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Abstract
This review encourages the reader to consider cerebral vascular disease beyond the traditional
clinical end points of major motor and speech strokes and to consider the possible impact of
embolic cerebral vascular disease on vascular cognitive decline. The paper examines the issue of
“silent” strokes in the relationship between the structural stability of atherosclerotic carotid plaque
and the development of nonmotor symptomatology, including cognitive decline. It addresses the
question of the role of carotid emboli in “silent” stroke and their cognitive sequelae. In a study of
endarterectomy patients, we relate plaque elasticity and its development of mechanical strain
features and thinning of stabilizing fibrous cap at the point of these mechanical strain features. The
possibility that microemboli from such mechanically unstable carotid plaques could contribute to
“silent strokes” lead to a study of cognitive function in such patients. A linear relationship
between the process of mechanically unstable areas of carotid plaques and cognitive decline
suggests a contributory role for such a process in “silent strokes”.

Keywords
aging; atherosclerosis; carotid endarterectomy; cognitive decline; dementia; stroke

This review is meant to encourage those involved in the treatment of cerebrovascular disease
to look beyond traditional clinical endpoints of motor and speech stroke. Our study
examines the relationship between the structural stability of carotid atherosclerotic plaque
forming at the bifurcation of the common internal/external carotids and the symptomatology
of such lesions. The theory behind this body of work is the hypothesis that carotid
atherosclerosis stroke presents not only as a classical episodic clinical condition, but may
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also involve elements of a continuous process involving large and small vessel circulations,
microcirculatory changes, cellular metabolic resistance to ischemia and micro embolic
events. Recent studies suggest for every recognized clinical stroke, 5 silent strokes take
place1. The patient implications are enormous as modern imaging suggests 11 million “silent
strokes” occur yearly in the US with poor understanding of the pathophysiology or cognitive
consequences for our patients2. Within this framework, we choose to study the hypothesis
that carotid artery atherosclerosis is likely to cause microemboli, as well as, classic
macroemboli, which may result in more subtle disturbances than those ordinarily detected
by more obvious clinical events such as stroke and transient ischemia attacks. Understanding
the structural plaque abnormalities, which render a carotid plaque unstable and at risk of
embolization would help to predict and treat individuals who are likely to suffer not only
classic episodic major strokes, but also cognitive impairment from the contribution of
microemboli to this overall disease process. We have previously described a non-invasive
ultrasound based measure of plaque structure to investigate this possibility.

In the review we consider the strong possibility that the cumulative effects of potentially
preventable “silent strokes” may have measurable functional sequelae primarily as noted in
decreased executive function. Such processes synergistically lead to progressive dementia in
concert with other pathophysiologic causes such as hypertension, diabetes and Alzheimer’s
disease. The presentation of stroke often takes place due to the presence of atherosclerotic
disease which may be embolizing even when total brain flow rate is maintained by collateral
vessels. The possibility that a component of the pathophysiology such as unstable
atherosclerotic plaque may be noninvasively detectable calls for further study of brain
changes, plaque structure, and the frequency of emboli in patients at risk. Stabilizing such
plaques, whether medically with antioxidants, dietary, or surgically by structural
stabilization by stenting or excision of the plaque by endarterectomy, all may be testable
hypotheses as we increase our understanding of the scope and breadth of cerebrovascular
disease.

Carotid Atherosclerosis
Carotid artery atherosclerosis and its relationship to stroke have clinically been an area of
considerable research focus due to the devastating effects of artery to artery emboli and the
potential for diagnostic and therapeutic advances. Indeed, the accessibility beneath the skin
of the neck of this source of stroke to noninvasive study has allowed the opportunity for far
greater understanding of the pathophysiology of stroke disease processes. A major endpoint
of most carotid atherosclerosis studies has been major clinical stroke3 manifested generally
by motor, sensory, speech and vision deficits. Due to the eloquence of individual regions of
the brain, this has allowed us to understand the focal presentation of major carotid embolic
disease. It, however, has not lent itself to increased understanding of the role of carotid
atherosclerosis in microembolic disease which may present as a diffuse load of difficult to
detect microemboli.

