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Introduction

This article is a narrative review intended to illustrate the 
many ways that ultrasound is useful in stroke prevention 
(Table 1). Measurement of carotid plaque burden is useful 
for risk stratification, assessment of the genetics (1) and 
the biology of atherosclerosis, and for treating patients. 
A process called “treating arteries instead of treating risk 
factors” markedly reduces the risk of high-risk patients with 
asymptomatic carotid stenosis (ACS). Ultrasound is also 
used to assess carotid plaque vulnerability, in several ways: 
detection and quantification of plaque ulcers, assessment of 

echolucency, and assessment of plaque texture, an emerging 
field. Transcranial Doppler (TCD) is used not only to 
assess intracranial stenosis, but also for risk stratification in 
patients with ACS, and for diagnosis and risk stratification 
of patients with paradoxical embolism through a patent 
foramen ovale (PFO).

Approaches to measuring atherosclerosis

Intima-media thickness (IMT) and plaque thickness

Early attempts to assess preclinical atherosclerosis 
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measured carotid IMT, but it has become clear that despite 
widespread belief, IMT does not represent atherosclerosis. 
IMT as measured by the Mannheim consensus is not 
atherosclerosis; it is a biologically (2), pathologically (3) 
and genetically distinct phenotype (1). IMT methods that 
include plaque thickness in the measurement, though widely 
used, should not be called IMT, because they conflate 
patients with plaque and patients without plaque. Plaque 
thickness does predict risk (4,5). This widespread delusion, 
that IMT represents “preclinical atherosclerosis”, should 
not be permitted to continue (6). 

IMT measured according to the Mannheim consensus 
is only a weak or non-predictor of risk (7); studies that 
report that IMT predicts risk are those that combine 
plaque thickness and IMT and therefore should not call it 
IMT. Plaque area is a strong predictor of risk (8), is a much 
stronger predictor of risk than IMT (9,10), and plaque 
burden measured by ultrasound is highly correlated with 
coronary calcium and as predictive of risk. IMT is neither. 
Furthermore, progression of IMT does not predict risk (11) 
whereas progression of plaque area (8) and 3-dimensional 
(3D) plaque volume (12) do predict cardiovascular risk. 

Total plaque area (TPA)

Plaque area is measured by tracing the perimeter of a 
plaque in longitudinal section, in the plane in which it is 
biggest. All plaques seen on both sides, between the clavicle 
and the angle of the jaw, are measured, and the sum of the 
plaque areas is TPA. This measurement is very easy to do, 
can be taught to any experienced ultrasound technologist 

in a day, and is very reliable: the intraclass correlation 
for repeat measurement is 0.94 (13). The method was 
invented in our lab in 1986 by Maria DiCicco RVT. We 
first used it in a study of effects of psychological stress on  
atherosclerosis (13). 

In 1995 we began measuring TPA routinely in our 
vascular prevention clinics, and by 2002 we had evidence 
that TPA was a strong predictor of cardiovascular risk 
among our patients referred for cardiovascular prevention. 
By quartile of plaque area, the 5-year risk of stroke, 
myocardial infarction or vascular death was 5.6%, 10.7%, 
13.9%, and 19.5%, after adjustment for age, sex, blood 
pressure, serum cholesterol, smoking (pack-years) diabetes, 
plasma total homocysteine and treatment of blood pressure 
and cholesterol (8). In other words, measuring TPA was a 
much stronger predictor of risk than risk scores such as the 
Framingham risk score. Plaque progression occurred in half 
the patients despite usual therapy, and patients with plaque 
progression had twice the risk of those with stable plaque or 
regression. Regression of plaque occurred in only 25% of 
patients. This meant that usual therapy was failing half our 
patients, leading to a new approach to vascular prevention: 
“treating arteries instead of treating risk factors”.

