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Noninvasive assessment of carotid plaque with
subharmonic aided pressure estimation from a US contrast
agent: A preliminary study
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University, Beijing, China Stroke is closely associated with carotid plaques. The assessment of carotid
Correspondence plaque is still the key issue of stroke prevention in clinical practice. This prospec-
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thickness, and length of carotid plaque were measured by the routine US, and

shoulder of all plaques and corresponding lumens were observed by Subharmonic
Aided Pressure Estimation (SHAPE) US examination from the US contrast agent
perflubutane microbubbles (Sonazoid), which analyzed the clinical parameters
of patients, the subharmonic amplitude characteristics of all plaques and lumens,
and the parameter differences between the ischemic stroke (IS) group and control
group. From May 2021 to February 2022, 46 carotid plaques of 23 patients were
included. For plaques, the subharmonic amplitude in the plaque (—60.52 +4.46)
was lower than that in the opposing level lumen (—56.82+5.68dB), the sub-
harmonic gradient across the plaque cap was negatively correlated with plaque
thickness (r = —0.51, p<0.001), and with the lumen stenosis severity (r = —0.42,
p = 0.003). The median IMT of the IS group was thicker than the control group.
The subharmonic gradient of the intraplaque of the IS group was larger than the
control group (p = 0.004). In this analysis, we use the receiver operating char-
acteristic (ROC) curve to establish the cutoff value of the difference to predict a
new monitoring method for plaque without invasion to predict IS. It still needs a

large-scale study with long-term follow-up to validate these findings.
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Study Highlights
WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC?

Ischemic stroke (IS) is closely associated with carotid plaques. Thus, the quantita-
tive analysis and monitoring of plaque is very important for the prevention of IS.
Ultrasound (US) contrast agent microbubbles will vibrate nonlinearly under the
excitation of sound pressure, resulting in subharmonics which will change with
the ambient pressure. The local hemodynamic conditions around a plaque can be
reflected by the Subharmonic Aided Pressure Estimation (SHAPE) results.
WHAT QUESTION DID THIS STUDY ADDRESS?

The quantitative analysis and monitoring of plaque is very important for the pre-
vention of IS. SHAPE US is developed to monitoring plaques as a quantitative
measurement tools.

WHAT DOES THIS STUDY ADD TO OUR KNOWLEDGE?

The subharmonic amplitude distribution in plaque and lumen was different.
The subharmonic gradient across the plaque cap was negatively correlated with
plaque thickness, and the lumen stenosis severity. With the cutoff value 3.95dB,
the positive and negative predictive values for identifying IS of patients were 68%

INTRODUCTION

Globally, stroke is a major cause of mortality and perma-
nent disability," and ischemic stroke (IS) is closely associ-
ated with carotid plaques.” Previous research focusing on
plaque morphology points out that plaque vulnerability is
characterized by a large necrotic core, high macrophage
content, a concomitant reduction in collagen, and a thin
fibrous cap (<65 pm).3‘7 Nevertheless, studies have shown
that plaque morphology alone was not enough to pre-
dict plaque rupture.®® The focus of vulnerable plaque
research has shifted from the morphology of vulnerable
plaques to exogenous stress that may affect the develop-
ment of plaques. Biomechanical factors are essential to
reveal plaque rupture, which is a predictor of identifying
vulnerable plaques.’®™** Therefore, the assessment of ca-
rotid plaque has extraordinary significance in preventing
the incidence of occurrence and reoccurrence of ischemic
cerebrovascular events. The pressure gradient between
the blood flow in the plaque and the lumen can reflect
the local biomechanical conditions affecting the plaque,
when the internal stress of the plaque exceeds the bearing
strength of the plaque fibrous cap, the plaque may rup-
ture.'*!> Some researchers emphasized that despite the
continuous progress of diagnostic techniques, the crite-
ria for assessing plaque vulnerability in a broader sense
have not yet been established'® and individualized risk

and 76% and the accuracy was 70%.

HOW MIGHT THIS CHANGE CLINICAL PHARMACOLOGY OR
TRANSLATIONAL SCIENCE?

The SHAPE US can indirectly reflect the pressure changes of carotid plaques,
which may provide a new monitoring method for evaluating plaque vulnerability
to prevent the occurrence of IS in the future.

assessment and guiding treatment effects of the vulner-
able plaque-oriented clinical diagnosis methods still need
to be improved. In addition, studies have shown that
plaque may change alternately between vulnerable and
non-vulnerable.'” Therefore, a quantitative analysis with-
out invasion that can dynamically reflect internal and ex-
ternal conditions is essential for more accurate detection
of plaque rupture.

