounsfield 
units (Sections 2–4). Characteristics such as positive remodeling can be demonstrated in the trans-
versal sections (Sections 10, 11)
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overcome these limitations, some authors proposed that the best way to discriminate 
plaque components would be using quantitative histograms [51, 52].

The CONFIRM study showed that plaques classified as at early stages of coro-
nary atherosclerosis and without significant stenosis should be treated with statins 
in order to prevent future cardiovascular events. Participants without CAD by CTA 
had no benefit on using statins [52]. Interpreting CTA focused on the coronary wall 
allows us to classify patients as individuals with normal coronary arteries, patients 
with CAD but with nonobstructive plaques and patients with CAD and obstructive 
plaques. Individuals with obstructive plaques obviously have worse prognosis. 
However, patients with nonobstructive plaques carry a worse prognosis when com-
pared to individuals whose coronary walls are free of atherosclerosis by CTA [57, 
58]. These results highlight the role of subclinical CAD on cardiovascular out-
comes, requiring our attention to identifying and adequately treat these individuals. 
Despite usually being asymptomatic, these individuals are at higher risk compared 
to others with similar cardiovascular risk profile but without any coronary artery 
atherosclerotic involvement [57, 58]. These individuals can easily be identified by 
CTA, unlike via using ischemia testing methods or even angiography.

Identifying coronary plaques, even in subclinical stages, is extremely important 
for both therapeutic purposes and risk stratification. However, defining plaque char-
acteristics may contain even more valuable information. A major contribution of 
CTA to risk stratification for ACS is identifying high-risk plaques.

TCFA plaques represent a major plaque complexity feature with high rupture 
probability and highly associated with ACS. Usually, those plaques have hemor-
rhage and calcification that can be visualized as bands separating the contrast- 
enhanced coronary lumen from the necrotic core on CTA [45, 52, 59, 60]. The 
difference between TCFA and ruptured plaques is based on the cap integrity and 
thrombus absence in TCFA. Incomplete visualization of the layer or cap discontinu-
ation highly suggests rupture of a TCFA.  However, CTA does not have enough 
spatial resolution to accurately evaluate rupture of a TCFA.  This evaluation is 
restricted to methods with spatial resolution (<65 mic), like OCT [61]. Another 
plaque vulnerability feature assessed by CTA is the so-called napkin ring signal. 
This signal corresponds to a rim-like enhance with greater attenuation surrounding 
a low attenuation area. Napkin ring signal is visualized in mixed or non-calcified 
plaques and is associated with an increased risk of coronary events [62]. Plaques 
classified as TCFA by OCT usually present napkin ring signal, positive remodeling, 
and lower attenuation on CTA [59].

Vulnerable plaques represent an independent risk factor for future cardiac events 
even in clinically stable patients. Those plaques increase events risk in patients with 
significant coronary stenosis (>70%) [63] but also when they are identified in 
patients with mild CAD, with nonobstructive plaques (<50% stenosis) [64]. Several 
studies demonstrated that high-risk plaque features assessed by CTA (plaque bur-
den, napkin ring signal, low attenuation, positive remodeling) are useful to refine 
the cardiovascular risk assessment [65–67]. For example, the presence of two or 
more high-risk plaque features is an independent predictor of all-cause mortality 
and ACS at a follow-up of 2 years (Hazard ratio 1.98) [68]. Among the high-risk 
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plaque features, it is not clear which one is the most harmful. Recently, Feuchtner 
et al. [69] showed that in a follow-up of 8 years, low attenuation plaque and napkin 
ring signal were the major predictors of MACE, overcoming the degree of stenosis 
and other traditional risk factors. Additionally, they confirmed previous findings that 
a negative CTA determines a great prognosis [69].

The role of CTA plaque analysis in cardiovascular risk assessment was studied in 
patients with acute chest pain evaluated in the emergency department. Plaque high- 
risk features (positive remodeling, spotty calcium, or napkin ring sign) represented 
an independent risk factor for the diagnosis of ACS, regardless of the degree of 
coronary stenosis or traditional cardiovascular risk factors [70].

Although the main use of CTA is focused on atherosclerotic disease, CTA offers 
great utility in the evaluation of other coronary diseases, especially coronary 
involvement of systemic inflammatory diseases. Takayasu’s arteritis is one of the 
most frequent and shows some typical features by CTA. The disease presents coro-
nary involvement in approximately 50% of the patients and presents one of the fol-
lowing presentation patterns: type 1, stenosis or occlusion in the ostia or proximal 
coronary segments; type 2, focal involvement of the coronary arteries with spared 
areas or diffuse arteritis; and type 3, coronary aneurysm [71, 72].

Other inflammatory diseases such as Kawasaki arteritis and Behçet’s disease 
may also present cardiac involvement, usually manifested as myocardial ischemia 
secondary to thrombotic aneurysms and occlusions [71]. Immunoglobulin IgG4- 
related arteritis rarely involves coronary arteries and presents as wall calcifications 
and intimal thickening [71]. Another vasculitis, the coronary periarteritis, is a rare 
disease that can manifest itself through inflammatory infiltration leading to intimal 
fibrosis and coronary aneurysm. CTA images can identify diffuse or focal nodal 
lesions on the coronary wall or rings with soft attenuation surrounding coronary 
arteries [73].

 Limitations

The main negative aspects of CTA that limit its universal use as the first-line cardio-
vascular risk stratification tool are the need for iodinated contrast media and expo-
sure to ionizing radiation. The advent of new-generation scanners minimized the 
radiation exposure to values pretty acceptable (1.5–5 msV) and decreased the need 
for iodinated contrast volume [41]. Besides that, CTA has some particular chal-
lenges to overcome in order to provide a good imaging quality. CTA is subject to 
movement artifacts secondary to respiration or heart rate variability, especially in 
patients with arrhythmias or very high cardiac frequencies. Again, new-generation 
scans virtually overcome these artifacts. Scanners with larger number of detectors 
increased the cover area and allow a complete volumetric acquisition of the heart in 
a single heart beat decreasing the time of acquisition and minimizing artifacts [61]. 
Despite these advances, several facilities recommend heart rate control aiming val-
ues lower than 65 beats per minute before scanning. Often it is necessary prepara-
tion using oral or injectable negative chronotropic drugs.
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Despite technical advances, best spatial resolution scanners commercially avail-
able are not able to accurately characterize certain plaque components associated 
with higher risk such as microcalcifications, intima ulceration, and plaque hemor-
rhages. Identifying these require images with higher spatial resolution that are avail-
able only for invasive methods such as OCT and IVUS. The limited spatial resolution 
of CTA compared to IVUS and OCT may also result in overestimation of calcified 
plaque areas and luminal stenosis on this segment. It can also underestimate the area 
of low attenuation lesions such as soft tissue plaque [61].

Finally, CTA may not be accurate in distinguishing structures with similar densi-
ties due to some attenuation overlap. The dual source of energy scanners minimized 
this limitation, acquiring the images with tube voltages of 80 and 140 kvp, improving 
the capacity of differentiation between calcified and non-calcified plaques [74, 75].
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Chapter 13
Advanced Coronary Artery Vessel Wall 
Imaging and Future Directions

Yibin Xie, Damini Dey, and Debiao Li

Coronary artery disease (CAD) remains a menacing health threat in the industrial-
ized countries despite recent decline in mortality. The majority of myocardial 
infarctions or sudden coronary deaths are caused by coronary plaque disruption and 
subsequent thrombotic occlusion, a process occurs suddenly after years of indolent 
atherosclerosis progression. Angiographic techniques that focus primarily on lumen 
narrowing have proven inadequate in accurately assessing lesion-specific risk as the 
majority of culprit plaques do not manifest significant stenosis. The composition 
and surface conditions of atherosclerotic plaques vary during different disease 
stages. Several types of lesion morphology, such as thin-cap fibroatheroma, are 
associated with weakened structure and predisposition for rupture. Plaques that are 
prone to rupture are referred to as “vulnerable” or “high risk.” Imaging techniques 
that are capable of directly detecting high-risk plaque features are highly desirable 
as they could potentially improve lesion-specific risk stratification and help guide 
therapeutic decision-making.

To address the unmet clinical needs for more precise lesion characterization, 
coronary vessel wall imaging is an active research area that is currently undergoing 
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continuous development. Existing techniques are being improved to achieve better 
spatial resolution and diagnostic accuracy. Imaging time and complexity are being 
reduced and robustness being improved. New biomarkers and contrast mechanisms 
are being explored and validated. In this chapter we will briefly review the recent 
advances in noninvasive coronary vessel wall imaging techniques and discuss the 
trend toward comprehensive imaging solutions that consist of high-risk morphol-
ogy, plaque burden, and pathophysiological activities. Additional discussions on 
coronary vessel wall imaging may also be found in the recent review articles on this 
topic [1–5].

 New Advances in Coronary Vessel Wall MRI

Positive Remodeling and Plaque Burden The majority of atherosclerotic plaques 
develop in the arteries by growing outward, in a process termed “positive remodel-
ing,” without compromising the arterial lumen. The disease status in such cases is 
typically underdiagnosed as conventional angiographic images can only delineate 
vascular lumen. Coronary vessel wall MRI has been successfully applied to evalu-
ate plaque burden in several clinical studies [6, 8, 9]. The most commonly used 
pulse sequence for evaluating plaque burden in patients is 2D black-blood imaging 
based on double inversion recovery (DIR)  [8–11]. The blood nulling effect of DIR 
is typically sufficient for vessel wall imaging. However, a considerable number of 
exams were unsuccessful due to technical failures [6, 9, 12]. One of the major chal-
lenges of this technique is to coincide the optimal inversion time and the optimal 
data acquisition window during which cardiac motion is at the minimum. To relax 
such timing constraint, Abd-Elmoniem et al. designed a time-resolved acquisition 
scheme with spiral imaging and utilized phase-sensitive reconstruction to enhance 
the vessel wall contrast [13]. This technique (TRAPD) was successfully applied to 
26 patients with increased risk of CAD and demonstrated improved success rate of 
95% compared with 75% of the conventional DIR technique [14]. Recently, Ginami 
et al. further extended this approach by incorporating radial imaging with golden 
angle and k-t SENSE reconstruction to allow a flexible retrospective selection of the 
number of frames, frame duration, and position within the cardiac cycle. Due to the 
nature of 2D cross-sectional slices, conventional technique provides limited ana-
tomical coverage and is prone to measurement bias caused by oblique slice place-
ment. Andia et  al. designed a subtraction-based method which interleaves T2 
preparation pulses to address the limitations of 2D imaging [15]. As the image con-
trast is generated completely based on the T2 relaxation differences between 
blood  and vessel wall, the resultant coronary vessel wall images are flow- 
independent. This technique demonstrated promising results of 3D whole-heart 
 vessel wall images (Fig. 13.1). However, subtraction error between the two image 
sets and incomplete fat suppression may still occur. The same group later intro-
duced nonrigid respiratory motion correction into the subtraction vessel wall imag-
ing technique to reduce the scan time [16]. Alternatively, Xie et al. proposed a 3D 
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 black- blood coronary vessel wall imaging method based on DIR with local in-plane 
reinversion combined with interleaved gray-blood images [17]. This technique 
(cDIG) showed excellent vessel wall morphology along with gray-blood images 
which may also be useful for identifying calcified nodules thus improving plaque 
delineation.

Intra-plaque Hemorrhage and T1 Hyperintensity Intra-plaque hemorrhage 
(IPH) is a known high-risk plaque feature that is associated with plaque progression 
and a predictor for future major adverse cardiovascular events [18, 19]. Existing 
data from autopsy studies and animal experiments suggest that IPH plays an impor-
tant role in leukocyte infiltration and the enlargement of lipid core [18, 20]. 
Methemoglobin is the intermediate product in the process of hemoglobin break-
down which is present in the acute to subacute phases of IPH. It is a strong paramag-
netic substance that markedly shortens T1; therefore, it can be visualized as regions 
of hyperintensity on T1-weighted black-blood techniques [21]. This technique has 
been well developed and validated to detect IPH in larger arteries such the carotid 
arteries [22]. Kawasaki et al. performed a comprehensive study comparing high- 
intensity plaques (HIPs) on T1-weighted black-blood images with plaque morphol-
ogy on CT and intravascular ultrasound [23]. Increased frequency of adverse plaque 
characteristics was observed in HIPs, including higher positive remodeling, ultra-
sound attenuation, and spotty calcium. In another study comparing HIPs on MRI 
with CT plaque findings, Oei et al. observed significantly lower CT density in HIPs, 
suggesting a probable association between HIPs and IPH [24]. Notably, there was 
no correlation of plaque signal intensity with the degree of stenosis. The prognostic 
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Fig. 13.1 Reformatted images of a whole-heart vessel wall imaging using the i-T2prep acquisi-
tion. (a, b) The T2prep(−) and T2prep(+) acquisitions. (c) The aortic, LCA, and RCA vessel wall 
in weighted subtracted images. (d) The normalized pixel intensity of a profile across the vessel at 
the level of ascending aorta, LCA, and RCA. Ao ascending aorta, LCA left coronary artery, and 
RCA right coronary artery. (Reproduced from Andia et al. with permission [15])
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value of T1-weighted coronary MRI has been investigated by Noguchi et al. in a 
longitudinal study that followed 568 patients with suspected or known CAD for a 
median of 55 months [25]. Using plaque to myocardium signal ratio (PMR), the 
researchers found that patients with HIPs (PMR >1.4) experienced significantly 
higher rate of coronary events. The calculation of PMR is a simplified way to nor-
malize plaque signal intensity and reduce the impact from coil sensitivity variations. 
The presence of HIP was determined as an independent predictor with a hazard ratio 
of 3.56. The same group recently applied the technique to 48 patients before and 
after 12  months of intensive statin therapy and observed significant decrease in 
PMR from 1.38 to 1.11, indicating a potential role of the technique for quantitative 
assessment of therapeutic effects [26].

The most widely used T1-weighted black-blood protocol for assessing coronary 
IPH is based on inversion recovery 3D gradient-echo sequence with fat suppression 
[21]. Cartesian 3D acquisition with a transverse slab is commonly configured to 
cover the proximal, mid, and some distal segments of all major coronary artery 
branches. Cardiac and respiratory gating are typically required to reduce motion 
artifacts. Compounded by the relative high resolution needed for imaging coronary 
arteries, this protocol often results in unpredictable and prolonged scan time depend-
ing on the respiratory pattern. A considerable number of patients have to be excluded 
due to poor image quality in a recent clinical study [25]. Moreover, T1-weighted 
contrast heavily attenuates the signal of background tissue, such as myocardium, 
which makes it difficult to identify the location of plaque signal. Therefore, an addi-
tional bright-blood angiographic scan is required for providing anatomical refer-
ence, which further prolongs the study. Xie et  al. proposed a new approach for 
coronary T1-weighted imaging which interleaved black-blood and bright-blood 
acquisition, providing exactly co-registered T1-weighted images and anatomical 
reference [27] (Fig. 13.2). This technique (CATCH) was developed based on radial 
sampling and retrospective motion compensation which accepted data from all 
breathing phases, allowing two- to threefold acceleration compared with conven-
tional respiratory gated approaches. Whole-heart evaluation with fine isotropic reso-
lution can be achieved with a scan of approximately 10  minutes. Ginami et  al. 
incorporated T2-prepration and phase-sensitive inversion recovery (PSIR) recon-
struction to a similar interleaving scheme, which improved the image contrast of the 
reference bright-blood images. Even though the scan time remained relatively long 
(18 minutes), the resultant bright-blood images are equivalent to a conventional non-
contrast MR angiography and can be potentially used for evaluating lumen status.

Although there is strong clinical evidence supporting the prognostic value of 
T1-weighted coronary imaging, the pathophysiological nature of plaque hyperin-
tensity remains an active topic for research. Early study by Jansen et al. demon-
strated in a small group of patients with acute coronary syndrome (N = 18) that 
coronary hyperintensity could result from intracoronary thrombus, which contains 
T1-shortening methemoglobin similar to IPH [28]. Ehara et al. also demonstrated 
the association between T1 hyperintensity and thrombus using intracoronary OCT 
as the reference [29]. Matsumoto et al. further investigated the relationship between 
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the localization of T1 hyperintensity, such as intrawall or intralumenal, and the type 
of plaque morphology on OCT. Intrawall HIPs were associated with macrophage 
accumulation and absence of calcification, whereas intralumenal HIPs were associ-
ated with thrombus and intimal vasculature [30]. Xie et al. demonstrated that PMR 
is positively associated with the amount of high-risk plaque features including lipid 
core, macrophages, and cholesterol crystals as observed on OCT [27]. This result 
was later independently supported by a larger study of 106 patients with angina 
pectoris from which the investigators observed a stepwise increase in PMR of the 
culprit lesions in proportion to the accumulation of the number of adverse plaque 
characteristics [31]. In vivo validation of T1-weighted imaging for detecting coro-
nary IPH is difficult due to the lack of gold standard for IPH. A recent study applied 
T1-weighted imaging to ex vivo coronary and carotid plaque specimens collected 
during endarterectomy surgery. Compared with histological analysis, T1-weighted 
imaging demonstrated sensitivity and specificity of 95.0% and 92.1%, respectively, 
for detecting IPH [32].

Contrast Enhancement of Vessel Wall Gadolinium-based contrast-enhanced 
MRI (CE-MRI) is routinely used to boost the blood signal and improve the visibil-
ity of lumen for MR angiography. Alternatively, recent studies also demonstrated 
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Fig. 13.2 A case of suspected CAD patient with a HIP on non-contrast CATCH images. (a) Non- 
contrast T1-weighted, anatomical reference and fusion images. (b) Computed tomography angiog-
raphy. (c) X-ray angiography. (d) Optical coherence tomography cross-sectional image at the 
corresponding location of the coronary hyperintensive plaque. Arrows point to signal-poor regions, 
suggesting a large lipid pool. Dotted lines represent the location and orientation of the cross- 
sectional images at the lesion which are shown in boxes. LAD left anterior descending. (Reproduced 
from Xie et al. with permission [27])
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its capability to evaluate tissue properties of vessel wall and plaques, such as 
inflammation, neovascularization, and fibrosis. Compared with angiographic appli-
cations for which imaging is usually performed during arterial phase, vessel wall 
imaging typically requires sufficient delay after injection, e.g., 1  hour, to allow 
renal filtration and the washout of contrast media from healthy tissue. In one of the 
earliest attempts of CE-MRI for coronary vessel wall imaging, Maintz et al. studied 
nine patients with coronary artery disease confirmed by X-ray angiography. Using 
multidetector CT angiography as the reference, the investigators found that the 
majority of coronary plaques enhanced on CE-MRI (11 out of 13) were mixed 
plaques with partial calcification [21]. Further investigation using CT angiography 
and invasive coronary angiography as reference showed that coronary vessel 
enhancement is more prevalent in lesions that were calcified and with higher degree 
of lumen stenosis [33].