Several lines of evidence suggest that in carotid atherosclerotic disease, brain atrophy and
vascular cognitive impairment may be related, suggesting that symptomatology may exist
far beyond the clinically recognized visual, sensory, motor or speech deficits of transient
ischemic attacks (TIA) and fixed stroke4,5. Doppler studies searching for carotid emboli
distal to symptomatic carotid plaques, suggest that at the time of presentation with a motor
TIA, multiple other clinically unrecognized emboli are passing to the brain4. Studies of
coronary surgery patients have measured a significant number of cerebral emboli occurring
up the carotids during these procedures and have documented multi-factorial cognitive
decline in the post-operative patients as compared to preoperative cognition5. Leukoariosis
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white matter changes are particularly frequent in patients with dementia and stroke6 and are
associated with a particularly bad outcome in patients with symptomatic carotid stenosis6.

It is clear that ischemic cerebrovascular disease is a complex process with contributions
from macro and microemboli, large and small vessel occlusion and small vessel regeneration
within the target organ. These processes are likely to be related by the basic promoters of
vessel degeneration which include inflammation, atherogenesis, vascular recruitment of
macrophages, lipid deposition and neo vascularity of the walls of these vessels. We have
previously published studies suggesting that understanding of the presence and importance
of these processes can be aided by a careful analysis of the genetic up-regulation which
heralds the development of symptomatology within atherosclerotic plaques7,8. While the
processes of atherogenesis in vascular degeneration are systemic throughout the body, the
carotid bifurcation provides a particularly accessible site in vivo in which we may
noninvasively examine the plaque, recover the specimen in life through carotid
endarterectomy and perform genetic and immunochemical and histological examination of
the disease process to use these results as predictors for future pathophysiology.

Silent Strokes and Vascular Cognition Decline
What causes silent strokes? The logic behind the study of vascular cognitive impairment,
carotid plaque instability, microemboli, and brain imaging is an attempt to increase our
understanding of the pathophysiology of one important cause of silent strokes. In 1998 it
was estimated that in the United States there were 770,000 clinical cerebrovascular
accidents. At the same time, imaging studies suggested 9,440,000 silent strokes and
1,940,000 micro hemorrhages2. Other studies have suggested that for every one clinical
stroke recognized, five silent strokes take place1. The importance of these 11 million silent
strokes and their cumulative effect on patients is only now being recognized. Indeed, only
thirteen percent of strokes are preceded by a clinical warning, such as classical TIAs. The
need for improved risk profiling and early intervention is obvious. Accumulating evidence
suggests that these silent strokes have a risk profile similar to those of the major strokes;
therefore, many may have the same embolic, macro and microvascular characteristics. The
data suggests that their presentation may be best understood by examination of cognitive
decline, especially regarding executive function. The relationship between cognitive
impairment and stroke is of vital importance. Sixty-four percent of stroke patients over the
age of 65 have cognitive impairment, not dementia but loss of executive function. One-
fourth of cognitively impaired patients over 65 have had a stroke9. One in three of people
over 65 go on to stroke and/or dementia and evidence suggests these two processes may be
linked10,11,12.

