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Abstract

Noninvasive imaging and early identification of atherosclerosis is one of the most
important tools for the prevention of cardiovascular events. Coronary artery calcium (CAC)
scoring and stress echocardiography are widely used for the assessment of eoteryary
disease (CAD) and to stratify patients for their risk of experiencing adverse cardiac events.
Patients that have a low or intermediate pretest probability of CAD are at the greatest risk of
being misclassified and experiencing an unexpected éxntooked into whether carotid
ultrasound shared associations with CAC scoring. In a sample ahtemmediate risk patients
with no history of CAD we assessed relationships using Spearman correlation coefficients
between carotid plaque composition anddem with their CAC scores. We found that plaque
burden measures including total plaque area (TPA) and carotid intima media thickness (CIMT)
share a moderate and significant association with CAC score. Carotid composition measures,
including calcium and firous tissue content, did not align with CAC scores. This suggests that
carotid ultrasound plaque assessment may be useful for predicting CAC scores and the presence
of CAD, and that CAC scoring can underestimate the presence of soft plaques vulnerable to
rupture. To further understand how carotid ultrasound changes physician assessments of risk and
to identify barriers to implementing the tool for this population we surveyed staff cardiologists.
We identified that the presence of plague tends to increaseperceptions of patient risk
compared to stress echo alone. The majority of respondents reported that carotid ultrasound
would be feasible to add to all stresoes and/ould be useful when considering the initiation
of statin therapy. Our results suggest that the addition of carotid ultrasound to cardiovascular risk

assessment algorithms does have potential to identify subclinical atherosclerosis and inform



patient stratification. Using carotid plague measures may improve sensitivity and reduce the

occurrence of cardiovascular events in the low and intermediate risk population
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Chapter 1

General Introduction



1.1 Introduction - Atherosclerosis and the Etiology of Plaque

Atherosclerosis refers to the chrobigildup of plaque and stiffening of arterial walls
over time. The buildup of plague causes arteries to stiffen and narrow, restricting blood flow, or
can rupture and cause a clot. Though atherosclerosis is a systemic disease, the buildup of plaque
in distinct vasular beds cause specific manifestations. Plaque in the limbs is peripheral vascular
disease, in the brain is cerebrovascular disease, and of the arterial supply to the heart is CAD. It
is the most common caueé&globalmortality andis prevalent in approximately 1 in 12 Canadian
adults. The 2013 Global Burden of Disease Study reported coronary artery disease to be the
greatest contributor of global life years fost/hile the number of fatalities in highcome
countries is decreasing, atherosclerosis still accounts for a massive proportion of cost to the

healthcare system due to disease manifestations and compli€ations

1.2 Plaque Development and Composition

Atherosclerosis begins as a fatty streak and eventually develops into atheroma, or plaque,
which is a lesion of the arterial wall. This lesion is made up predominantly of cholesterol, lipid,
and inflammatory cells that accumulate between the endothelizndhthe adventitia
Endothelial dysfunction is generally accepted as the initiating step toward the development of
plaqué. This dysfunction refers to an increase in permeability of the endothelium, increased
immune cell adhesion, and reduced vessel dilation and anticoagul&oiothelial injury
allows for the infiltration ofow density lipoproteinl(DL) into the intimaimedial layer where it
is oxidized by free radical oxygen and nitrogen spééieDL oxidation stimulates further
adhesion and diapedesis of monocytes to the intimaf.vialmonocytes continue to

accumulatethey differentiate into macrophages, which target the oxidized LDL paftidles
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lipidl aden macrophages are called Af oamedael | so
layer of the arterial wall they create fatty streaks, which is the first physical manifestation of
atherosclerosi8. This process is predominantly regulated by monocytes, neutrophils, and
numerous proinflammatory cytokin€sResulting oxidative stress from the inflammatory

pathways encourages further atheroma development in a positive feedb&ck loop

A plaque continues to grow and mature over time. In eailytéomediate plaque
development, smooth muscle cells of the medial layer of the wall proliferate and migrate around
the fatty streak'. This allows stabilization of the lesion through the deposition of connective
tissue and matrix metalloproteina¥eJhe involvement of smooth muscle cells and extracellular
matrix creatinga fibrous cap on the luminal side of the plaque is defined as a fibrous plaque. A
fibrous plaque is moderately stable and unlikely to cause acute events at this stage, but remains
susceptible to continued growth and destabilizatithWhile a fibrous plaque may be unlikely
to rupture, it can still cause stenosis and ischemia of the downstream tissues, including
angina>*e,

Plaques that are made up of primarily fiborous and smooth muscle tissue are typically
stable and unlikely to rupture or ulcerdtd/ulnerable plaques, on the other hand, have features
such as a thin fibrous cap, large necrotic core, microcalcifications, and intraplaque
neovascularizatio®*®. Both advanced and developing plagues can undergo remodeling that
results in vulnerable features. The disruption of a vulnerable plaque is the most common cause of
an acute ischemic event like anyocardial infarctionil), stroke, otransient ischemic attack
(TIA)>20 Vascular remodeling is the process by which smooth muscle cells in the medial layer
of the arterial wall proliferate around a growing plaque. Positive remodeling results in the vessel

lumen retaining its size despite plaque buildup. While this maintéaas! flow and prevents
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ischemia, this can lead to thin arterial walls and is associated with a more vulnerable plaque
phenotype, as the fibrous cap and anchorage to the wall is Weak€onjointly, plaque
echolucency and large fatty cores have repeatedly been found to increase the risk of events
significantly and be associated with CRB3>24 Intraplaque neovascularization, or the

infiltration of microvessels into the plaque, is also emerging as a marker of plaque
vulnerability?®. Carotid intraplaque neovascularization has strong association with coronary
stenosis >70% and a risk ratio of 1.35 for predictingl89 eventpostangiographsp.

Similarly, calcium deposits found in carotid plaque also increase the nis&jof adverse
cardiovascular event8/ACE) and CAD, especially when considered in conjunction with plaque
height and f&t. Intraplaque neovascularization, echolucency, fibrous tissue, calcification, and

ulcerated surfaces can all be detected using ultrasdund

1.3 Risk Factors

Atherosclerosis is strongly impacted by modifiable risk factors. Aging, hypertension,
elevated cholesterol, smoking, and diabetes are among the most significant predictors of
atherosclerosis presence and subsequent MACE. Hypertension causes greater thteain
endothelial layer which promotes the sequelae of plague development. The majority of people
with subclinical atherosclerosis are also diagnosed with hypertension. The incidence of
vascularized and calcified plaques is associated with hypertéhstamtrolling hypertension
with medication is also associated with a reduction in plaque burden found on ultrasound, and a
lower incidence of MACE. Hypercholesterolemia is similarly a strong predictor of
atherosclerosis development. Elevated serum Isdtrongly associated with plaque burden and

other measures of atherosclerosis. One study of unmedicated patients found that hypertension
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seems to be associated with early progression by way of endothelrgl imhile elevated LDL
C is associated with advanced progression of plaques due to elevated oxidatitfe stress

Also associated with a pfiaflammatory environment and atherosclerosis development is
smoking, obesity, and diabetes. With regard to plaque composition, smoking appears to have a
bimodal relationship with plaque echogenicity, where cigarette smokerptred@minantly low
density origh-densityplaqueg’. This insinuates a multifaceted relationship with plaque
inflammation and progression and tobacco smoke. While this relationship requires further study,
it is known that smoking increases oxidative stress in human endothelial cells, which is posited
to play a role in atherosclerogisDiabetes also impacts macro and microvasculature in many
ways, hyperglycemiinduced oxidative stress and endothelial dysfunction being a maj&t one
Conjointly, obesity activates proinflammatory pathways that promote macrophagecafid T
accumulation in the arteri®s Altogether, cardiovascular risk factors tend to increase
inflammation, oxidative stress, and in turn endothelial dysfunction that primes the vessel for
plaque growth.

Finally, genetics also play an important role in the development of atherosclerosis, CAD,
and the risk of MACE. Heritability of the disease is estimated to be approximaté§o309.
Though inquiry into specific genes that play a role in plaque development is complex, numerous
loci have been identified to have modest efféctdpoproteins and hypertension in particular
have a strong interaction between genetic and environmental deteriftirfauntther, CAD and
cardiovascular events are strongly influenced by epigenetic mechanisms that determine how

environmental and genetic factors interact. It is y@sthblished that a family history of

cardiovascul ar di seas eskadfdegelpinf theamdt. THus, whilencr e as e
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genome sequencing is not yet refined for everyday implications with regard to atherosclerosis,

family history of events can give an % mportan

1.4 Clinical Implications of Atherosclerosis

Plaque buildup causes both acute and chronic ischemic compliéat®okh arehighly
prevalent, with 3.1% of American adults having hadlaand 4.1% living with angirfa
Narrowing of arteries can lead to letgrm insufficient blood flow, as in angina due to CAD. A
spontaneous plaque rupture, on the other hand, can cause acute ischemic events. Acute events
includeMI, stroke, and TIA, which can collectively be referred to as major adverse
cardiovascular events (MACE) Firsttime occurrences of such acute events make up the
majority of cardiovascular deaths. The high mortality of MACE emphasizes the importance of
early detection and prevention of atherosclef®4fs

When a patient is identified as currently experiencing MACE or being atrisiklof
MACE, invasive interventions are available to prevent death. For CAD, occluded coronary
vessels may be treated with an angioplasty, percutaneous coronary intervent)por(BClI
coronary artery bypass graft (CABG)These are all surgical optiotigt havevarying degrees
of invasivenessvith the goal of restoring blood flow to ischemic tissue. These procedures carry

significant risks of poor outcomes, especially when performed in emergernt’déses

1.5 Screening and Diagnosis
The gold standard for the diagnosis of CAD is coronary angiography. Angiography
involves introducing a catheter into the radial or femoral artery and threading it into the coronary

arteries to directly visualize the flow of dye through the coronary sy3teimidentifies the
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location and extent of stenosis and wall thickening. Angiography does present some rare but
relevant risks including infection and f41 Coronary angiography is also timensuming and

costly for hospitals. Considering direct, induced, and complication costs, invasive coronary
angiography is less cesffective when the proportion of positive findings is fwA large

proportion of coronary angiograms are negative for significant €Afurther, several studies

have reported that Mls are not always associated with the greatest stenosis on angiography. In
patients who had an MI within 3 years of their angiogram, 13% had no stenosi$’>%5@8%
beneficial to physicians and patients alike to improvetgseprobability predictions for

angiogram referrals to minimize cost and focus on primary prevention.

To stratify patients for angiography and medication, risk scores are the most widely
studied and recommended by guidelines. One of the most common in use in North America is
the Framingham Risk Score (FRS). The FRS classifies people as at low, internoediggh
risk of experiencing cardiovascular disease over the neyeafs. It takes into account age, sex,
HDL-C, total cholesterol, systolic blood pressure, smoking status, and diabetes status to
determine risk level. In general, <10% is defined asrisly <20% is intermediate risk, and
>20% is designated as high risk. A challenge here is that a proportion of low to intermediate risk
patients according to FRS will go on to experience an event and do have other risk factors, like
coronary calcium andhcreased carotid intirmmedia thicknes$4° The FRS provides
reasonable estimates, but does not take into account symptoms, ethnicity, family diistory,
lifestyle factors other than smoking. The FRS is an indirect measure of relative risk, but more
direct screening tests can offer further nuance to selecting patients for invasive angiography or

medication’.
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Stress echocardiography is a more direct screening tool for the assessment of CAD. It
uses ultrasound to visually assess changes in cardiac muscle dynamics under demand. The
exercise or medicatieimduced stress helps identify ischemic changes that acgherivise
obvious at a resting heart rate. Stress echo is recommended for patients with a moderate pretest
probability of CAD based on their FRS, family history, or sympfdn¥he use of stress echo to
select patients for angiography has led to better prognosis for patients with. Cfslvever,
many patients with a posie stress echo go on to receivieegative angiogram, thus there is
opportunity for further specificity and selectivityAs well, though the negative predictive value
of stress echo is high, this is reduced in patients with dyslipidemia, hypertension, and fiabetes
Stress echocardiography is a strong functional capastyoutis limited by frequency of
inconclusive studies and insufficient specificity.

A common screening tool for subclinical atherosclerosis is CAC sérifige CAC
score uses a chest computed tomography §€amnto identify and quantify calcified lesions
throughout the epicardial coronary system and derive an Agatston score based on weighted
density of calciurtf. CAC scores are associated with CAD and MACE oveyedrs
independent of other standard risk fact®ps. While stress echo alone hasemative predictive
value of 42% in excluding CAD, adding a CAC score has been shown to increase the negative
predictive value to 92%. CAC score used in combination with traditional risk scorebban
shown to improve risk prediction mod&lsCAC scoring has excellent intend intrareader
reproducibility?®.

However, the use of CT imparts a small amount of radiation unto the patient and is
therefore not ideal for repeated imaging to observe treatment effects or disease prégression

However, the majority of patients who receive a CAC score of O will go on to develop a score >0
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over the next 10 years, and so retesting intervalsfo§@ars have been recommerfdeGAC
scores increase an average of 25 points annually once a score >0 istetec®@ch e 6s CAC sc
does not regress, further | imiting % Fos use fo
example, statin therapy is simultaneously associated with an increase in CAC score over time
and areduced risk of MACE Thus, CAC score does not share
cardiovascular risk and must be interpreted in the context of other clinical factors. Secondly,
CAC scoringrequires the use of CT which requires additional resources and personnel already
facing enormous strain in the current COVI1D pandemic. The Canadian Medical Association
reports a significant backlog in CT scans found in all the provinces with an aeéi2®)é days
missed in the first wave of the pandemic afénginally, while more common in those with
severe CAC scores, cardiovascular events do occur in patients across the spectrum®f scores
Hence, alternative screening tools warrant investigation to ease this burden and expand the use of
calcium imaging in atherosclerosis.

Carotid ultrasound has emerged as another potential cardiovascular risk stratification tool
for the low to intermediate risk populatfSnLike CAC scoring, it is a direct measure of plaque
burden. Carotid ultrasound allows for the visualization and assessment of the arteoétiveall
common carotid artery, bulb, and bifurcation into the internal and external carotid arteries. This
site is one of the earliest locations that visible plaque can be found if present, which suggests
lesions in other vascular bé€lsThis point of bifurcation typically has turbulent blood flow,
which promotes endothelial stress and infaryhis site has been widely used for the prediction
of stroke and TIA, due to its proximity to the cerebrovasculat®@dit has also been proven to

share a link with CAD and atherosclerotic outcofhdsis also reasonably associated with the
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FRS. Carotid imaging is a good loftgrm predictor of Mf3. Carotid ultrasound is
reproducible, reliable, and well suited to repeated imaging over time.