Treating arteries instead of treating risk factors

In 2003, we implemented a new approach to vascular 
prevention: instead of being content with target levels 
of risk factors such as blood pressure and low-density 
lipoprotein cholesterol (LDL-C), the target of therapy 
was to stop progression of plaque or achieve regression of 

Table 1 Uses of ultrasound in stroke prevention

Method Uses

Measurement of carotid plaque burden Risk stratification

Study of genetics

Study of new risk factors

“Treating arteries instead of treating risk factors”

Measuring effects of new therapies on atherosclerosis

Assessment of ulceration, measurement of ulcer volume Identifying high-risk asymptomatic carotid stenosis

Echolucency, juxtaluminal black plaque Identifying high-risk asymptomatic stenosis

Plaque texture Identifying high-risk asymptomatic stenosis

Transcranial Doppler embolus detection Identifying high-risk asymptomatic stenosis

Transcranial Doppler saline studies Detection and risk stratification of patent foramen ovale
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plaque (14). The process is described in Table 1. By 2010 it 
was apparent that this approach had markedly reduced the 
risk of patients with ACS, and the proportion of patients 
with plaque regression vs. progression had reversed: now 
only about a quarter of patients had plaque progression, and 
about half had regression (14). After implementing “treating 
arteries” the percent of patients with microemboli on TCD, 
a strong predictor of risk discussed below, declined from 
12.6% to 3.7% of patients, and the rate of carotid plaque 
progression declined significantly. More importantly, the 
2-year risk of stroke and myocardial infarction declined by 
more than 80% (15). Plaque area changes within a clinically 
meaningful time frame; even plaque area changes within 
3 months (16) (Figure 1), so can be used to treat patients.

Resistant unexplained atherosclerosis: research 
into genetics and new risk factors

After treating more than 4,000 patients with this approach, 
it became apparent that some patients had atherosclerosis 
not explained by traditional risk factors (“unexplained 
atherosclerosis”), and they were extraordinarily resistant 
to even intensive medical therapy (17). Neither baseline 
levels of LDL-C nor change in LDL-C from baseline to 
a year later predicted plaque progression vs. regression, 
and the distribution of LDL-C levels was the same with 
plaque progression, stability or regression. Even among 

patients with LDL-C <1 mmol/L (19 mg/dL), half had 
plaque progression (because they were the ones who were 
being treated more intensively). Two factors that did 
predict resistance to therapy were age and renal function. 
This led to the hypothesis that metabolic toxins that are 
renally excreted may account for a substantial proportion of 
“unexplained atherosclerosis”.

Using plaque measurements to study the biology 
of atherosclerosis

Pat ients  wi th  rena l  fa i lure  have  extremely  h igh 
cardiovascular risk (18). They have high plasma levels 
of total homocysteine, asymmetric dimethylarginine 
(ADMA, a nitric oxide antagonist),  thiocyanate (a 
potent factor increasing oxidative stress), and of toxic 
metabolites produced by the intestinal microbiome from 
dietary precursors such as carnitine in red meat, and 
phosphatidylcholine in egg yolk. In 2016 we estimated 
that plasma total homocysteine only accounted for ~20% 
of the effect of renal impairment on atherosclerosis (19). 
We hypothesized that toxic metabolites of the intestinal 
microbiome may account for a greater proportion. 

I n  2 0 1 8 ,  w e  r e p o r t e d  t h a t  p l a s m a  l e v e l s  o f 
trimethylamine N-oxide (TMAO), p-cresyl sulfate and 
two other metabolites were significantly higher in patients 
with unexplained atherosclerosis than in patients whose 

A B

Figure 1 Plaque regression is much faster than most would expect. (A) Soft plaque at the origin of the left external carotid in a 64-year-old 
man using ezetimibe alone because of myalgia and cramps with statins. His plaque (white arrow) had progressed from 20 mm2 6 months 
earlier, to 28 mm2 after stopping rosuvastatin and taking ezetimibe alone. After restarting rosuvastatin 5 mg daily with ezetimibe 10 mg daily, 
and CoQ10 200 mg daily to prevent myalgia, the plaque area regressed to 19 mm2 over 13 weeks (B). The plaque had also become denser, 
with regression of the echolucent plaque (reproduced with permission of Elsevier from: Spence JD. Coronary calcium is not all we need: 
Carotid plaque burden measured by ultrasound is better. Atherosclerosis 2019;287:179-80).
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atherosclerosis was explained in linear regression by 
traditional risk factors (“explained”), and significantly 
lower in patients with little or no plaque despite high levels 
of traditional risk factors (“protected”) (20) (Figures 2,3). 
In linear regression, both TMAO p-cresyl sulfate were 
significant predictors of plaque burden, in a backward 
regression model in which sex, diabetes, serum cholesterol 
and diastolic blood pressure were excluded from the model.