Contrast-enhanced ultrasound (CEUS) displays the
neovascularization, size, and shape of plaques.'® In addi-
tion, ultrasound (US) contrast agent microbubbles will vi-
brate nonlinearly under the excitation of sound pressure,
resulting in subharmonics (f,/2 of receiving frequency),
which will change with the ambient pressure. An in-
verse relationship has been demonstrated between the
subharmonic amplitude and the ambient pressure,'*™
and the sensitivity of this inverse relationship changes
with increasing sound pressure. Therefore, the ambient
pressure can be estimated after adjusting the emission
acoustic settings to maximize the sensitivity of the inverse
relationship. This technique is called Subharmonic Aided
Pressure Estimation (SHAPE). It has been successfully ap-
plied to evaluate portal hypertension and monitor neoad-
juvant chemotherapy response.*'*2

In this study, our group has proposed to use SHAPE US
examination for noninvasive quantitative estimation of
the pressure change inside the plaque and carotid artery
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lumen. The stress distribution in the plaque was evaluated
regarding various plaque formations and the correlation
with IS were analyzed to provide a new method for clini-
cal monitoring plaque to prevent IS.

METHODS
Study patients

This prospective cross-sectional study consecutively in-
cluded patients with carotid plaque diagnosed by rou-
tine US which was performed by two physicians (both
with more than 10years of experience) with US speciali-
zation at Beijing Tiantan Hospital of Capital Medical
University from May 2021 to February 2022. Patients who
met the following inclusion criteria were included in the
stroke group: (1) over 18years old; (2) diagnosed with
IS confirmed by the associated symptoms and imaging
results from magnetic resonance imaging (MRI) or non-
enhanced computed tomography (CT) within 30days be-
fore study inclusion; (3) TOAST classification of IS was
large-artery atherosclerosis. Patients who met the follow-
ing inclusion criteria were included in the control group:
(1) carotid arteriosclerosis disease diagnosed by carotid
US; (2) no IS confirmed by MRI or CT; (3) no ischemic
symptoms, including transient global amnesia, acute
confusion, syncope, bilateral weakness, paraesthesia,

Assessed patients for eligible (n=40)

IEnrolled carotid plaque patients (n=29) |

IRonte US Examination I lCollected clinical baseline data |

Y

Patients received SHAPE US examination (n=23) |

v v
Ischemic stroke groupe Control groupe
n=12 n=11

etc. The exclusion criteria were as follows: (1) patients
with a transient ischemic attack and lacunar ischemic
stroke; (2) patients suspected of cardioembolic stroke,
evidence of cardioembolism (recent myocardial infarc-
tion <3weeks, atrial fibrillation, etc.), unexplained stroke;
(3) non-atherosclerotic arterial diseases, such as arterial
dissection and vasculitis; (4) other pathogenesis such as
hematological diseases and tumor; (5) patients with coro-
nary artery stents, angioplasty, or coronary artery bypass
grafts; (6) patients who were allergic to the US contrast
agent; and (7) no clear sonogram of the plaque SHAPE US
could be obtained. All patients with US-confirmed carotid
atherosclerosis were asked to undergo SHAPE US exami-
nation. Finally, 23 patients were included in this study
(Figure 1). All patients or the appropriate family members
had signed their informed consents before CEUS, and the
Ethics Committee approved the protocol of this study at
the Beijing Tian tan Hospital Affiliated to Capital Medical
University (KY 2019-113-01). The clinical information
and ultrasonic parameters of patients were collected and
sorted out by Excel 2016 systematically.

US contrast agent
Sonazoid (GE Healthcare, Oslo, Norway), composed of

lipid-coated microspheres and filled with perfluorobu-
tane gas whose diameter typically ranges between 1 and

FIGURE 1 Flowchart of enrollment
procedures in this study. Values are

numbers of patients.
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5um,* was used as a contrast agent in this study because
it was the most sensitive to pressure changes and SHAPE
measurements.** According to the manufacturer’s recom-
mendations, the 2 ml of sterile water for injection and per-
flubutane microbubbles were well reconstituted.