Functional loss after stroke is of vital importance for the patient, family and the quality of
life. Pathological studies suggest an equivalence even of classic Alzheimer’s and stroke
suggesting an interaction between stroke and dementia. This is present not only in executive
function decline, but also dementia. In the classic Nun study13,14,15, the pathological
changes of dementia were more common than the actual clinical presentation of Alzheimer’s
disease. That is, post-mortem changes were more common than pre-mortem dementia. Only
½ of Nuns with Alzheimer’s pathology had dementia; however, if their MRI suggested a
structural lesion of a stroke, dementia was far more common and if they had had a clinical
stroke, 93% of this subgroup presented with cognitive decline12,13,15. Animal studies have
further suggested that unilateral stroke may affect bilateral function, especially regarding
cognition. These clinical studies suggest that stroke may be a trigger in a patient susceptible
to Alzheimer’s. Elias’ studies16 suggest that the examination of cognitive testing, especially
decline in executive function greater than memory, is a predictor of stroke risk over the next
10 years. This suggests that an ongoing process, such as subclinical emboli, may be existent
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for some time in such patients. Steps such as ultrasound and Doppler may recognize early
on, not only the presence of the emboli, but also a potential source such as unstable carotid
atherosclerotic plaque. This may greatly increase our understanding of the pathophysiology
and also suggest future therapeutic interventions16.

Carotid Atherosclerosis Plaques and Emboli
Cerebrovascular disease is a major public health problem, which is only expected to increase
in future years as our population ages at an accelerated pace.

One important and quite plausible cause of both the imaged silent strokes and vascular
cognitive decline, is the loss of structural stability and breaking up of atherosclerotic plaque,
which over time may initiate the cerebral decline. We studied one important site which is
accessible for noninvasive examination that is carotid atherosclerotic plaque and tested the
hypothesis that the physical structural stability of plaque is measurable. When this stability
is disturbed, we hypothesize that it is related through increased emboli to a decline in
cerebral function. If this relationship is established, it opens wide frontiers for further
investigation of the pathophysiology and potential future prevention of such a devastating
disorder as silent stroke and vascular cognitive decline.

Imaging criteria for treatment until now has focused primarily on percent stenosis and
ulceration of the carotid vessel. However, the literature suggests that the process of
developing symptoms of carotid plaques mostly involves factors beyond the geometry of
such lesions. Thus, we must consider the biochemical, genetic and physical structural
properties of the plaques, which may predispose to clinical decline.

A series of studies have suggested that cerebral emboli as measured by transcranial Doppler
(TCD) may predict vascular cognitive impairment. In studies17,18, in patients with carotid
stenotic disease transcranial Doppler placed distal to the lesion and measured for a period of
one hour showed a bimodal distribution. The presence of measurable microemboli during
that time correlated with functional cognitive impairment suggesting a functional deficit
beyond that of traditional markers of stroke symptomatology.

Considerable debate remains regarding the cause of vascular cognitive impairment and brain
atrophy. Multiple cortical infarcts are believed to cause dementia19 and cerebrovascular
disease may increase the severity of classic Alzheimer’s disease19. However, studies have
suggested that this vascular component may be a result of cumulative microvascular changes
with white, gray and hippocampal volume loss over time being more important than specific
subcortical lacunes19. The primary microvascular process may be worsened by chronic
micro emboli. The suspected relationship of significant atherosclerotic carotid disease to
cognition suggests that the pathophysiology of cognitive decline may be influenced by a
microembolic process taking place in select carotid plaques above and beyond those
processes which produce large clinically recognizable strokes and TIAs. The need to look at
the pathophysiology of carotid atherosclerotic disease beyond simple parameters of degree
of stenosis or irregularity of surface has led us to look at the structural stability of these
plaques as a potential marker for risk of both clinically evident emboli as well as subclinical
microemboli.

Carotid artery atherosclerosis is a particular presentation of the larger systemic disease of
atherosclerosis which affects many organs. Although stroke is a major cause of death and
disability in the USA, many studies have suggested that symptomatically sensitive areas
such as the coronary arteries, the carotid arteries and the descending aorta have a stereotypic
pattern of plaque development, which is likely to be influenced by a wide variety of
modifiers20,21,22,23,24,25.

Dempsey et al. Page 4

Neurosurgery. Author manuscript; available in PMC 2011 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



In humans, carotid artery atherosclerosis is far more common than the major strokes, i.e.
sudden motor, sensory, visual and speech deficits, which clinicians recognize from carotid
embolic disease26,27. Proliferation of smooth muscle cells, formation of connective tissue,
cholesterol deposition, calcification and extravasation of inflammatory cells are all thought
to promote atherosclerotic plaque formation. Less is known about the factors that predispose
a given atherosclerosis plaque to become symptomatic. At the systemic level, smoking,
dietary lipid intake, diabetes, hypertension and infection might promote plaque maturation
and rupture28,29,30,31,32.