Contrast uptake in vessel wall is generally considered as the result of increased 
blood supply to the vascular bed as well as increased permeability of endothelium, 
both of which are associated with active inflammation. On the other hand, the 
“delayed enhancement” appearance is attributed to increased extracellular space 
with reduced washout kinetics, which are associated with fibrosis commonly found 
in recurrent or chronic inflammation [34]. Varma et al. investigated the feasibility 
of visual and quantitative assessment of vessel wall CE-MRI of atherosclerotic 
plaques in CAD and subclinical coronary vasculitis in systematic lupus erythema-
tosus (SLE). The study showed that coronary vessel wall enhancement was preva-
lent in both diseases compared with controls that showed little signs of vessel wall 
uptake. Notably, the enhancement pattern appeared different for the two groups, 
with CAD patients showing patchy enhancement concentrated to the areas of mini-
mal lumen diameter whereas SLE patients showing more diffused enhancement. 
Extensive coronary vessel wall enhancement was also observed in patients with 
Takayasu arteritis which is a type of chronic inflammatory disease of the aorta and 
its branches [35].

Vascular uptake of conventional gadolinium-based contrast media is nonspecific 
which does not indicate a specific disease characteristic. New contrast agents are 
being developed to bind to specific molecular targets relevant to vessel wall patho-
physiology which could open new doors for better understanding molecular events 
in plaque formation and progression. One of the early examples is fibrin-binding 
gadolinium agent designed to detect coronary thrombosis [36]. Recently, new 
gadolinium- based molecular agent has been developed to target elastin, which is 
overly expressed during plaque development. This type of contrast media has shown 
improved visualization of plaque burden and coronary vessel wall remodeling after 
injury compared with conventional gadolinium agents [37, 38]. Notably, a newly 
developed contrast agent that selectively binds to serum albumin has been approved 
for use in human (gadofosveset trisodium, product name: Ablavar) [39]. Originally 
designed as blood pool agent for angiography, its use has been extended to probing 
endothelial permeability and neovascularization [40]. Preliminary data from 25 
patients diagnosed with acute coronary syndromes showed that CE-MRI based on 
this agent was able to identify culprit coronary lesions in 9 of 11 segments and 
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exclude culprit coronary lesions in 162 of 195 segments, corresponding to sensitiv-
ity and specificity of 82% and 83%, respectively (Fig. 13.3) [41].

Vasomotion and Endothelial Functions Vasomotion is an important physiologi-
cal function of the arteries that is often impaired by atherosclerosis. Stress imaging 
of coronary artery vasomotion is performed commonly in the catheterization labo-
ratory. MRI-based vasomotor evaluation is an emerging alternative that can be per-
formed noninvasively. The pioneering work by Pepe et al. successfully demonstrated 
the use of 2D spoiled gradient-echo sequence for imaging the cross-sectional view 
of coronary arteries before and after pharmacological vasodilation induced by 
 sublingual nitroglycerin [42]. Terashima et al. showed the feasibility of a similar 
protocol in 12 patients who also underwent X-ray angiography, with the MRI mea-
surements showing low interobserver variability (<5%) and good correlation with 
X-ray angiography (r = 0.98) [43]. Hays et al. replaced the pharmacological stressor 
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Fig. 13.3 A case of gadofosveset-enhanced MRI of a 63-year-old patient with chest pain. (a) MR 
angiography shows the course of the LM and LAD. (b) Gadofosveset-enhanced MRI demonstrates 
contrast enhancement in the left main artery (white arrows). (c) Fusion of MR angiography and 
vessel wall imaging sequence. (d) X-ray coronary angiography shows no signs of significant lumi-
nal narrowing in the entire coronary artery tree. (e) OCT reveals a thin-cap fibroatheroma (white 
arrows) with a large lipid core (asterisk) in the proximal LAD, correlating with the location of 
increased signal enhancement on gadofosveset-enhanced MRI. LM left main, LAD left anterior 
descending. (Reproduced from Engel et al. with permission [41])
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with the use of isometric handgrip, which allowed the evaluation of endothelial- 
dependent vasomotor response [44]. The study on 20 healthy subjects and 17 
patients with CAD demonstrated that coronary artery area increased in healthy 
adults with stress but decreased in CAD patients. MRI has also been used to quan-
tify coronary vessel wall distensibility, which is defined as the ratio of lumen diam-
eter or area between diastole and systole [45]. This technique was applied to a group 
of heart transplant recipients and showed that coronary distensibility was correlated 
with wall thickness [46].

In summary, recent developments in MRI-based coronary vessel wall imaging 
have demonstrated its feasibility for evaluating various important disease character-
istics including morphology, tissue properties, and functions. The existing protocols 
typically requires ECG gating and/or respiratory navigator. Due to the limitations in 
motion sensitivity, spatial resolution, coverage, and imaging time, data quality is 
often not sufficient in a considerable proportion of patients. Recent developments in 
motion compensation and fast imaging techniques showed promises to improve 
upon or eliminate these shortcomings, but additional clinical experience and data 
are needed to sufficiently validate the claims. Further technical improvements are 
still required to allow applications in patients with more challenging imaging condi-
tions such as arrhythmia or the presence of stents or metal implants. Last but not 
least, it is important to improve the portability and availability of the new techniques 
and standardize study protocols in order to facilitate the clinical translation.

 New Advances in Coronary Vessel Wall CTA

Technological Advances in CT In recent years, there have been significant 
advances in CT hardware and software, which have expanded the clinical utility of 
CT for cardiovascular imaging. Imaging of the coronary arteries is challenging due 
to their small dimensions, tortuosity, and continuous motion. Cardiovascular CT 
needs full synchronization with the electrocardiogram (ECG) signal and high tem-
poral resolution to “freeze” cardiac motion. A general technical improvement for 
CT scanners is that gantry rotation times have been decreased by the manufacturers 
to address the requirement of high temporal resolution for clinical cardiac 
CT. Concurrently, there has been an effort to increase the spatial resolution, as well 
as the z-coverage to facilitate faster scanning of the heart. For low (<60 beats/min) 
and regular heart rates, single-heartbeat scans can be performed. Major advances in 
current CT hardware have been highlighted in a recent review article [47].

Coronary Calcium Scoring Coronary calcium scoring with non-contrast CT is 
used worldwide for cardiovascular risk stratification and provides a measure of 
global coronary atherosclerotic burden. It is a simple and low-cost test, without the 
use of premedication or contrast, and with a uniformly low attendant radiation bur-
den [48–50]. To date, several follow-up studies have reported that the total coronary 
artery calcium measured by non-contrast CT predicts cardiovascular events [51–
65], beyond standard cardiovascular risk indices.
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Coronary CT Angiography (CTA) Coronary CT angiography (CTA) has recently 
emerged as a noninvasive diagnostic test in selected stable but symptomatic patients 
with suspected CAD [66–71]. Current clinical interpretation of CTA relies on visual 
assessment of stenosis grade, plaque type, and presence of high-risk plaque features 
[72, 73]. Invasive coronary angiography is the gold standard for the diagnosis of 
obstructive stenosis. CTA has, to date, shown high accuracy and sensitivity for 
detecting coronary artery stenoses when compared to invasive coronary angiogra-
phy [67–71]. In particular, CTA has shown very high negative predictive value for 
obstructive stenoses (range 89–99% in multicenter studies) in patients with symp-
toms that suggest the presence of coronary artery disease [67–71].

In the last decade, numerous large-scale randomized, controlled trials have estab-
lished the efficacy of CTA as a diagnostic test in clinical care. In the prospective, 
randomized PROMISE trial with 10,003 patients, performance of CTA was equiva-
lent to stress testing when used as an initial test for suspected CAD, with similar 
event rates between stress testing and the CTA group at 2-year follow-up (3.3% vs. 
3.0%) [74]. In the prospective, randomized SCOT-HEART trial, 4146 patients with 
suspected CAD were randomly assigned to standard care alone (typically, stress test-
ing) or standard care plus CTA [75]; in this trial, CTA was shown to clarify the diag-
nosis, enable appropriate treatment, and significantly improve patient outcomes [76].

Plaque Imaging Current clinical interpretation of CTA relies on subjective visual 
assessment of stenosis grade or the detection of obstructive disease (≥50% steno-
sis). Beyond stenosis, CTA also permits noninvasive assessment of atherosclerotic 
plaque (including plaque burden and composition) and outward coronary artery 
remodeling [77–81]. Studies have shown that coronary plaque volume and remodel-
ing quantified from CTA correlate strongly with invasive intravascular ultrasound 
(IVUS) [79, 82–86]. In a blinded comparison between CTA and IVUS by Dey et al., 
NCP volumes measured using standardized semiautomated software showed excel-
lent per-plaque correlation (r = 0.94), with no significant differences compared to 
IVUS measurements [84].

Coronary CTA Plaque Features for Prediction of Adverse Cardiovascular 
Outcomes Features of plaque vulnerability measured by CT have been reported to 
include low-attenuation or low-density plaque (LAP)—with attenuation values ≤30 
Hounsfield units (HU)—corresponding to the necrotic core and positive or outward 
remodeling [81, 87–90]. The napkin-ring sign has also been shown to be a CT sig-
nature of high-risk coronary atherosclerotic plaque [89, 91, 92].

Kristensen et al. measured CT plaque volumes with a semiautomated method in a 
study of 312 patients who presented with non-ST-segment elevation myocardial infarc-
tion at baseline. They showed that major adverse cardiac events (MACE) were associ-
ated with a higher amount of noncalcified plaque (NCP) in nonobstructive coronary 
lesions [93]. Semiautomated plaque measurements have been shown to improve pre-
diction of future acute coronary syndrome (ACS) over conventional CTA assessment 
[receiver operator characteristic area under curve (AUC) 0.79 vs. 0.64, p < 0.05] [94].

A study by Motoyama et al. investigated whether visually assessed plaque char-
acteristics by CTA can predict midterm likelihood of future ACS over mean 3.9 years 
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of follow-up [95]. The presence of LAP, positive remodeling, and severe stenosis by 
CTA (≥70%)—defined as high-risk plaque features—were visually assessed in 
3158 patients undergoing CTA. ACS occurred in 88 patients and was significantly 
more frequent in patients with severe stenosis; CTA-verified high-risk plaque was 
an independent predictor of ACS. However, the cumulative number of patients suf-
fering ACS was similar for patients with and without visually identified high-risk 
plaques [95]; this was primarily attributed to the diffuse nature of atherosclerosis.

In studies with comprehensive quantitative plaque analysis, low-density NCP 
burden has been shown to improve prediction of future adverse cardiac events, even 
in diffuse atherosclerosis [94, 96]. Figure 13.4 shows an example of standardized 

a

b

Fig. 13.4 Example of semiautomated quantification of high-risk coronary plaque with large NCP 
burden, lipid core, and coronary artery remodeling, in a 66-year-old male patient undergoing CTA. 
(a) Standardized quantification of plaque and stenosis, red overlay shows noncalcified plaque, and 
yellow overlay shows calcified plaque. (b) Detailed view showing lipid core or low-density noncal-
cified plaque. Arrow shows 3D view of lipid core, shown in yellow overlay in cross-sectional view

Y. Xie et al.
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semiautomated quantification of high-risk coronary plaque, with large NCP, lipid 
core, and coronary artery remodeling, in a 66-year-old male patient. Using such 
standardized semiautomated approach, Hell et al. have investigated whether quanti-
tative global per-patient plaque characteristics from coronary CTA can predict sub-
sequent cardiac death, during 5-year midterm follow-up. In this study, low-density 
noncalcified plaque, noncalcified plaque (NCP), and total plaque volumes as well as 
contrast density difference (a measure of luminal contrast kinetics) were the stron-
gest independent predictors of future cardiac death, even when adjusted for segment 
involvement score [96]. In another recent matched case-control cohort of patients 
with ACS, quantitative plaque evaluation including lowest-density plaque composi-
tion identified high-risk patients above and beyond stenosis severity and total plaque 
burden [97].

Plaque Progression for Prediction of Adverse Cardiovascular 
Outcomes Intravascular imaging studies have demonstrated that the lesions likely to 
result in MACE have modest luminal stenosis and large plaque burden but evolve 
voluminously to result in significant stenosis at the time of ACS [7, 98, 99]. The prog-
nostic importance of plaque progression has also been highlighted in the CTA study 
by Motoyama et al. [95]. Serial CTA was performed in 449 patients, and plaque pro-
gression was visually assessed as any increase in stenosis grade [95]; plaque progres-
sion detected by serial CTA was found to be an independent predictor of ACS.

New data using standardized quantitative software show that a per-patient low- 
density lipoprotein (LDL) cholesterol decrease of 10% or greater is related to ben-
eficial changes in the amount and composition of noncalcified plaque by serial CTA 
performed 1 year or more apart [100]. Recently, it has also been shown in a multi-
center registry that statin therapy causes slower progression of total plaque volume, 
along with increased calcification and reduction of high-risk plaque features by 
CTA [101].

Plaque and Lesion-Specific Ischemia It is known that stenosis does not equate 
ischemia, and significant stenosis in CTA often does not indicate hemodynamic 
significance. Low-density NCP—which has been shown to be of prognostic impor-
tance—has also been shown to be an imaging biomarker which predicts lesion- 
specific ischemia by invasive FFR [102, 103]. In the multicenter NXT trial, 
low-density NCP provided independent and incremental discrimination of ischemia 
beyond stenosis severity [102].

Plaque and Machine Learning The feasibility and accuracy of machine learning 
to predict all-cause mortality at 5-year follow-up were evaluated in the CONFIRM 
registry (10,030 patients). All available clinical and visually assessed CTA mea-
sures were objectively evaluated. Machine learning risk score combining clinical 
and CTA data exhibited a significantly higher AUC (0.79) for the prediction of 
death, compared to established risk indices and visual CTA assessment of stenosis 
and plaque [104]. Machine learning has also been applied to predict lesion-specific 
ischemia. In the NXT trial (254 patients), machine learning combination of clinical 
data and quantitative stenosis and plaque features exhibited higher AUC compared 
to pretest likelihood of coronary artery disease or quantitative CTA metrics for 
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predicting ischemia (ML 0.84 vs. best clinical score 0.63, CTA stenosis 0.76, low- 
density noncalcified plaque volume 0.77, p  <  0.006) [105] (Fig.  13.5). Contrast 
density difference had the highest information gain to identify lesion-specific isch-
emia [105].

Pericoronary Adipose Tissue Recent coronary CTA studies indicate that there is 
a direct interaction between pericoronary adipose tissue (PCAT) and coronary vas-
culature [106–112]. While it is known that pericoronary and epicardial fat are meta-
bolically active and function as a source of several adipokines (cell signaling 
proteins emitted by adipose tissue), recent studies suggest that inflammatory signal-
ing is bi-directional and may also occur from atheroma in the vessel wall to perivas-
cular adipocytes (fat cells) [113]. In particular, PCAT density measured from CTA 
was shown to detect vascular inflammation by histology in patients undergoing car-
diac surgery. This histological validation has supported the finding that vascular 
inflammation inhibits adipocyte maturation and lipid accumulation in PCAT, result-
ing in a reduced size of adipocytes and increasing PCAT density as measured from 
CTA [113]. In lower risk patients, PCAT density measured from CTA also predicted 
cardiac death in a dual-center cohort of stable patients [114]. Goeller et al. have 
shown that PCAT density measured from CTA differentiates culprit plaques in 
patients with their first ACS and is a potential marker of high-risk plaque [115].

In summary, coronary CTA allows plaque characterization over the coronary 
tree. Several studies have now shown that quantitative CTA measures (such as low- 
density NNCP, NCP, positive remodeling, and contrast density difference) improve 
prediction of both lesion-specific ischemia and adverse cardiovascular events. The 
evidence to date indicates that quantitative PCAT and CTA plaque biomarkers may 
be a valuable tool to identify high-risk plaque, initiate, and guide future prevention 
strategies.
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Fig. 13.5 Prediction of lesion-specific ischemia by the integrated ischemia risk score by machine 
learning (ML-combined) and plaque metrics. (a) ML-combined vs. quantitative plaque volumes 
(LD-NCP, NCP, and total plaque volume). (b) ML-combined vs. quantitative stenosis and pretest 
likelihood of coronary artery disease. ML-combined had a significantly higher AUC compared to 
individual quantitative CTA plaque measures or the pretest likelihood. (Reproduced from Dey 
et al. with permission [105])
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 New Advances in Coronary Vessel Wall PET

Coronary Vascular Inflammation 18F-Fluorodeoxyglucose (18F-FDG) PET has 
been used to detect active inflammation in large arterial beds such as aorta and 
carotid arteries, showing strong correlation with the presence of macrophages [116–
118]. 18F-FDG uptake in the coronary vessel wall was first shown by Alexanderson 
et al. who reported a case with a soft plaque on the left main [119]. A prospective 
study by Rogers et  al. demonstrated the feasibility of 18F-FDG localization in 
inflamed coronary vessel wall [120]. In patients who received coronary stents, cul-
prit lesions showed markedly higher 18F-FDG uptake compared with stable lesions. 
One of the major challenges of applying 18F-FDG PET in the coronary arteries is 
the high uptake by the myocardium, which uses glucose (18F-FDG analog) as the 
primary energy source. Any uptake in the coronary arteries 18F-FDG is often 
obscured by signal from left ventricle. Williams et al. designed a dietary preparation 
consisting of a low- carbohydrate, high-fat meal and a vegetable oil drink, which 
proved a feasible way to reduce myocardial 18F-FDG uptake [121]. Alternatively, 
new PET tracers specifically designed for targeting inflammation are under devel-
opment, such as 68Ga-DOTATATE and 18F-fluorodeoxymannose [122, 123].

Coronary Microcalcification 18F-Sodium fluoride has been proposed as an alter-
native tracer to 18F-FDG for imaging coronary vessel wall due to its low uptake in 
myocardium and preferential binding to vascular regions of microcalcification 
[124]. 18F-Sodium fluoride uptake was associated with multiple adverse features 
on IVUS and CT angiography, including lipid core and positive remodeling [125]. 
In a prospective clinical trial of 40 patients with myocardial infarction or stable 
angina, Joshi et  al. showed that 18F-sodium fluoride was capable of accurately 
localizing the culprit lesions in over 90% of the patients (Fig. 13.6) [126]. A pro-
spective multicenter trial (the PREFFIR study) is ongoing to further investigate the 

a b c

Fig. 13.6 Focal 18F-fluoride and 18F-fluorodeoxyglucose uptake in patients with myocardial 
infarction. (a) Patient with acute ST-segment elevation myocardial infarction with proximal occlu-
sion (red arrow) of the left anterior descending artery on invasive coronary angiography. (b) 
Intense focal 18F-fluoride (18F-NaF, tissue-to-background ratios, culprit 2.27 versus reference 
segment 1.09 [108% increase]) uptake (yellow-red) at the site of the culprit plaque (red arrow) on 
the combined PET/CT. (c) Corresponding 18F-FDG PET/CT image showing no uptake at the site 
of the culprit plaque (18F-FDG, tissue-to-background ratios, 1.63 versus reference segment 1.91 
[15% decrease]). (Reproduced from Joshi et al. with permission [126])
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prognostic value of 18F-fluoride for improving risk stratification following myocar-
dial infarction.