3D methods: total plaque volume and vessel wall 
volume (VWV)

Fenster and colleagues (21,22) developed methods for 
measuring 3D plaque volume and VWV. These methods, 
using manual segmentation of cross-sectional slices of 
plaques are quite tedious, and cannot be performed by about 
a third of people (some are too perfectionist and cannot 
make decisions about boundaries; others are too careless). It 
takes several months to be certified to do the measurements 
reliably.

However, measurement of change in 3D plaque volume 
is the most efficient way to assess effects of therapy on 
atherosclerosis. IMT changes by only ~1.5 mm/year, and 
the spatial resolution of carotid ultrasound is ~3 mm, so it is 
not possible to measure change in IMT within individuals 
within a clinically meaningful time frame. Consensus 
sample sizes for IMT studies of anti-atherosclerotic 
therapies are ~300 patients per group, followed for 2 years 
(23,24). Plaques grow along the vessel in the axis of flow, 
2.4 times faster than they thicken, so plaque area can detect 
change in months (16). Coronary plaques assessed by 
intravascular ultrasound (IVUS) are present throughout 
the length of the pullback, so the change reduces to a 
single dimension, average plaque thickness. Sample sizes 
for IVUS studies are ~200 patients per group followed for 
2 years (25). Carotid plaques are focal, so they can change 
in 3 dimensions: length, thickness and circumferential 
extent. For that reason, sample size and study duration are 
much less for 3D plaque volume than for other methods. 
In a study of patients with ACS, we reported significant 
reduction of plaque volume with atorvastatin compared to 
placebo, in only 3 months, in only 17 patients randomized 
to placebo and 21 to atorvastatin. Carotid plaque volume 
progressed by 16.81±74.10 mm3 in patients taking placebo, 
whereas in patients taking atorvastatin there was regression 
by −90.25±85.12 mm3 (P<0.0001) (26).

For patients without carotid plaque, 3D ultrasound 
measurement of VWV (27) is superior to IMT, for several 
reasons: the dynamic range is much greater, and the ability 
to detect change over time is far superior. Among patients 
participating in a dietary study, blood pressure reduction with 
weight loss was strongly associated with reduced VWV over 
2 years in a relatively small study (only 140 participants) (28).

Assessment of vulnerable plaque

In patients with ACS, the risk of stroke is now lower with 
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Figure 2 Distribution of the study participants among the clinic 
population of 3,056 patients in the linear regression model. 
Measured total plaque area is plotted against the standardized 
predicted value of plaque area based on the risk factors in the 
regression model: age, sex, diabetes, smoking status, serum 
creatinine, systolic and diastolic blood pressures, total cholesterol, 
triglycerides, LDL-C and HDL-C. Control patients are shown as 
grey dots. The red dots represent study participants with residual 
scores >2; i.e., they are the 5% extreme cases with unexplained 
atherosclerosis, with more plaque than predicted by risk factors 
by 2 standard deviations or more. Green dots represent protected 
patients; these are the 5% extremes with much less plaque than 
predicted, with residual scores <−2; orange dots represent patients 
with explained atherosclerosis, whose plaque burden is predicted by 
the risk factors, with residual scores between −2 and 2 (reproduced 
by permission of Elsevier from: Bogiatzi C, Gloor G, Allen-
Vercoe E, et al. Metabolic products of the intestinal microbiome 
and extremes of atherosclerosis. Atherosclerosis 2018;273:91-7) 
LDL-C, low-density lipoprotein cholesterol; HDL-C, low-density 
lipoprotein cholesterol.
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Figure 3 Distribution of levels of metabolites by residual groups (protected, explained, unexplained atherosclerosis). Patients protected 
from atherosclerosis had lower levels, and patients with unexplained atherosclerosis had higher levels of the metabolites produced by the 
intestinal microbiome. All the plasma levels are in mmol/L. (A) Trimethylamine N-oxide (TMAO), P=0.005; (B) p-cresyl sulfate, P=0.0001; 
(C) hippuric acid, P=0.14; (D) indoxyl sulfate, P=0.08; (E) P-cresyl glucuronide, P=0.0001; (F) phenylacetyl glutamine, P=0.0001; (G) phenyl 
sulfate, P=0.35. Significance values are by the Kruskal-Wallis test for differences in distribution, as the distribution of these variables was 
non-normal. The test for differences in median levels was significant for the same metabolites (reproduced by permission of Elsevier from: 
Bogiatzi C, Gloor G, Allen-Vercoe E, et al. Metabolic products of the intestinal microbiome and extremes of atherosclerosis. Atherosclerosis 
2018;273:91-7).
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intensive medical therapy than with either stenting or 
endarterectomy. It is therefore important to identify the 
few (perhaps 10–15%) who could benefit from intervention. 
Methods that are helpful in doing so include TCD 
embolus detection, reduced cerebrovascular reserve, plaque 
characteristics such as echolucency and plaque inflammation 
on PET/CT (29).