The clinically evident neurological deficits that follow stroke (i.e. motor, sensory, speech
and vision) have been used to classify the stroke and provide some information about the
prognosis and pathophysiology. Studies have suggested that a consistent increase in
atherosclerosis is seen with age and it may be studied by such noninvasive testing as
ultrasonic analysis of plaque at the carotid arteries3,33,34,35,36,37,38,39. The disease process
may be further modified by smoking, dietary lipid intake, diabetes, hypertension, and
possibly by other factors such as infection, inflammation, and flow
characteristics22,26,40,41,42,43,44. It is the latter, the distribution of local flow, which suggests
a particular vulnerability of the carotid bifurcation in the neck to atherosclerotic
development. The carotid arteries are extremely high flow vessels, as 20% of the cardiac
output is delivered to the brain mainly through these 4-5 mm diameter vessels. Flow is
therefore robust but remarkably laminar. This flow is disrupted considerably at the first
major flow divider, the bifurcation of the internal and external carotids of the neck. Long-
standing flow studies have suggested that turbulence here creates a back wall injury on the
internal carotid at its origin, at which point a constant process of repair and cellular activity
may be ongoing45,46,47,48. Local events significantly affect the progress of atherosclerosis.
Theories of atherogenesis suggest that plaque may form at this area and may be enhanced by
processes which increase local oxidation in the presence of abnormal circulating cholesterol
moieties49,50,51,52. We have studied these events for signature genetic markers7,8.

The clinical pathophysiology of carotid atherosclerosis had originally emphasized flow
stenosis. However, since the pioneering work of C. Miller Fisher, it has been suggested that
a second mechanism present in both the coronaries and carotids may be of great importance,
the mechanism of artery-to-artery emboli53,54. Because of the extreme eloquence of critical
regions of the cerebral vasculature, even moderate emboli may produce devastating and
clinically relevant consequences when arriving at the brain. At the same time multiple small
emboli may cause atrophy and multiple small infarcts that are not recognized as a single
event but rather as a progressive decline in function and cognition. Clinical trials of
treatments for carotid atherosclerotic disease such as, ACAS, the asymptomatic carotid
artery plaque study have taken the practical NASCET step of categorizing carotid
atherosclerosis by the degree of narrowing or stenosis of flow38,55,56,57,58. This has been
necessary to allow variable methods of measuring carotid atherosclerosis, angiography, etc.
to make meaningful comparisons of measurements. Nevertheless, each study has
emphasized the importance of emboli in the pathophysiology of clinical symptoms. Such
studies have led to the logical conclusion that it would be clinically important if physicians
could identify not only the presence of atherosclerotic plaques, but also those plaques which
are biochemically or functionally more likely to produce symptoms, generally by the
creation of emboli59. That is to say, can we clinically differentiate carotid atherosclerotic
plaques at greater risk of causing symptoms and then direct therapies towards those aspects
which predispose a plaque to becoming symptomatic?
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Structural Stability of Carotid Plaques
Structural stability of a carotid plaque is a result of its chemical composition, cellular
material and new vessel formation. The main components of atherosclerotic plaque are
connective tissue extracellular matrix, including collagen, proteoglycans, and fibronectin
elastic fibers; crystalline cholesterol, cholesterol esters, and phospholipids; and cells such as
monocytederived macrophages, lymphocytes, smooth muscle cells and new endothelial
lined vessels (Fig. 1). Atherosclerosis develops as lipid is laid down within the inner layers
of the artery wall. As the lipid pool enlarges, fibrin and calcium are incorporated within the
plaque. Due to the cellular components of the plaque it is not inert, but has a genetic
signature, metabolic needs and cellular representation which require its own
microvasculature. The structure of the plaque itself may be fissured by the neovascular
channels forming within this growing and metabolically active lesion. Rupture of the new
blood vessels within the plaque wall or blood entering from the lumen, secondary to
fissuring of the plaque, may result in hemorrhage and embolization of contents, platelets and
thrombus into the cerebrovascular circulation. All of these events may result in a measurable
loss of structural stability of the plaque60,61.