Carotid ultrasound gives information on CIMT, plaque area, plaque height, plague score,
as well as the composition of each lesion. CIMT measures the extent of inflammation of the
innermost layer of the arterial wall. Increased CIMT has beensiwgdied ad is a moderate
predictor of CAD and MACE. High-risk CIMT in the 75th percentile for their agend sex
matched cohort can be identified even in patients with a CAC scoré #fl@que area, height,
and score are measures of the total burden of
Plague score is associated with MACE and to the development ofzerm&CAC scoré’6
Conversely, total plaque area and maximum plaque height have not yet been well substantiated
by research. Carotid ultrasound is unique because it not only assesses overall plaque burden, but
it can also give insight into the vulnerability of present ptadJnlike CAC scoring, carotid
ultrasound detects plaque of any compostfiéh Plaquevulnerability features like lipidich
necrotic core, echolucency, intraplaque neovascularization, and calcium deposits can all be
identified at the bedsid® This assessment can be done using an abbreviated scan taking an
average of 5 minutes for imaging and interpretation by experienced réa@éren its
convenience and multifactorial cardiovascular assessment capabilities, carotid ultrasound is

worth further investigation into how it may be incorporated more widely into practice.

1.6 Hypothesis, Aims, and Objective
We sought to investigate associations between the CAC scooauantid ultrasoundTo
the best of ouknowledge, no prior direct pawise associations have been made between carotid

plaque composition and CAC score. We hypothesized that carotid plague burden, %Calcium,
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and %Fibrous tissue will be correlated with CAC score. Our primary aim was to determine if
there is a correlation between carotid plaque composition and coronary artery calcification.
Secondarily, we confirmed an association between plaque burden measloesonary
calcification. Then, to apply these results to the clinical setting, we surveyed cardiologists to
determine their opinions and perceptions about carotid ultrasound and barriers to regular

practice.
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Chapter 2
The Association ofCarotid Plaque Burden and Composition and theCoronary Artery

Calcium Score.
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2.1 Abstract

Background: Both the carotid ultrasound and coronary artery calcium (CAC) score quantify
subclinical atherosclerosis and are associated with cardiovascular disease and events. However,
the CAC score requires radiation and is more costly anddonsuming than ultrasind. This

study investigated the association between CAC score and carotid plaque quantity and

composition.

Methods: Adult participants (n=43) with no history of cardiovascular disease were recruited to
undergo a carotid ultrasound. Maximum plaque heigtirH), total plaque are@PA), CIMT,

and plaque score was measured. Grayscale pixel distribution analysis of ultrasound images
determined tissue composition within plaques. Participants then underwent CT to determine
CAC score, which were also categorized as absent (0), raéiél)(Imoderat (103399), and

severe (400+).

Results: The mean age of participants was 63 +11 y&altd T, TPA, MPH, and plague score

were significantly associated with CAC score (r=0.60, p<0.0001; r=0.54, p=0.0002; r=0.38,
p=0.01; and r=0.49, p=0.001). Echogenic composition features %Calcium and %Fibrous tissue
were not correlated to a clinically relevant extent, anlg CAC score and Total %Fibrous tissue
reached significance (r=0.19, p=0.006). There was a significant difference in the TPA, MPH, and

plaque scores of those with a severe CAC scdegjoay compared to lesser categories.

Conclusions:While carotid plague burden was associated with CAC score, plaque composition
was not. Carotid ultrasound gives information on both burden and composition, but CAC score
only identifies calcification. Carotid ultrasound is low cost and easily incorpardtedlinic

visits. Carotid ultrasound used in conjunction with traditional risk factors may be an alternative

13



to CAC scoring, and could improve prediction of cardiovascular events in the moderate risk

population.

2.2Introduction

Screening tools for detecting coronary artery disease are paramount for the prediction and
prevention of major adverse cardiovascular events (MACH)rent screening tools are sensitive
for predicting events for those who fall in the higimd lowrisk categories. The intermediate
risk population, however, are at the highest risk of being misclassified by existiriij.tools
Optimizing the screening protocol for this population reduces both healthcare costs and the
incidence of MACE more accurately by efficiently allocating resources and personnel. Carotid
artery ultrasound is a promising risk stratification tool that adeésethe aforementioned goals.
To date, it is unknown how the carotid ultrasound directly compares to other screening tools,
namely the coronary artery calcium (CAC) score. Further, plaque composition analysis has been
underutilized and could improve theegiction of events making carotid ultrasound a valuable

tool in this populatioft-22

The CAC score is sensitive for predicting the presence of coronary artery disease (CAD)
and o ngedorsrisklobMAGE- It uses computed tomography (CT) to quantify calcified
lesions of the coronary arteries. The Agatston scoring method is the most widely used system for
CAC scoring. Agatston scoring is reproducible with an interreader variability of 3% and
intrareader vaability of <193 A CAC score of greater than 400 is associated with a >20% risk
of MACE overthenext 10yeds A patientds score can also be
to their age and sex cohort to give context to their raw s€dfeStudies consistently find that
the CAC score has a greater area under the curve and improved reclassification indexes than risk

factor formulas including the FRS78°, In an outpatient population with chest pain, the CAC
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score was found to have an 88.1% sensitivity, 71.8% specificity, and 97.2% negative predictive
value for detecting incident CAD. When considered in conjunction with the FRS, its
performance is marginally improved (89.3% sensitivity, 74.7% specificity9@ri¥o negative
predictive valué®. Similarly, it is useful for risk reclassification of experiencing MASE 76

For this population the performance of the CAC score approached that of functional testing like
stress echocardiography and myocardial perfusion imaging. It is generally accepted as a useful
risk stratification tool and relevant in deciding treatmentsesi for adults with subclinical

atherosclerosis, including decisions about statin therapy and angiography.

However, CT imparts a smamount of radiation unto the patient and is therefore rarely
used for longterm repeated follovup. Although serial scanning has been proposed for assessing
a patientds response to medication by compar.i
stable wer time, this is not currently recommended for most people by ACC/AHA guidelines
and further research is requiPedAlso, the CAC score may underestimate the burden of non
calcified lesion¥. Plaque with a greater proportion of kalensity tissue is more likely to
rupture and cause MACE?4°294 Females are more likely to have larger, less calcified lesions,
making CAC scores predictive of mortality in male patients more than ferffalBlssk patients
have also been found to have lower CAC scores than white counterparts, even though Black
patients tend to be of a higher risk for CRDNeglecting ultrasound and relying solely on CT
can potentially miss more vulnerable plaques and therefore underestimate risk among certain
populations. Finally, the use of CT is more expensive ti@asound technology, placing
additional stress on an already strained medical system. The Canadian Medical Association
reports a significant backlog in CT found in all provirféeslence, investigation into the

alternative tools to ease this burden and maximize the value of tests is warranted.
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As atherosclerosis is a systemic disease, the carotid arteries are a strong correlate to the
coronary arteries but are more visually acces¥ibRrevious work by our lab and others have
established the relationship between carotid plaque and CAD isribigphatients undergoing
angiographsf-°¢ This relationship needs further examination in the low to intermediate risk
population. Plaque and increased ClMTassociated with other measures of atherosclerosis
throughout the bod¥:8 Its strengths include its relative lesost, speed and simplicity of
performance, and ease of interpretation. An abbreviated carotid ultrasound can not only quantify
measures of plagque burden includifigA, MPH,CIMT, and plaque score, but also the
composition of any lesions pres&ntCarotid plaque height and TPA on ultrasound are
associated with significant coronary artery disease, even in a younger poptlatibigherrisk
patients referred for angiography, carotid ultrasound plaque burden was found to be associated
with coronary artery stenosis sevetftyThe absence of carotid plaque also has a good negative
predictive value for the absence of CEEPC Beyond the prediction of CAD, carotid plaque is
also useful for the prediction of MACE 71101 Plaque composition analysis has been used by
our lab to predict year MACE and stenosis severity on angiography irhitpe risk
populatiod’. The proportion of calcium, fibrous, lipid, and bloody tissue may provide similar

insights in the lowmoderate risk population as well.

While some comparisons have been drawn, this is the first study as far as we know that
directly compares measures of both plague composition and burden with CAC score. For
example, CAC score was found to be a similar predictor of stroke and a bettetopreidic
cardiovascular events and the presence of CAD than carotid plaque score in tHetihidti
Study of Atherosclerosi®. Another study found that carotid ultrasound was more sensitive for

detecting asymptomatic atherosclerosis than CAC scoring in a cohort of a similar age to the
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sample studied hete The American Heart Association listed carotid ultrasound and CAC

scoring at the same level of treatment effect (Ila, Benefit >> Risk) in their guidélisasdies
investigating carotid plaque composition and CAC scoring have not yet been undertaken. Thus
we sought to clarify the association between the CAC score and carotid ultrasound measures. We
hypothesized that carotid plague %Calcium and %Fibrous tissue is correlated with CAC score.
Additional analyses investigated plaque burden (TPA, MPH, plaque,soad CIMT) and its

association with CAC score.

2.3Methods

Study Design

This study was approved by the Queends Hea
performed a crossectional, 2centre study assessing the association between carotid ultrasound
and CAC scoring for an assessment of subclinical atherosclerosis in staiaigenis. \We
enrolled adults with no history of significant coronary artery disease and cardiovascular events
who were referred for stress echocardiography for cardiovascular risk stratification. Patients
were recruited from the Kingston Health Sciencestf@éeand Kingston Heart Clinic. This sub
study ran concurrently under an ongoing parent project, the CIRCE Study (Combining
Intraplaque Neovascularization with Risk Stratification by Carotid Stress Echo). Briefly, the
CIRCE study is investigating the addé value of an abbreviated carotid ultrasound applied to
patients receiving stress echo for the prediction of events and the need for angiography. The
present sutstudy enrolled a subset of CIRCE participants to undergo cardiac CT for calcium
scoring withn 6-months of their carotid ultrasound. This window was chosen based on studies

which found that significant increases in CAC scores can be found at time points >6
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monthg%3.104 We selected a population with a ranging extent of plaque in the carotid arteries
based on their carotid ultrasound.

CIRCE Inclusion Criteria: ( 1) Mal es or females aged 018
assessment of ischemia and risk stratification; (3); and the ability and willingness to give
informed written consenCIRCE Exclusion Criteria: (1) Emergency procedure, or active
acute coronary syndrome (active chest pain, ischemic electrocardiogram changes, or cardiac
enzyme elevation); (2) Referral for viability, pulmonary hypertension, or valve assessment; (3)
Referral outside of the normal wking hours; (4) History of significant CAD: percutanes
coronary intervention [PCI], coronary artery bypass graft [CABG], or coronary angioplasty; (5)
History of stroke or myocardial infarction (Ml); (6) Known or documented hypersensitivity or
allergy to perflutren (DEFINITY® contrast agent); (7) Known ocdmented allergy to
Polyethylene Glycol (Peg) a component of DEFINITY®; (8) History of carotid surgery
(endarterectomy or stenting); (9) Any serious medical condition or complication from the stress
test that according to the investigator could interfeite the carotid scan or optimal care; (10)
Currently pregnant or breastfeeding; and (11) Previous enrolment into theAdigdtyonal
Sub-Study Exclusion Criteria: (1) Incomplete CIRCE study images; (2) Any contraindication
for receiving a cardiac CT; and (3) Weight >675Ib, abdominal width >70cm, or other physical

inhibition from using the CT.

Carotid Ultrasound Protocol and Interpretation

A focused carotid ultrasound protocol was carried out for all participants at the time of
their stress echo. This protocol has been validated by olir Gdrotid ultrasounds were

performed ly cardiac sonographetisained in the vascular scand supervised by a research
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delegate. An example of the images captured for each participant is presented i&.Eigiiie
abbreviated scan included a creestional sweep of the common carotid artery up to the

bifurcation into the internal and external carotid arteries. Longitudinal still images of the

common carotid, bulb, and internal carotid arteries were alstmebtaCare was taken to ensure

that any focal protrusions were captured at their maximal height. This process was repeated for
both the left and right sides of eadrficipant. For all participants, plaque height, plague area,

and CIMT was collected manually using calipers on EchoPAC software (v. 113, GE healthcare).
Plaques are defined as focal protrusions >1.5mm in height or 50% greater than the adjacent
CIMT. Wheremultiple plaques are present, all plaque areas were summed to define the TPA.

MPH was recorded as the greatest single plaque height measurement between both sides taken at
a perpendicular angle to the associated adventitia. The mean CIMT between thremeatsu

for the left and right sides was considered as the CIMT for analysis. For the plaque score, carotid
arteries were scored according to the Rotterdam method, whereby each artery is considered as 3
segments: the common carotid artery, the bulb, amihternal carotid artery for both the left

and right sides. The segments with plagque present are summed to produce a plaque score of up to
6/6. The result of the stress echo was also recorded, and inconclusive tests were categorized as
negative.

Cross-sectional sweep of Common Longitudinal view of Common Longitudinal view of
Carotid Artery to Bifurcation Carotid Artery and CIMT Bulb and Bifurcation

et —

Figure 2.1.Summary of views with example carotid ultrasound images.
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Carotid Composition Analysis

Carotid plaque composition was determined using pixel distribution analysiedB
DICOM images were exported and uploaded to Intelliplaque © (Ferko Liblik Inc.). Images were
normalized so that the lumen had a greyscale median value of 0 and the tawsatitia has a
value of 190. The percent of pixels that fall within published ranges for each tissue was recorded
for the left and right carotid arteries for each patient. Ranges established and validated by
histological analysis by Lal et al. in 2002v/esbeen widely used, they are as followst 0
(Blood), 826 (Fat), 4176 (Muscle), 112196 (Fibrous), and 21255 (Calcium}’. The total
proportion of analyzed pixels that fall within each category between both sides for a patient was

recorded and used in data analysis. For those with no plague detected all values were 0.

Figure 2.2.Example of plaque size and composition analysis. Blue and orange calipers describe
the plaque height, and the green and yellow outlines measure plaque areas (left). Intelliplaque
composition analysis shows colecwded pixels to describe the makeup oheasion based on

the greyscale median ranges by Lal et al. Red = Blood, Yellow = Fat, Green = Muscle, Purple =
Fibrous, and Blue = Calciuinight).
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CAC Score Interpretation

The absolute Agatston score was determined by an experienced cardiac CT reader, Dr.
Raveen Pal, who was blinded to the participan
Agatston scoring uses weighted density scoring, whereby the area of cattificatiillimetres
squared is multiplied by the highest attenuation value rangthgA\h example of one slice of
the CT imaging and pixel attenuation is shown in FiglBe Raw scores weigategorizedo be
Absent (0), Mild (199), Moderate (10399), orSevere (400+4Y>. CAC scores were then

compared to published reference values accord

define their CAC percentile (https://www.meshlbi.org/CACReference.aspXy.