Echolucency

Echolucent plaques, and in particular juxtaluminal black 
plaque area (JBA), which may represent thrombus, predict 
higher risk of stroke. Nicolaides and colleagues (30) studied 
324 patients with 50–99% carotid stenosis increasing 
stenosis gray scale median (GSM) ≤15 and JBA ≥8 mm2 
were independent predictors of the presence of hemispheric 
symptoms. This model identified a high-risk group [odds 
ratio (OR), 6.7; 95% confidence interval (CI), 4.08–10.91; 
P<0.001].

Markus  and col leagues  (31)  reported that  the 
combination of echolucency with microemboli on TCD 
was associated with a marked increase in risk of stroke. 

Ulceration

Plaque ulceration detected by angiography predicted a 
higher risk of stroke in the North American Symptomatic 
Carotid Endarterectomy (NASCET) Study (32). However, 
angiograms are images of the lumen; the best way to assess 
carotid ulceration is by 3D ultrasound (33).

In 2011 we reported (34) that patients with 3 or more 
ulcers in either or both carotid arteries had a risk that 
was very similar to that of patients with microemboli on 
TCD. Four percent of patients had ≥3 ulcers, 6% had 
microemboli, and 10% had microemboli or ≥3 ulcers. 
Patients with 3 or more ulcers in either carotid were more 
likely to have a stroke or death in 3 years (18% vs. 2%; 
P=0.03), regardless of the side on which the ulcers were 
found. The 3-year risk of stroke or death was 20% with 
microemboli vs. 2% without (P<0.003). The annual rate of 
ipsilateral stroke was 0.8%.

In 2014 we assessed measurement of ulcer volume as a 
predictor of cardiovascular risk among 349 patients referred 
to our vascular prevention clinics, followed for 5 years (35). 
Subjects with total ulcer volume ≥5 mm3 had a significantly 
higher risk of developing stroke, transient ischemic attack, 
or death (P=0.009) and of stroke/transient ischemic attack/
death/myocardial infarction/revascularization (P=0.017).

Plaque texture

An emerging field is analysis of plaque texture by more 
complex analysis of radiofrequency signals from carotid 
ultrasound. Although as mathematical constructs these 
analyses are difficult to conceptualize, they provide 
information on the distribution of pixel intensities in 
plaques, yielding texture parameters such as coarseness 
or contrast (36-38). Such measures differentiate between 
symptomatic and asymptomatic subjects (36) and were 
superior to assessment of plaque shape (37). They also 
predicted events better than a combination of a history 
of events and plaque features such as plaque area and  
GSM (38).

In 2014, we evaluated 298 patients with carotid 
atherosclerosis using 3D ultrasound at baseline and after 1 year,  
and measured carotid plaque volume and 376 measures 
of plaque texture. Patients were followed up to 5 years 
[median (range), 3.12 (0.77–4.66)] for myocardial infarction, 
transient ischemic attack, and stroke. Canges in texture and 
total plaque volume combined provided the best predictor 
of vascular events. In multivariate Cox regression, changes 
in plaque texture (median hazard ratio, 1.4; P<0.001) and 
total plaque volume (median hazard ratio, 1.5 per 100 mm3; 
P<0.001) were both significant predictors, whereas the 
Framingham risk score was not (39).

Transcranial Doppler (TCD)

TCD is useful in stroke prevention in several ways. It can 
be used to assess intracranial stenosis, detect microemboli 
in patients with ACS to identify patients who would benefit 
from intervention, and to detect and risk stratify patients 
with PFO.