Advanced Motion Compensation and PET/MR Another major limitation of 
coronary vessel wall imaging with PET is the complex combination of cardiac and 
respiratory motion. Compounded by the relatively low spatial resolution of PET, 
previous protocols are not capable of precisely localizing focal uptake within the 
coronary circulation. Gated acquisition and retrospective motion correction were 
proposed which showed reduced image noise and increased target-to-background 
ratios [127]. Recently, the advent of hybrid PET/MR scanners not only reduces the 
radiation doses associated with the conventional PET/CT systems but also opens 
new possibilities of improving the motion compensation for PET [128–130]. 
However, additional technical developments are required in achieving an accurate 
and reliable MR attenuation correction (MRAC) to realize the full potential of such 
new platform [131].

In summary, the feasibility of coronary vessel wall imaging with PET has been 
demonstrated. Important disease activities such as inflammation and active calcifi-
cation are accessible with the existing approaches. Current clinical evidence sup-
ports PET’s strong value in lesion risk stratification. Recent advances in motion 
compensation and hybrid PET/MR systems are addressing the two most significant 
drawbacks of imprecise localization and high radiation dose.
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Chapter 14
Image Processing: What Is Needed 
and Unique for Vessel Wall Imaging?

Chun Yuan, Zach Miller, and William Kerwin

 Introduction

This chapter focuses on the image processing needs for vessel wall imaging (VWI). 
While general image processing techniques can be applied to VWI, there are many 
unique aspects which need special attention. First, the size of vessels typically pres-
ents small targets for imaging, allowing only several pixels of coverage for a vessel 
wall. Second, vessel wall metrics extend beyond size and thickness to tissue compo-
sition. Third, comprehensive analysis of tissue composition requires processing of 
multimodality, multi-contrast, and/or contrast-enhanced data, which requires image 
registration. Finally, physicians are not yet well trained in reviewing VWI, although 
this is rapidly changing.

 The Need for Image Processing

As established in previous chapters, vessel wall imaging (VWI) is capable of iden-
tifying and quantifying diseases of vasculature in both large and small vessels. Most 
commonly these are atherosclerosis, aneurysm, and Moyamoya, but the tools pro-
vided by imaging are applicable to other pathologies. Following image acquisition, 
image processing methods can be employed to identify significant locations and 
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quantify disease extent and severity. This chapter will focus on image processing for 
vessel wall morphology and characterization of atherosclerosis, which remains the 
primary motivation for vessel wall imaging and the focus of the majority of image 
processing methods. Applications in other vascular diseases generally use methods 
originally developed for atherosclerosis.

While imaging acquisition methods are key to visualizing wall morphology and 
atherosclerotic plaques, image processing methods, most commonly applied after 
acquisition, are needed to identify plaques at risk of rupture, identify and analyze 
plaque components, and provide accurate measurement of plaque size, volume, 
morphology, and characteristics. They also enable rapid analysis of plaques and 
may provide us with automated methods of risk analysis for future vessel wall rup-
ture or ischemic events.

As vessel stenosis measurements alone have been shown to be insufficient for 
accurate diagnoses of all plaques at risk of future events [1], the concept of “vulner-
able plaques” (VP), i.e., plaques at higher risk of rupture or event due to constitu-
ents, morphology, or other factors, has emerged [2–4]. A series of foundational 
studies have established the corresponding appearance of these VP features on 
images [5]. A study by Underhill et al. [6] in particular provides a concise, compre-
hensive framework for risk analysis in the carotid artery and identifies the features 
of atherosclerosis which image processing methods should focus on. These are 
briefly summarized below.

As we know from previous chapters, the development of atherosclerotic plaques 
is complex [7]. Plaques may not only grow into the vessel lumen causing stenosis 
(narrowing), of the vessel, but also expand outward from the vessel lumen without 
impinging on luminal flow, a process referred to as “outward remodeling” [1]. 
Remodeling and its subsequent increase in overall plaque burden are thought to be 
important risk factors in cardiovascular events. Specific morphological measures 
that have also been shown to be associated with VP are plaque thickness (measured 
cross-sectionally from the thickest point of lumen to the outer wall boundary); nor-
malized wall index (NWI), calculated as wall area divided by total vessel area and a 
measure of total plaque burden along the length of the vessel; and plaque eccentric-
ity, a measure of the shape or “concentricity” of the plaque [8]. This concept has 
long been applied to coronary arteries [9]. Image processing is essential in provid-
ing efficient tools for identification and accurate measurement of these morpholo-
gies. Challenges for these morphological measurements include effective and 
accurate identification of luminal and outer wall boundaries—which may not be 
apparent because of flow artifacts, motion, and poorly marked border between ves-
sel wall and surrounding tissues.

In addition to plaque size and morphological measures, certain constituents 
within the vessel wall have also been established to raise the risk severity of patients. 
A consensus summary based on carotid atherosclerosis identifies these high-risk 
components as intraplaque hemorrhage (IPH) and lipid-rich necrotic cores (LRNC), 
which may or may not be covered with a fibrous cap (FC) [10]. Underhill et al. 
developed a risk stratification system (see Fig. 14.1 for details) that can also be used 
to guide image processing approaches [6]. This system needs to use images acquired 
from multiple contrast weightings.
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Plaque enhancement patterns during and after contrast application improve tis-
sue contrast and are associated with plaque inflammation and neovasculature [11–
13]. In particular, leakiness of neovasculature is in the vessel wall has been linked 
with VP [11]. Its measurement requires implementing kinetic modeling into vessel 
wall imaging to provide quantitative measures of contrast agent uptake and associ-
ated risk. Image processing techniques are clearly needed for this analysis.

Furthermore, size, tortuosity, length, vascular pathology, and pressure are dif-
ferent for each vascular bed. There is evidence that atherosclerosis progression 
and identifiers of VP may vary throughout vascular beds. However, for the pur-
poses of image processing, the key assessments for vessels in terms of disease 
evaluation remain the same: identify lumen and outer wall boundaries, and then 

CAS 1
(Low Risk)

CAS 4
(High Risk)

CAS 2
(Medium-
Low Risk)

CAS 3
(Medium-
High Risk)

No

Maximum
Wall Thickness

> 2 mm

> 40%

Yes

≤ 20%

Maximum
Percent LRNC

Fig. 14.1 Flow diagram of carotid artery scoring system from Underhill et al. Subjects with a 
maximum wall thickness >2 mm require additional evaluation. Further categorization of lesions 
can be determined by the size of the maximum percentage LRNC. Examples of matched cross- 
sectional images from three contrast weightings (TOF, T1WI, and CE-T1WI) for each category are 
provided. Images corresponding to CAS 1 (maximum wall thickness <2 mm) are from the left 
common carotid artery of a 69-year-old man imaged at MSU. The plaque in the CAS 2 (maximum 
percentage LRNC, ≤20%) example is from the right internal carotid artery of a 63-year-old man 
imaged at UW. There is a small LRNC (arrow) present on postcontrast imaging. Of note, there are 
also flow artifacts visible in the lumen—common artifacts in images distal to the bifurcation. The 
lesion in CAS 3 (maximum percentage LRNC, >20% and ≤40%) is from the left common carotid 
artery of a 65-year-old man imaged at AH. A noticeable LRNC (arrows) is present in both the 
anterior and posterior arterial walls. An example of a large LRNC (arrow) without IPH in the left 
common carotid artery of a 64-year-old man imaged at PLA is shown for CAS 4 (maximum per-
centage LRNC, >40%). Arrowheads indicate the outer wall boundary; asterisk indicates the lumen. 
(Reprinted with permission from Underhill et al. [6])
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define vessel wall morphology, plaque burden, distribution, and remodeling pat-
terns, and identify regions of interest. Automated identification methods of lumen 
and outer wall boundaries can prepare image sets and enable plaque analysis and 
measurement that require human readers to be performed efficiently and relatively 
quickly.

 Current Vessel Analysis Tools and What They Can Provide

Two well-known image processing techniques in vessel wall imaging are calcium 
scoring by CT and intima-media thickness (IMT) measurement by ultrasound. The 
first, calcium scoring based on CT imaging of coronary arteries, has shown that 
higher coronary calcium scores are predictive of patients with advanced coronary 
atheroma and are at higher risk for rupture [14]. This area has been much studied 
and confirms the initial findings investigating quantifying coronary calcium levels 
using CT [15]. The second, IMT as measured by ultrasound, has established that 
IMT measurements in the carotid artery are directly associated with increased risk 
of cardiovascular disease and progression [16, 17]. While CT and ultrasound both 
offer promising biomarkers for vessel disease, this chapter will focus on more recent 
MRI-based VWI processing techniques, which offer more comprehensive VWI 
information in multiple vascular beds.

Current and developing processing methods for identification, measurement, and 
analysis of all these vessel wall conditions are described below. A literature search 
for “vessel wall image processing” shows that many algorithms and methods have 
been attempted for vessel wall imaging; currently, however, only two software sys-
tems are both prevalent in peer-reviewed literature search and also used in multiple 
clinical studies and regulated drug trials. VesselMASS RE, developed by Medis, is a 
commercial software that has been used for vessel analysis in the Multi-Ethnic Study 
of Atherosclerosis [18, 19]. CASCADE, developed by the University of Washington 
Vascular Imaging Laboratory [20], is an academic software package which has been 
used in the ORION study CPC, AIM HIGH [21], and others [22–24].

 Techniques for Image Processing

Although these two software suites offer different user interfaces and underlying 
algorithms for measurement, both have been validated, used in clinical trials, and 
rely on expert human review to confirm findings. After loading acquired MR 
images, multiple contrasts of image weightings will typically be displayed side by 
side, and overlying contours will be drawn (sometimes automatically) for vessel 
lumen, outer wall boundaries, and other regions of interest (Fig. 14.2). After confir-
mation by expert review, measurements are conducted based on drawn contours.
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In order to achieve accurate vessel wall measurements, relevant parameters for 
vessel areas must first be captured, namely, area, wall thickness, normalized wall 
index, and plaque eccentricity, further described below.

 Parameters

Area The capability of MRI to accurately define both luminal and adventitial 
boundaries for area measurement was first validated by a study that compared 
maximum wall areas measured from in vivo carotid MR images to images from 
corresponding ex vivo specimens in 1998 [56] and has since undergone a series 
of improvements for boundary detection [57], improved acquisition techniques, 
and establishing intra- and inter-reader reproducibility [40].

Vessel wall area, whether measured from lumen area, wall area, total vessel area, 
or area of a region of interest or plaque component, is typically measured by a num-
ber of pixels present inside the relevant contour. In the case of wall area, interior 
contours (i.e., the vessel lumen) may be subtracted from the outer wall. Due to ves-
sel remodeling and varying morphology, vessel wall area measurements may repre-
sent a more accurate way of capturing total plaque burden and representative risk 
than clinically used measurements of vessel stenosis. A commonly reported used 
wall area measurement is normalized wall index, discussed in the following 
section.

Fig. 14.2 Example of wall 
thickness measurement by 
CASCADE showing the 
minimal and maximal 
values detected. (Magnetic 
Resonance Imaging of 
Carotid Atherosclerosis: 
Plaque Analysis, Kerwin 
et al. [20]. Copyright © 
2019 Wolters Kluwer 
Health, Inc. All rights 
reserved)
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Thickness Thickness is typically represented as maximum wall thickness 
(MaxWT) and is defined by the thickest point of the vessel wall in the imaging cov-
erage. Measurements of arterial wall thickness have been shown to be effective at 
differentiating lesions with and without LRNC.  For ipsilateral atherothrombotic 
risk [25], MaxWT was predictive of ipsilateral ischemic events (HR, 1.6; 95% CI, 
1.1–2.3). In a recent cross-sectional study based on over 1000 subjects who had suf-
fered TIA/stroke (CARE II), MaxWT was also found to be a strong discriminator to 
identify high-risk plaque as compared to stenosis measurement. On the other hand, 
if one is looking for a marker of generalized CV health/risk, mean wall thickness 
may also be useful. For example, in Mani et al. [26], subjects with prior MACE had 
higher mean wall thickness than those without. In MESA [19] the JHU group 
reported that MRI-measured mean wall thickness was associated with CVD 
outcomes.

Normalized Wall Index Normalized wall index (NWI) is calculated as wall area 
divided by total vessel area (wall area/(lumen + wall)area) ×100% and provides a 
measure of lesion burden that takes into account differences in the wall area for ves-
sels of different diameters (i.e., the common, bulb, and internal carotid arteries). 
Saam et al. in a study published in 2007 [8] introduced this concept in carotid VWI 
and showed that a higher value for NWI is indicative of an artery with greater plaque 
burden. Since then, many studies have used this parameter in population-based stud-
ies [21] in different arteries and vascular beds, such as intracranial and peripheral 
arteries [27–29], and in comparisons of atherosclerosis burden between vascular 
beds [28–31].

Eccentricity Vessel wall eccentricity, a concept initiated in coronary artery athero-
sclerosis analysis [9], has been implicated as a key feature of VP and has been 
defined as minimum wall thickness divided by maximum wall thickness [32]. It is 
introduced based on considerations of vessel wall remodeling and the impact of 
hemodynamic forces. With 3D vessel wall lumen and outer wall boundaries identi-
fied, eccentricity can be easily measured, and revised definitions have been used in 
a number of studies [9]. A study by Mossa-Basha et al. applied it to intracranial 
vessels and found it to be an important indicator of atherosclerotic disease diagnosis 
[33]. Another study found it to be an important factor in looking at plaque distribu-
tion and structural stress [34]. A paper by Li et al. found that measures of plaque 
eccentricity are associated with preserved lumen size and advanced plaque features 
such as larger plaque burden, more lipid content, and increased calcification in fem-
oral arteries [35].

 Plaque Composition

Prior to measuring plaque composition, multi-contrast MR images are obtained, 
typically including black blood T1W and T2W and bright blood time-of-flight 
(TOF) sequences [36–40]. After acquisition, images must be registered to account 
for patient movement and coverage of sequence.
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Once registered (Fig. 14.3), plaque components can be manually identified by 
trained reviewers, and different  tissues, such as lipid-rich necrotic core (LRNC), 
intraplaque hemorrhage, loose matrix, and calcification, can be identified with their 
boundaries traced. Relative tissue areas and volumes can then be calculated. 
Presence of these tissues and their sizes have been used in many studies that assess 
their relationships with risk of clinical events and atherosclerosis progression and 
regression [36].

 Advanced Features

 Image Segmentation and MEPPS

A major tool in VWI processing is image segmentation—a method for separating 
components of the vessel wall or regions of interest seen on imaging for further 
analysis and measurement. This is a highly challenging area for MRI, as vessel 
segmentation requires multiple contrast weightings and image registration to 
accurately capture the parameters presented above. Additionally, human review, 
or manual segmentation, methods are often time-consuming and require 

Fig. 14.3 Registration: lumen and wall boundaries mapped to TOF (a), PDW (b), and T2W (c) 
images show misalignment that is corrected by the registration algorithm (d–f). (Magnetic 
Resonance Imaging of Carotid Atherosclerosis: Plaque Analysis, Kerwin et al. [20]. Copyright © 
2019 Wolters Kluwer Health, Inc. All rights reserved)
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specialized training, making them clinically unviable. While many  automatic 
image segmentation methods exist, few have been  evaluated against human 
reviewers and histological ground truth.

Morphology-enhanced probabilistic plaque segmentation (MEPPS) is an auto-
mated image processing tool that was developed to mimic successful segmentation 
by trained human reviewers [41]. Unlike other segmentation methods, which typi-
cally derive segmented regions from the intensity values in different contrast- 
weighted images, MEPPS uses morphologic distribution information as an 
important factor. MEPPS was tested in 142 sets of multi-contrast MR images in 
patients undergoing carotid endarterectomy, and results were compared to the 
ground truth from corresponding histology of the excised carotid plaques for 
regions identified as necrotic core, calcification, loose matrix, and fibrous tissue. 
The results showed correlations (R2) for the histology confirmed areas of 0.78, 
0.83, 0.41, and 0.82, respectively. By comparison, manual review by trained 
reviewers blinded to histological results yielded correlations of 0.71, 0.76, 0.33, 
and 0.78, respectively.

Subsequently, MEPPS has been used in multiple clinical studies and trials. 
MEPPS also has the advantages of being relatively simple to use and does not intro-
duce concerns of inter-reader variability. In a study by Kerwin et al., MEPPS was 
used to evaluate signal feature differences between two field strengths [42] to assess 
changes in plaque tissue over time [43] and to support the claim of plaque compo-
sitional changes in prospective trials of pharmaceutical treatments of atherosclero-
sis [21, 22, 42–46].

 Dynamic Contrast Enhancement and Ktrans

For the vessel image processing parameters listed in section “Introduction”, 
contrast- enhanced imaging is treated no differently than non-contrast and may be 
conducted using CASCADE or other tools. For quantitative measures of plaque 
inflammation and angiogenesis (i.e., neovasculature that may permeate atheroscle-
rotic plaques) however, dynamic contrast-enhanced magnetic resonance imaging 
(DCE-MRI) coupled with pharmacokinetic modeling must be used. Following 
imaging with a 2D DCE acquisition protocol, a Kalman filter-based algorithm 
called the Kalman filtering, registration, and smoothing algorithm is applied to 
simultaneously filter noise and register image motion. Quantitative DCE-MR 
parameters related to perfusion characteristics may then be derived. The simplest of 
these is integrated area under a curve, consisting of the area under the signal inten-
sity versus time curve (AUC) with different durations, a model-free approach that is 
highly reproducible. This method, however, suffers from a lack of physiologic 
meaning. Therefore, a more advanced approach using the Patlak model for pharma-
cokinetic modeling was developed by Kerwin et al. [47] and validated with histol-
ogy. This method estimates Ktrans (the transfer constant reflecting permeability of 
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neovessels) and vp (the fractional plasma volume) for each pixel by linear fitting. 
Both Ktrans and vp have been correlated with histological features of inflammation 
and angiogenesis in multiple studies [11, 48].

 Intracranial VWI Analysis

As outlined in the AJNR consensus paper of [49], VWI’s application includes ath-
erosclerosis, vasculitis, Moyamoya disease, radiation-induced arteriopathy, and 
arterial dissection. Both vessel morphology and tissue signal feature information, 
especially on postcontrast application, are critical for the accurate diagnosis. The 
role of image processing, especially 3D-based techniques, is important to assist in 
the analysis. To date, there has been limited report on specialized analysis packages 
addressing the special needs for ICA analysis.

 The Future of Image Processing Methods in VWI

Vessel wall imaging is still a field going through rapid development in terms of 
image acquisition techniques and potential areas of clinical and research applica-
tions. Imaging processing will play a key role in this development. There are four 
areas worth consideration.

First is on simplified methods of plaque analysis and with specific targeted appli-
cations that can facilitate the clinical adaptation of VWI. We have discussed the 
usage of several software packages in this chapter, but they are designed more as a 
research tool for clinical trials with detailed vessel wall morphology and composi-
tion analysis as the main purpose. In many situations, effective simple methods may 
be more useful for clinical applications.

Second is on adopting the advancement in image acquisition techniques. An 
exciting new trend in VWI is the use of quantitative T1 and T2 mapping techniques 
for tissue characterization. In some sense, these techniques may reduce the need 
for image processing. But in reality, tissue maps will always need to be combined 
with proper imaging processing in order to provide usable data. In other words, 
image processing may need to be  adopted as part of the quantitative imaging 
techniques.