Figure2.3 A single transverse slice of an exampl e
arrow points toward the left anterior descending artery (LAD). The bright white areas represent
calcium. In this patient, the LAD had a total Agatston score of 291.
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Statistical Analysis

We ran pairwise analyses to determine the Spearman correlation coefficiar@ddsium, and

%Fibrous tissue with CAC score. Similar analyses were carried out for all other composition
parameters, as well as burden measures TPA, MPH, plaque score, and CIMT to CAC score. The
same variables were compared to CAC categories (absentymoiderate, and severe) using the
KruskalWallis ANOVA testandposhoc Dunndés test where relevant
compared to CAC score agand sexbased percentiles. Finally, subgroup analyses vueréor

preview whether sex, statin usdyesty, and smoking history provide further context to any

observed correlations. Correlation coefficients that are-0.99 were considered very strong,

0.50-0.69 were substantial, 08049 were moderate, 01029 were low, and 0.60.09 were

considered to beegligible?”. A correlation of >0.60 is commonly considered to be clinically

relevant, and a-palue <0.05 was considered statistically signifi¢&nt
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2.4Results
A total of 43 participants were enrolled from Kingston Health Sciences Centre and the
Kingston Heart Clinic June 2022 to May 2023nt®de carotid ultrasound scans took an average

of 5-minutes to complete. The enrollment process is detailed in Figure 2.4.

~ _ .
n = 693 screened for CIRCE n =302 Ineligible ""_e" ible
n = 32 Uninterested upon approach

.| n=58 Inclusion criteria not met
n =4 Under 18 years
n = 391 Eligible, approached n =54 Unable to consent
for consent n = 212 Exclusion criteria met
n = 78 Viability studies
n = 104 PCI/CABG
¥ n = 95 Prior Ml or stroke

[y

n = 51 consent not obtained

n = 340 Consented n = 6 allergy to perflutren/PEG
n = 27 Incomplete Images n = 3 Carotid surgery
n = 19 Sonographer time - n = 2 Pregnant/Breastfeeding
constraints n = 4 Previously enrolled
n = 8 Other n =313 Complete

carotid images

n =42 Screened for substudy

n = 15 uninterested in participating
n = 6 unavailable for appointment.

A4

n =21 Enrolled in substudy

A4

n = 22 Eligible participant data _
retrieved from KHC database | n =43 Analyzed

Figure 2.4.Study participant recruitment flow chart.
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Table 2.1.Baseline Characteristics of Participants

Overall Cohort (n=43)

Male Sex 20 (46.5%)
Mean Age, y 62.8+11.3
Obesity (BMI >30kg/m 16 (37.2%)
Diabetes Mellitus 7 (16.3%)
Hypertension 21 (48.8%)
Hyperlipidemia 21 (48.8%)
Smoking History 19 (39.9%)
Family History of CAD 27 (62.8%)
History of CVD 2 (4.7%)
History of PVD 2 (4.7%)
Current statin use 13 (30.2%)
Current ACE inhibitor use 9 (20.9%)
Current ARB use 8 (18.6%)
Current antiplatelet use 20 (46.5%)
Carotid plaque present (Plaque Score > ( 39 (90.7%)
Median CAC Score (IQR) 88 (0, 289)

BMI indicates body mass index; CAD, coronary artery disease; CVD, cerebrovascular disease;
PVD, peripheral/ascular disease; ACE, angiotensin converting enzyme; and ARB, angiotensin
receptor blocker.

The baseline characteristics of participants with complete ultrasound and CT imaging
(n=43) are described in Tal®?el. CAC scoring and ultrasound image analysis was performed at
Queends University by experienced readers.
and 53.5% were female. Hyperlipidemia and hypertension were the most commonly observed

cardiovascularisk factors among this sample, each recorded in 48.8% of participants. Carotid

24



plaque was found in 90% of participants, and 67% had &emnCAC score (Table 2.2). CAC

scores ranged from 0 to 3059, with a mean of 337 and median of 88.

Table 2.2.Summary of imaging data

Imaging Data Overall Cohort (n=43)
Mean Total Plaque Area (nfjn 41.64 + 33.7

Mean Maximum Plaque Height (mm) 245+1.21

Mean Plaque Score 2.65+1.63

Mean Carotid Intima Media Thickness 0.84 +0.36

Absent Calcium (CAC Score=0) 14 (32.6%)
Mild CAC (1-99) 11 (25.6%)
Moderate CAC (10¢B99) 10 (23.3%)
Severe CAC (400+) 8 (18.6%)

The pairwise correlations found between carotid plaque features and CAC scores are
summarized in Table 2.3. CIMT showed the strongest correlation to CAC score at r=0.60
(p<0.0001). TPA, MPH, and plaque score were also significantly associated with CAC scor
(r=0.54, p=0.0002; r=0.38, p=0.01; and r=0.49, p=0.001). Aveaae ANOVA revealed that the
TPA, MPH, and plaque scores of those with severe CAC scores are significantly different than
those with CAC scores of 0. Figures-2.8 show correlations betwe@AC scores and

categories.
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Plaque composition features were not suggestive of CAC score (Table 2.3). %Fibrous
tissue was mildly correlated (r=0.19, p=0.006), but this association is not clinically relevant
(Figure 2.9). The primary feature of interest, %Calcium of carotid plagads)dclear

relationship with coronary calcium within this sample (Figure 2.10).

Table 2.3.Summary of carotid plaque associations with CAC scores

Factor Pairwise association p-value
to CAC Score (CI)

Total Plaque Area 0.54 (0.29, 0.72) 0.0002
Maximum Plaque Height 0.38 (0.08, 0.61) 0.01
Plaque Score 0.49 (0.22, 0.69) 0.001
Carotid Intima Media Thickness| 0.60 (0.18, 0.66) <0.0001
Composition
Total %Calcium 0.09 €0.22, 0.38) 0.59
Total %Fibrous Tissue 0.19(-0.11, 0.47) 0.006
Total %Muscle 0.06 €0.25, 0.35) 0.71
Total %Fat 0.01 €0.29, 0.31) 0.95
Total %Blood 0.07 ¢0.24, 0.36) 0.65
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Figure 2.5 Association of Carotid Intima Media Thickness and Coronary Artery Calcium Score.
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Figure 2.6.Association of Total Plague Area and Coronary Artery Calcium Score.
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Figure 2.7.Association of Maximum Plague Height and Coronary Artery Calcium Score.
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Figure 2.8.Association of Plaque Score and Coronary Artery Calcium Score.
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Figure 2.9.Association of Carotid Total %Fibrous tissue and Coronary Artery Calcium Score.
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Figure 2.10.Association of Carotid Total %Calcium and Coronary Artery Calcium Score.
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We repeated the analysis with the same plaque burden and composition measures
compared to CAC percentiles (Table 2.4). We found similar correlation trends to the raw CAC
score. The association with plaque score was strongest (r=0.54, p=0.0002), anti@assoagdth
composition features did not reach significance. The association between CIMT and CAC
percentile was notably | ower than CI MT and
strong association with age. As CAC percentiles compare scotesstodf the same age, we do
not expect CAC percentile to increase over time linearly as CIMT typically does. Plaque
composition features did not hold significant relationships with CAC percentiles, either (Table

2.4).

Table 2.4. Summary of carotidplaque associations with CAC percentiles

Factor Pairwise association to| p-value
CAC Percentile (CI)

Total Plaque Area 0.46 (0.16, 0.66) 0.0018
Maximum Plaque Height 0.42 (0.11, 0.63) 0.0047
Plaque Score 0.52 (0.25, 0.71) 0.0002
Carotid IntimaMedia Thickness | 0.29 €0.02, 0.55) 0.007
Composition

Total %Calcium 0.18 €0.13, 0.46) 0.2463
Total %Fibrous Tissue 0.28 €0.03, 0.54) 0.0540
Total %Muscle 0.22 ¢0.09, 0.49) 0.0939
Total %Fat -0.03 €0.34, 0.27) 0.8364
Total %Blood 0.05(-0.26, 0.35) 0.6841
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We performed preliminary subgroup analyses to investigate if some carotid plaque
burden was more predictive of CAC score in certain populations (Figure 2.11). We acknowledge
that this pilot design does not achieve adequate power for subgmalyses anohclude the data
here with the purpose of discussing necessary nuances that should be investigated in a larger
study. With this limited sample, there were no significant differences between sexes, statin use,
and obesity status. There appeared to beferelifce with regard to smoking history, where
carotid TPA held a strong correlation to CAC score in past or current smokers but not in those
who had never smoked (p=0.01). A larger sample is needed to confirm this difference, and to
confirm the lack of diffeence between other subgroups. This assessment should also be repeated

for all other parameters of plaque burden and composition assessed here.

Subgroup (n) Spearman’s r-coefficient p-value

Male (20) ~

Fermale (23) ~ 0.37

L ]

Statin User (13)

0.45
Statin Non-User (30)

L

Smoking History (19) . *

MNever Smoked (24) —a 0.01

BMI > 30 (18)
BMI <30 (25) .

0.31

Figure 2.11.Forest plot of subgroups and their correlations with TPA and CAC score.
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2.5Discussion

We used carotid ultrasound and cardiac CT imaging to examine the relationship between
carotid and coronary plaque burden and composition. Carotid plaque burden features appear to
show moderate correlations with CAC score in adults with no history of sigrtifica
cardiovascular disease. These results are similar to those relationships between carotid plaque
and CAC score that were found with similar variables in other studies. Cohen et al. found that
both CIMT and the presence of plaque increases the probathiitC AC score >0 even after
controlling for age and s& They found modest correlations between all measures of plaque
burden that they measured and CAC scaimjlarly reproduced by the study presented here.
Further, another publication from the Muiithnic Study of Atherosclerosis (MESA) reported
that having carotid plaque predicts the development of a positive CAC score within 24 years
Echoing our own results, they also found that CIMT was significantly greater in those with a
CAC score >0 than those with a 0 CAC scéardhe strongest correlation found in this study
was between CIMT and CAC score, which echoes the findings of other studies.-Amaltss
found a significant correlation of r=0.43 between CIMT and CAC score, which supports our
result$®. Moderate correlations seem to exist between most measures of carotid plaque burden
and CAC score, CIMT and plaque score being those most widely reported in literature. However,
this study suggests that TPA and MPH also correlate with CAC score. UnNKE &1d plaque
score, TPA and MPH are direct measures of the amount of plaque in the carotid arteries. With
regard to the prediction of MACE, TPA has a greater diagnostic accuracy thart®I|®idr
study emphasizes the need for further research on the topic involving TPA and MPH.

Therho values of theneasures of plague burdand CAC score ranged from 0.38 to

0.60, whichare generally considered to indicate a moderately strong relatifisHgwever,
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theconfidence intervalshow that some of these relationships could be considered weak or

strong as wellThe moderate correlations about plague burden and CAC score indicate that
ultrasound of the carotid arteries and calcium scoring of the coronary arteries should not be used
in place of one another in most cadestead, these findings provide some tentative initial

evidence thatarotid ultrasound may complement other assessments to contribute to a full
picture of a patientodos risk.

Our results did not endorse the hypothesis that echogenic plague composition features are
correlated to CAC score. In fact, the incidence of calcium deposits in carotid plaques was low,
with only 7 (16%) participants with a carotid %Calcium > 0. Thesarfgglsuggest thahe
deposition of calcium is far greater in the coronary system than the carotid Spstemworks
have assigned this discrepancy in part to the difference in pressure and augmentation index as the
coronary arteries originate directiyofn the aortic arch and tlvarotids are measured 20cm
awayt®. Differences in pressure, and the inherent distinction with which atherosclerosis seems to
impact different vascular beds with variances in inflammatory processes, are likely responsible
for the incongruencd=or example, while the process leading to cororatgificationis not
fully elucidated, it is established theamajor regulating factor is tha&scular smooth muscle
cells undergo trandifferentiation to become osteobldike cells that create calcium matrié€s
The procalcific pathwaysecessary to stimulate this process are activated by mechanical
stimulussuch as pulsatile pressiasdemonstrated in the coronary systéhOne study used
Agatston scoring on both the carotid and coronary vastds to directly compare scores
within one imagingnodality andiound that CAC score tended to be significantly greater than
carotid plaqueAgatstonscoré®. They also found a modest correlation of r=0.38 between sites.

The population studied was at higher risk and had more extensive mean development of plaque
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in both systems, but the use of the same imaging and scoring techniques is a strength of the
study'°®. The relationship between calcium in different vascular beds may strengthen in more
advanced disease stages. Further, carotid composition analysis may provide useful insight in
terms of mortality and cardiovascular outcomes. In another study comparitsgohgscores in
different vascular beds, carotid calcium was found to be associated with a lower probability of
survival than coronary calciuf¥. Taken together, our results support findings that suggest
calcium in certain vascular beds may not be predictive of one anattiecarotid assessment

may reveal otherwise undetected vulnerabilities.

Atherosclerosis is generaltiiought of as a ubiquitous disease, but carotid and coronary
arteries do not develop plaque in a phenotypically identical manner, especially prior to the
advanced lesion statjé!'l A metaanalysis by Bytyci et.al concluded that while plague builds
in both the coronary and carotid systems simultaneously, plaque calcificatiosmidipitecrotic
core, and intraplagueemorrhageas detected by MRI imaging did not share a strong link.

However, they reported an r of 0.61 comparing carotid calcification and CAC scores greater than
400, This describes a complex relationship between plague composition variables, but confirms
that those with severe CAC scores are more likely to have calcified plaques throughout the body,
which is supported by our findings$t would be of interest to repeat our study in a higher risk
population, as those witidvanced ag&nown >50% coronary stenos@ a history of Ml or

PCI have a greater %Calcium on averag¥

The differences in plaque morphology and development have been attributed to several
factors and pathways-2 The most widely reported factors dictating development include
redoxsignalingpathways, vascular tone and endothelial function, wall shear stress, and vessel

circumferenc&!. For example, detectable plaque tends to develop first in-thageeter vessels,
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and only in smaller distal vessels with more advanced disease antay\fajl shear stress

exerts a great frictional force on large vessels at points of curvature and bifurcation.
Interestingly, in human carotid arteries at the common carotid bifurcation, low wall shear stress
promotes vulnerable lesion development, wheréague develops slower and with a less
vulnerable phenotype in areas of high shear $fr&€$sSome studies do, however, discuss how
high shear stress exerted on plaque can trigger inflammatory processes that can increase the
vulnerability of a plaqu* This in part explains how the lipiich core and fibrous cap of

plaques are expected to differ between beds. Altogether, carotid arteries will most likely show
detectable plaque sooner than coronary arteries, and these plaques are more likelyeo be larg
and exhibit a thin fibrous cap, neovascularization, and a lipid core as signs of vulnerability.
Coronary arteries, on the other hand, tend to develop more diffuse plaque, vasoatieling

and calcification.