Routine US examination

After measuring blood pressure, all patients received bi-
lateral carotid artery routine US scanning by LOGIQ E20
US scanner with L2-9VN transducer (GE LOGIQ E20; GE
Healthcare). The patients were positioned supine with
their heads tilted back to expose the neck fully. The lon-
gitudinal and transverse sections were selected, and the
measurement was performed at the thickest part of the
common carotid artery intima-media. The diagnostic crite-
ria for carotid plaque formation were intima-media thick-
ness (IMT) greater than or equal to 0.15cm and calcified
plaque (class V) was excluded according to Gray-Weale's
classification.* The stenosis severity was measured by the
method of the European Carotid Surgery Trial.

SHAPE US examination

After the routine US examination, The SHAPE mode
was set to transmit at 2.5 MHz and to receive subhar-
monic signals at 1.25MHz with a convex probe (GE
LOGIQ E20; GE Healthcare). The grayscale gain was
adjusted to 35-48dB, and the depth was adjusted to
4 cm. Then, the subharmonic mode was selected. The
patients received co-infusion of the reconstituted US
contrast agent and 0.9% sodium chloride injection in-
travenously at 0.024ml/kg per minute** through a 20-
gauge intravenous cannula in the antecubital vein.
Three minutes after the start of the infusion, and re-
gion of interest (ROI; 3mm sampling frame) within
the common carotid artery was selected. The adjusted
mechanical index (MI) to 0.001 and the time-intensity
curve analysis software was initiated to determine the
MI for maximum SHAPE sensitivity. Briefly, the MI
gradually increased from 0.001 to 1. The subharmonic
amplitude in the ROI echo signal was calculated when
the microbubbles were excited by each MI, and the MI-
subharmonic amplitude curve was obtained. The first
derivative of the abovementioned curve was calculated,
yielding the transmission power-subharmonic ampli-
tude slope curve, and the midpoint of the maximum
section of the slope curve (in the growth phase) was se-
lected as the optimum MI.?* It shows an example of this
process (Figure 2c), which was performed once for each
participant to account for individual variations in depth
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and signal attenuation levels. After the MI (range, 0.16—
0.26) was adjusted to the best, the carotid arteries with
plaques were observed and acquired as 9-11s segments
in the subharmonic mode. Then, ROIs with a 1mm
sampling frame were selected in the upstream shoulder,
downstream shoulder, the top section of atherosclerotic
plaques, and the corresponding midpoint of the remain-
ing lumen perpendicular to the plaque is selected as the
ROIs in the lumen to obtain the subharmonic amplitude
of each part. The time-intensity curve analysis software
of LOGIQ E20 was used to analyze the subharmonic am-
plitude of ROIs (Figure 2d). The subharmonic gradient
across the plaque cap was expressed by subtracting the
subharmonic amplitude in the same level lumen from
the subharmonic amplitude in the plaque. The subhar-
monic gradient of intraplaque was expressed by sub-
tracting the minimum subharmonic amplitude in the
plaque from the maximum subharmonic amplitude.

Statistical analysis

All data are presented with descriptive statistics.
Descriptive statistics are shown using number (per-
centage), mean +SD (X + ), and median (interquartile
range) as applicable. The Kruskal-Wallis test was used
for the comparison of SHAPE data in three regions of
plaques. Comparison of clinical and US parameters be-
tween the IS group and the control group were by the
Mann-Whitney U test, the independent sample ¢-test, or
Fisher's Exact test as appropriate. Pearson correlation
coefficient was used to analyze the correlation among
plaque thickness, stenosis severity, and the subharmonic
gradient across the plaque cap in the thickest section
of atherosclerotic plaques. Reported p values were for
two-sided tests, with p less than 0.05 considered signifi-
cant and statistical analysis was done using IBM SPSS
Statistics (version 28; IBM). Calculation of sensitivities
and specificities for diagnosing IS with SHAPE data was
conducted with receiver operating characteristic (ROC)
analysis. Calculation of sensitivities and specificities for
diagnosing IS with SHAPE data was conducted with
ROC analysis. The optimal cutoff values for ROC curves
were established using the Youden index,* which was
performed with MedCalc Statistical Software (version
20.022; MedCalc Software Ltd.).