Third is on the integration of different VWI techniques in imaging processing. 
The description of image processing techniques in this chapter is focused on MRI- 
based data acquisition and the needs to address multi-contrast analysis. VWI is a 
vast field that includes other imaging modalities, such as ultrasound, PET, and CT, 
each offering different aspects of information on the vessel wall, with different spa-
tial resolution and viewing angles. Being able to integrate these data sets together 
will provide a comprehensive view of vascular maps. Furthermore, beyond anatomic 
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images, blood flow, vessel wall compliance and elastographic properties can now be 
assessed by imaging [50–54]. Effective integration of these data with 3D anatomic 
VWI will also be very useful and exciting.

Fourth is on training of physicians and professionals on how to use analysis tools 
that will be paramount to advancement of this field.

Finally, we will touch on the role of artificial intelligence (AI). AI provides an 
exciting opportunity in VWI from image acquisition to image quality improve-
ment and image processing. A recent study by Li et al. [55] introduced an AI-based 
technique to sort carotid VWI into normal, diseased, or severely diseased categories 
automatically, within minutes of the original MRI data being acquired. The tech-
nique was developed based on over 300 carotid scans in subjects with varying levels 
of atherosclerosis.

In summary, image processing plays a key role in acquisition, registration, and 
qualitative and quantitative measurement of vessel wall imaging, without which 
assessments of vessel wall status and risk would not be possible.
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Chapter 15
Vessel Wall Imaging in the Era of Artificial 
Intelligence

Niranjan Balu, Zechen Zhou, and Chun Yuan

 Introduction

Artificial intelligence (AI) in medicine typically uses advanced computational algo-
rithms to perform diagnosis comparable to doctors or domain experts, by mathemat-
ically modeling human intelligence, or neural structure or activities. It is beginning 
to be widely used in several fields of radiology such as  in cancer, neuro and 
cardiovascular.

In this chapter, we will discuss AI methods that can learn and establish data- 
driven models particularly using deep neural networks to accomplish various imag-
ing and analysis tasks, such as imaging acceleration, image quality enhancement, 
and image analysis for vessel wall imaging (VWI).

Vessel wall of arteries can be imaged by only a few imaging modalities since it 
requires high spatial resolution and high contrast to distinguish the vessel wall from 
surrounding tissues. So far, magnetic resonance imaging (MRI) is the most compre-
hensive noninvasive modality for VWI in various vasculatures [1, 2]. Ultrasound can 
also allow for noninvasive vessel wall images but only in certain locations such as 
in the carotid arteries. In addition, invasive imaging from the luminal side of vessels 
is possible with intravascular ultrasound or optical coherence tomography. However, 
these imaging schemes are typically limited to some short segments of the arteries 
at specific locations. Therefore, the opportunities for AI applications are greater for 
MRI and ultrasound owing to the larger number of datasets available for training.
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Currently, the role of AI in VWI is still in its infancy. We will briefly discuss 
several examples of AI-based techniques for VWI in two aspects. From vessel wall 
MRI acquisition perspective, AI methods can provide new opportunities for image 
acquisition optimization to improve the image quality and reduce acquisition time. 
On the other hand, AI methods can provide more accurate and clinically oriented 
post-processing tools to offer various pathways for MRI and ultrasound vessel wall 
image analysis.

 Vessel Wall MRI Acquisition

Vessel wall MRI usually requires high-resolution, large coverage, and black-blood 
(BB) imaging features in sequences design to meet the clinical needs for atheroscle-
rotic plaque detection. High-resolution is required to accurately evaluate the vessel 
wall condition and stratify the disease stages. Atherosclerosis is a systemic disease 
of vessel walls. Therefore, screening the entire vascular bed requires a large cover-
age imaging scheme. Furthermore, BB imaging techniques ensure good image con-
trast between lumen and vessel wall, and enable more accurate plaque burden 
measurements. However, these imaging requirements increase the challenges for 
obtaining diagnostic image quality for clinical application. To achieve high- 
resolution imaging, there are inevitable signal-to-noise ratio (SNR) penalties during 
data acquisition. This SNR loss will be further aggravated when large coverage BB 
imaging techniques [3, 4] are applied. In addition, the high-resolution large cover-
age MRI scan requires a long data acquisition time that might pose further chal-
lenges in clinical settings, as some patients may have difficulties to keep still for a 
long time which may further degrade the image quality due to motion. In this sec-
tion, we discuss the application of AI methods to enhance image quality and accel-
erate imaging acquisition.

Adequate SNR level and image sharpness are essential factors to detect the pres-
ence of small plaques and ensure the accuracy of morphological measurements such 
as vessel wall thickness and plaque burden. AI methods can retrospectively enhance 
the image quality in several aspects, including reduction of noise and artifact levels 
and improvement of image sharpness. These requirements for retrospective image 
quality enhancement are closely related to the state-of-the-art image restoration 
problems, such as image denoising and super-resolution. With the recent advent of 
supervised deep learning methods, properly trained deep convolutional neural net-
works (CNN) can further boost the image restoration performance while signifi-
cantly reducing the processing time by using the more advanced graphic processing 
unit (GPU) hardware. In the image denoising task, the deep CNN approach can 
outperform other competing methods by 0.2 dB to 0.6 dB of Peak SNR (PSNR) 
measurements [5]. Also, this trained denoising CNN model has demonstrated good 
generalization capability to tackle several other image restoration tasks. In addition, 
some recent studies [6–8] have explored efficient neural network architectures and 
effective optimization objectives for single image super-resolution task to achieve 
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0.9–1.1 dB PSNR improvements on more accurate estimation of structural boundar-
ies and detailed textures compared to conventional methods. However, application 
of these new AI-based image post-processing methods to vessel wall image quality 
enhancement requires further investigation to demonstrate its clinical value and 
benefits.

AI methods can also be used to further optimize the VWI data acquisition 
scheme. Coupled with an AI-based super-resolution method to restore high- 
frequency components, VWI MRI sequences can be designed to improve the SNR 
level when acquiring low-frequency components during sacrificing certain SNR 
level when high-frequency components acquisition. After the scan, the AI-based 
super-resolution method can be used to restore the high-frequency components. 
Turbo spin echo (TSE) imaging with variable flip angle (VFA) refocusing pulse 
train [9, 10] is such an example of a VWI sequence that can provide a trade-off 
between SNR level and the imaging point spread function (PSF) for one specific 
tissue type. However, due to the limitations in the sequence design strategy, other 
tissues may experience different signal evolutions leading to various PSF profiles 
or blurring effects. Even for one specific tissue, considering the scan efficiency 
and voxel size required for VWI, the SNR penalty might not be well compensated 
at 3.0 T to achieve an ideal PSF especially for long echo train lengths. Therefore, 
the combination of a SNR-priority VFA design scheme and the super-resolution 
post- processing may provide a better trade-off across scan efficiency, PSF, and 
SNR for BB 3D TSE acquisitions. A recent study [11] has demonstrated sharper 
delineation of intracranial vessel wall and plaque boundaries using this approach 
as illustrated in Fig. 15.1. Also, AI methods can provide new ways of sequence 
optimization via reinforcement learning. Traditional sequence optimization 
requires expertise to intuitively build the sequence from some basic modules and 
perform parametric optimization to achieve the best performance. A recent study 
[12] demonstrated the  feasibility of AI agent learning from the canonical pulse 

Fig. 15.1 An example of convolutional neural network (CNN)-based image enhancement from a 
patient acquired with optimized 3D T1-weighted TSE sequence. For both pre- and post-contrast 
images, CNN-enhanced results can provide clearer definition of the intracranial vessel wall and 
atherosclerotic plaque (as shown by red arrows) at the right middle cerebral artery
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sequence to generate non- intuitive pulse sequences that can produce signals 
approximating Fourier spatial encoding. Further development of this AI-based 
sequence optimization method has the potential to provide more robust and better 
imaging sequences for VWI.

AI methods can also play an important role in imaging acceleration and help 
reduce the scan time and potential motion-related problems. One approach relies on 
deep learning-based super-resolution technique to estimate unacquired high- 
frequency components from the fully sampled low-frequency k-space and obtain a 
spatially interpolated image with an improved resolution. A recent work [13] dem-
onstrated the feasibility of high-resolution image retrieval from its 4× downsampled 
image by using a 3D densely connected neural network model for intracranial ves-
sel wall imaging that can result in 4-fold acceleration. The other approach to achiev-
ing imaging acceleration relies on the compressed sensing theory. A tailored deep 
neural network can represent the image in a more appropriate transformed sparse 
domain, so that the partially incoherent sampled k-space can more accurately restore 
the artifact free image than using universal or learned sparse transforms with shal-
low architectures [14–17]. In comparison to traditional imaging acceleration meth-
ods, deep learning-based image reconstruction approach may better preserve the 
natural appearance of MR images and, thus, pathologies. Compared to traditional 
image reconstruction, AI-based reconstruction has significantly reduced image 
reconstruction times thereby enabling an easier translation of this technique into the 
existing clinical workflow.

 Vessel Wall Imaging Analysis

As described in the chapter for vessel wall image analysis, VWI analysis can be 
used for many purposes from screening to full comprehensive vascular analysis, to 
diagnose different vascular pathologies, and it can be applied in various different 
imaging modalities. AI methods may play important roles in all aspects of 
analysis.

 MRI Vessel Wall Analysis

VWI and analysis are important for the differential diagnosis of diseases such as 
vasculitis, atherosclerosis, and arteriosclerosis. We will  discuss atherosclerotic 
plaque analysis in detail in this section.

Both identification and quantification of plaque components have been shown to 
predict clinical outcomes. Plaque components such as lipid-rich necrotic core 
(LRNC), calcification, intraplaque hemorrhage (IPH), loose matrix, fibrous cap, and 
fibrous tissue can be identified using vessel wall MRI. The presence of intraplaque 
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hemorrhage in the carotid arteries is associated with stroke or transient ischemic 
attacks in the ipsilateral side [18]. Plaques with large LRNC, IPH, and a disrupted 
fibrous cap are deemed to be at higher risk for events [19, 20]. Moreover, plaque 
composition is also known to affect the progression of disease. For example, the 
presence of IPH is known to stimulate plaque progression in the same artery [21]. 
Quantitative measurements of the vessel wall were instrumental in describing such 
clinical associations. Combination of qualitative and quantitative information from 
plaque analysis form the basis of risks scores [19]. 

VWI provides a rich but complex set of images particularly in the case of MRI 
where multiple contrast weightings of the same anatomical location are produced. 
Information from these image weightings has to be combined for interpretation of 
the vessel wall composition. While such interpretation is common in radiology, the 
challenges for this application are the small size and variable plaque composition 
within a small region of plaque. While manual review is workable for plaque com-
ponent identification, quantification requires segmentation from multiple image 
slices and leads to longer review time, increased inter-reader variability and intra- 
reader variability. AI is well suited to reducing the labor and measurement errors in 
quantification. Automatic segmentation methods can provide reproducible mea-
surements, while human observers could check the accuracy of component identifi-
cation and further train the models for improved performance.

An additional challenge in VWI is caused by the fact that VWI interpretation is 
not yet routine clinical practice. Therefore vessel wall analysis requires intensive 
training at selected centers. These factors also reduce the opportunity for more 
wide-ranging use of this technology. Once trained and validated, AI systems may 
provide the opportunity for more medical centers to bring the benefits of plaque 
imaging to their patients.

Automatic plaque component identification and quantification requires several 
processing steps. The essential step for quantification is plaque segmentation where 
each image pixel is classified into a plaque component label. However, there are 
other steps that may also be required depending upon the imaging modality and 
anatomical location. If multi-contrast MRI and/or multiple imaging time points 
need quantification, then image registration will be required. Complex arterial 
geometries also require additional efforts to identify and localize the plaque region 
to be quantified.

Plaque Segmentation Several semiautomated methods for plaque analysis using 
non-AI methods have been proposed [22–28]. While these methods have shown 
promise in fast segmentation of plaque components, there is additional improvement 
in accuracy that may be possible to obtain using newer AI-based methods. For exam-
ple, the morphology-enhanced probability maps (MEPPS) method [22] was vali-
dated using histology from carotid endarterectomy specimens and showed correlations 
(R2) of 0.78, 0.83, 0.41, and 0.82 for LRNC, calcification, loose matrix, and fibrous 
tissue, respectively, for segmented areas. Dong et al. introduced a CNN- based seg-
mentation algorithm that, when compared to MEPPS using expert reviewer’s manual 
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segmentation as the reference standard, showed better performance [29]. Using a 
residual network with 100 layers (ResNet-101) and a large dataset (N = 1098, 80% 
for training and 20% for testing), the automatic contours are more similar to human 
reviewers (Fig. 15.2) than the probability-based MEPPS algorithm. This indicates the 
potential for AI-based solutions to further improve automated plaque segmentation 
and provide contours similar to human reviewers. However, this was accomplished 
on pre-registered, well-matched multi-contrast images. In the future, such AI-based 
segmentation will greatly reduce the burden of plaque analysis and reduce the time to 
clinical decisions.

Similar AI-based plaque segmentation in other modalities such as ultrasound and 
computed tomography (CT) have the potential for greater benefits since the soft tis-
sue contrast for discerning different plaque components is lower than for MRI. Using 
patch-based learning from just 56 subjects, Lekadir et al. trained a CNN using an 
expert observer’s labels. The CNN achieved a Pearson’s correlation coefficient of 
0.92, 0.87, and 0.93, for the lipid core, fibrous tissue, and calcified tissues, respec-
tively [30], in carotid artery plaques. Using CT images of coronary arteries and a 
cascade of CNNs, Zreik et  al. classified coronary plaques into no plaque, non- 
calcified, mixed, calcified plaque [31]. While there was no segmentation done in 
this case, information about plaque type along the length of the artery was obtained 
since image patches of straightened arteries were used as input to the CNN.

Relatively straight arteries, such as the carotid bifurcation segment, or short 
peripheral artery segments may be more amenable for direct CNN-based segmenta-
tion. More complicated vessel geometries, such as the coronary arteries or intracra-
nial arteries, will require preprocessing with approaches such as the one used by 
Zreik et  al. [31] where locating the artery centerline was the first step using CT 
angiography.

Locating the Artery The segmentation methods above require the artery to be iden-
tified before the AI-based segmentation. In the above referenced works, identifica-
tion of the artery was done by humans, either by drawing lumen/wall contours or 

Fig. 15.2 AI-based segmentations using a convolutional neural network (ResNet-101) compared 
to MEPPS algorithm show better correspondence to the reference standard manual reader’s con-
tours. Contours shown are LRNC (yellow), IPH (orange), calcification (dark blue), and fibrous 
tissue (red). (Printed with permission from Dong et al. [29])
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identifying an image ROI to process. In contrast to tasks such as pixel classification 
or segmentation, identification of the artery in the entire scanned volume is a more 
difficult task for AI-based algorithms, whereas it is much easier for human observ-
ers. However, fully automated end-to-end analysis of scans requires automated 
methods to locate the artery. Li et al. demonstrated a CNN-based artery location 
algorithm that locates the carotid artery slice-by-slice directly on 3D MERGE  vessel 
wall MRI [32]. Such an algorithm is capable of identifying the artery location 
(Fig. 15.3) and can be followed up by a classification or segmentation AI algorithm. 
This combination of 3D MERGE and vessel location and lesion detection may pres-
ent unique methods for vessel wall screening.

Locating long and tortuous arteries such as intracranial arteries requires a differ-
ent approach since it is difficult to obtain an image slice axial to the axis of the 
artery. Li et  al. demonstrated an approach to identifying the artery location by 
AI-based segmentation of intracranial non-contrast MRA [33]. Figure 15.4 shows 
results of intracranial arteries identified on TOF MRA indicating that even distal 
arteries can be detected by the algorithm. Following such segmentation, slices axial 
to the artery at each point can be calculated automatically. After standard brain 

Fig. 15.3 Carotid artery locations are identified on axial reformats of 3D MERGE vessel wall 
MRI using a CNN approach. Three slices centered on the carotid bifurcation are shown. The artery 
locations are shown by green bounding boxes. After locating the artery, the state of the vessel wall 
can also be classified using CNN as done here with the red box indicating artery with wall thicken-
ing, yellow box indicating mild wall thickening, and blue box indicating normal wall. The numbers 
show the confidence in the artery classification (scale from 0.0 to 1.0)
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 registration procedures, the slice locations can be obtained from vessel wall MRI 
sequences obtained in the scan session.

Quantification of Gadolinium Vessel Wall Enhancement Gadolinium (Gd) con-
trast can provide improved diagnostic confidence for certain plaque components 
such as LRNC [34]. Gd enhancement is also indicative of plaque inflammation [35]. 
Thus quantitative measurement of Gd enhancement may provide additional 
 biomarkers of risk. However, enhancement is difficult to quantify since a reference 
tissue normalization is required for measuring enhancement. While adjacent muscle 
may provide suitable reference for extracranial locations, intracranial arteries are 
challenging due to a lack of suitable reference tissue. An AI-based approach to auto-
matic normalization and Gd enhancement measurement was suggested by Cai et al. 
[36]. Using a U-Net CNN, enhancement maps (EM) and post-contrast T1-weighted 
(T1w) images were synthesized from pre-contrast T1w images using the true EM as 
labels for training (Fig. 15.5).

Inference Based on Vessel Wall Imaging Beyond the process of feature identifica-
tion, segmentation, and quantification, there is an additional step required to com-
pile these elements into a clinically interpretable form that is predictive of patient 
outcomes. There is a wealth of informative studies in VWI linking VWI features to 
clinical outcomes. For example, carotid intraplaque hemorrhage was predictive of 
recurrent cerebrovascular events in patients with symptomatic high-grade carotid 
stenosis [18]. Similarly IPH was predictive of fibrous cap rupture (FCR) [20]. Using 
traditional multivariate analysis, Underhill et al. examined whether plaque compo-
nents were predictive of IPH or FCR in a cohort of 344 subjects with 60% of sub-
jects as a training set [19]. The carotid atherosclerosis score they developed 
accurately classified IPH (AUC = 0.91) and FCR (AUC = 0.93). Currently there is 
no study utilizing AI to link VWI features to clinical outcomes. However, the pre-

Labeled image patchMIP view of 3D TOF MRA
with artery centerlines

Original image patch

Fig. 15.4 Arterial centerlines shown in green were identified after TOF MRA pixels were seg-
mented using a CNN. The training procedure involved segmentation of image patches (top right) 
and resulting pixel labels (bottom right) can be used to detect centerlines
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dictive ability of models developed previously, such as the carotid atherosclerosis 
score, can potentially be improved by using AI. AI algorithms may identify new risk 
predictors that were not identified by classical methods.

 Ultrasound Vessel Wall Measurements

While MRI can provide comprehensive vessel wall measurements, there are other 
modalities that may be used for noninvasive VWI. Ultrasound is able to provide 
intima-media thickness (IMT) measurements that are confined to small segments of 
the artery such as the common carotid artery. IMT measurements have been widely 
used for population-based studies, and AI analysis can be useful for this application 
due to the large number of subjects to be analyzed.