Elastic Properties of Plaque
Plaque vulnerability is determined primarily by the mechanical (elastic) properties of the
vessel wall and the plaque composition62,63,64. Various studies have indicated that the
pulsatile pressure induced due to blood flow may rupture the thin fibrous cap overlying fatty
tissue (or lipid rich lesions) on the plaque, which may lead to subsequent thrombosis62.
Techniques that are able to characterize the elastic properties of plaque may therefore
provide clinical information that may have a significant impact on patient care. Imaging of
tissue elastic properties using ultrasound has shown great promise in the detection of cancers
in the breast and prostate65,66,67,68,69,70,71,72,73, with several investigators using this
modality to examine vascular tissue properties73,74,75,76. Elastography is one of the methods
that have been used in imaging the elastic properties of tissue68,69,72,73. Characterization of
the plaque composition in vascular tissue may significantly help in the selection of
appropriate interventional techniques.

Features Leading to Embolization
Randomized clinical trials have attempted to address the problem of symptomatic vs.
asymptomatic plaques by utilizing tools such as measurements of ulceration by angiography,
magnetic resonance angiography, or duplex ultrasound Doppler scanning35,77,78. These
studies have not developed sufficient power to identify useful clinically predictive markers
for future plaque symptomatology other than the presence of a significant stenosis with or
without a prior ischemic event in the same vascular distribution.

It should be understood that the inability to make such correlations in the past may be due to
our restriction of symptomatology to classic stroke or death. It may also be due to the lack of
innovative ways to assess the plaque’s structural stability and histopathological
characteristics.

It has been shown that macroscopic intraplaque hemorrhage was significantly more common
in plaques removed from symptomatic patients21,79,80,81. This classified carotid plaques as
“hard” (predominantly composed of collagen or calcium) or “soft” (containing atheromatous
debris or intraplaque hemorrhage). In these studies, soft plaques were significantly more
common in symptomatic carotid lesions21,23. Some studies report gross macroscopic
findings, while others examine the tissue microscopically. Most of the previous studies have
noted the presence or absence of specific features, but not in quantifiable terms. Intraplaque
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hemorrhage may lead to the development of clinical neurological symptoms if this process
then ruptures into the luminal region of the artery24. Thinning of the fibrous cap, which
usually functions to stabilize the luminal surface of the plaque, foam cell infiltration of the
fibrous cap, and an inflammatory infiltrate all predispose the fibrous cap to rupture, for
which there are strong correlations with symptomatic carotid artery disease59,82,83. It
appears that plaque instability is a major factor in the development of thromboembolic
events but a noninvasive method of measuring this has not been well established.

Other theories such as examining excised plaques for ulceration, inflammatory changes, age
or lipid composition, have not clearly identified those factors which predispose plaque to
symptomatic embolization20,48,84,85,86,87. However, these prior studies may not have had
the power to arrive at these conclusions. A further explanation may be that molecular and
biochemical mediators, as yet unidentified, are the factors which are predisposed to such
changes.

Gene Expression in Symptomatic Carotid Atherosclerosis
A series of experiments have been done in our laboratories to establish the methodologies
and the logic behind the hypothesis relating measurable carotid atherosclerotic plaque
stability to embolization. In the first series of experiments we looked for differential gene
expression in symptomatic carotid atherosclerotic plaques that presented with clinically
recognizable symptoms as opposed to those patients who had not shown such major
symptomatology and therefore, were classically considered asymptomatic as in the
asymptomatic carotid stenosis study (ACAS).