We ran limited subgroup anabssfor a few key variables: sex, statin use, obesity, and
smoking history. While this pilot study did not support a large enough sample to adequately
power subgroup analyses, correlations do appear to align with findings from similar studies.
Females tendbthave smaller and more echogenic plaques than HallEslt is welk
acknowledged throughout the literature that cardiovascular risk assessment of females must
consider the physiological differences and disproportioiaéediagnosief cardiovascular
disease. Screening tests and risk calculators that do not account for females specifically lead to
elevated morbidity and mortality for this population. Secondly, statin use is associated with a
more stable clinical presentation of caaoynplaques including greater calcium content and
smaller plaque burdéH. This relationship was seen again in carotid plagues, where the

Rotterdam study found that statin treatment is positively associated with calcium ptesence
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Cigarette smoking has a nonlinear relationship with placomphology butncreasing pack

years is associated with echogenicity and markers of vulner&biffisnoking appears to have a
similarly complex relationship with CAC score, with both an association to greater CAC score
andhighrrisk coronary plaque in low CAC scoring patients having been repgéttéd Nicotine
and oxidative stress induces gralcific processes by upregulating Nextediated pathways,
making vascular smooth muscle cells increase their deposition of cafcitarotid arterie’s®.

We acknowledge that while the results presented here are not statistically fit to be used in
guideline creation, we hope that this study contributes to a large future trial that investigates
these subgroups further. Further, considerations for factdrargaéinown to impact
atherosclerosis development may lend further insight of how each screening tool should be
applied. Carotid ultrasound and CAC scoring may be weighed proportionally depending on a
patient 6s r itdlikiciafisananaking decisions alzost Bivasive testing and medical
therapies.

While coronary stenosis is credited with angina and ischemic symptoms, acute coronary
syndromes are most often caused by spontaneous plaque rupture which is not entirely associated
with the degree of steno&id Independently, CAC score is a better predictor of cardiovascular
events than CIMT and plaque score al8A€: This study has demonstrated that consideration of
several carotid features together is possible and may improve accuracy of event prediction.
Vulnerable plagues can be present in the absence of clinically significant coronary Sfehosis
fact, Since CAC score is primarily used to predict CAD and the degree of coronary stenosis,
there remains a role for other assessments of plague vulnerability. Certain populations may
benefit from vulnerable plaque assessment more than others. Cétrasgdund is also useful for

ongoing followup of plaque burden and composition. As plaques change phenotypically over
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time, it is important to reassess as patients age or as risk factors’éhaAdarge, multicentre

study would determine whether the association between carotid and coronary plaque burden and
composition is stronger in any particular subgroups, including sex and age stratifications. The
negative predictive value of a carotid gplee score of zero would be a valuable result from a

study of this nature. As well, it may provide further insight into how statin therapy influences the
development of plaque at different vascular beds. In this vein, calcification patterns of carotid
plagle and heart valves seem to share similatiieQuantifying this relationship with

ultrasonic structural analysis may describe where carotid artery ultrasound is useful as a cursory
screening tool for calcifiaorticvalve disease. Secondly, this pilot study compares two screening
tools to one another, but outcorressed research is necessary for major guideline changes.

Along with a large sample size, lotgrm follow-up studies are needed to confirm that carotid
ultrasound is not inferior to CAC scoring for event prediction in at least some populations. Due
to the low event rate in this population of interest, a large sample size gedlfdllowup

period may be sufficient to definitively determine the corapaetest characteristic§ his

would reflect other major trials that investigate the low to moderate risk population and inform
the screening tools included in national guidelines.

To conclude, a patientds prognosis is prim
associated with the spontaneous rupture of vulnerable lesions rather than the degree of stenosis
of a vessel. CAC scoring is a strong indicator of clinically signifi€kiD butdoes not directly
assess the presence of vulnerable plaques. The use of traditional risk scores and CAC scoring
alone may underesti mate some patientsdé risk o
Our results in consideration with relatégdature point towards carotid ultrasound not replacing

CAC scoring, but instead contributing to a mo
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developing CAD and MACE. For example, in lowgk patients with a CAC score of 0, carotid

plague presence was independently associated with the development of CAD and MACE over 10
yearg®. Our results show that carotid plaque burden modestly correlates with CAC score,
indicating that plaque does develop throughout the body at similar rates. They also emphasize
that the composition of plaques in the carotid arteries is not predictive cdltiem content in
coronary vessels, thus plague composition should be considered as an additive risk stratification

tool that may be helpful for the detection of vulnerable lesions throughout the body.

Limitations

This study had several limitations. A small and majority Caucasian sample limits the
applicability of these results for immediate incorporation into practice. Since this study was
designed and funded as a pilot studgu#iciently poweredample size was not the priority at
this stage. The design alpdoritizedenrolling a sample with detectable carotid plaque, thus
random sampling was not employed for this study to maximize the value of limited CT use and
funding. The sample thus has a higher proportif plague present than the general population
of interest. Finally, the limited duration of this study did not allow us to collect outcomes data for
sensitivity analysis. Future work should aim to folloyw over 10 years to investigate if one
method hagreater sensitivity and specificity for MACE. This study does, however, confirm that
further investigation into the comparison of carotid and coronary atherosclerosis screening is

warranted.
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Chapter 3
Cardiologistsdéd opinion of cardiovascaratidar r i sk

plaque burden.
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3.1 Abstract
Background: Carotid ultrasound identifies subclinical atherosclerosis even in asymptomatic
people. It has been widely studied and agreed upon that abnormal findings are predictive of CAD
and MACE. However, most Canadian cardiology clinics do not employ carotidouitrés
frequently or ever. We investigated whet her
perception of patient risk and their confidence in this assessment compared to the stress echo
alone.
Methods: We conducted a survey of 8=taff cardiologists specialized in echocardiography at
Kingston Health Sciences Centre. Participants reviewed 5 stress echo reports of their own and
rated each patientds risk of eb&kyasaslkeow,ci ng a ¢
Intermediate, High, or Unsure, and also to rate their confidence in this assessn{brivery
confident) . They were then shown each patient
as the stress echo and asked to rate is&iand confidence on the same scales again.
Participants then answered 2 concluding questions to gain insight about their opinions on the role
of carotid ultrasound and barriers to practice.
Results: Congruent test plaque results tended to increase confidence, while confidence largely
did not change in incongruent cases. Plaque presence increased the risk catbgonajority
cases, whereas plague absence had no effect on risk assessments. All cardiologists agree that
carotid ultrasound could be used in decisions about starting or discontinuing statin therapy, and
mostrespondents identified billing conceritack of trainingor time constraints as barriers to
widespread implementation.
Conclusions:The impact of carotid ultrasound results was dependent on the initial assessment

and stress echo results. Pl ague presence tend
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However, absence of plaque does not tend to decrease risk perception. All respondents agree that

there is some role for carotid ultrasound that is greater than what is in practice today.

3.2Introduction

Carotid ultrasound is being studied as a tool for the prediction of events and coronary
artery disease. Many groups have investigated the association of carotid plaque burden and
plague compositioto other risk stratification tools, including the coronary artery calcium score
and the angiograri-">7¢ Carotid plaque score also predicts cardiovascular events with a
moderate sensitivity. Carotid ultrasound appears to have additive value when used in conjunction
with other clinical investigations and personal risk scété¥!

Ultrasound of the carotid arteries is a lowost, fast, and feasible tool that can be
incorporated into other clinical appointmértsOur group and others have proven that an
abbreviated carotid ultrasound protocol can be performed during stress echo appointments and at
the bedside in catheterization labs with negligible interruption to clinical workfldtxcan be
done by sonographers, cardiologists, and general practitioners with a small learning curve. A 30
minute inperson training session, training video, or online-dected learning module are all
effective means of education for practitiodétsA study confirming the efficacy of module
based learning for carotid ultrasound and plaque scoring is underway at our lab (Appendix B).
The candidate (GK) supported module development.

Due to its viability for bedside and clinical practice, many have called for more
widespread use of carotid ultrasound for cardiovascular risk assessmentar, however,
national regulatory bodies have moiblished guidelines for how carotid ultrasound should be

incorporated i nt o ‘&Therafore, theweighs assighes to capotidineages me n t
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and when they should be considered by cardiologists is unknown. While it is generally accepted
that carotid ultrasound tends to be useful for the prediction of CAC and MACE, where it should
be incorporated and who should be responsible for consideriemgaétims up for debat®. It is

important to understand the baseline views of cardiologists before guidelines are in place in order
to inform knowledge translation strategies and guide the most efficient incorporation of carotid
ultrasound into regular clinical use. This studgkseto determine whether carotid ultrasound

affects the perception of patient risk by reading cardiologists.

We hypothesized that the cardiologistsdé op
stress echo report wil!/ change when given inf
OQur primary aim is to det er mandigornmafiononmayge s o f
present plaque changes a reading cardiologi st
secondary aim is to determine if congruent plaque data (positive stress echo/total plaque area
>10mn¥; negative stress echo/total plaque ard@man¥) i ncr eases the cardi ol
in their assessment, and if incongruent results decrease confidence. Further, this study will act as
a proofof-concept that carotid assessment can be done quickly with almost no additional time on

the part of thghysician.

3.3Methods
This study was approved by the Queends Uni
Board. We performed a surwased baseline sampling at the Kingston General Hospital
Echocardiography Lab. This siudy will be a secondary analysis of the overall CIRCHystu
(File No. 6032717). Through the CIRCE study we enrolledl3&tient participants to get an
ultrasound of their carotid arteries during their stress echo appointments since September 2021.

Participants had no history of PCI, angioplasty, CABG, Ml k&ty@ndarterectomy, or peripheral
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vascular disease. We enrolled egkading cardiologists to review a sample of their own stress
echo reports of patients who also participated in the CIRCE study. All patients were referred for
an assessment of ischemia. Each cardiologist reviewed 53 époat total o#40 patients
reviewed. Survey study appointments took an average wiinutes.

Verbal consent for the secondary use of these anonymized images from the CIRCE
participant was obtained over the telephone. The study protocol for cardiologists is summarized
in Figure 3.1. Participating cardiologists reviewed the stress echo repopstidra and
categorized their level of risk of developing clinically significant coronary artery disease or
experiencing a cardiovascular event over the Bepdars as low, intermediate, high, or if more
information is required. Stress echo reportsineldd each patientdéds age, se
medications. They also rated their confidence in this assessment on a seaj&dfeing very
confident. Cardiologists were able to review the associated echo images if desired. After initial
risk and confidencessessment, they were then shown the associated carotid images
(longitudinal view of the left and right bulb and bifurcation) taken the same day. If any plaque is
present, they were given the total plaque area of the lesions. Given both the echo and carotid
data, cardiologists categorized the patientos
selected for each cardiologist reflected 2 negative, 2 positive, and 1 inconclusive stress echo
where possibleOf these 5, at least 2 were congruent (positive with a total plaque area 210mm
or negative with a total plaque area of <10thand at least 2 will be incongruent. Two
concluding questions to further elucidate their opinions on the future of carotid ultrasound were

included in the survey.
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REPORT This patient is... REPORT This patient is...

O High risk O High risk

‘ U Intermediate risk - U Intermediate risk
U Low risk U Low risk
U Unsure U Unsure

Figure 3.1 Study workflow schematic.

The participating cardiologists had varying levels of knowledge about current vascular
ultrasound screening for coronary artery disease and MACE prediction. One month prior to
enrolment all participants hadtended a presentation on the current research in carotid
ultrasound for cardiovascular risk stratification at a weekly edition of Imaging Rounds. The
presentation was given by Dr. Murray Matangi, a community cardiologist with >30 publications
on carotidultrasound, and decades of experience with its use in the primary care setting. Thus,
all participants had at minimum a baseline understanding of the benefits and pitfalls of carotid

ultrasound as a risk stratification tool.

3.4Results

Eight staff cardiologists specialized in echocardiography were enrolled and surveyed.
Each participating physician reviewed n=5 of their own stress echo reports including 2 negative
stressechoes?2 positive stresschoesand a nordiagnostic stress echo where possible. Of these,
at least 2 were congruent and 2 were incongruent. A total of 16 positiveesthees 18
negative stresschoesand6 nondiagnostic tests were reviewed. The patient characteristics are

summarized in Table 1.

44



Table 3.1. Baseline Characteristics of Patient Participants

Overall Cohort (n=40)
Male Sex 11 (27.5%)
Mean Age, y 634144
Mean BMI 27.5+5.1
Diabetes Mellitus 2 (5%)
Hypertension 20 (50%)
Hyperlipidemia 11 (27.5%)
Smoking History 21 (52.5%)
Family History of CAD 33(82.5%)
Current statin use 9 (22.5%)
Current ACE inhibitor use 8 (20%)
Current ARB use 5 (12.5%)
Current antiplatelet use 16 (40%)

Risk estimations before and after revealing absent carotid plague is presented in Figure
3.2. For thosanitially deemed low riskincluding all negative stress echoes and 2 ik
positive stress echoes, the absence of carotid plaque did not change risk estimation and remained
low risk in all 10 cases. In those with positive stress echoes, including those initially deemed

intermediate or high risk, the level of risk category remained consistent in most cases.
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A. Negative Stress Echo + Plaque Absent B. Positive Stress Echo + Plaque Absent

High Risk . — %
K]
>
L
~ Intermediate Risk ES = — —t
2 R
= B T

Low Risk — é ~ — —

Stress Echo Alone Stress Echo + Carotid Ultrasound Stress Echo Alone Stress Echo + Carotid Ultrasound

Figure 3.2.Change in risk estimation in cases with no carotid plaque.
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Figure 3.3.Change in risk estimation in cases with carotid plaque present.