TCD embolus detection

Detection of microemboli is perhaps the best validated 
way to identify patients with ACS (Figure 4). In 2005 we 
reported that among 319 patients with ACS, 10% had two 
or more microemboli in one hour of monitoring, and their 
1-year risk of stroke was 15.6%, vs. 1% among the patients 
with no microemboli (40). Thus, it was clear that patients 
with microemboli could benefit from interventions such 
as carotid endarterectomy or stenting, with periprocedural 
risks of stroke or death of ~3–4%, whereas patients without 
microemboli would be better treated with intensive medical 
therapy. In 2010 we reported that among 468 patients 
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(199 enrolled before 2003 and 269 after 2003), intensive 
medical therapy had reduced the percent of patients with 
microemboli, as described above (15); however, even 
after 2003, the presence of microemboli still significantly 
predicted risk. 

In 2010, Markus and colleagues (41) reported the results 
of the Asymptomatic Carotid Emboli Study (ACES) an 
international multicenter study in 467 patients. They 
reported that “embolic signals (ES) were present in 77 of 
467 patients at baseline”. The hazard ratio for the risk of 
ipsilateral stroke and transient ischaemic attack from 
baseline to 2 years in patients with ES compared with 
those without was 2.54 (95% CI: 1.20–5.36; P=0.015). For 
ipsilateral stroke alone, the hazard ratio was 5.57 (1.61–
19.32; P=0.007). The absolute annual risk of ipsilateral 
stroke or transient ischaemic attack between baseline and 
2 years was 7.13% in patients with ES and 3.04% in those 
without, and for ipsilateral stroke was 3.62% in patients 
with ES and 0.70% in those without. 

Thus, TCD embolus detection reliably differentiates 
between patients who can and cannot benefit from 
intervention.

TCD saline studies

A PFO is present in approximately 25% of the population, 

so among patients with stroke and PFO it may be 
difficult to determine whether the PFO was causal, 
with paradoxical embolism, or incidental. Even among 
patients with cryptogenic stroke, approximately half of 
PFO’s are incidental (42). Therefore, in deciding whether 
to recommend percutaneous closure of the PFO, it is 
important to have ways to identify those patients likely to 
benefit. A paradoxical embolus is essentially a pulmonary 
embolus that turned left through a PFO instead of turning 
right to go into the pulmonary artery. Clinical clues 
to paradoxical embolism thus have much in common 
with pulmonary embolism: prolonged sitting, dyspnea 
at the onset of stroke, a low pO2 and pCO2 at the time 
of the stroke, previous history of deep vein thrombosis, 
pulmonary embolism or varicose veins. Other clinical 
clues to paradoxical embolism include a history of sleep 
apnea (43,44), and probably as a result, waking up with  
stroke (43).

Although a right-to-left shunt (RLS) on transesophageal 
echocardiography (TEE) is regarded as the gold standard 
for diagnosing PFO, TCD saline studies are more sensitive 
for detection of PFO, and the size of the RLS as assessed by 
TCD is more predictive of recurrent stroke than the mere 
presence of an RLS on TEE. Figure 5 shows TCD saline 
studies in patients with PFO. Anzola discussed reasons 
why TCD is more sensitive than TEE for detection of  
PFO (45). These included the orientation of the caval 
ostium in the right atrium, the persistence of a Eustachian 
valve, the relative eccentricity of ostium primum and ostium 
secundum, and the anatomy of supra-aortic vessels.

In 2016 we reported (46) that the size of the shunt using 
the Spencer grade (47) was strongly predictive of recurrent 
stroke.

Although TEE would still be needed to assess other 
cardioembolic sources of stroke, TCD saline studies should 
be regarded as the gold standard for detection of PFO.

Conclusions

Ultrasound methods are useful in stroke prevention in many 
ways. For risk stratification, measurement of carotid plaque 
burden would be a better choice than coronary calcium 
scores, because they are less costly and avoid radiation. 
Measurement of plaque burden can also be used to treat 
arteries instead of treating risk factors. “Treating arteries 
without measuring plaque would be like treating hypertension 
without measuring blood pressure” (14). 

Figure 4 Microembolus in a patient with asymptomatic carotid 
stenosis. The upper channel is an M-mode image of an embolus 
in the middle cerebral artery; the lower panel shows the high-
intensity transit signal in the Doppler channel. Besides the visual 
appearance of the microembolus, a characteristic clicking sound 
is heard (reproduced by permission of the Journal for Vascular 
Ultrasound from: Spence JD. Transcranial Doppler: Uses in Stroke 
Prevention. J Vasc Ultrasound 2015;39:183-7).
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