There were ten patients in the genetic study. These patients are typical of the entire plaque
study and representative. Six were symptomatic (3 males and 3 females) and four were
asymptomatic (2 males and 2 females). The average age was 60 +/− 15 of the symptomatic
group and 63 +/− 10 of the asymptomatic group. All six of the symptomatic group had
presented with a stroke and none of the asymptomatic had symptoms. The mean degree of
stenosis was 73% in the symptomatic and 72% in the asymptomatic group. None of the
patients in either group had a cardiac infarction. In the symptomatic group, 4 were
hypertensive and 3 in the asymptomatic group were hypertensive. Both groups contain one
patient who was a diabetic. The only major clinical difference between the two groups was
the presence of symptomatology. Neuropathologic examination did not show a difference in
the typical characteristics of calcification, gross lipid hemorrhage or ulceration. Therefore
genetic differences between these groups suggest the presence of factors expressed in a
fashion beyond classic neuropathological examination.

Patients underwent preoperative evaluation imaging, which estimated the degree of stenosis.
Using Affymetrix human GeneChip microarray set we evaluated the plaque tissue from the
symptomatic and asymptomatic patients for the mRNA expression profiles8. __Of the
44,860 probe sets representing various mRNAs, 236 transcripts were expressed more
abundantly in the symptomatic plaques compared to asymptomatic plaques. Of these 213
(~90%) transcripts were those that code for proteins which control cell growth, cell
maintenance, cell adhesion and motility, signal transduction, organogenesis, nucleotide
metabolism, amino acid and protein metabolism indicating an active cell proliferation
process (Fig. 2). This indicates that carotid atherosclerotic plaques from symptomatic stroke
patients share the molecular fingerprints to develop in a neoplastic fashion7. The other
groups of transcripts expressed more abundantly in the symptomatic plaques are those that
control ionic homeostasis and those that participate in the progression of degenerative
neurological diseases (Alzheimer’s disease, ALS and Huntington’s disease) and epilepsy.
This indicates that symptomatic plaques are molecularly and biochemically more active than
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the asymptomatic plaques. It further suggests a possible gene expression relationship
between carotid atherosclerosis and later diagnosed degenerative neurological disorders
including cognitive impairment8.

Neovascularity with Carotid Atherosclerosis
Gene expression analysis also showed increased expression of many transcripts that are the
putative promoters of cell division and angiogenesis in the symptomatic plaque (Fig. 3).
This supports a strong possibility of increased microvascular formation in symptomatic
plaques over the asymptomatic plaques. In a series of patients we measured the density of
new vessels in the plaque of classically symptomatic and asymptomatic patients. The
median neo-vessel density (number of vessels/area) within the fibrous cap and the plaque
proper for plaques from symptomatic patients are significantly higher than asymptomatic
patients. This suggests that symptomatic plaques may be more prone to rupture and
embolization due to the changes in the vessels which fissure the fibrous cap88.

Plaque Strain distribution
Having established a potential mechanism by which a plaque may become physically
unstable based on our genetic analysis and the histopathophysiology of new vessel
formation, we then began to establish a reliable non-invasive measurement to study the local
strain distribution within the plaque itself, both ex vivo89,90 and in vivo61,91. By having the
opportunity to measure these parameters from endarterectomy patients we were able to
characterize this technology by comparison of noninvasively obtained preoperative data
followed by ex vivo analysis of the same plaque after its removal at surgery and
histopathological analysis with point by point comparisons of identical regions.

Elastograms of ex-vivo Plaque Tissue
Apparatus and Method—Surgically excised carotid plaque tissue was encased in a
gelatin cube mold with 80 mm sides and studied ex vivo using a 7.5 MHz linear array
transducer window length of 3 mm with a 75% overlap between data segments. Axial strains
in plaque tissue were evaluated over 114 Regions of Interests (ROI) from 44 patients were
plotted versus the ultrasound attenuation coefficient. This exhibits a linear relationship. This
data demonstrated ex vivo the ability to define regions of interest of friable plaque material
with ultrasound elasticity measurements60,89,90.