Plaque presendacreasedisk category estimatiom 7 cases and remained the same in
10 casegFigure 3.3) With both a positive stress echo and plaque preentnajority of cases
wereclassified as high risénd the remaining instare@ere intermediate-or those initially
deemed low risk by their stress echo the presence of plague increased risk category in 6 cases
and did not change in 2 casbsthose initially deemethtermediate or high risk their risk

category largely stayed tlsame.
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A. Negative Stress Echo + Plaque Absent B. Positive Stress Echo + Plaque Present

Confidence

Stress Echo Alone Stress Echo + Carotid Ultrasound Stress Echo Alone Stress Echo + Carotid Ultrasound

Figure 3.4 Changes in confidence in risk estimation in congruent cases.

Sixteen congruent cases were revie\llddure 3.4) For those with congruent positive
tests, combined consideration of both tests resulted in maximal confidence in all but 2 cases
Confidence decreased in 1 case that was initially deemed a false positive low risk stress echo.
For congruent negative stress echeesfidence was maximal in every case after carotid images

were consideredn negative stress echoes, plaque absence tends to increase confidence, and

plaque presence tends to increase their risk category.

A. Negative Stress Echo + Plaque Present B. Positive Stress Echo + Plaque Absent

Confidence

//

Stress Echo Alone Stress Echo + Carotid Ultrasound Stress Echo Alone Stress Echo + Carotid Ultrasound

Figure 3.5.Changes in confidence in risk estimation in incongruent cases.
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For all incongruent results the responses depended on their initial assessmgrestier a
extent than the congruent cagegure 3.5) For those initially deemed low risk but had plaque,
confidence remained the same in most cases and decreased in licasgsuent positive stress
echoes with no carotid plaque made up 8 cdsegely, the positive stress echo took precedence
for risk prediction and confidence level.

A total of 6 inconclusive stresschoesvere included. One of the§evas initially
deemed high risk by the stress echo report, and the presence of plague increased cdfdidence.
uncertain conclusions from the inconclusive test, the presence of plaque resulted in an

intermediate risk categorization in 3 cases. Confidence increased by 1 point in one case,

categorized to a risk category with confideotat least 3/5 after the addition of carotid
consideration.

Finally, we inquired respondents about how they feel carotid ultrasound should be
incorporated into general practice (Figur8)3All 8 respondents believe that carotid ultrasound
could be a good tool to inform the providerds
Five said that carotid ultrasound could be used additively for all stressseana 2 would
expand this to include resting transthoracic echoes as well. Five of the respondents would
consider using carotid ultrasound as a viseathing aid to show patients their vascular status as
a means of improving understanding and adherence to treatment plans. All respondents reported
at least 1 barrier to carotid ultrasound being incorporated into general clinical practice (Figure
3.7). Five respondents reported compensation and billing concerns, and 3 listed time constraints
to be a significant barrier. One respondent believes that carotid ultrasound is better suited to be

the responsibility of the primary care provider rather thaosptal outpatient clinic, and 1 felt
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that clarification of which provider would be responsible for statin management after a carotid
examination would increase their comfortability with incorporation. Two respondents felt that
carotid ultrasound plaque quantification is not yet substantmteesearch. Finally, 3

respondents listed that training for sonographer image acquisition and physician interpretation

would be necessary.

Which aspect of carotid artery ultrasound would you consider
incorporating into regular clinical practice?

Visual teaching aid to show patients their
vascular status. °
Tool to inform the decision to start or
discontinue statin therapy. ¢

Additive risk stratification tool to all stress
echos and transthroacic echos.

Additivie risk stratficiation tool for
inconclusive or equivocal stress echos.

- 2
0
Additive risk stratification tool for stress
echos. °

1 2 3 4 5 6 7 8
Number of Respondents to Agree

[=)

Figure 3.6. Respondent answers to how they would consider incorporating carotid ultrasound

into regular clinical practice.
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What do you feel is a significant barrier to carotid
artery ultrasound being incorporated into regular
clinical practice?

Sonographer and physician imaging and
interpretation training

w

Question of who is responsible for statin
titration after scan.

| feel it should be the responsibility of the
primary care provider.

I H
(53]

Billing and compensation concerns.

It takes too much time for scanning and
interpretation.

w

Not yet substantiated by research.

[}

o
[

2 3 4 5 6 7 8

Number of Respondents to Agree

Figure 3.7 Respondent answers to what they feel is a significant barrier to carotid ultrasound

being incorporated into regular clinical practice.

3.5Discussion

We found that the addition of carotid ultrasound is associated with an increase in
physiciansd i mpression of a patientés risk wh
negative, inconclusive, and otherwise logk stress eches. However, the absence of plaque
does not tend to decrease the risk category in most cases. Carotid plaque is viewed by reading
cardiologists to be indicative of elevated risk of experiencing cardiovascular disease. This
suggests that the existing litexe¢ and education on carotid screening has been impactful, but is
not yet substantiated enough to be incorporated into clinical guidelines for this population. This
is in line with studies that found that physicians were more likely to presasinirin and lipiel

lowering therapy when plaque was identified in the carotid artét&$ This study and others
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also found that LDL cholesterol targets were lower in people with abnormal carotid ultrasound
results, whereas targets did not change for people with normal carotid &teligsrestingly,

one study found that the presence of advanced subclinical atherosclerosis did not significantly
increase the likelihood that the patient would be referred for additional {@&tiagother study

found that physicians did tend to refer for further testing after finding carotid plaque, but lipid
lowering therapy was the most common treatment cH&hddis suggests that carotid screening

is considered when weighing pharmacologic primary prevention, but currently does not
contribute as much to decision making about further screening tests or more invasive diagnostic
options. This may be due to a ladkrigorous clinical trials in this population about carotid
ultrasound, outcomes, and comparisons to other screening tools. The literature, however,
supports carotid ultrasound as indicative of stenosis on angiography and futureMJACE
Conversely, the absence of carotid plaque did not change the assessment of riskasesdsuit

did impact physician confidence in their assessniewtll be interesting to determine whether

an increase in physician confidence correspondapooved outcomes andealinterventiors in

a retrospective analysiSimilar to our findings, the absence of carotid plaque did not change
physician management or risk perception greatly when compared to those with abnormal carotid
findingst?’. This suggests that most practitioners familiar with carotid ultrasound treat it as an
additive tool, where positive findings are given greater weight than normal findings in terms of

patient management.

There may be specific situations in which information on carotid status is more useful to
the treating physician. Physicians at Kingston Health Sciences Centre largely agree that carotid
ultrasound is most likely to change clinical decismaking in the ontext of a low or

intermediate risk patient where stress testing was negative or inconclusive. This is especially true
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in patients with a strong family history of cardiovascular disease, symptoms consistent with
CAD, and a negative history of statin use. For example, carotid ultrasound identifiesskigh
plague even in patients with low FRS, representing patients <é$ giesand without numerous
cardiovascular risk factof®. Females, as well, have been shown to have markedly better risk
stratification with carotid ultrasound when used in conjunction with stres$%chlis further

affirms our results that risk perception aligns with outcomes.

Finally, the majority of respondents reported that they would consider using carotid
ultrasound as a visual teaching aid to show p
changing or maintaining lifestyle modifications. Johnson et al. conductedensg which
found that patients with plaque intended to quit smoking, make dietary improvements, and
increase physical activity with significant odds ratios between 2.28 ant#4\8&rk is
underway to confirm that these intentions are maintained in thetéomé?>. Low adherence to
medications is linked to 389% of hospitalizations and, in addition to inaccessibility of
medications, a misunderstanding of their importance is a major contributor to this
nonadherencé®. Non-adherence and partial adherence to statins and ACE inhibitors carries a
significantly greater risk of MACE comparedftdly adherengpatient$34 The lower incidence
of MACE in the adherent cohort also resulted in greatly reducepagtemnts costs for
hospitald34 Carotid ultrasound may be useful to open a dialogue with patients by describing
vascular health in an understandable manner, and promoting a discussion of barriers to their

individual adherence to treatments.

One of the primary ways clinicians guide their practice is by considering published
guidelines by national associations. The American Society of Echocardiography has published

work advocating for the use of carotid ultrasound for cardiovascular diseaseeatd
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predictiort?°. Our results support findings that claim time constraints, interpersonal discussions
with peers, and a drive to never miss an underlying pathology all influence clinical decision
making by cardiologists. Some suggest that these factors may even be matéuirtipen

guidelined®®, This finding emphasizes the importance of formal and informal education
strategies. The potential for rounds, conference proceedings, and local research studies to drive
the uptake of new information should not be underestimated. Health sciences aasferen

provide an invaluable opportunity to discuss emerging risk assessmehttétesearch about

the efficacy of conferences for physician education and practice change is limited. Most agree
that interactive continued medical education provides the opportunity faeflelftion and new
knowledge acquisitiofi’. Shortterm continued medical education initiatives have been found to
significantly change physician behaviour and this change is retaipedrXollowing the

learning?8. Conference attendance often satisfies continued medical education credit
requirements. Large gatherings of professionals also provide an opportunity foohasidids

training, which is especially relevant for carotid ultrasound. Familiarization withdevices

and tactile learning about techniques one may have only read or heard about before is a vital step
in largescale practice change, especially as our results found that physician and sonographer
training is a major hindrance to current implemé&ata A second option for broad education is
online modules, which boast accessibility and flexibility for learffgModulebased

ultrasound training has already been proven effective and employed by our lab arid°dthers
Carotid ultrasound does not involve as large a learning curve as cardiac or abdominal ultrasound,
therefore basic imaging and interpretation skills can be taught within hours and are generally
reproduciblé*?. Finally, incorporation into medical training is the most reliable way to instill

common practices into the upcoming generation of physicatié
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There is room for innovation and standardization when it comes to the primary
prevention of cardiovascular events. For example, despite the FRS being the muatisztd
tool for risk assessment, Canadian primary care physicians use it only 2/3iofehand 55%
indicated that carotid ultrasound is the preferred imaging technique for subclinical
atherosclerosié®. Additionally, this study supported the thought that clinician assessment of
carotid imaging takes a minimal amount of time and is viable for incorporation into practice, as
found by others as wéfl'?4128 One of the largest mutable barriers to widespread carotid
ultrasound use for risk stratification is the lack of billing and requisition standards. In clinics and
hospitals with fedor-service remuneration models physicians are not encouraged to spend ti
on assessing tests for which there is not a fee. If carotid ultrasound for low and intermediate
patients was standard, practitioners would be more able to apply this assessment where
appropriaté&*®. Our results demonstrate that cardiologists are open to emerging tools and shifts in
practice But, they also emphasize that adequate structures must be in place for sustainable
viability in the clinical setting across Canada. In conjunction with ongoing trials evaluating the
sensitivity of carotid ultrasound in various populations, this study provideppingstone for
the next wave of translational research in cardiovascular risk stratification. Future research
should investigate perceptions of family physicians to determine wiesiglacedo primarily

assess subclinical atherosclerosis dlerlifetime.
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Chapter 4

General Discussion
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4.1 Impact and Significance

The novel results presented here convey that a) plaque burden detected by carotid
ultrasound is comparable to that detected by CAC scoring, b) carotid ultrasound may be useful
for detecting vulnerable plaque more so than CAC scoring, and c) physiciaeshregrihere is a
role for carotid ultrasound assessment in theilm@rmediate risk population. Given the current
literature reviewed here and the new results presented, carotid artery ultrasound and plaque
assessment is weduited to be used in adjurtotother risk stratification tools.

Carotid ultrasound seems to have value in combination with CT, FRS, and stress
testing®125147.148When TPA was added to FRS, for example, 36% of a large sample were
reclassified to a different risk categ&t¥ Plaque presence and elevated CIMT in combination
with stress echbas been linked to the prediction of coronary stenosis, and carotid plague
composition i mproves s t®%% GTsCAE schringdmissepr edi ct i on
noncalcifiedplaques ands used primarily as a orteme risk appraisal. FRS can underestimate
risk andhas limited sensitivity in the lowntermediate risk population. Stress echo also lacks
sensitivity in thispopulation ands a functional test rather and an anatomical assessment. Carotid
ultrasound boasts aptitude in the pitfalls of these other cardiovascular risk assessments. Brief
carotid assessment identifies higbk patientsalone angredictsfavorableoutcomes when
negativé®. It has beefrialedas part of a calculated clinical risk score and used &bride
use of carotid ultrasound has been recommended by task forces and professional as%8ciations
Carotid ultrasound is weflositioned for clinical integration.

Once CAD is diagnosed or a risk of MACE is determined, carotid ultrasound results may
inform the secondary treatment a patient receives. When a patient has a gt lkelihood

of obstructive CAD, angiography is the current clinical standard. A ptumly by our lab
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demonstrated that CIMT and plaque height and area are significantly correlated with stenosis
found on coronary angiogram and thember of involved vesséfs The composition of carotid
plaque in patients with obstructive CAD is also more calcified and has a greater IPN grade than
patients withoff. There is some evidence that the negative predictive value of carotid
ultrasound istrong for coronary steno%tsimplementing carotid ultrasound may promote
greater specificity in angiogram referrals.

In addition to working as an adjunct to other imaging and functional tests, carotid
ultrasound seems most wlbsitioned to assist in the decision to start statin medical therapy.
Our results have shown that the majority of cardiologists would considsidcaltrasound
results when making medication recommendations if given the option. Carotid ultrasound has
been effective for assessing oneds response t
necessary?. Carotid plaques tend to be responsive to medication and will show a reduction in
vulnerable characteristics over tithé>2 Statin therapy has been found to have plaque
stabilization qualitie¥153 People on statins are less likely to experience an acute cardiovascular
event®®, Upon excision, statin use is associated with less features of plaque vulnerability
compared to that of statimive patient®4 To further investigate the impact of statins on IPN,
we performed a systematic review and found that statin use is associated with a regression in IPN
grade (Appendix A). We found that those on statins were less likely to develop a plaque with
IPN, whichwas independent of serum cholesterol Ie¥&l3hrough the CIRCE study, our
survey of cardiologist perception, and other work, we have shown that carotid ultrasound is

feasible and useful for implementation in outpatient clinics.
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4.2 Future Directions

Of primary necessity is the need for a lelegm follow-up study to determine the
sensitivity and negative predictive value of carotid ultrasound in this population of interest. A
large, multicentre international trial with outcomes data will be able to definitively inform
guidelinesas towhere carotid ultrasound is ideally positioned in the clinical setting. Current
algorithms pose a large cost, radiation exposure, and limited sensitivity in those with a-low pre
test probability of obstructive CAD. Since this population has a relativelyatmual event
incidence, a followup period of 16years at minimum to power the analysis should be
considered. This is in line with the relevant existing taadsi-RS and the CAC score both
describe risk in terms of iear MACE likelihood®. This will contribute vital information on
how plague changes over time, and which scenarios triggenflamatory, vulnerable
remodeling patterns in lesions. Ideally, with sufficient data amalgamated carotid ultrasound
could enhance an establishekssore. Researchers have argued that it should be considered in
conjunction with other cardiovascular risk factors and warranted screening&ddisny agree
that the presence of carotid plaque in patients in the low to intermediate risk category should
prompt physicians to treat according to higher risk strata recommendations. It is thought that the
earlier identification and treatment siibclinicalatherosclerosis will prevent MACE and future
invasive interventions. This is especially relevant for those who would otherwise have not been
identified as candidates for medical therapy.