Using 353 symptomatic and 420 asymptomatic carotid plaque ultrasound images 
and 14 bidimensional empirical mode decomposition (BEMD) and entropy fea-
tures, Molinari et al. achieved accuracy of 91.43%, sensitivity of 97.26%, and speci-
ficity of 83.22% for classifying symptomatic and asymptomatic carotid plaques 
[37]. Machine learning methods have also been used for quantitative measurements 
for intima-media thickness (IMT) [38]. For example, a support vector machine 

Pre-contrast T1w + color EMEnhancement map (EM) Post-contrast T1w

Fig. 15.5 Post-contrast T1w and enhancement maps were synthesized using CNN from pre- 
contrast T1w. Gadolinium enhancement map is displayed as grayscale in left column and color 
map in middle column. Top row shows the ground truth, while bottom row shows the synthesized 
versions
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trained using 13-year follow-up data from 6459 MESA (the Multi-Ethnic Study of 
Atherosclerosis) participants outperformed the clinical guidelines-based ACC/AHA 
Risk Calculator by reducing the prescription of statins (11.4% vs 46.0%) while 
reducing the proportion of hard cardiovascular outcomes in subjects not prescribed 
statins (14.4% vs 23.8%), showing the potential for machine learning to improve 
clinical outcomes [39].

 Summary

Vessel wall MRI is entering a new age with the advent of AI. There are exciting 
opportunities for the use of AI in improving image acquisition methods and analysis 
methods for VWI. Furthermore, AI may provide new risk predictors and ease the 
adoption of VWI in the clinical workflow by lowering the barriers for clinical 
application.
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Chapter 16
Hemodynamic Aspects of Vessel Wall 
Imaging: 4D Flow

Pim van Ooij and Michael Markl

 Introduction

Cardiovascular MRI has undergone substantial developments over the last decades 
and offers capabilities for evaluating cardiac anatomy and function including the 
assessment of vascular anatomy and blood flow dynamic. Phase contrast (PC) MRI 
can be used to measure and quantify pulsatile blood flow in the human vascular 
system.

The basic principle has already been introduced by Carr and Purcell in 1954 who 
reported the observation of coherent motion on the MR signal [1] and by Hahn in 
1960 who proposed to use nuclear precession to measure the velocity of sea water 
by means of phase shifts produced by magnetic field gradients [2]. Two decades 
later, Grant and Back were among the first to investigate the possibility of measur-
ing flow velocity with MRI [3]. They called the technique “NMR rheotomography” 
and were visionary by remarking that “rheotomography may prove to be particu-
larly useful for the noninvasive diagnosis of cardiovascular defects.” Nearly 40 years 
later, many groups worldwide are using MRI flow measurements for the noninva-
sive diagnosis of cardiovascular defects. The first in vivo velocity map images and 
applications were reported in the early 1980s [4–7]. The initial measurement of a 
through-plane velocity profile in a two-dimensional (2D) slice of water flowing 
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through a glass U-tube has evolved, and 2D and time-resolved (ECG-gated “CINE” 
imaging) PC-MRI has become available on all modern MR systems and is an inte-
gral part of clinical protocols assessing blood flow in the heart and large vessels 
[8–10]. More recently, the combination of CINE PC-MRI with three-dimensional 
(3D) spatial encoding and three-directional velocity encoding (termed “4D flow 
MRI”) has made possible measurements of 3D blood flow dynamics in a 3D volume 
and over time (4D = 3D + time) [11–13].

This chapter will review the journey from simple 2D to 4D flow MRI for the 
advanced quantification and visualization of hemodynamic measures in vessel wall 
disease. We will describe the fundamental concepts of 4D flow MRI in terms of 
acquisition, data processing, as well as its applications to the assessment of altered 
blood flow dynamics in vascular diseases. A special emphasis is on the potential of 
4D flow MRI to quantify important characteristics of the vessel wall such as wall 
shear stress (WSS) or pulse wave velocity (PWV). The chapter will conclude with 
a discussion of the current role of 4D flow MRI and future directions.

 Background

 From 2D to 4D Flow Image Acquisition

Flow imaging with MRI is based on the phase contrast (PC) technique, which 
enables the acquisition of spatially registered information on blood flow veloci-
ties simultaneously with morphological data within a single MRI measurement. 
In current clinical routine, PC-MRI is typically accomplished using methods that 
resolve two spatial dimensions (2D) in individual slices and encode a single time-
resolved component of velocity directed perpendicularly to the 2D slice (through-
plane velocity encoding). This approach allows measurements of forward, 
regurgitant, and shunt flows in congenital and acquired heart disease. In MRI, 
magnetic field gradient coils can create linearly varying magnetic fields along all 
three spatial dimensions on top of the main (static) magnetic field B0. These mag-
netic field gradients cause spatially varying phase shifts of the source of the MRI 
signal (1H proton spins in the human body) depending on the location of the 
source along the gradient. Spins that move along the direction of the gradient, 
e.g., flowing blood, acquire a different phase shift than the spins in adjacent static 
tissue [14].

The phase shift of the static media can be nulled by applying a magnetic field 
gradient with opposite polarity, whereas a phase shift for the moving spins will 
accumulate. The combination of both gradients is called a bipolar gradient [4] (see 
Fig. 16.1).

Using appropriate bipolar velocity encoding gradients, flow-dependent phase 
changes can be measured by playing out two acquisitions with different velocity 
dependent signal phase but otherwise identical sequence parameters. Subtraction of 
the two resulting phase images (i.e., calculation of phase difference images) allows 
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for the removal of the unknown background phase and calculation of velocity 
images [9].

With a bipolar gradient applied to the main direction of the blood flow, single- 
direction (e.g., through-plane) blood flow velocity is measured. Bipolar gradients 
can also be subsequently applied to two or three orthogonal axes to resolved blood 
flow velocities in two or three dimensions [15, 16].

To measure temporally resolved pulsatile blood flow velocities, a time-resolved 
(CINE) measurement can be performed [17, 18]. As illustrated in Fig. 16.2, PC-MRI 
data acquisition is split over multiple heartbeats, and data acquisition is gated to the 
cardiac cycle using the ECG signal (e.g., the R-wave) or a pulse oximeter reading. 
A series of time-resolved (CINE) images is collected representing the dynamics of 
the pulsatile blood flow during the cardiac cycle. Usually, one-directional (“through- 
plane”) velocity encoding along the predominant blood flow direction is used to 
quantify blood flow in the heart, through cardiac valves, and in arteries and veins 
throughout the body. Typical 2D CINE PC-MRI images are illustrated in Fig. 16.2.

For over three decades, 2D CINE PC-MRI has been widely used for flow quan-
tification in the aorta [19], the carotid arteries [20] and the intracranial vessels [21]. 
For routinely used 2D CINE PC-MRI, a slice for a 2D measurement is manually 
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positioned perpendicular to a vessel, and blood flow velocity is encoded in one 
direction through the 2D slice. However, placement of the acquisition plane remains 
challenging and can lead to the underestimation of peak velocities if misplaced or 
not orthogonal to the flow of interest. This is a common occurrence in cases involv-
ing complex flow and where changes in flow direction occur throughout the cardiac 
cycle, such as with valvular stenosis, valvular regurgitation, complex congenital 
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Fig. 16.2 In 2D CINE PC-MRI, ECG triggering over multiple R-R intervals is used to acquire a 
series of time frames over the cardiac cycle. For each time frame, reference MRI raw data (k-space) 
lines (without bipolar gradient) and velocity encoded k-space lines (with bipolar gradient) are 
acquired. The number of k-space lines acquired for each time frame is determined by the seg-
mented k-space or turbo field echo factor. After completion, phase contrast magnitude anatomical 
images and phase difference containing the velocity information are reconstructed. The figure 
illustrates 2D PC-MRI acquisition at the site of the aortic valve peak systole (top) and diastole 
(bottom)
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heart disease, or aneurysms. These challenges can be addressed by three- dimensional 
(3D) PC-MRI with three-directional velocity encoding which can provide compre-
hensive information on the in vivo 3D blood flow dynamics with full volumetric 
coverage of the vascular region of interest. Wigström et al. were the first to imple-
ment a high spatial resolution and electrocardiogram (ECG)-gated 3D cine phase 
contrast pulse sequence, currently known as 4D flow MRI (4D = 3D+ time over the 
cardiac cycle, flow = three-directional velocity encoding) [22].

 4D Flow Acquisition Methods and Techniques

 Data Acquisition

In 4D flow MRI, velocity is encoded along all three spatial dimensions throughout 
the cardiac cycle, thus providing a time-resolved 3D velocity field [8, 23, 24]. As 
shown in Fig. 16.3a, three-directional velocity measurements can be achieved by 
interleaved four-point velocity encoding which acquires one reference image and 
three velocity-encoded images along three orthogonal (x, y, z) directions [25–27]. 
As for 2D CINE PC-MRI, data acquisition is synchronized with the cardiac cycle, 
and data collection is distributed over multiple cardiac cycles using “k-space seg-
mentation” techniques (only a fraction of the entire 4D flow data is measured during 
each cardiac cycle; the data is successively collected over multiple RR intervals). 
For prospective ECG gating, where the acquisition starts after receiving the R signal 
of the QRS complex, some dead time toward the next R-wave should be reserved to 
account for heartbeat variations. The late portion of diastole is therefore not mea-
sured [17]. With retrospective gating, continuous acquisition is not synchronized to 
the heartbeat. Each k-space line is time-stamped and retrospectively interpolated to 
fixed time frames in the cardiac cycle, thereby enabling acquisition of the diastolic 
phases. After completion of the 4D flow acquisition, four time-resolved (CINE) 3D 
data sets are generated (“magnitude” data depicting anatomy and three flow data 
sets representing velocities “Vx, Vy, and Vz”) as illustrated in Fig. 16.3b.

It should be noted that increasing 4D flow spatial resolution by reducing voxel 
size is possible but is accompanied by a decrease in signal-to-noise ratio (SNR) and 
thus image quality. Moreover, for volumetric acquisitions such as 4D flow MRI, 
scan times increase cubically with isotropic voxel size reduction.

An important (user-defined) 4D flow MRI parameter is the velocity encoding 
sensitivity (VENC), which represents the maximum flow velocity that can be 
acquired without velocity aliasing. When a velocity in a voxel exceeds VENC, 
velocity aliasing can occur which is typically visible as a sudden change from high 
to low velocity within a region of flow (see Fig. 16.4). If aliasing artifacts are pres-
ent, accurate flow visualization and quantification may be compromised unless anti-
aliasing correction can be successfully performed [28]. It is important to note, 
however, that velocity noise is directly related to the VENC [8]. Therefore, selecting 
a high VENC may alleviate the issue of velocity aliasing but will also increase the 
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Fig. 16.3 Acquisition of 4D flow MRI data and analysis of hemodynamic metrics in the thoracic 
aorta of a healthy subject. (a) ECG synchronized 4D Flow MRI data acquisition. For each time 
frame, four 3D raw data sets are collected to measure three-directional blood flow velocities (vx, 
vy, vz) with a reference scan and three velocity encoded acquisitions. k-space segmentation is used 
to collect a subset (NSeg) of all required raw data (k-space) lines for each time frame. The selection 
of NSeg determines the temporal resolution and total scan time. (b) 4D flow data comprises informa-
tion along all three spatial dimensions, three velocity directions, and time in the cardiac cycle. (c) 
A 3D phase contrast angiogram (3D PC-MRA) can be calculated from 4D flow MRI data to aid 
visualization and provide a basis for the 3D segmentation of the aorta (orange rendering of aorta). 
Systolic streamlines allow for visual assessment of flow patterns and placement of analysis planes 
for retrospective flow quantification. Calculation of a systolic velocity maximum intensity projec-
tions (MIP) provides an overview over systolic velocity distribution and allows for volumetric 
quantification of peak systolic velocity (location of peak velocity is indicated by black circle in the 
ascending aorta). Advanced vessel wall characteristics can be derived such as systolic 3D wall 
shear stress (WSS) vectors along the aorta. AAo ascending aorta, DAo descending aorta
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level of velocity noise in flow velocity images. VENC should thus be chosen as 
close to the peak velocity as possible. This is often accomplished by performing a 
fast low-resolution 2D PC-MRI “VENC scout” scan prior to 4D flow MRI to esti-
mate the highest velocity in the vessel of interest and adjust VENC accordingly.

In Fig. 16.4, the principle of VENC is shown for through-plane 2D phase differ-
ence images of the aorta with severe velocity aliasing when the VENC is selected 
too low (high bipolar gradient). Unaliased flow velocities are achieved when the 
VENC is tailored to the expected maximum velocity (lower bipolar gradient).

In Table 16.1 typical ranges of scan parameters are shown for heart/aorta, carotid, 
and intracranial 4D flow MRI applications.

 Data Acquisitions: Imaging Acceleration Techniques

Long scan times on the order of 10–20 minutes have previously relegated 4D flower 
MRI to the realm of research. However, current implementations are quickly 
approaching clinically feasible scan times, on the order of 2–8  minutes. 
Methodological improvements include echo planar imaging (EPI), where multiple 
Cartesian readouts are acquired after one excitation to obtain high spatial resolution 
[29]. Additional imaging acceptation is based on parole imaging such as sensitivity 
encoding (SENSE) [30, 31], generalized autocalibrating partially parallel acquisi-
tions (GRAPPA) [32], k-t acquisition speed-up techniques (k-t BLAST) [33, 34], 
k-t GRAPPA [35], k-t principal component analysis (k-t PCA) [36, 37], and 
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Fig. 16.4 (a) Bipolar gradients of higher strength and thus a low-VENC cause (b) aliasing (black 
arrow) in the phase difference images of the aorta, whereas aliasing is avoided when VENC is 
tailored to the expected maximum velocity in (c). (d) At a high VENC, the sensitivity to changes 
in aortic velocities is decreased. AAo ascending aorta, DAo descending aorta

Table 16.1 Typical (ranges of) scan parameters for three different anatomical regions

k-space segmentation 
(turbo field echo factor)

(Isotropic) spatial 
resolution (mm3)

Temporal 
resolution (ms)

VENC 
(cm/s)

Heart/aorta 1–3 2.0–3.0 20–60 150–400
Carotid 2–3 0.8–1.4 40–60 100–150
Intracranial 2–4 0.5–1.2 40–80 70–150
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CIRCUS [38]. Another promising technique to accelerate 4D flow MRI is com-
pressed sensing where data is acquired in a sparse and random manner followed by 
nonlinear recovery of data [39, 40]. For example, aortic 4D flow MRI is now pos-
sible with a scan time of less than 2  minutes without substantial degradation of 
image quality [41].

 Data Acquisitions: Non-Cartesian Sampling

An alternative technique that is increasingly used to accelerate 4D flow MRI is 
radial data sampling combined with undersampling (e.g., PC-VIPR – vastly under-
sampled isotropic projection reconstruction [42]). Radial sampling has two impor-
tant advantages over Cartesian readouts: (1) sparse sampling results in streak image 
instead of fold-over artifacts which allows for higher undersampling factors [42] 
and (2) the center of k-space is continuously sampled and results in insensitivity to 
subject motion [43]. As an alternative, spiral k-space sampling can cover the entire 
k-space uniformly and rapidly [44], allowing for rapid 4D flow MRI velocity mea-
surements [45–47]. However, both radial and spiral sampling are sensitive to eddy 
current effects which require efficient correction strategies, and image reconstruc-
tion is more computationally demanding. Alternatively, radial- and spiral-like tra-
jectories can be implemented on a Cartesian grid, called pseudo-radial and 
pseudo-spiral trajectories [48, 49]. For example, a recently reported combination of 
pseudo-Cartesian acquisition schemes coupled with compressed sensing for imag-
ing acceleration has shown great potential for fast and robust pediatric 4D flow 
MRI [50].

 Data Acquisitions: Respiratory Control (Gating, Self-Gating)

For cardiothoracic and abdominal applications, methods for respiration control are 
needed to prevent image deterioration due to respiratory motion. Early efforts in 
MRI have focused on gating of the respiratory signal using bellows [51] or naviga-
tor echoes in a longitudinal beam placed on the diaphragm [52]. Most methods are 
based on accepting data in the expiration phase when chest motion is minimal and 
rejecting data acquired in the inspiration phase when the chest is moving. Other 
strategies minimize respiration-related image degradation by respiratory ordered 
phase encoding (ROPE): measurements at inspiration are attributed to the center of 
k-space, whereas the measurements at expiration are attributed to the edges of 
k-space [53]. Such strategies have been successfully implemented for 4D flow MRI 
[54] in combination with navigator gating [55]. Other promising approaches employ 
self-gating techniques, e.g., cross-correlation with reference breathing motion to 
identify different respiratory phases [56] or extracting respiratory and cardiac 
motion signals from additional and repeatedly sampled central k-space data [57].
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 4D Flow Analysis Methods and Techniques

 Preprocessing and Phase Offset Error Corrections

4D flow MRI data are affected by systematic velocity encoding errors caused by 
magnetic field inhomogeneity, concomitant magnetic fields (Maxwell terms) [58], 
and eddy currents [59, 60]. Correction of these errors typically includes the identi-
fication of image regions that contain static tissue in order to estimate the spatial 
distribution of background phase offsets (using a first- or second-order fit to the 
static tissue phase difference data) [61]. Background phase errors can subsequently 
be removed by subtraction of the estimated offset from the entire velocity data [62].

It is common in 4D flow MRI that the VENC setting is lower than the maximum 
velocity in the measurement and that velocity aliasing occurs. With the assumption 
that adjacent pixel velocities in the temporal or slice direction should not differ more 
than VENC [28], aliased velocities can be automatically detected and corrected [63].

 Visualization and Quantification of 4D Flow MRI 
Hemodynamics

For effective visualization of the information encoded in the large 4D flow MRI data 
sets (see Fig. 16.3b), many methods have been developed and include velocity vec-
tor display in three-dimensional space [64, 65] streamlines [66, 67], and path lines/
particle traces [67].

Figure 16.3c illustrates 4D flow MRI-based evaluation of fundamental (flow, 
peak velocity) and advanced hemodynamic metrics (wall shear stress, WSS) based 
on a single acquisition. Visualization of the vascular geometry can be achieved from 
a 4D flow acquisition by generating a non-contrast 3D PC-MR angiogram (MRA). 
A surface rendering of the vascular structure of interest (see Fig. 16.3c, left) allows 
for regional orientation, analysis, and flow visualization. For qualitative visualiza-
tion of 4D flow MRI data, 3D streamlines or time-resolved 3D path lines can be 
used for flow pattern visualization. Streamlines represent the instantaneous blood 
flow vector field for a single cardiac time-frame. For example, Fig. 16.3c illustrates 
the use of systolic 3D streamlines to visualize the spatial distribution and orientation 
of blood flow velocities. Color-coding by velocity magnitude facilitates the visual 
identification of regions with high systolic flow velocities. For visualization of the 
temporal evolution of 3D blood flow, time-resolved path lines are the method of 
choice. Time-resolved path lines are best viewed and displayed dynamically (movie 
mode) to fully appreciate the dynamic information and changes in blood flow over 
the cardiac cycle. It is important to differentiate between streamlines and path lines 
since the former represents the instantaneous tangent to the velocity vector at a 
given time in the cardiac cycle (e.g., peak systole), while the latter resemble traces 
of the dynamically time-varying blood flow over the cardiac cycle. 4D flow MRI 
can also be used to derive volumetric and maximum intensity projections (MIPs) of 
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peak velocity for easy volumetric identification of peak flow velocities (see 
Fig. 16.3c).