NEUROPSYCHOLOGICAL ASSESSMENT
Baseline Screening Prior to Surgery

A consecutive series of 25 preoperative carotid endarterectomy patients were administered a
mental status screening measure (Repeatable Battery for the Assessment of
Neuropsychology Status [RBANS]) that assesses cognitive status and executive functions,
immediate and delayed memory, language function, attention, spatial/construction skills, and
delayed memory. As a group, these patients showed substantial cognitive pathology prior to
surgery. It is likely that this profile of cognitive impairment underrepresents the degree of
pathology that would be revealed by more traditional cognitive assessment (Fig. 4).

Having obtained data for the maximum accumulated axial strain value61 in a series of pilot
patients, we then studied the neuropsychological status in a subgroup of patients undergoing
in vivo elastographical imaging for structural strain of their carotid plaques. These were all
patients with significant carotid atherosclerotic plaques as measured by NASCET and
ACAS criteria that presented both with and without major motor, sensory, vision or speech
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clinically recognizable symptoms and were scheduled to undergo carotid endarterectomy.
All patients underwent strain imaging analysis60,61 and neuro-psychological assessment.

In-vivo Strain Imaging
The maximum accumulated axial strain in plaque was estimated as an index of plaque
vulnerability to rupture. The presence of the high strain region (brighter region) corresponds
to plaque from the B-mode and color Doppler image in Fig, 5. For any given location,
variations in the frame strain and accumulated strain will be seen over the cardiac cycle60.
Greatest accumulated strain suggests greatest instability of plaque60.

In the context of the above pattern of general mental status decline described above, there
was a considerable degree of individual variability. To determine whether vessel strain was
associated with variability in neuropsychological status, the RBANS total score was
regressed on the maximum accumulated axial strain index for the 10 patients who had
undergone assessment of both cognition and strain. There was a significant correlation
between strain and RBANS total performance (p=.03), with higher strain associated with
poorer cognitive performance, the relationship depicted in Fig. 6. Inspection of additional
RBANS scales showed similar significant associations between strain and immediate (p=.
03) and delayed memory (p=0.3). Relationships were in the similar direction, but weaker
across tests of visuoperception, language and attention r’s from −.37 to −.31.

Discussion
The present state of our understanding raises several important pathophysiology questions of
regarding the circumstances under which carotid plaques become unstable. Several forces
are probably working in concert. The first is understanding that the plaque itself has multiple
components with active metabolism, cell division, and nutritional needs. This is especially
true of endothelium itself, which is serving to protect circulating blood components from
contact with the thrombogenic core of the plaque. Progressive increase in plaque
development will elevate that endothelium further and further from its vas vasorum. In light
of the genetic material presented here, it is likely that an angiogenic stimulus occurs
resulting in the new vessel formation which fissure the plaque itself. These in turn may
structurally serve to destabilize the integrity of the plaque as it pulsates. They additionally
can be a source of microhemorrhage within the plaque leading to sudden failure and
ulceration of the endothelium and instability of the plaque. Speculation exists as to the
relative contributions of brittle and soft plaque, especially if they result in an interface
creating instability with pulsation. At the same time, flow dynamics must be considered
which change dramatically as the plaque protrudes into the lumen. Velocity and turbulence
of flow also serve to denude vulnerable endothelium, exposing more thrombogenic material
to circulating blood components. This process is enhanced by the local inflammatory
process and migration of inflammatory cells to the lesion. Our local gene data suggests a
local alteration in immune function. The process of symptomatology, therefore, is likely to
be active with vascular and cellular components as well as the physical forces of pulsation
and vessel jetting. Treatment contributions therefore should also be multiple affecting the
physics of flow, the rheology of blood components, inflammation of the vessel wall,
genetics of vessel wall and thrombotic potential. These forces, as demonstrated in our work,
are regulated by definable genetic processes and local upregulation of genes which
orchestrate the process.