Females have historically been underrepresented in cardiovascular trials. As a result, risk
stratification tools have inferior predictivaluein females compared to mates Plaque
composition is different in females, which may impact outcomes to a greater extent than

predicted solely from plaque burdén For example, estrogen receptors have an association with
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greater calcium in lesions, and differences can be sgae-iandpostmenopausgbeoplé®®. An
adequately powered trial may demonstrate that carotid ultrasound could lead to better care and
greater consideration for the sex differences inherent to vascular health. Other groups that may
benefit from multivariate analyses include patients widbdtes, smoking history, family history

of CAD, those taking statin therapy, and those in thé@l@ge group.

This study compared CAC scoring via CT imaging to carotid ultrasound. Further
comparison to other screening tools is warranted. Carotid plaque presence has been shown to
provide adedprognostic value to stress eéfoAn ongoing, definitive trail at our site is
underway investigating the additive value of carotid ultrasound plaque composition assessment
to stress echocardiogragAywe hypothesize thdhe addition of intraplague neovascularization
assessmenisingcontrastenhanced ultrasoundll improve the sensitivity and specificity of
stress echo for detecting significant CA®n far, the addition of carotid imaging has posed no
significant disruption in appointment duration or sonograpleekflow’®. This is an important
supportive finding for the translational quality of carotid ultrasound. Investigation into the
association of CT angiography and carotid plaque has been of moreinéeest ananay
further refine the balance between CT and ultrasound for vascular assés&thent

Plaque composition assessment by ultrasound is fastdety and poses negligible risk
to patients. Other imaging modalities provide similar information about the makeup of
atherosclerotic lesions, including magnetic resonance imaging (MRI) and histblagalysis.

MRI can be employed to assess the presentc#raplaquehemorrhageneovascularization,
necrotic core volume, and vessel wall remodetin@ur lab was fortunate to receive a grant that
will allow for a direct paired analysis of carotid plaque composition detected through ultrasound

and MRI. The protocol for this study has recently gained approval from the Research Ethics
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Board(Appendix B) This study will use both 2D and 3D ultrasound, conteastanced

ultrasound, and dynamic contrasthanced MRI to corroborate that plague composition

measures align between modalities. The candidate (GK) was involved in the funding acquisition
and protool authorship of this study. Further corroboration of ultrasound composition analysis
by 3D ultrasound will be undertaken by an incoming graduate student. 3D ultrasound has been
investigated with regard to plaque volume and stroke fadtatscomposition analyses on 3D

ultrasound have not yet been wstlidied®®.

4.3 Translational Component

The work presented here contributes to the-gvewing body of research supporting the
use of carotid ultrasound for cardiovascular risk assessment in the low to intermediate risk
population. In order for these findings to improve patient outcomes Iorigderm they must be
considered and promoted by physicians. The translation of this research into regular clinical
practice is a challenge due to the already i m
order to achieve practice change on a largkesadded components must demonstrate
significant improvement in patient outcomes or overcomexasting challenge. Our work has
prioritized the perspective of health care practitioners by ensuring that carotid ultrasound is not
an extreme burden on those imaging and interpreting, that the carotid results are comparable and
possibly additive to othrgisk assessments, and by defining current opinsonghere carotid
ultrasound is best suited for their practice. We hope that our results influence guideline and risk
stratification algorithms so that carotid ultrasound is considered in primary pa@vena way

that benefits both patients and health care practitioners.
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4.4 Conclusion

Several landmark studies including the Midthnic Study of Atherosclerosis and the
COMPASS trial have confirmed carotid plaques to be associated with CAD and e¥@nitsis
also well established that carotid ultrasound would change treatment plans and outcomes when
considered in certain populations. Taken together, carotid ultrasound plaque burden and
composition assessment should be included in national guideliagseter to be considered
given that the prevention and treatment of carotid plagque improves patient outcomes. It lacks
some common barriers to widespread implementation as it is ngirobsbitive, time
consuming, or harmful to patients. The studiesspnted here place carotid ultrasound plaque
burden and composition assessment as useful and feasible for cardiovascular risk stratification.
The greater implementation of this tool may improve cardiovascular risk stratification,

management, and reduce pootcomes in the low and intermediate risk population.
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Introduction

Atherosclerotic cardiovascular (CV) disease is one of the
leading causes of global mortality. It is a progressive inflam-
matory disease that involves lipid accumulation in the sub-
intimal layer of the arterial wall, resulting in gradual plaque
formation.! Plaque rupture is implicated in a large propor-
tion of major adverse cardiovascular events (MACE). includ-
ing acute coronary syndrome and ischemic stroke. The pres-
ence of infraplaque neovascularization (IPN) in large arterial
plaques have been associated with an increased risk of rup-
ture and plaque vulnerability. Clinical studies have demon-
strated that carotid IPN is a predictor of both coronary artery
atherosclerosis and future MACE, making it a potential ther-
apeutic target.”~ Techniques capable of non-invasive IPN as-
sessment include confrast-enhanced ultrasound (CEUS), su-
perb microvascular imaging (SMI), and dynamic contrast-
enhanced magnetic resonance imaging (DCE-MRI).>*

Lipid-lowering anti-atherosclerotic therapies are a main-
stay of treatment in patients with atherosclerotic CV dis-
ease.” Statins, the best-studied class of anti-atherosclerotic
medications, reduce the risk of MACE and mortality primar-
ily by reducing serum LDL-C cholesterol levels.'!! They
have also been shown to have beneficial effects on other
plaque vulnerability traits such as decreased necrotic core
size and increased plaque echogenicity on CEUS.'>!* How-
ever, their impact on IPN remains unclear. Thus, the pur-
pose of this systematic review was to assess the effects of
anti-atherosclerotic therapies on carotid IPN and the poten-
tial mechanisms that mediate these microvascular changes.

Materials and methods
Protocol and registration

This systematic review was performed according to the
Preferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) Statement.'* Prior to commencing the
literature search. a detailed protocol including objectives
and plans for collecting and analyzing data was devel-
oped and published in the International Prospective Register
of Systematic Reviews (PROSPERO) (registration number:
CRD42021271518).

Search strategy

To identify relevant studies, three databases were searched
from inception to October 31, 2021: MEDLINE, EMBASE
and Cochrane Library. Focused grey literature searches of
Google Scholar (first 300 results, sorted by relevance) and
CADTH Grey Matters were also performed.!” The search
terms used were: “carotid atherosclerosis” AND “anti-
atherosclerotic therapy™ AND “neovascularization™ in addi-
tion to synonyms for each term. The exact terms used for
each database are listed in the Supplementary Material. A
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backward snowballing process was used in which the refer-
ence lists of included articles were searched for additional
articles that may be relevant.' Finally, a search of the hitp:
/fclinicaltrials.gov database of the U.S National Institutes
of Health was performed to identify any ongoing or com-
pleted trials. An updated search of MEDLINE and EMBASE
databases was performed on July 13, 2022 using the same
terms and yielded zero additional studies that fit the inclu-
sion criteria.

Study selection

Studies identified in the literature search were then fur-
ther evaluated for inclusion in the final analysis. The study
question was defined using the PICOS (P—Population,
I_Intervention, C—Comparison, O —Outcome. S —Study
Design) framework. Specifically. clinical studies of adults
with symptomatic or asymptomatic carotid atherosclerosis
were included (P). Studies must have assessed carotid IPN
(O) as an outcome variable. Anti-atherosclerotic therapies (I)
of interest included statins, cholesterol absorption inhibitors,
PCSK9 inhibitors, bile acid sequestrants, and fibrates. The
initial search found studies on other therapy types (e.g. an-
tihypertensives, antiplatelets), but they were excluded from
the final analysis due to substantial heterogeneity. Although
a comparator group was not required for study inclusion,
where reported, it consisted of patients without exposure to
the treatment of interest or those without carotid IPN (C).
All study designs were included except abstracts and confer-
ence proceedings, case studies. and studies not published in
English (S).

Study selection was performed using the electronic sys-
tematic review management platform Covidence, which au-
tomatically identified and removed duplicate records with
high accuracy.!” Two independent reviewers (EC and GK)
performed title and abstract screening. Any conflicts regard-
ing the inclusion or exclusion of articles were discussed until
consensus was reached. If consensus was not reached, a third
reviewer was consulted to resolve the conflict (NG). Full-
text review was conducted by the same two independent re-
viewers, using the same conflict resolution process. Cohen’s
kappa (K) statistic and 95% confidence interval (CI) for inter-
rater reliability was calculated at the abstract screening stage.
Studies published on overlapping patient populations were
considered as duplicate publications and the articles with the
longer time period or larger sample size were included.

Data collection and outcomes

Data extraction of included articles was performed by
two independent reviewers (EC and GK) using a standard-
ized data collection form. The variables extracted from each
study included the title, first author’s name, year of pub-
lication, study aim. study design, study period, inclusion
and exclusion criteria. geographical location, sample size,
method of recruitment, baseline participant characteristics
(age. sex. cardiovascular history, medication history, serum
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lipids, inflammatory biomarkers), anti-atherosclerotic drug
exposure/regimen, method of IPN assessment (CEUS, DCE-
MRI, SMI, or histology), IPN outcomes at various follow-
up timepoints, mtra and inter-observer reproducibility of IPN
assessment method, covariate adjustment, serum lipids, and
mflammatory biomarkers. Attempts were made to contact the
corresponding author for additional data and details when
necessary.

Risk of bias and quality assessment

All studies were appraised for their quality and presence
of potential biases using the Joanna Briggs Institute Critical
Appraisal Checklists. Two authors (EC and GK) completed
quality assessments for the 16 studies deemed eligible for in-
clusion. Each study was assessed independently by both re-
viewers. Ten studies were appraised using the Checklist for
Analytical Cross Sectional Studies, two using the Checklist
for Cohort Studies, one using the Checklist for Case Series,
one using the Checklist for Randomised Controlled Trials,
and three were single-arm trials appraised using the Check-
list for Quasi-Expenimental Studies. Where the study was
a substudy of a larger trial, the larger trial was evaluated.
The tool consisted of 8-13 questions answered by ‘yes’ to
indicate higher quality, ‘no’ to indicate missing information
and therefore lower quality, “unclear’, and “N/A”. The ques-
tions evaluated the reporting of the population, reliability of
measurements of exposures and outcomes, identification and
management of confounders, follow-up length and comple-
tion, randomization strategies, and the appropriateness of sta-
tistical analyses. Studies with more than or equal to three
“no” or “uncertain” categories were considered of poor qual-
1ty, studies with one or two “no” or “uncertain” categories
were considered of good quality, and those with complete
reporting were considered to be of excellent quality. Discrep-
ancies in judgements were resolved through discussion. The
results of the appraisal process conducted by the two review-
ers are presented in the Supplementary Material (Tables S1-
85).

Statistical Analysis

Due to the heterogeneity in patient populations, imaging
modalities, therapeutic regimens, outcomes, and study de-
signs among the mecluded studies, a formal meta-analysis
could not be performed. In place of a meta-analysis, the
following summary measures were calculated for studies
that reported on the specified outcomes: median proportion
(IQR) of statin therapy in IPN-and IPN- participants, me-
dian OR (IQR) between statin therapy and IPN status, and
weighted mean percentage change in DCE-MRI IPN markers
after lipid-lowenng therapy. Studies were grouped according
to IPN assessment modality. Change in DCE-MRI imaging
markers was tested using the Wilcoxon signed-rank test. For
CEUS studies that used a visual grading scale for IPN (see
Results for definitions) (1e., 0, 1, 2), grades were combined to
form IPN+ (e.g., 2) and IPN- (e.g., 0 and 1) groups according

to the grade definitions in each study. All analyses were per-
formed using IMP®, Version 16.1 (SAS Institute Inc., Cary,
NC, 1989-2021).

Results
Study selection

Electronic literature searches identified 7072 records from
databases, among which 969 were duplicates. A total of 6103
records were assessed for inclusion through title and abstract
screening. 73 studies were selected for full-text review, with
a Cohen’s K of 0.68 (95% CI: 0.605-0.773), indicating sub-
stantial agreement '* Following the full-text review to assess
for eligibility, 57 studies were excluded, leaving 16 eligible
studies for qualitative synthesis. The detailed study selection
flow diagram 1s shown m Fig. 1.

Study characteristics and quality assessment

The review found heterogeneity between the 16 included
studies in terms of study design, patient population, imag-
ing modality, and therapeutic regimen (Table 1). Among
them, eight were cross-sectional studies, four were random-
1zed controlled trials or single arm trials, three were prospec-
tve cohort studies, and one was a case series. The median
sample size was 76 (range: 10-304), the median average
age was 68.8 (range: 55-73.6 years), and the median pro-
portion of men was 75.3% (range: 41.5-89.9%). Among in-
cluded studies, 15 examined statin therapy and one exam-
med a PCSK9 mhibitor (Table 1). Several methods of assess-
g IPN were used including contrast-enhanced ultrasound
(n-8), dynamic contrast-enhanced MRI (n=4), histological
analysis of excised plaque (n_3), and superb nucrovascu-
lar imaging (n-2). All studies measured IPN at baseline
but only six studies conducted follow-up imaging. Baseline
serum lipids (e.g. total cholesterol, triglycerides, LDL-C,
HDL-C) were measured in all but one study, and six studies
measured follow-up lipid values. Serum inflammatory mark-
ers, most commonly high-sensitivity C-reactive protemn (hs-
CRP), was measured in seven studies. As shown in Tables
$1-85, all eligible studies recerved an adequate quality rat-
ing for mnclusion, as determined by the JBI critical appraisal
tools. Eleven studies were identified as being of good quality,
and five studies were of excellent quality.