For quantification of flow in a vessel, 2D analysis planes can be placed at any 
location along the vessel of interest (Fig. 16.3c) to calculate peak and mean veloci-
ties, total flow, net flow, or retrograde flow. Figure 16.5a illustrates aortic 4D flow 
MRI with subsequent 3D flow visualization (path lines) and flow quantification in 
six 2D analysis planes distributed along the thoracic aorta. Figure 16.5b depicts an 
example of comprehensive cerebrovascular 4D flow with 3D blood flow visualiza-
tion in the large intracranial arteries and quantification of flow-time curves at all 
major circle of Willis arteries.

 Advanced Hemodynamic Vessel Wall Metrics

In addition to 3D blood flow visualization and planar flow quantification, 4D 
flow MRI offers the opportunity to derive advanced hemodynamic measures 
such as vorticity [69, 70] and helicity [71, 72], wall shear stress (WSS) [73, 74], 
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Fig. 16.5 (a) 3D flow visualization (path lines and with flow quantification in perpendicular 2D 
analysis planes at standardized locations in the healthy aorta) [68]. (b) 3D segmentation and flow 
visualization in the circle of Willis of a healthy volunteer. Flow quantification based on perpen-
dicular 2D analysis planes allows for the systematic assessment of blood flow over the cardiac 
cycle in the entire circle of Willis
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pressure gradients [75, 76], viscous energy loss [77, 78], turbulent kinetic 
energy [79, 80], or pulse wave velocity (PWV) [81, 82]. This article will focus 
on the two parameters most relevant for vascular wall characterization: PWV 
and WSS.

 Pulse Wave Velocity

It is well understood that arterial vascular stiffening (i.e., reduction of vessel wall 
elasticity) can lead to atherosclerosis and the development of vessel wall abnor-
malities and atherosclerotic plaques. Pulse wave velocity (PWV), the best known 
surrogate measure for arterial stiffness, is the speed of the pulsatile pressure wave 
that propagates along arteries in a heartbeat [83–85]. PWV is determined by the 
elastic modulus of the vessel, the vessel wall thickness, the vessel radius, and the 
density of blood (Moens-Korteweg equation) [85]. Thus, increased PWV is 
directly associated increased elastic modulus (i.e., stiffening) and vessel wall 
thickness. Both processes occur in early atherosclerosis, and PWV is thus consid-
ered an important indicator for the onset of this disease. A meta-analysis revealed 
that increased PWV and thus reduced aortic compliance is a strong predictor of 
future cardiovascular events and all-cause mortality. Moreover, an increase in aor-
tic PWV by 1  m/s corresponded to an age-, sex-, and risk factor-adjusted risk 
increase of ca. 15% in total cardiovascular events [86]. Reliable measurement of 
PWV is thus of high interest, e.g., for monitoring vessel compliance during ther-
apy [87, 88].

Carotid-femoral PWV using tonometry is the current reference standard to mea-
sure aortic compliance [89]. This method, however, is prone to errors and does not 
focus on regional compliance. Time-resolved 2D CINE PC-MRI provides a nonin-
vasive estimate of PWV based on flow waveform measurements in analysis planes 
and allows focusing on the region of interest in patients, e.g., the thoracic aorta or 
carotid arteries [90–92]. Transit-time (TT) methods are typically employed to cal-
culate temporal differences of specific flow waveforms features, e.g., timing differ-
ences of the foot of the waveform between two locations with known distance, as 
first described in 1989 for the aortic arch [93]. The accuracy of PWV quantification 
can be improved by adding velocity encoding directions [81] or using multiple mea-
surement locations [94, 95].

PWV can be retrospectively quantified from 4D flow MRI data based on multiple 
pulsatile flow waveforms distributed homogenously along the entire course of the 
vessel. As shown in Fig. 16.6 for 4D flow-based PWV estimation in the thoracic 
aorta, flow-time curves are automatically extracted for each analysis plane, and a 
measure of blood travel time (e.g., time-to-foot) is derived. Aortic PWV (in m/s) is 
determined by a linear fit from data of the entire aorta [82, 96]. However, reliable 
PWV assessment requires measure of the rapid changes of which can only be 
achieved with sufficient temporal resolution.
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 Wall Shear Stress

The three-directional velocity fields can be used to calculate WSS (i.e., the blood 
shear rate on the endothelial cells that line the vessel wall multiplied by blood vis-
cosity), a known pathophysiological stimulus cited to alter gene expression and 
endothelial cell function [97]. Altered shear forces at the intimal surface can pro-
mote endothelial changes and create areas at risk for vascular remodeling, i.e., when 
high WSS is sensitized, growth factors and other molecules such as nitric oxide 
(NO) and matrix metalloproteinases (MMPs) are released to dilate the vessel to 
restore the normal WSS value [98]. Altered WSS has been associated with the 
development of vulnerable plaques in the carotid arteries [99], progressive aortic 
dilation [100, 101], or development of cerebrovascular aneurysms [102–104]. WSS 
can be estimated from 4D flow MRI data by multiplying the deformation tensor e  
that contains the velocity gradients in all directions at the wall, with the viscosity of 
blood. As schematically illustrated in Fig. 16.7 (top), initial studies have employed 
4D flow MRI to quantify regional time-resolved WSS based on 2D analysis planes 
[105]. The variation of WSS direction over the cardiac cycle can be used to calculate 
the oscillatory shear index (OSI) [106]. More recently, methods have been 

Fig. 16.6 Derivation of aortic pulse wave velocity from 4D flow MRI: (a) flow curves are auto-
matically extracted in multiple planes along the aortic centerline. An initial plane #0 is positioned 
at the proximal asking aorta. Subsequently, all other 2D analysis planes will be positioned down-
stream in fixed intervals. (b) For each analysis plane, flow-time curves are calculated and the time-
delay between adjacent planes is derived. (c) Aortic PWV (in m/s) is determined by a linear fit 
from data of the entire aorta. AAo: ascending aorta, DAo: descending aorta
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developed to compute volumetric 3D WSS along the 3D surface of the entire aorta, 
carotid or intracranial vasculature, or aneurysms (Fig. 16.7, bottom) [74, 107–109]. 
For the aorta, a method for the quantification of turbulent WSS variation was 
recently developed [110].

Although 3D WSS mapping allows for compact visualization of hemodynamic 
parameters (see Fig. 16.7, (2)), it does not detect where “abnormal” values are pres-
ent. In addition, aortic WSS undergoes significant changes during healthy aging 
which underlines the importance of age-matched control cohorts in clinical studies to 
identify patients with altered WSS [111]. To address this limitation, a “WSS heatmap 
concept” was recently developed which offers the opportunity to quantify the extent 
of altered WSS [112]. The method is based on aortic 4D flow MRI data of a healthy 
control population to create an aortic “WSS atlas.” As shown in Fig. 16.8, the aortic 

Fig. 16.7 (1) 3D segmental WSS in 2D planes. (a) Planes are placed perpendicularly to the aorta 
measured with 4D flow MRI, (b) contours are manually drawn to delineate the vessel wall and to 
define the segments for WSS calculation, (c) B-spline fits through the vx and vy velocities are cre-
ated to derive the gradients at the wall that after multiplication with blood viscosity, (d) yield the 
WSS vectors in the plane. When repeated for all time frames, OSI can be calculated. (2) 3D WSS 
on the entire aorta surface. (e) At each point along the vessel wall, the z-axis is aligned with the 
inward normal vector, and with the assumption that there is no velocity through the wall, the defor-
mation tensor is reduced from nine components to two (f). Spline fits along the x and y velocities 
along the normal vector yield the vx and vy derivatives. After multiplication with viscosity and 
rotation back to the original axes system, the local WSS vector is obtained
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atlas establishes regional confidence intervals for normal physiologic WSS through-
out the aorta. Patient-specific WSS is then co-registered to the healthy control atlas to 
calculate heatmaps which represent regions of abnormally low or high WSS (i.e., 
outside of the 95% confidence interval provided by the control WSS atlas).

It should be noted that the discrete nature of the 4D flow MRI measured velocity 
field will result in a systematic underestimation of WSS. This is a common limita-
tion of the technique. While absolute accuracy when assessing WSS in vivo is chal-
lenging, the relative pattern of expression (and magnitude) can reliably be inferred, 
especially if scan parameters and the procedure for WSS estimation are consistent 
between study populations [113, 114].

 4D Flow MRI in Vessel Wall Disease: From Head to Toe

 Head

In clinical practice, transcranial Doppler ultrasound is routinely used for cerebro-
vascular flow measurements. However, the technique is operator-dependent and 
limited by the acoustic windows of the head. 2D PC-MRI can provide reliable flow 

Fig. 16.8 Patient-specific WSS heatmaps. (a) A 3D cohort-averaged WSS map of a control cohort 
(“WSS atlas”) is used as reference to provide mean, median, and normal confidence intervals 
(CI = ± 2 standard deviations, SD) of the normal physiologic aortic WSS distribution. (b) After 
delineating the regions of abnormal WSS for an individual patient, defined as values outside the CI, 
heatmaps of abnormally elevated or decreased WSS are created
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measurements in large intracranial arteries and veins, not limited by location. 
However, challenges for using 2D PC-MRI for flow measurement include small and 
tortuous vessels [115], complex vascular anatomy, and need for the manual place-
ment of 2D imaging planes in multiple vessel segments. As an alternative, 4D flow 
MRI is increasingly used to assess cerebrovascular 3D blood flow [116, 117]. 
Emerging applications include the hemodynamic evaluation of intracranial aneu-
rysms, arteriovenous malformations (AVM), and intracranial atherosclerotic dis-
ease (ICAD). Several groups have reported the successful measurement and 
evaluation of flow and WSS in intracranial aneurysms in patient feasibility studies 
[107, 118–121], indicating the potential of flow MRI to assist in the classification of 
individual aneurysms pre-intervention.

 Arteriovenous Malformations (AVMs)

In patients with cerebral AVMs, flow information is potentially valuable for a better 
understanding of the impact of a focal AVM on the flow redistribution in the brain 
and/or in treatment planning by attempting to identify the feeding arteries with 
highest flow (see Fig. 16.9), enabling efficient and targeted embolization treatment. 
Recent reports include the quantification of flow and WSS in patients using a highly 
optimized radial 4D flow technique [108, 122]. Additional studies demonstrated the 
potential of 4D flow MRI for the evaluation of global and regional AVM flow 

Fig. 16.9 Intracranial 4D flow MRI (left) and time-of-flight (TOF) 3D angiogram (right) in a 
62-year-old male patient with a large cerebral AVM (Spetzler-Martin grade = 3). The dense AVM 
vascular network and high flow velocity in a main AVM feeding artery (arrow) can clearly be 
appreciated
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characteristics [123, 124]. The findings showed that 4D flow MRI can assess 
treatment- induced changes in cerebrovascular flow distribution and was able to 
demonstrate significant associations between 4D flow metrics, cerebral perfusion 
indices, and AVM risk factors such as the Spetzler-Martin grade [124].

 Intracranial Atherosclerotic Disease (ICAD)

Intracranial atherosclerotic plaques can alter local and global hemodynamics (par-
ticularly proximal or distal to stenosed vessels). Currently, intracranial hemody-
namic disturbance in patients with ICAD is primarily assessed using transcranial 
Doppler ultrasound. Few studies have been performed to characterize the 3D blood 
flow disturbance and flow redistribution across the major cerebral arteries in patients 
with ICAD. An early study by Hope et al. reported that TOF MRA overestimated 
the degree of stenosis and that 4D flow MRI velocity measurements could improve 
accuracy of diagnosis, when compared to catheter angiography [119]. It should be 
noted that current flow imaging techniques (2D and 4D) are limited by insufficient 
spatial resolution for the characterization of blood flow at sites of critical or severe 
stenosis. Instead, post-stenotic flow is typically used to represent the regional flow 
in the stenotic artery. Higher magnetic field (7 Tesla) with increased spatial resolu-
tion may be required for improved flow assessment in the smaller vessels [125].

 Intracranial Aneurysm

A large number of studies investigating flow patterns in intracranial aneurysms were 
based on computational fluid dynamics (CFD) techniques in conjunction with subject- 
specific geometries extracted from medical images [126–129]. Findings from these 
studies revealed a wide variety of complex intra-aneurysmal flow patterns that were 
strongly dependent on patient-specific vascular geometry. In addition, a number of 
studies showed that changes in WSS along the wall of intracranial aneurysms may be 
associated with risk of aneurysm growths or rupture [73, 107, 121]. However, CFD 
has limitations such as assumptions concerning blood properties, boundary condi-
tions, and vessel properties [129–131]. As an alternative, 4D flow MRI is increasingly 
used to assess intra-aneurysmal 3D hemodynamics in  vivo. Several groups have 
reported the successful measurement and evaluation of intra-aneurysmal flow and 
WSS in patient feasibility studies [73, 116, 119, 132–137], indicating the potential of 
flow MRI to assist in the classification of individual aneurysms pre-intervention.

 Neck

Carotid artery stenosis is a leading cause of ischemic stroke, and detailed insights 
into the causes for the development of atherosclerosis at this site are of interest. 
Among other risk factors, it is assumed that the development of atherosclerosis in 
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the naturally bulbic ICA is related to local hemodynamic conditions such as flow 
deceleration or recirculation associated with reduced and oscillating WSS [138]. 
Particularly, low absolute WSS and high OSI are hypothesized to determine the 
composition of atherosclerotic lesions and the development of high-risk plaques 
[99, 102]. Since blood flow through the carotid bifurcation is complex with non-
symmetric flow profiles, the full three-directional velocity information by 4D flow 
MRI can be useful for a complete in vivo assessment of the segmental distribution 
of WSS.

4D flow studies analyzing WSS in the normal carotid bifurcation confirmed 
that potentially atherogenic wall (e.g., low WSS) parameters were predominantly 
concentrated at the posterior wall of the proximal ICA [139, 140]. Cibis et  al. 
found lower WSS in regions of higher wall thickness in the carotid bifurcation 
[141, 142]. An example of a cohort-averaged map showing low WSS at locations 
of high wall thickness is displayed in Fig. 16.10. The wall thickness map is in 
concordance with the tendency of carotid atherosclerosis to affect the outer walls 
of arterial bifurcations and to mostly develop in the proximal part of the ICA bulb 
[143, 144]. Moreover, a significant relationship between the size of regions 
exposed to altered wall parameters and the individual bifurcation geometry was 
demonstrated, similar to carotid bifurcation study using CFD [138]. In patients 
with ICA stenosis, markedly altered filling and helix formation in the ICA bulb 
were observed, while revascularization partly restored normal filling and helix 
formation [145]. Furthermore, a direct comparison of mean and absolute flow 
velocities in the common carotid artery (CCA) between 4D flow MRI and Doppler 
ultrasound showed good agreement despite general underestimation of peak 
velocities by MRI [146].

4D flow MRI-derived WSS quantification could thus be a valuable technique to 
assess the individual risk of flow-mediated atherosclerosis and carotid plaque 
progression.

Fig. 16.10 Three-dimensional (a) wall shear stress and (b) wall thickness carotid bifurcation 
maps averaged over 20 subjects with plaques. In (c) the correlation between WSS and WT is shown 
with color-coding for the density of the points
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The assessment of PWV in the carotid arteries as a measure of vessel stiffness 
(and thus atherosclerotic burden) is challenging due its small size that necessitates 
high spatial and temporal resolution [147]. It is thus challenging to derive PWV 
using 4D flow MRI in the carotid arteries. For the determination of local PWV in the 
carotid arteries, the temporal resolution of through-plane 2D CINE PC-MRI was 
recently drastically improved by compressed sensing acceleration [148]. These 
novel acquisition strategies hold promise for future applications of either 2D or 4D 
flow MRI-derived PWV.

 Thorax

Cardiothoracic 4D flow imaging is typically performed as part of a standard-of-care 
aortic/pulmonary imaging protocol, which includes additional MRI techniques for 
the assessment of cardiac function and wall motion (CINE imaging), aortic and 
pulmonary dimensions and geometry (MR angiography), as well as aortic and pul-
monary valve morphology and dynamics (CINE imaging). The combination with 
4D flow MRI provides a comprehensive assessment of aortic/pulmonary structure 
and function. These data have contributed to the understanding of the development 
of vessel wall abnormalities (atherosclerosis, aortic dilation, aneurysm) as a conse-
quence of thoracic vascular diseases such as aortic valve diseases (stenosis, insuf-
ficiency, congenital bicuspid aortic valve (BAV)), aortic coarctation, or Marfan 
syndrome.

 Aortic Valve Disease and Aortopathy

The presence of aortic valve disease significantly alters the hemodynamic environ-
ment in the thoracic aorta. Several studies have shown promise of 4D flow MRI- 
based blood flow visualization for the investigation of valve-related abnormal flow 
patterns (e.g., aberrant vortex or helix flow) as shown in Fig. 16.11. However, the 
visual evaluation of changes in aortic flow patterns (e.g., grading of vortex of helix 
flow) can be limited by lack of standardization, observer bias, and thus reproduc-
ibility. A more effective and representative assessment is provided by the calcula-
tion of 4D flow-derived measures that quantify the impact of altered flow 
characteristics on the vessel wall, such as flow displacement and WSS.

Flow displacement is an easy to obtain quantitative marker that represents out-
flow asymmetry (i.e., deviation for a symmetric flow profile). Studies have shown 
that flow displacement can detect altered systolic outflow patterns in patients with 
different types and severity of aortic valve disease [149–153] or in patients with 
aortic dilation [154]. For example, recent studies showed that different aortic valve 
fusion phenotypes in patients with BAV resulted in distinctly altered eccentric aortic 
outflow jet patterns [101, 155]. Differences in aortic dilation type were associated 

P. van Ooij and M. Markl



315

with altered flow displacement in the ascending aorta, suggesting a physiologic 
mechanism by which valve morphology can influence aortic wall remodeling.

Patient studies have demonstrated the potential of WSS to quantify the impact of 
deranged flow on the aortic wall. Initial 4D flow studies were based on 2D-based 
planar quantification of WSS changes in patients with aortic dilation [156], aortic 
atherosclerosis [157], or aortic valve abnormalities such BAV disease [101, 158–
160]. Bieging et al. were the first to create a 3D segmentation of the aorta for the 
purpose of regional WSS estimation in patients with ascending aortic aneurysms 
[74]. More recently, Potters et al. used a modified algorithm to estimate 3D WSS on 
the entire aorta surface [109].