While this review concentrates on a source of microembolic damage to the brain, it is
important to note that the processes of neovascularity of the carotid plaque including lipid
deposition, angiogenesis and new vessel formation are very similar to that which is seen in
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brain parenchyma itself. It is unlikely that macro and microvascular forces work separately
but rather much more likely, that they represent a continuum of presentations driven by the
genetically determined response of the microvasculature to injury, inflammation, lipid
deposition and new vascular permeability. It is intriguing to speculate that future research
may systemically target both processes by understanding that the macrovascular changes
seen in a carotid plaque are themselves determined by microvessel changes within the large
vessel walls themselves. These commonalities of vascular biology may be most important
for future diagnostic and therapeutic endeavors of cerebrovascular disease.

CONCLUSION
These preliminary results suggest a direct relationship between increasing axial strain within
atherosclerotic plaque and decreased cognitive function. This is present in classically
symptomatic and asymptomatic patients. The relationship suggests that the processes by
which clinically recognizable major TIA or stroke symptoms of motor, vision, speech or
sensation are seen, may be inadequate to recognize those processes by which cognitive
decline take place. Hence, these high strain deficits suggest cognitive impairment whether
the patients presented with major motor symptomatology or not. If proven, this may suggest
that subclinical emboli from structurally unstable plaques are taking place for a much greater
time that clinically recognizable strokes and TIAs. These subclinical microemboli may
cause cumulative decline, which may in the future be measured by loss or atrophy of white
matter and hippocampal volume, as well as, by a clinical measure of cognitive defects. The
clear need is for ongoing carotid clinical studies of the role of unstable plaque and
microemboli in the pathophysiology of vascular cognitive decline. The recognition of such
pathophysiology in the establishment of a useful noninvasive diagnostic tool could direct
our medical and surgical treatments at an earlier stage in the disease by recognizing patients
at risk based on their abnormal structural elasticity strain measurements within their
vulnerable plaques.

Article Summary

In this article, the authors review the recent work regarding the symptomology of carotid
atherosclerosis and the diagnosis of vascular cognitive decline. Increasing emphasis is
being placed on the importance of the quality of life, especially regarding the cognition
and executive function of patients. With additional testing, it has become clear that some
aspects of this decline may be related to atherosclerotic disease, and therefore may be
amenable to preventive therapy. In this paper the authors discuss those aspects which
may cause silent carotid emboli to result from destabilized atherosclerotic plaques.
Looking at the genetic, anatomic, and physical features of atherosclerotic plaque suggest
that mechanically unstable areas of the carotid artery plaques may be related to vascular
cognitive decline. This suggests that further investigation of potentially treatable embolic
sources for multiple, small, or previously considered “silent strokes” would be a fruitful
area of future investigation.
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Figure 1.
Cross section of carotid atherosclerosis showing fibrous cap adjacent to the lumen. L =
Lumen FC = Fibrous Cap PC = Plaque
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Figure 2.
Gene ontological analysis of the biological functions of transcripts more abundantly
expressed in the symptomatic plaques showed a neoplastic phenotype.
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Figure 3.
Increased expression of genes that control angiogenesis in symptomatic plaque samples.
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Figure 4.
Age adjusted standard scores demonstrating a pattern of generally depressed mental status
across tested cognitive domains. Relationships were in the similar direction, but weaker,
across tests of visual perception, language and attention r’s from −.37 to −.31).
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Figure 5.
(a) B-mode gray scale ultrasound image, (b) 2-D elastogram, (c) B-mode with colorflow of
an in-vivo carotid artery with plaque visible near the wall of the vessel close to the
bifurcation. Note also the presence of turbulent flow around this region. Elastographically
strain here appears as a more friable or more likely to fracture region and is depicted as the
brighter region.
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Figure 6.
Plot of the RBANS total score versus maximum accumulated frame strain (single observer
measurement) over a cardiac cycle.
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