Techniques for the assessment of IPN

The effect of anti-atherosclerotic therapies on carotid IPN
has been studied using various modalities ranging from lab-
based to clinical. Eight of 16 included studies assessed IPN
using CEUS (Table 1). Among these, seven studies assessed
IPN using semi-quantitative techniques, namely visual grad-
g of plaque enhanced intensity, and two studies assessed
quantitative parameters, namely the ratio of enhanced in-
tensity in plaque to carotid lumen With minimal excep-
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Identification of studies via databases and registers
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Figure 1 PRISMA study selection flowchart.

tion, semi-quantitative studies employed the following vi-
sual graded scale: grade 0, no visible microbubbles within
the plaque; grade 1. microbubbles confined to the shoulder
and/or adventitial side of the plaque; grade 2, microbubbles
throughout the plaque core. Five studies assessed the repro-
ducibility of CEUS for the evaluation of carotid IPN. Over-
all, intra- (median K=0.84, range: 0.82-0.94) and inter-
observer (median K=0.83, range: 0.64-0.88) reproducibil-
ity for assessment using semi-quantitative parameters were
excellent.

The four DCE-MRI studies used the same quantitative im-
age analysis software (CASCADE, Vascular Imaging Labo-
ratory, University of Washington) which has been shown to
have good reproducibility in prior studies.” All studies mea-

85

sured fractional blood volume (Vp) and volume transfer con-
stant (Ktrans) as outcome parameters for IPN. Ktrans repre-
sents the rate of contrast agent influx from the plasma to tis-
sue, while Vp represents the blood plasma volume per unit
volume of tissue.!® Dong et al. measured these parameters
in the vessel adventitia whereas the remaining studies mea-
sured the intimal plaque, which may reduce comparability of
the studies, but adventitial and intimal parameters have been
shown to be strongly correlated. 202!

Three histology studies used similar immunohistochemi-
cal techniques (anti-CD31 and anti-CD34 antibodies) to as-
sess cross-sectional microvessel density, a measure of IPN.
One study reported moderate interobserver reproducibility
(k = 0.64 = 0.05) for this technique.
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Table 2 Association between presence of carotid IPN and prevalence of baseline statin therapy as assessed by contrast-enhanced

ultrasound.
First Author and Year of Total Sample IPN+ Statin % IPN- Statin % Unadjusted OR between Unadjusted OR
Publication Size statin use and IPN status  p-value
(95% CI)

Ammirati et al., 2016 55 55 a8 0.16 (0.03-0.82) 0.03+
Deyama et al., 2013* 304 40 63 0.40 (0.23-0.69) 0.001*
Huang et al., 2021%° 185 87 84 1.27 (0.56-2.90) 0.57
Magnoni et al., 20193 66 54 83 0.24 (0.06-0.92) 0.04*

Wang et al., 20212 250 52 69 0.50 (0.27-0.89) 0.02*

Xia et al., 2021 85 92 94 0.72 (0.14-3.78) 0.70

Median (IQR) - 54.6 (IQR: 52-87)

83.7 (IQR: 69-88)

0.45 (IQR: 0.24-0.72) -

CEUS = contrast-enhanced ultrasound; IPN = intraplaque neovascularization.

*indicates statistically significant p-value.

Two studies evaluated IPN using SMI, a novel Doppler ul-
trasound technique that does not require contrast media. One
study reported the intra- and interobserver reproducibility of
qualitative SMI assessment, which were good at & 0.82
(95% CI, 0.78-0.87) and K 0.76 (95% CI. 0.72-0.80), re-
spectively.”

Effect of lipid-lowering therapy on IPN assessed
via CEUS and SMI

Among the eight CEUS studies. six compared the preva-
lence of statin use between participants with at least one
carotid plaque with neovascularization (IPNy- /grade 2) and
those without (IPN-/grade 0 and 1) (Table 2). The me-
dian proportion of statin use among IPN- participants was
greater (83.7%. IQR: 68.6-88%) than IPN 1 participants
(54.6%. IQR: 51.9-87%), resulting in a median unadjusted
OR between statin use and IPN  status of 0.45 (IQR:
0.20-0.72). Three studies conducted follow-up CEUS as-
sessment prospectively, and two included an untreated con-
trol cohort.”* ¢ Both controlled studies reported signifi-
cantly more regression of IPN in the statin group com-
pared to controls after six months of therapy. Specifically,
the proportion of participants with grade 2 IPN decreased by
27% and 20% in the statin groups, compared to 4 0% and
+ 4% in the untreated control groups. respectively (p0.04,
p<0.001)** (Figure 2). One study that measured quanti-
tative plaque enhanced intensity found that enhanced inten-
sity, a measure of IPN, was significantly lower in partici-

pants taking statins at baseline than in participants who were
not.”’

Temporal effect of lipid-lowering therapy on IPN
assessed via DCE-MRI

Among the four DCE-MRI studies, three studies con-
ducted prospective follow-up imaging to elucidate the tem-
poral effect of lipid-lowering therapy on IPN, as measured by
Ktrans and Vp. Two studies evaluated statin therapy and one

study evaluated PCSKO inhibitor therapy. After 12 months of

86

therapy, the weighted mean change from baseline in Ktrans
was -0.011 min—! (-16%), with the decrease being statisti-
cally significant in two studies. (Figure 3).”>%® A significant
reduction in Vp after lipid-lowering therapy was only found
by Du et al. (-34%, p < 0.05), with the weighted mean change
from baseline across all studies being -0.018 (-20%)”". Two
studies that measured parameters at multiple time points
showed differences in the timing of observed changes. Du
et al. showed early reductions in plaque Vp from baseline
to three months (-30%, p0.01) followed by non-significant
reductions until 24 months, while Lepor et al. did not find sig-
nificant reductions in Ktrans until six to 12 months of therapy
(-17%, p 0,03).20

In addition to changes in IPN parameters, all three studies
also measured change in size of LRNC, another prognostic
feature of vulnerable plaque. Lipid-lowering therapy induced
a significant reduction in LRNC volume from baseline to fi-
nal follow-up in all studies (weighted mean: -15.5%).2%%1-%8

Effect of lipid-lowering therapy on IPN assessed
via excised plaque histology

Three cross-sectional studies evaluated the association be-
tween prior statin therapy and microvessel density in ex-
cised carotid plaque obtained from patients who underwent
carotid endarterectomy.®>?° In all studies. prior statin ther-
apy was significantly associated with lower microvessel den-
sity (Figure 4). In the two larger studies, it remained an inde-
pendent predictor of microvessel density after adjusting for
symptom status and other confounders.®*?

Association between duration of statin therapy
and IPN

Two cross-sectional studies, one CEUS and one DCE-
MRI, explored the association between duration of statin
therapy (>3 and <5 years of therapy) and IPN.*%*! Ther-
apy duration >5 years was associated with a significantly
lower prevalence of CEUS-assessed IPN (50.5% vs 79.4%,
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Figure 2 Ultrasound (A). SMI (B), and CEUS (C) images from one representative patient at baseline (top row) and after 6 months of
atorvastatin therapy (bottom row). More intraplaque neovascularization, shown by the contrast enhancement of the plaque, is present prior to
statin therapy (arrows). Reprinted from Zhu et al, with permissions from Elsevier.
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Figure 3 Time course of changes in plaque Vp (panel A) and Ktrans (panel B). two DCE-MRI measures of carotid IPN. \; fractional
plasma volume. K™ fractional constant. Dong et al. and Du et al. evaluated statin therapy, while Lepor et al. evaluated PCSK9 inhibitor

therapy. * indicates statistically significant decreases relative to baseline using Wilcoxon signed-rank test.

p<0.05) and significantly lower mean Vp compared to ther-
apy duration <5 years (0.062 vs 0.084, p=0.011). In the
DCE-MRI study, the association remained significant af-
ter controlling for potential confounding variables. includ-
ing age. BMI. presence of metabolic syndrome and lipopro-
tein(a) levels.”! These results are consistent with prospective
studies, which showed greater regression of IPN at later time
points, albeit with varying levels of significance.””

87

Association between changes in IPN and serum
lipids/inflammatory markers

Three prospective DCE-MRI studies (two statin studies,
one PCKS9i study) evaluated correlations between observed
changes in IPN measures and changes in serum biomarkers
in response to lipid-lowering therapy.”>*** All three stud-
ies found no significant correlation between change in IPN
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S0 um

Figure 4 Representative plaque histology images showing CD34 staining of intraplaque microvessels. More prominent CD34 staining
observed in untreated patients (A-D) compared to patients treated with a statin for more than 6 months. Reprinted from Konishi et al, with

permissions from Springer Nature.

parameters (Ktrans/Vp) and change in serum hs-CRP lev-
els between baseline and final follow-up. Additionally. these
studies found no significant correlation between change in
Ktrans/Vp and change in serum lipid values at the individual
level. despite reductions in both being observed at the group
level. Therefore, it is unclear whether reduction of serum
lipids is a mediator in IPN changes and may also suggest a
distinet mechanism other than lipid depletion.

Discussion

The current systematic review assessed the effects of com-
mon anti-atherosclerotic therapies on carotid IPN. The find-
ings of this review suggest that lipid-lowering therapy with
statins and PCSK9 inhibitors are associated with regression
of IPN as measured by different imaging modalities. The
general consistency of results across modalities contributes
to the strength of these findings. There is also preliminary
data suggesting that a longer duration of statin therapy is as-
sociated with greater reductions in IPN, but there is conflict-
ing evidence regarding the time course of these changes in
response to lipid-lowering therapy. Based on the lack of as-
sociation between serum lipid biomarkers and IPN changes,
it is unclear whether reduction of serum lipids mediates IPN
changes, or if this is a result of other unrelated mechanisms.
These findings raise the hypothesis that IPN changes may
occur via a distinct pathway.

The presence of carotid IPN has emerged as a key fea-
ture of plaque vulnerability that is associated with increased
risk of MACE. Our research group has previously demon-
strated that carotid IPN score is associated with coronary
artery stenosis and predictive of MACE in a population of pa-
tients referred for coronary angiography.® Similarly, a meta-
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analysis of 22 studies involving 3232 patients also concluded
that the presence of IPN was associated with a greater inci-
dence of future MACE (RR=3.28, 95% I: 1.48-4.27) com-
pared to those without IPN? Therefore. the present work
highlights the value of using clinical IPN assessment as a tool
to monitor CV risk modification achieved through therapy
that may not be captured by traditional serum biomarkers.

To our knowledge. this is the first systematic review
to comprehensively assess the effect of anti-atherosclerotic
therapies on carotid IPN. Previous systematic reviews have
explored the effect of statin therapy on other ultrasound and
MRI carotid plaque parameters including plaque area, plaque
volume, plaque echogenicity, and LRNC volume. Ibrahimi
et al. concluded that statin therapy is associated with a favor-
able increase of carotid plaque echogenicity on ultrasound.
which indicated greater stability.'” Brinjikji et al. found that
statin therapy was associated with reductions in LRNC vol-
ume on serial carotid MRI after one year, which was also
correlated with greater plaque stability.® Although a meta-
analysis was not feasible in the current review unlike afore-
mentioned studies due to study heterogeneity, the findings
that statin therapy is associated with regression of IPN are
consistent with a substantial pool of evidence supporting the
plaque-stabilizing effects of statins.

However, the mechanism through which lipid-lowering
drugs influence carotid IPN remains incompletely under-
stood. Neovascularization is thought to be triggered by lo-
cal hypoxia and inflammation. accompanied by the activa-
tion of key signaling pathways involving VEGF.* Current
evidence suggests that the beneficial effect of statins occurs
through two primary mechanisms: reduction of serum LDL-
C and suppression of inflammation. However, the findings of
this review showed no significant associations between de-
crease in IPN parameters and changes in serum lipids, so it
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is uncertain whether serum lipid reduction is a mediator in
IPN changes. This is consistent with animal studies in which
statin-associated IPN decreases were independent of plasma
lipid changes.®* Similarly, a previous meta-analysis on the ef-
fect of statins on carotid plaque echogenicity found no asso-
ciations between echogenicity inerease and LDL-C/HDL-C
changes."” These findings may support the hypothesis that re-
duction in IPN is a pleiotropic effect of statins that occurs in-
dependent of serum lipid reduction, though firm conclusions
are limited by the small size of included studies. Nonethe-
less, the results suggest that the degree of serum lipid reduc-
tion may not match the degree of IPN regression in a given
patient and serum lipids may not fully reflect plaque vulnera-
bility. As such, non-invasive plaque imaging biomarkers such
as CEUS and DCE-MRI may improve risk stratification and
uncover residual risk for MACE. Interestingly, our review
found no association between IPN reduction and change in
serum hs-CRP, a key marker of inflammation, which is in
contrast to the results of the statin-echogenicity study. This
may also be a result of insufficient power in included studies
to detect modest associations. or it may suggest that statins
induce beneficial changes to IPN and tissue composition,
for which echogenicity is a surrogate marker, through dis-
tinet mechanisms. It is also important to note that statins and
PCSKO inhibitors likely induce IPN regression via distinet
mechanisms despite both being lipid-lowering therapies. Al-
though this review may not have immediate implications on
clinical practice, it paves the way for larger prospective stud-
ies by establishing the association between lipid-lowering
therapy and carotid IPN across multiple modalities and rais-
ing mechanistic hypotheses about the relationship between
IPN and serum biomarkers.

Limitations

This review was limited by study heterogeneity in terms
of study design, patient population, imaging modality, ther-
apeutic regimen, and outcomes. This precluded a meta-
analysis and evaluation of publication bias. Even among
studies that used CEUS, there were slight differences in
grading scales which must be taken into account when in-
terpreting the summary measures of medication frequency.
Furthermore, the majority of studies were cross-sectional
or non-randomized trials with modest sample sizes, which
are more prone to bias and less suitable for establishing
causality between therapy and plaque changes. The lack of a
control group in some studies also made it difficult to dis-
tinguish the effects of therapy from the natural history of
carotid atherosclerosis. The paucity of randomized, placebo-
controlled studies on this topic may partially be attributed
to the ethical challenges of withholding lipid-lowering ther-
apy from individuals with established carotid atherosclero-
sis. However, randomized studies on this topic are still war-
ranted to corroborate existing evidence, and could be de-
signed with treatment arms of varying intensities rather than
with a placebo arm.
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Although the findings of this review showed that lipid-
lowering therapy is associated with statistically significant
regression of IPN. they were insufficient to draw conclu-
sions on the clinical significance of this effect due to the
limited number of included studies investigating correlations
with CV events. However, a recent meta-analysis found that
CEUS-assessed carotid IPN was associated with higher rates
of both past and future CV events, which highlights the value
of targeting IPN with therapeutic intervention.’ Furthermore,
this study was unable to draw conclusions on the effects of
individual statins as many studies did not stratify results by
specific medications.