Interestingly, several 4D flow MRI studies have shown that the presence of aortic 
valve disease has a very different effect on aortic hemodynamics as compared to 
aortic dilation or aneurysm alone. Aortic dilation with an otherwise normal aortic 
valve generally leads to slow helix-type flow with significantly reduced WSS in the 
ascending aorta. In contrast, BAV or aortic valve stenosis will result in significantly 
elevated flow velocities, high-velocity transvalvular outflow jets, and eccentrically 
elevated WSS. These findings have been confirmed by a series of studies by Bissel 
et al., Mahadevia et al., Shan et al., and Rodríguez-Palomares et al. in larger cohorts 
(65–142 subjects, respectively) [100, 101, 155, 161]. A recent large cohort 4D flow 
MRI study in patients with aortic valve disease (>500 subjects) confirmed these 
findings. As shown in Fig. 16.12, aortic 4D flow MRI can be used to show the inci-
dence of elevated WSS for specific groups of patients and healthy controls. Results 
clearly showed that aortic valve stenosis resulted in a marked increase in regional 
WSS compared to patients with aortic dilation but normal tricuspid aortic valve 

Fig. 16.11 Velocity and WSS in two patients with a stenosed bicuspid aortic valve. (a, d) Peak 
systolic velocity path lines showing right-handed helical flow (top) and left-handed helical flow 
(bottom). Vortex flow can be seen as well (white arrows). (b, e) Stenotic flow leads to high wall 
shear stress on the right-anterior aortic wall (top) and left-posterior wall (bottom) which can be 
concisely visualized by elevated WSS heatmaps (c, f)
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[162]. In addition, the WSS heatmap concept can be employed to highlight regions 
with abnormally elevated WSS in individual patients (see Fig. 16.12) [163].

A recent study utilized the WSS heatmap concept to assess the correlation 
between abnormal in vivo 3D WSS and regional aortic tissue remodeling in BAV 
patients with AS [164]. BAV patients undergoing ascending aortic resection received 
preoperative 4D flow MRI to regionally map 3D WSS and correlate these findings 
with histologic examination of surgically resected tissue samples. Paired aortic wall 
samples (i.e., regions of both elevated and normal WSS within the same patient) 
were collected and compared for medial elastin degeneration by histology. Regions 
of increased WSS showed greater medial elastin degradation compared to adjacent 
areas with normal WSS. Another study confirmed these results and showed that in 
the presence of aortic stenosis, the correlation between WSS and elastin fiber thick-
ness was stronger than without AS [165]. These data suggest that regional valve- 
mediated hemodynamics could serve as potential prognostic biomarkers of aortic 
disease.

 Marfan Syndrome

Marfan syndrome is an inherited autosomal dominant connective tissue disease, 
mostly related to mutations in the fibrillin-1 (FBN1) gene. Many organ systems can 
be involved, but most life-threatening complications are related to the cardiovascu-
lar system and include aortic wall abnormalities leading to dissection and aortic 
rupture. Although the entire aorta may dilate in Marfan syndrome, the aortic root 
and the proximal descending aorta are prone for progressive dilation and dissection 
[166–168]. Few studies have investigated aortic WSS in MFS disease cohorts 

a b

Fig. 16.12 (a) Registration and interpolation techniques are used to project regions of elevated 
WSS onto a shared aortic geometry. Summing elevated WSS regions yields a map of the regional 
incidence of elevated WSS. Group-specific 3D maps of abnormally elevated WSS for (b) tricuspid 
aortic valve (TAV) with dilation with no aortic valve stenosis (AS), mild AS and moderate and 
severe AS, and (c) BAV patients with right non-valve function morphology (RN-BAV) with no AS, 
mild AS, and moderate and severe AS
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[169–171]. Altered WSS was most pronounced in the proximal ascending aorta and 
the proximal descending aorta, which corresponds to locations where aortic dissec-
tion and rupture are most likely to occur. A recent longitudinal study in Marfan 
patient with baseline and mean follow-up 4D flow MRI (mean duration of 
3.5 ± 1.2 years) confirmed these findings [169]. MFS patients had lower segmental 
WSS in the inner proximal DAo segment which correlated with increased localized 
aberrant vortex/helix flow patterns and an enlarged diameter. Aortic hemodynamics 
were stable over multi-year follow-up, but subtle localized flow changes in the 
descending aorta were already present at young age and tended to be more pro-
nounced in the course of time. This is an important and intriguing finding, as the 
proximal descending aorta is a known initiation region for type B aortic 
dissections.

4D flow MRI was also used to calculate PWV as a measure for aortic stiffness in 
the aorta of BAV patients compared to controls and Marfan patients [172, 173]. 
Marfan patients had markedly higher aortic PWV and thus stiffer aortas compared 
to controls and BAV patients. The increased aortic stiffness may lead to further 
deterioration of aortic and LV function and may thus constitute important parameter 
for longitudinal monitoring of risk for progressive aortic dilation in these patients.

 Aortic Coarctation

Aortic coarctation accounts for 6% of congenital cardiac malformations, is asso-
ciated with hypertension and peripheral vascular disease, and often requires sur-
gical repair [174]. This disease is characterized by a congenital narrowing of the 
aorta, usually at the level of the distal arch or proximal descending aorta. To 
provide insight into the degree of stenosis and impact on distal flow as a result of 
the coarctation, traditional assessment includes aorta diameter measurements and 
post- coarctation flow velocity assessment. Using 4D flow MRI to assess this 
cohort of patients has proven to provide useful characteristics about the impact of 
coarctation and coarctation repair on flow features throughout the aorta. Recent 
studies have shown that 4D flow MRI can measure and visualize alterations in 3D 
aortic hemodynamics in coarctation patients such as elevated helix and vortex 
flow throughout the entire aorta, including the region of repair [175–178]. 
Patients with aortic coarctation tend to have flow jet eccentricity following the 
coarctation resulting in jet impingement and elevated WSS along the descending 
aorta [179, 180].

 Aortic Atherosclerosis

Stiffening of the aorta is frequently observed with increasing age and disease (e.g., 
hypertension, diabetes) due to an increase in the collagen-elastin ratio. Increased 
stiffness results in greater hemodynamic loading conditions on the aortic endothe-
lium leading to the development of atherosclerosis [84, 181].
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The most commonly measured and best surrogate for arterial stiffness is pulse 
wave velocity (PWV) [85, 182, 183]. In 2 studies with 37 and 98 subjects, respec-
tively, the reliability of 4D flow-based estimation of global aortic PWV was dem-
onstrated in volunteers and patients with aortic atherosclerotic disease with a good 
observer dependence and excellent test-retest reliability [82, 184]. Both studies 
demonstrated significant correlations of aortic stiffness with age. In addition, in 
patients with atherosclerosis, the PWV was significantly increased compared with 
controls demonstrating the sensitivity of the technique to detect elevated aortic 
stiffness. In a recent study, 4D flow MRI-derived PWV parameters correlated sig-
nificantly with echocardiographic stiffness parameters and intima-media thick-
ness in the descending aorta of stroke patients [185]. Harloff et  al. showed an 
increase in aortic PWV in older subjects that had more aortic plaque [186].

 Peripheral Arteries

Peripheral arterial occlusive disease (PAOD) is commonly explored with basic clin-
ical tests such as the ankle-brachial-index, constant load treadmill test, and Doppler 
ultrasound due to its excellent temporal and spatial resolution. A number of studies 
have reported the use of 2D PC MRI for the quantitative assessment of PAOD sever-
ity [187–190]. Similar to Doppler ultrasound, the waveforms derived in locations 
superior or inferior to stenoses were being used to characterize the severity of PAOD 
[191, 192]. In a similar fashion, 4D flow MRI can be applied to the peripheral arter-
ies, but only few studies have been reported to date. Application of this technique in 
the lower extremities has been limited to a single study which evaluated the iliac and 
proximal femoral at 3T [193]. Limitations of 4D flow in the extremities include the 
large anatomical coverage needed for vessel assessment, small vessel size (specially 
in distal vessels), and thus long scan times to achieve sufficient spatial resolution 
and SNR. Future research is warranted to extend previously published feasibility 
results to longitudinal and comparative studies investigating the potential impact of 
4D flow MRI in PAOD.

 Future Directions and Conclusions

Recent developments related to highly accelerated 4D flow MRI have resulted in 
increased flexibility for the application of 4D flow MRI with reduced scan times 
and/or increased spatiotemporal resolutions. These developments have led to more 
widespread applications of 4D flow MRI, but further improvements in spatial reso-
lution for the reliable quantification of vascular hemodynamics near the vessel wall 
or in small arteries affected are needed. 4D flow MRI acquisition at higher field 
strengths, e.g., 7T, and the associated increase in signal-to-noise ratio is promising 
in this regard. Studies have demonstrated that 7T 4D flow MRI allows for more 
detailed visualization of 3D velocity fields compared to 3T in the brain [125, 194] 
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and the aorta [195, 196]. However, 7T scanners are expensive and need tailor-made 
equipment and specialized operator expertise, which can hamper its clinical appli-
cation. As an alternative, 4D flow image quality and velocity dynamic range can be 
improved by dual- or multi-VENC flow encoding. By combining a low-VENC 
acquisition with phase unwrapping guided by a simultaneous high-VENC acquisi-
tion, aliasing-free images can be acquired with high velocity-to-noise ratio [197]. 
By interleaving the high- and low-VENC acquisitions in combination with imaging 
acceleration techniques, dual-VENC 4D flow MRI has shown promise for detailed 
velocity measurements for neurovascular and aortic applications [198, 199]. 
Alternatively, additional velocity encoding steps further improved velocity-to-noise 
ratio, and velocity unwrapping can be added to standard acquisitions at the cost of 
extra scan time [27, 200, 201]. These methods showed improved aortic and neuro-
vascular blood flow velocity visualization [202, 203].

PWV and WSS quantification are promising markers of vessel wall abnormali-
ties but require laborious and time-consuming manual placement of analysis planes 
or segmentation of the 3D vessel lumen. To make 4D flow MRI data analysis more 
time-efficient, several groups have developed methods to automate these processing 
steps. For example, Bustamante et al. used advanced atlas-based methods for time- 
resolved aortic segmentation and plane placement [204]. The centerline of a 3D 
aortic segmentation can subsequently be used for automatic plane placement [151]. 
For 3D segmentation of the intracranial vasculature, highly automated algorithms 
were developed [205].

In conclusion, 4D flow MRI is a highly versatile technique which can be 
employed to derive important clinical parameters such as pulse wave velocity and 
wall shear stress in a large range of vessel wall diseases. Many studies have shown 
the additional value of 4D flow MRI in a clinical setting, but the methodology is still 
limitedly used for diagnosis or treatment planning in cardiovascular disease world-
wide. Current and future efforts in the field are dedicated to the acceleration of the 
acquisition and the automated processing of the data, with the ultimate goal of 
developing 4D flow MRI in a widespread, easy-to-use clinical tool for vessel wall 
disease assessment.
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Chapter 17
Computational Fluid Dynamics 
for Evaluating Hemodynamics

David Saloner

 Overview

Blood flow in vessels plays an important role in the physiological response of the 
vasculature in health and disease and in preserving the function of the end organs. 
While many of the descriptors that are important in evaluating the health of a vascu-
lar territory are well established, many others remain the domain of active investiga-
tion. The ability to establish the relationship between adverse hemodynamics and 
patient outcome has dramatically improved with the advent of robust high- resolution, 
noninvasive imaging measures of the local disease in the vessel wall, the prevailing 
flow conditions, and the status of the end organ. However, establishing causal con-
nections between hemodynamic descriptors and physiological impact requires 
detailed knowledge of the spatial and temporal distribution of those descriptors. 
Computational Fluid Dynamics (CFD) methods are well suited to this task. The 
ever-increasing power of computational platform resources permits simulations of 
appropriately complex anatomic models in manageable compute times. In this 
chapter, the assumptions that underlie the CFD modeling approaches that are widely 
used in describing flow in the human vasculature are discussed. A description will 
be provided of the computational pipeline. Finally, examples of applications to 
patient-specific conditions will be presented.
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 Assessing the Velocity Field

In the same way that the motion of solid objects in space is described by Newton’s 
equations of motion, fluid flow is described by the Navier-Stokes equations which 
include pressure terms and the fluid viscosity [1]. These equations can be used to 
describe fluid flow in a broad range of conditions including external flows (e.g., air 
flowing around the exterior of a vehicle) or internal flows (such as blood flowing in 
a blood vessel.) However, it is not possible to provide analytic solutions for the 
Navier-Stokes equations for any but a few limited geometries and conditions. For 
this reason, most practical approaches to describing details of hemodynamics rely 
on numerical simulations, referred to as Computational Fluid Dynamics (CFD). 
Initial CFD studies were developed in an era of limited computational power and 
used rudimentary numerical schemes. In the early applications of CFD to the study 
of vascular physiology, idealized representations of relevant anatomical structures 
were used [2]. Those began with 2D models which, while informative about impor-
tant hemodynamic features, failed to capture important effects from secondary flow. 
The limitations of those models were recognized early on as the dominant role of 
geometry in governing critical features of hemodynamics became increasingly 
apparent. Extensions of the idealized models were developed to provide fully three- 
dimensional representations but were of limited use for patient-specific analyses [3, 
4]. An example is presented in Fig. 17.1 of a schematic model of flow in the extra-
cranial carotid arteries. The model is based on representative values of the bifurca-
tion angle between the internal and external carotid arteries and uses typical values 

Fig. 17.1 A color-coded 
CFD-computed velocity 
field with high velocities 
encoded in red for a 
schematic representation of 
the extracranial carotid 
bifurcation. Slow 
recirculating flow in the 
bulb can be observed (blue 
region). A plot of the 
derived wall shear stress 
along the lateral wall of the 
internal carotid artery 
shows an extended area of 
low wall shear stress in the 
bulb from the point of flow 
separation (S) to 
reattachment (R)
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for the diameters of each vessel. General features of the flow in that territory include 
slow recirculating flow in the bulb of the internal carotid artery and a high velocity 
region in the medial aspect of the internal carotid artery. Planes transverse to the 
proximal internal and external carotid arteries are also useful to show those fea-
tures. Such idealized models became increasingly sophisticated with inclusion of 
compliant walls, features of wall disease, and modeling of varying blood viscosity 
properties [5, 6].

More recently, advances in computational methods have been included into com-
mercial solvers with much of that development being spurred by applications to the 
aerospace, auto, and other industries where flow conditions are significantly more 
extreme than in the human vasculature. These solvers are now sufficiently sophisti-
cated to readily incorporate realistic geometries and physiological flow conditions 
and can therefore be applied to patient-specific anatomy and flow.

 Imaging Approaches

The interest in utilizing CFD methods in considerations of hemodynamics in vascu-
lar disease is manifold. While there are a variety of methods for assessing important 
features of hemodynamics in vivo, these have relatively coarse spatial and temporal 
resolution and suffer from technical and physiological challenges. Ultrasound is 
noninvasive and relatively inexpensive and has excellent temporal resolution for 
determining the full spectrum of velocities in a fixed insonation volume. It has 
strong abilities for quantifying peak velocities in flow jets which can be used to infer 
the degree of stenosis. It is unable to similarly map the velocity field through a 
three-dimensional volume and, in many cases, is obscured by bowel gas, calcifica-
tions, or overlying bone  – as is the case for the brain. Furthermore, it is highly 
operator-dependent and is unsuited to measurement of volume flow. Catheter- 
injected angiography provides qualitative visualization of flow dynamics which is 
important for determining important physiological features such as vascular patency 
and the existence of collateral pathways. However, it is invasive and expensive and 
is not quantitative. MR imaging, particularly 4D Flow, has a number of desirable 
features: it is noninvasive and can depict the velocity field in space and time without 
limitations of overlying anatomy [7, 8]. This offers the possibility of determining 
derived descriptors such as volume flow and wall shear stress, the frictional force 
exerted by blood on the vessel wall. However, MR has moderate spatial and tempo-
ral resolution. Unlike ultrasound which determines the spectrum of velocities in the 
insonation volume, MR provides a voxel-averaged velocity measurement. Because 
of practical imaging constraints such as signal to noise ratios and acquisition times 
(which are often longer than 10 minutes), studies in a number of vascular territories 
are acquired with less than three or four voxels across the vascular lumen. The deri-
vation of critical parameters such as the wall shear stress rely on an accurate mea-
surement of the spatial gradient of velocities at the vessel wall, and MR-derived 
estimates of these measures must therefore be viewed with appropriate caution. A 
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major attraction of CFD methods is the ability to specify very high resolution in 
space and time and calculate velocity fields with resolution far beyond anything that 
is currently achievable with in vivo imaging methods.

 Computational Fluid Dynamics (CFD)

In most vascular territories and under a broad range of healthy and pathologic states, 
a numerical solution of the Navier-Stokes equations can be attained with limited 
and reasonable assumptions. While methods exist to accommodate each of the fol-
lowing, they are often neglected in conventional CFD calculations of hemodynam-
ics: the vessel wall is assumed to be rigid; blood is assumed to be a Newtonian fluid; 
and blood flow is considered to be laminar without the presentation of turbulence. 
With those assumptions, CFD calculations can be conducted if the surface boundary 
of the vascular structure of interest is specified, if the inlet flow waveform is defined, 
and if the outlet flow conditions are appropriately conditioned.

Vascular Compliance Returning to the major assumptions, the importance of 
neglecting vascular compliance is not fully understood given the difficulty in con-
ducting a simulation that includes wall motion – a so-called fluid-structure interac-
tion (FSI) problem [9]. Results of FSI compared to CFD with rigid walls indicate 
that neglecting compliance in a number of vascular territories (such as the intracra-
nial vessels) has little effect [10]. In other territories such as the aorta, larger differ-
ences are reported [11]. It is, however, difficult to assess the extent to which the wall 
motion is correctly incorporated into the FSI models given their reliance on unreli-
able in vivo imaging to condition their boundary values. Furthermore, in conditions 
such as atherosclerosis, aneurysmal disease, or in the elderly population in general, 
resorting to an FSI simulation is likely unwarranted since vessels lose their compli-
ance under those conditions, and conventional CFD methods are likely to suffice.