Conclusions

Lipid-lowering therapy with statins and PCSK9 inhibitors
is associated with regression of neovascularization, but it is
unclear whether changes in serum lipids and inflammatory
markers are mediators in this process given the lack of asso-
ciation. Due to the heterogeneity and small sample sizes of
existing literature, larger prospective trials with better con-
trol of population and intervention variables are warranted to
clarify the results of this review. Future avenues of research
include the effect of drug dosage and duration upon IPN de-
velopment and a better understanding of the time course of
microvessel regression. In light of the potential for IPN re-
gression to be a local pleiotropic effect of statins, targeted
microbubble drug delivery may be an innovative avenue of
future exploration.
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Appendix B. HSREB Clearances

Queens

Queen's University Health Sciences & Affiliated Teaching Hospitals Research Ethics Board (HSREB)
HSREB Initial Ethics Clearance
August 16, 2021

Dr. Amer lohri
Department of Medicine
Queen's University

TRAQ #: 6032717

Department Code: DMED-2469-21

Study Title: "DMED-2469-21: The CIRCE Study - Combining Intraplaque Neovascularization with Risk Stratification
by Carotid Stress ECHO."

Co-lnvestigators/Supervisor:

Review Type: Delegated

Date Ethics Clearance Issued: August 16, 2021

Ethics Clearance Expiry Date: August 16, 2022

Dear Dr. lohri:

The Queen's University Health Sciences & Affiliated Teaching Hospitals Research Ethics Board (HSREB) has reviewed
the application and granted ethics clearance for this study as of the date noted above.

Document Name Comments Varsion
Date

Protocol Protocol - revised 2021/08/06
Letter of Information/Consent Form (combined ICF - revised 2021/08/06
jdocument)

Interview Questions Telephone script for follow-up - revised 2021/08/06
Data Summary Sheet Baseline Data Collection Sheets 2021/04/30
lOther document Screening worksheet 2021/04/29
Interview Questions Telephone script for follow-up calls 2021/04/29
I0ther document Enrollment log - Master log 2021/04/29

Documents Acknowledged:

- Ethics Training Certificates

- Principal Investigator CV

- FHS S0P for opening human participant - Johri CIRCE (2021/08/08)
- Decision from CIHR (2021/03/03 )

- Budget (2021/04/22)

- Peer Review (2021/02/18)

Amendments: No deviation from, or changes to the protocol, informed consent form and conduct of study should
be initiated without prior written clearance or an appropriate amendment event from the HSREB, except when
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necessary to eliminate immediate hazardi(s) to study participants or when the change(s) involves only administrative
or logistical aspects of the study.

Renewals: An annual renewal event form or a study closure event form must be submitted annually as per the TCPS
2 Article 6.14. As a courtesy, the Office of Research Ethics Compliance may send reminders 30 days in advance of the
ethics clearance expiry date. All lapses in ethics clearance will be documented on the annual renewal clearance
letter. A Suspension letters may be issued for lapses in ethics clearances, with subsequent termination and closure of
the ethics file for lapses greater than 10 business days. Terminations should be reported to regulatory authorities
(e.g., Health Canada, FDA) as applicable.

Completion/Termination: The HSREB must be notified of the completion or termination of this study through the
submission of a study closure event form in TRAQ.

Reporting of Serious Adverse Event (SAE)/Privacy Breach: Any SAEs that meet the HSREB reporting criteria (i.e.
definition of an unanticipated problem) and all privacy breaches must be reported as outlined in 410 HSREB
Reporting Adverse Events.

Reporting of Complaints: Any complaints made by participants or persons acting on behalf of participants must be
reported to the HSREB within 7 days of becoming aware of the complaint using the protocol deviation event form. If
your study is registered you are responsible for ensuring that the registration information is accurate and complete.

Regards,

(bt & Clake
Albert F. Clark, PhD
Chair, Queen's University Health Sciences and Affiliated Teaching Hospitals Research Ethics Board

The HSREB operates in compliance with, and is constituted in accordance with, the requirements of the Tri-Council
Policy Statement: Ethical Conduct for Research Involving Humans (TCPS 2); the international Conference on
Harmonisation Good Clinical Practice Consolidated Guideline (ICH GCP); Part C, Division 5 of the Food and Drug
Regulations; Part 4 of the Natural Health Product Regulations; Part 2 of the Medical Devices Regulations, and the
provisions of the Ontario Personal Health Infoermation Protection Act (PHIPA 2004) and its applicable regulations. The
HSREB is qualified through the CTO REB Qualification Program and is registered with the U.5. Department of Health
and Human Services (DHHS) Office for Human Research Protection (OHRFP). Federalwide Assurance Number: FWA#:
00004184, IRB#: 00001173. HSREB members involved in the research project do not participate in the review,
discussion or decision.
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HSREB Annual Renewal Clearance TRAQ # 6032717 "DMED-2469-21: The CIRCE Study -
Combining Intraplaque Neovascularization with Risk Stratification by Carotid Stress
ECHO"

mm382@queensu.ca <mm382@queensu.ca>

Mon 2022-08-08 12:57 PM

To:Amer Johri <johria@queensu.ca>

Cc:Chirinian Yvette(Co-Investigator) <Yvette.Chirinian@Kingstonhsc.ca>;Julia Herr
<jh216@queensu.ca>;Marie-France Hetu <hetumf@queensu.ca>;Georgia Kersche
<17ggk1@queensu.ca>;Matangi Murray(Co-Investigator) <mmatangi@kingstonheartclinic.com>;Sara
Pollanen <sara.pollanen@queensu.ca>;Sonu Varghese <sonu.varghese@queensu.ca>;Miranda Miller
<miranda.miller@queensu.ca>

ueen’s

UNIVERSITY

Dear Dr. Johri:

RE: HSREB Annual Renewal Clearance TRAQ #: 6032717"DMED-2469-21: The CIRCE Study -
Combining Intraplaque Neovascularization with Risk Stratification by Carotid Stress ECHO"

Date Ethics Clearance Effective: August 08, 2022
Ethics Clearance Expiry Date: August 08, 2023
Review Type: Delegated

This email serves as your notification that the Queen's University Health Sciences & Affiliated Teaching
Hospitals Research Ethics Board (HSREB) has reviewed your annual renewal event form submission and
ethics clearance is extended for one year as indicated above.

Prior to the expiration of your ethics clearance, you will be reminded to submit your renewal report
through TRAQ. Any lapses in ethical clearance will be documented above. Ethics Clearance from the
HSREB must be renewed at least once per year (ICPS 2 Article 6.14).

Regards,
(s & Clak

Albert F. Clark, PhD
Chair, Queen's University Health Sciences and Affiliated Teaching Hospitals Research Ethics Board

The HSREB operates in compliance with, and is constituted in accordance with, the requirements of
the Tri-Council Policy Statement: Ethical Conduct for Research Involving Humans (TCPS 2); the
international Conference on Harmonisation Good Clinical Practice Consolidated Guideline (ICH GCP);
Part C, Division 5 of the Food and Drug Regulations; Part 4 of the Natural Health Product Regulations;
Part 3 of the Medical Devices Regulations, and the provisions of the Ontario Personal Health
Information Protection Act (PHIPA 2004) and its applicable regulations. The HSREB is qualified through
the CTO REB Qualification Program and is registered with the U.S. Department of Health and Human
Services (DHHS) Office for Human Research Protection (OHRP). Federalwide Assurance Number:

FWA#: 00004184, IRB#: 00001173. HSREB members involved in the research project do not participate

in the review, discussion or decision.
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Queenrs

QUEEN'S UNIVERSITY HEALTH SCIENCES & AFFILIATED TEACHING HOSPITALS RESEARCH ETHICS BOARD (HSREB)
HSREB Delegated Amendment to Ethics Clearance
January 07, 2022

Dr. Amer Johri
Faculty of Health Sciences\Medicine
Queen's University

TRAQ #: 6032717

Department Code: DMED-2469-21

Study Title: "DMED-2469-21: The CIRCE 5tudy - Combining Intraplague Neovascularization with Risk Stratification
by Carotid Stress ECHO"

Review Type: Delegated

Date Ethics Clearance Issued: January 07, 2022

Dear Dr. Johri:

The Queen's University Health Sciences & Affiliated Teaching Hospitals Research Ethics Board (HSREB) has reviewed
the amendment event form and is granting ethics clearance for the changes listed below:

Document Name Comments Version
Date

Other document Eligibility form, version 2, clean copy. 2022/01/03
|Letter of Information/Consent Form {combined | Letter of information and consent form for

. o 2021/12/08
idocument) eligible participants
Other document Data collection form for results of CAC scan. 2021/12/08
Other document Enrolment log 2021/12/08

Documents Acknowledged:
ACTION(S) TO BE TAKEN FOR COMMUNICATION WITH PARTICIPANTS

1. Communication with participants who are currently enrolled in the study and receiving study treatment or
intervention: Re-consent required

2. Communication with participants who are currently being followed for the purposes of the study but are no longer
receiving study treatment or intervention: Re-consent required

3. Communication with participants who are no longer being followed for the purposes of the study: Re-consent not
required

Regards,

(bt Z Clak
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ueen’s

UNIVERSITY

Queen's University Health Sciences & Affiliated Teaching Hospitals Research Ethics Board (HSREB)
HSRER Initial Ethics Clearance
June 09, 2023

Dr. Amer Johri
Department of Medicine
Queen's University

TRAQ #: 6038886

Department Code: DMED-2728-23

Study Title: "DMED-2728-23: Cardiologists' opinion of cardiovascular risk based on the stress echo report and
carotid plague burden.”

Review Type: Delegated

Date Ethics Clearance Issued: June 09, 2023

Ethics Clearance Expiry Date: June 09, 2024

Dear Dr. Johri:

The Queen's University Health Sciences & Affiliated Teaching Hospitals Research Ethics Board (HSREB) has reviewed
the application and granted ethics clearance for this study as of the date noted above.

Document Name Comments version
Date
brotocol Study design: Cardiologists' opinion of carc_ilcwascular risk 2023/05/16
based on the stress echo report and carotid plague burden.

Letter of Information/Consent Form -

. Reader participant ICF V2 - Clean 2023/06/05
combined document)
\Verbal Consent Log Participant Verbal Consent Log - V1 2023/06/05
Recruitment email Email script for inviting staff to participate. 2023/06/05
Survey Data collection form V1 2023/05/16
Other document Reader enrollment log V1 2023/04/20

Documents Acknowledged:

- Ethics Training Certificates
- Principal Investigator CV

Amendments: No deviation from, or changes to the protocol, informed consent form and conduct of study should
be initiated without prior written clearance or an appropriate amendment event from the HSREB, except when
necessary to eliminate immediate hazard(s) to study participants or when the change(s) involves only administrative
or logistical aspects of the study.
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Renewals: An annual renewal event form or a study closure event form must be submitted annually as per the
TCPS 2 Article 6.14. As a courtesy, the Office of Research Ethics Compliance may send reminders 30 days in advance
of the ethics clearance expiry date. All lapses in ethics clearance will be documented on the annual renewal
clearance letter. A Suspension letters may be issued for lapses in ethics clearances, with subsequent termination
and closure of the ethics file for lapses greater than 10 business days. Terminations should be reported to
regulatory authorities (e.g., Health Canada, FDA) as applicable.

Completion/Termination: The HSREB must be notified of the completion or termination of this study through the
submission of a study closure event form in TRAQ.

Reporting of Serious Adverse Event (SAE)/Privacy Breach: Any SAEs that meet the HSREB reporting criteria (i.e.
definition of an unanticipated problem) and all privacy breaches must be reported as outlined in 410 HSREB
Reporting Adverse Events.,

Reporting of Complaints: Any complaints made by participants or persons acting on behalf of participants must be
reported to the HSREB within 7 days of becoming aware of the complaint using the protocol deviation event form. If
your study is registered you are responsible for ensuring that the registration information is accurate and

complete.

Regards,

Yoo

Dean A. Tripp, PhD

Chair, Queen’s University Health Sciences and Affiliated Teaching Hospitals Research Ethics Board (HSREB)
Professor, Dept of Psychology, Anesthesiology & Urology

Queen's University

Kingston, ON K7L 3N6

HSREB@queensu.ca

The HSREB operates in compliance with, and is constituted in accordance with, the requirements of the Tri-Council
Policy Statement: Ethical Conduct for Research Involving Humans (TCPS 2); the international Conference on
Harmonisation Good Clinical Practice Consolidated Guideline (ICH GCP); Part C, Division 5 of the Food and Drug
Regulations; Part 4 of the Natural Health Product Regulations; Part 3 of the Medical Devices Regulations, and the
provisions of the Ontario Personal Health Information Protection Act (PHIPA 2004) and its applicable regulations.
The HSREB is qualified through the CTO REB Qualification Program and is registered with the U.S. Department of
Health and Human Services (DHHS) Office for Human Research Protection (OHRP). Federalwide Assurance Number:
FWA#: 00004184, IRB#: 00001173. HSREB members involved in the research project do not participate in the review,
discussion or decision.
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Queen's University Health Sciences & Affiliated Teaching Hospitals Research Ethics Board (HSREB)
HSREB Initial Ethics Clearance
August 02, 2023

Dr. Amer Johri
Department of Medicine
Queen's University

TRAQ #: 6038688

Department Code: DMED-2720-23

Study Title: "DMED-2720-23: Comparing Dynamic Contrast-Enhanced Magnetic Resonance Imaging and
Ultrasound for Carotid Plague Composition Analysis.”

Review Type: Delegated

Date Ethics Clearance Issued: August 02, 2023

Ethics Clearance Expiry Date: August 02, 2024

Dear Dr. Johri:

The Queen's University Health Sciences & Affiliated Teaching Hospitals Research Ethics Board (HSREB) has
reviewed the application and granted ethics clearance for this study as of the date noted above.

Document Name Comments Version
Date
Other document Inclusion & Exclusion Criteria Worksheet - 2023/06/23
Clean
Protocol Protocol - Clean 2023/06/23
Other document Two-Part Telephone Script 2023/06/19
Letter of Information/Consent Form (combined Participant Information and Consent Form
2023/05/15
document) - Clean
Other document Master LOE Sheet - Clean 2023/05/23
Data Summary Sheet Data Collection Form 2023/04/13

Documents Acknowledged:

- Ethics Training Certificates

- Principal Investigator's CV

- SOPs: General Safety Procedures, IV injections and contrast-enhanced studies, Incidental Findings
Procedure

- Study Budget

- MRI Safety Checklist for Research Subjects

Amendments: No deviation from, or changes to the protocol, informed consent form and conduct of study
should be initiated without prior written clearance or an appropriate amendment event from the HSREB, except
when necessary to eliminate immediate hazard(s) to study participants or when the change(s) involves only
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