Newtonian Viscosity Fluid viscosity describes how the shear stress varies with 
changes in the shear rate, and if shear stress changes linearly with shear rate, the 
viscosity is constant. It is then referred to as a Newtonian fluid. Most CFD models 
assume that blood is a Newtonian fluid. There are in vivo situations where this con-
dition is violated. On one limit, when blood recirculates slowly, red blood cells can 
aggregate, resulting in an increase in viscosity. Regions of slowly recirculating flow 
can occur in regions of aneurysmal dilatation. There are a number of analytical 
formulas that can be incorporated into CFD solvers that attempt to provide more 
physical models of blood viscosity at low shear rates [12]. There are reports that 
these effects are relatively small. On the other limit, the viscosity of blood decreases 
substantially when passing through narrow (<300 micron) vessels when red blood 
cells move to the center of the vessel leaving only plasma near the wall of the vessel 
(the Fåhraeus–Lindqvist effect). These vessels are of the scale of arterioles and 
capillaries and are generally not of current interest for the determination of detailed 
features in their velocity fields.
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Turbulence The caliber and flow rates in healthy vessels are such that flow is lami-
nar with the components of blood moving along well-ordered and predictable tra-
jectories. Flow patterns can still be extremely complex with strong components of 
vorticity, but flow patterns remain highly predictable. As inertial effects, character-
ized by the product of velocity and vessel diameter, begin to dominate drag forces, 
characterized by viscosity, flow transitions from the well-ordered laminar condition 
to a more chaotic and unpredictable state and manifests as turbulent flow [13, 14]. 
Conditions that lend themselves to turbulent flow include flow distal to stenoses. 
Although velocities through the stenosis may increase dramatically, the reduced 
diameter can ensure that flow remains laminar in the stenosis throat. However, distal 
to the stenosis, high velocity persists in the flow jet which is now located in a region 
with a much larger diameter. Flow can then be turbulent with chaotic eddies being 
shed from the boundaries of the jet, generally accompanied by a dissipation of 
energy and an audible bruit [14]. Correct numerical simulation of this situation 
requires a far greater degree of complexity than is required for laminar flow. Models 
for including turbulence into CFD simulations range from imposition of some sim-
plifying assumptions such as in the most widely used model of turbulence, the 
k-epsilon model, where it is assumed that the turbulence viscosity is isotropic. 
Although inclusion of turbulence models into CFD analysis of blood flow in vessels 
is computationally expensive, commercial codes generally provide a k-epsilon 
model option [1, 15, 16]. More accurate simulations can be rendered using large 
eddy simulations [16] or an approach referred to as direct numerical simulation 
(DNS) [14]. An example of the manifestation of turbulence in a DNS simulation is 
presented in Fig. 17.2 for flow through an idealized model of an arterial stenosis for 
flow through a regular cylindrical vessel with a slightly eccentric stenosis represent-
ing a 75% reduction in cross-sectional area. This presentation of velocity fluctua-
tions shows a breakdown of the orderly flow in the flow jet into chaotic vortices 
several diameters distal to the throat of the stenosis. DNS simulations obtain their 
accuracy by directly computing all flow effects down to the smallest scales needed to 
accurately describe the relevant flow effects. They are thus extremely computation-
ally intensive, and, while important in regimes such as hypersonic flow over airplane 
wings, DNS is rarely used in application to physiologic flows. In situations of high 
flow rates, such as distal to stenoses, flow conditions can be such that flow is no 
longer truly laminar, and the physics of flow dictates that flow becomes transitional 
and finally manifests true turbulence. In that case, it is challenging, and sometime 

Fig. 17.2 A DNS simulation of flow in the longitudinal plane of a tube with a non-stenosed diam-
eter D, and a 75% eccentric stenosis by area. Streamwise velocity fluctuations are shown (x) along 
the length of the vessel (x) between 4 and 15 diameters distal to the stenosis. This map shows the 
transition from regular to complex flow as the flow jet breaks into vortical eddies. (Varghese et al. 
[14], reproduced with permission)
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impossible – even with an extremely high resolution – for code defined for laminar 
flow to converge to a stable solution, a situation that is manifested by increasingly 
long computational run times and inconsistent data. To avoid these types of compu-
tational failures, commercial CFD solvers are often constructed to include an artifi-
cial damping term which ensures that the solution remains stable. In that case, the 
user needs to realize that although a solution is generated, it is likely inaccurate, and 
appropriate caution must be used in drawing conclusions from those results.

In general, many physiological conditions of interest can be closely approxi-
mated by laminar flow through rigid-walled vessels with Newtonian viscosity. For 
those cases, conventional CFD simulations can then be applied to generate highly 
accurate estimates of the velocity field. However, in cases where those conditions 
are not met, in vivo imaging modalities, in particular 4D Flow MRI methods, pro-
vide the intriguing prospect of more accurately determining the velocity field than 
is possible with CFD as the true physiological behavior is inherently present on a 
patient-specific basis, and does not require modeling. In the remainder of this chap-
ter, we will restrict ourselves to a discussion of the application of conventional CFD 
to the analysis of hemodynamics in vivo.

 CFD in the Laminar Flow Regime

A CFD analysis provides a numerical solution of the Navier-Stokes equations, the 
governing equations of fluid motion. The key components required as input to the 
numerical model are a description of the lumenal surface of the vessels of interest 
and specification of the inlet and outlet flow boundary conditions.

Lumen Surface Patient-specific modeling requires in vivo images of the vessels of 
interest [17–19]. The resolution of the images must be sufficient to permit an accu-
rate representation of the associated velocity fields – preferably with greater than 
five to ten voxels across the vascular lumen. Achieving this is most challenging in 
regions of pronounced curvature such as at the neck of a saccular aneurysm or in 
stenotic vessels. For example, an 80% diameter stenosis of the extracranial carotid 
arteries corresponds to a residual lumenal diameter of little more than 1 mm. For 3D 
volumetric modalities (MRA or CTA), this provides at most 2–3 voxels across the 
stenosis. This is even more limiting in territories with stenoses of smaller caliber 
vessels such as the coronary arteries or the intracranial vessels. However, current 
imaging modalities provide 3D angiographic images of the vascular lumen with 
high contrast to noise ratio to the adjacent tissue and with adequate spatial resolu-
tion to support high-quality CFD in relatively smooth vessels whose caliber is 3 mm 
or larger. Segmentation of the lumenal surface from the 3D data set can then be 
performed and be provided as input into the solver for the geometric boundary con-
dition. Care is needed to avoid misrepresentations of important vascular features as 
in cases where aneurysmal bulges fold back into close proximity with the parent 
vessel. Unless the imaging modality has sufficient resolution, the two distinct 
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regions can appear to be merged into one volume. This is illustrated in Fig. 17.3 
where a rotational DSA study of an aneurysm of the internal carotid artery clearly 
identifies the aneurysm as a distinct saccular structure, whereas the lower resolution 
CE-MRA study merges aneurysm and parent vessel giving the appearance of a fusi-
form dilatation.

Flow Boundary Conditions In addition to specification of the surface geometry, it 
is important to provide suitable boundary conditions to define the inlet and outlet 
flow conditions. The inlet boundary condition is invariably provided by specifying 
the time-varying volume flow into the vessel of interest – optimally as measured 
in vivo at the corresponding location for the specific patient. If those are not avail-
able, idealized waveforms using representative volume flow values from the litera-
ture are often used. In order to have a realistic spatial distribution of velocities 
across the lumen, the inlet vessel can be extended proximal to the patient-specific 
domain a sufficient length to ensure that flow is fully developed. More complex 
models of inlet flow conditions have been formulated to account for cardiac dynam-
ics [20]. Specification of the outlet boundary conditions depends on whether flow is 
monophasic or triphasic indicating the presence of a reflected wave as in the infra-
renal aorta. For monophasic flow, it is sufficient to describe the outlet boundary 
condition by specifying zero pressure at the outlet. For locations where there is 
retrograde flow, more complicated modeling of the outlet conditions is required. 
The presence of retrograde flow indicates the presence of a compliant reservoir in 
the peripheral vessels or the distal vascular bed that is the source of the pressure that 

Fig. 17.3 Impact of acquisition resolution. CFD-calculated pressure distribution in a distal inter-
nal carotid artery with a cavernous segment aneurysm. Left: pressure map using surface segmenta-
tion from a rotational DSA study with 0.2 mm isotropic resolution clearly shows the separation 
between distal ICA and the aneurysm. Right: pressure map using surface segmentation from a 
CE-MRA study with 0.7 mm isotropic resolution fails to correctly resolve the inferior aspect of the 
aneurysm
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drives the retrograde flow. Among the approaches used to model the outline bound-
ary conditions has been the use of an electrical circuit analog of the downstream 
vasculature that consists of a resistance (R1) connected in series with a parallel 
combination of a second resistance,(R2), and a capacitance, (C) [21–24]. Care is 
required to appropriately model the values of the resistances and capacitance to 
ensure that the appropriate triphasic outlet waveform is reproduced [25]. Evaluations 
have been performed to investigate the sensitivity of computed flow fields to differ-
ent models of the outlet flow conditions [26]. Models have also been developed that 
compare flow conditions under different physiology, such as different exercise regi-
mens [24].

 CFD Computational Framework

The computation of the velocity field for a patient-specific representation begins 
with a segmentation of the vascular surface from in vivo imaging. The marching 
cubes algorithm can be used to render the segmented surface of the lumen as a 
polygonal (triangular) mesh [27]. In CFD the Navier-Stokes equations are solved at 
a number of discrete points within a defined computational domain, and it is there-
fore necessary to create a mesh whereby the fluid volume is discretized into cells 
[28]. A variety of different techniques have been formulated to perform these simu-
lations with both finite difference and finite volume methods having enjoyed wide 
use [29]. In both cases, the computational domain is resolved into a network of 
nodes and elements. The finite element method utilizes approximations of deriva-
tives using the Taylor expansion and requires a structured mesh that is uniform and 
highly regular. It is therefore inflexible and difficult to implement for realistically 
complex geometries and the finite volume, which is more flexible is more com-
monly used. The finite volume method converts the governing equations into alge-
braic equations that can be numerically solved over discrete control volumes 
throughout the computational domain. Average values for each cell are calculated 
by computing fluxes through the cell faces. Conservation of physical properties is 
ensured as the computational algorithms enforce that flux into the cell element 
equals the flux out of the cell. With this approach it is no longer necessary to solve 
on a uniform structured mesh. Semiautomated tools for generating unstructured 
meshes now exist that can create the computational nodes needed with a specified 
mesh density [30]. The use of increasingly finer meshes ensures not only better 
resolution of the structure of the flow fields but inherently more accurate [31]. 
However, computational times can become prohibitively lengthy if the mesh density 
is excessive. On the other hand, if the mesh density is insufficient, computational 
errors can result. In order to have high confidence in the CFD results, it is important 
to incrementally refine the mesh density to ensure that the calculated velocity fields 
converge to an acceptable residual error [32]. Careful construction of the mesh can 
serve to provide a compromise between high accuracy and speed of computation by 
prescribing variable mesh density. High-density mesh elements can be prescribed 

D. Saloner



339

where these are most needed, such as at locations of high surface curvature or irreg-
ularity or close to the vessel wall where gradients of velocity must be determined to 
provide rigorous estimates of wall shear stress [33]. On the other hand, velocities in 
the center of low-curvature segments of a vessel are expected to vary smoothly, and 
low mesh densities can be used there. An example showing a spatially adaptive 
mesh designed to provide increased accuracy in regions requiring higher sensitivity 
is shown in Fig. 17.4.

 Application to Vascular Disease

The great promise of methods that provide quantitative hemodynamic measures 
lies in the potential of those methods to serve as biomarkers for the increased likeli-
hood of disease progression [34]. If, indeed, hemodynamic forces are drivers of 
disease evolution over time, it is reasonable to assume that a careful analysis of 
hemodynamic descriptors could serve to identify, on a patient-specific basis, indi-
viduals who are likely to show rapid disease progression and others where the 
condition is expected to remain stable over time. Extensive work is being actively 
pursued to establish the relationship between hemodynamic descriptors and disease 
progression. Those studies can be quite challenging in cases where the disease 
condition does not have high prevalence, where the disease evolution is slow and 
potentially occurring over decades, and where rigorous clinical outcomes – such as 
aneurysm rupture – need to be established. This analysis is further complicated by 

Fig. 17.4 Mesh generated 
through the volume defined 
by the surface segmented 
from an MRA study of the 
transverse and sigmoid 
sinus of a subject with 
venous diverticulum. A 
spatially varying mesh is 
defined with high mesh 
density proximal to and 
through the diverticulum 
and with low mesh density 
in the more uniform 
segment of anatomy

17 Computational Fluid Dynamics for Evaluating Hemodynamics



340

the wide variety of secondary descriptors that can be, and have been, postulated to 
be the critical markers. These descriptors include intravascular pressure; zones of 
jet impingement; wall shear stress (which can be further investigated in terms of 
peak wss, mean wss, or OSI – the oscillating shear index which characterizes the 
variation of wss through the cardiac cycle); presentation and number of vortices; 
and the extent of the deposition of turbulent kinetic energy – to name a few [18, 
35–39]. Insights into the roles of the different descriptors do not necessarily need 
to be based solely on clinical outcomes (such as stroke or myocardial infarction) 
but can be gleaned from longitudinal imaging studies where evolution of vascular 
geometry can be detected [19]. Figure 17.5 presents results from a study where a 
patient with an untreated aneurysm of the anterior communicating artery was fol-
lowed with noninvasive CE-MRA at 6-month intervals for a total of four imaging 
sessions. The sequential studies are spatially colocalized and visualized with a 
transparent mesh showing a near doubling on volume of the aneurysm over an 
18-month period. Also shown are the CFD-computed flow streamlines (presented 
for the final imaging timepoint) and the derived wall shear stress map. In this case, 
the region of pronounced growth is seen to colocalize with the region of low wall 
shear stress.

As noted above, an alternative to CFD is to directly measure the velocity field 
using 4D MR Flow. While that approach circumvents the need to develop the 
entire computational pipeline, it faces the inaccuracies of the acquisition, specifi-
cally the limited spatial and temporal resolution. These differences can be noted 
when comparing visual representation of streamlines from CFD with those from 
4D Flow for the same geometry. Streamlines are a common method of displaying 
qualitative visualizations of the prevailing flow and are created at fixed points of 
time in the cardiac cycle by tracing out the path followed through the domain as 
dictated by the velocity field. To the extent that there is limited resolution of incon-
sistencies in the predicted velocity field, streamlines will follow irregular paths 
and will have variable filling of the flow domain. Figure 17.6 shows streamlines 
generated from a CFD simulation based on a CE-MRA acquired from a patient 

Fig. 17.5 CFD in a growing aneurysm of the anterior communicating artery. Left: four serial 
MRA studies show interval growth from baseline (blue) to 18-month follow-up scan (red). Center: 
flow streamlines generated from CFD-computed velocity field shows strong recirculating flow in 
the aneurysm. Right: wall shear stress map from CFD-computed velocity field shows low wall 
shear stress (deep blue) colocalizing with region of observed growth
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with three aneurysms of the internal carotid artery and from a 4D Flow study on 
the same patient. The CFD-based streamlines are smooth and uniform, whereas the 
4D Flow-based streamlines are noisy.

There is a great deal of interest in using CFD to investigate the effects of 
planned interventions [40]. To the extent that the intervention makes significant 
changes to flow conditions, this is clearly a situation where pre-treatment imaging 
plays little role. On the other hand, CFD can be used to estimate what the probable 
results of surgical interventions might be [41, 42]. The validity of such predictions, 
however, depends importantly on the boundary conditions that will exist following 
surgery. In certain cases, reasonable assumptions can be made based on consider-
ations of normal physiology, as for example in a planned bypass procedure where 
it is expected that the intervention will restore normal flow to the distal organ. 
Other considerations include using vessel caliber of the targeted bypass implanta-
tion site as a predictor of what the likely flow into that vessel will be. In other 

Fig. 17.6 Study of a patient with three aneurysms of the internal carotid artery comparing stream-
lines from CFD simulations with those from 4D Flow demonstrating that CFD is noise-free. Left: 
streamlines generated from the CFD-calculated velocity map based on the boundary conditions 
from the in vivo CE-MRA and the flow waveform measured with 2D PC-MRI in the proximal 
ICA. Right: streamlines generated from a 4D Flow PC-MRI study
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scenarios, predictive simulations are better able to incorporate the actual geomet-
ric and functional morphology that will result from intervention. Examples are 
simulations that have been performed to evaluate the impact of deploying different 
numbers of coils to treat an aneurysm [43], or others that estimate the likelihood 
that a flow-diverting stent deployed through a fusiform aneurysm will reduce flow 
into the aneurysm sac thereby promoting thrombotic occlusion of the sac [44–47]. 
In that case, the flow boundary conditions following treatment can be clearly 
defined, and the geometry of elements of the deployed stent  – which is well 
known – can be included in the simulation. Figure 17.7 shows modeling of planned 
treatment in a fusiform aneurysm. Not only is CFD able to predict the pressure 
distribution in the presenting anatomy prior to intervention, but careful inclusion 
of the detailed geometry of the deployed flow-diverting stent permits prediction of 
the flow streamlines and pressure map in the vasculature following stent deploy-
ment. This example shows a strong reduction of flow into the aneurysmal sac 
through the pipeline walls.

An additional strength of CFD is to explore flow conditions across a range of 
conditions that are not amenable to variation in vivo [48, 49]. Vortical flow has 
been postulated as a contributor to audible sound in patients with pulsatile tin-
nitus. In vivo assessment of flow is able to establish the presence of a strong 
component of vorticity inflow in the bulb of the jugular vein. However, the extent 
to which the relationship between the geometric structure of the bulb and the 
total volume flow through the vein plays a role in determining the presence of 
flow vorticity is unknown. CFD can be performed for the given geometry but 
with incremental reduction of the inlet flow conditions from what presents in vivo 
until a flow rate where the vorticity is no longer detected. This is illustrated in 

Fig. 17.7 CFD calculation of a simulation that models deployment of a flow diverter stent in a 
distal ICA aneurysm. Left: CFD-calculated pressure map in the untreated aneurysm. Center: 
streamlines calculated with modeling of the deployed flow diverter. Right: CFD-calculated pres-
sure map for the simulated treatment
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Fig. 17.8. Flow streamlines were calculated for the geometry and inlet waveform, 
as detected from CE-MRA and 2D phase-contrast MRI, respectively, in the jugu-
lar vein of a patient with pulsatile tinnitus. In addition, the volume flow was 
reduced in simulation until the vortical flow disappeared showing, in this case, 
that the vorticity was largely dominated by the flow geometry and was only 
absent at very low flow rates.

The high fidelity of CFD data permits the use of advanced algorithms for extract-
ing features of flow that are not immediately available from the calculated velocity 
field [50]. An additional metric that is of interest in vascular disease is the potential 
for flow conditions to result in intraluminal thrombus deposition [44]. A convenient 
metric for that is the particle residence time. Particle residence time bears some 
similarities to the passage of contrast material injected intra-arterially during 
dynamic catheter angiography runs, particularly in the late phase as the contrast 
washes out. It is possible to utilize the data generated by the CFD-calculated veloc-
ity field to create a visualization of what the expected wash out of material in the 
modeled geometry will be, and hence, in effect, display the particle residence time. 
Figure 17.9 is a series of estimated contrast distributions in a fusiform aneurysm of 
the vertebral-basilar system following complete opacification of the territory. Serial 
time windows show the contrast as it is transported out of the vessel.

Fig. 17.8 Flow streamlines generated from CFD for flow through a patient-specific model of the 
jugular vein. This demonstrates the ability to explore flow conditions in simulation that do not 
present in vivo. Streamlines are displayed with incremental adjustment of the inlet flow from a 
slow flow rate on the left to the flow rate measured in vivo, on the right. A strong rotational com-
ponent of flow is visualized in the jugular vein at all conditions apart from the slowest (and highly 
non-physiologic) flow rate on the left

17 Computational Fluid Dynamics for Evaluating Hemodynamics



344

 Conclusion

Computational Fluid Dynamics is a powerful methodology for providing highly 
accurate estimates of the hemodynamics on a patient-specific basis. This approach 
will remain the gold standard for defining velocity fields until in  vivo imaging 
modalities attain greater resolution than they currently provide. CFD can be used to 
generate biomarkers that can be used to assess the risk posed by vascular dysfunc-
tion on a patient-specific basis. Commercial codes are available that are suitable for 
application to in vivo physiology. Current CFD models make important assump-
tions, and care should be taken when relying on CFD-generated data to evaluate the 
extent to which the actual in  vivo conditions are consistent with the underlying 
assumptions. Finally, CFD presents the potential to model the hemodynamic out-
comes of planned vascular revisions, providing the treating surgeon with quantita-
tive data on which to base their treatment.
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