RESULTS

Twenty-nine patients were included in the carotid
plaque screening process. Two (6.9%) patients with
extensive calcification of carotid plaque, three (10.3%)
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FIGURE 2 Routine US and SHAPE US Examination of AS Plaque. (a) Routine ultrasonography of carotid artery with AS plaque,
the white arrow indicates an isoechoic plaque; (b) CEUS of carotid artery with AS plaque, the white arrow indicates that the plaque

can be clearly displayed in subharmonic mode. (c) The point (the intersection of red and yellow lines in the growth phase) was selected

as the optimum MI; (d) ROIs with 1 mm sampling frame were selected in the upstream shoulder, downstream shoulder, top section of

atherosclerotic plaques, and the above three corresponding horizontal lumens of the plaque. AS, atherosclerosis; CEUS, contrast-enhanced

ultrasound; MI, mechanical index; ROI, region of interest; US, ultrasound.

patients with other diseases, and one (3.4%) patient
with incomplete CT or MRI data were excluded from
the study. Finally, 23 (79.3%) patients met the inclu-
sion criteria. A total of 46 carotid plaques were collected
from 23 patients, including 17 (73.91%) men and six
(26.09%) women. There were 12 patients (mean +SD
age, 61.25+9.35years) in the IS group, including eight
(66.67%) men and four (33.33%) women, and 11 patients
(mean age+S, 57.0+3.71years) in the control group
which included nine (81.82%) men and two (18.18%)
women.

For plaques, increased plaque thickness had a
higher degree of stenosis (r = 0.904, p<0.001). ROIs
were taken from three parts of the carotid plaque,
and the subharmonic amplitude was measured. The

subharmonic amplitude in the plaque was unevenly
distributed (p = 0.018), and the subharmonic amplitude
in the thickest part of the plaque was the lowest (me-
dian, —62.35dB). The average subharmonic amplitude
at the plaque (—60.52+4.46dB) was lower than that
in the same level lumen (—56.82+5.68dB, p<0.001;
Figure 3a).

The subharmonic gradient across the plaque cap was
negatively correlated with the plaque thickness (r = —0.51,
p<0.001; Figure 3b) in the narrowest area, and it was also
negatively correlated with the stenosis severity in the nar-
rowest area (r = —0.42, p = 0.003; Figure 3c).

In group analysis, there was no significant difference
in age, body mass index, sex, blood pressure, plaque
thickness, MI, intraplaque subharmonic amplitude, and

FIGURE 3 Statistical analysis of SHAPE US parameters. (a) Comparison of subharmonic amplitude of plaque and opposing lumen

by independent sample ¢-tests; p value less than 0.001. (b) Correlation between the subharmonic gradient across the plaque cap and

thickness in the narrowest lumen. (c) Correlation between lumen stenosis severity and the subharmonic gradient across the plaque cap

in the narrowest lumen. (d) The subharmonic gradient of intraplaque of the IS group and control group; **, p value = 0.0038. (e) Receiver

operating characteristic curves demonstrate ability to use subharmonic-aided pressure estimation (SHAPE) to identify patients with IS.

AUC, area under receiver operating characteristic curve = 0.75; IS, ischemic stroke; SHAPE, Subharmonic Aided Pressure Estimation; US,

ultrasound.
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TABLE 1 Comparison of clinical and US parameters between the IS group and the control group
Group
Characteristics Total Ischemic stroke Control p value
Age (years)® 59.31+10.46 61.25+9.35 57.0+3.71 0.35
Blood pressure
Systolic blood pressure (mmHg)* 128.1+4.95 130.0+4.37 126.1+4.93 0.06
Diastolic blood pressure (mmHg)* 76.7.8+6.79 77.58 +6.73 75.8+7.007 0.55
BMI® 23.15(21.67, 26.49) 24.05 (22.08, 27.83) 22.61 (21.27, 24.65) 0.18
Sex, n (%)° 23 (100) 12 (54.55) 11 (45.45) 0.27
Male, n (%) 17(73.91) 8 (66.67) 9(81.82)
Female, n (%) 6 (26.09) 4(33.33) 2(18.18)
Plaque, n (%) 46 (100) 24 (52.17) 22 (47.83) /
IMT (mm)® 1.2(1.1,1.3) 1.25(1.13, 1.30) 1.1(1.1,1.2) 0.04
Stenosis severity (%)* 33.42 (27.52, 39.85) 33.56 (30.76, 46.63) 31.39 (24.98, 36.25) 0.23
Plaque
Thickness (cm)® 0.27(0.23,0.32) 0.27(0.23,0.33) 0.25(0.21, 0.29) 0.409
Length (cm)° 1.25(1.00, 1.88) 1.20 (0.99, 2.08) 1.38 (1.05, 1.71) 0.904
Mechanical index” 0.18 (0.16, 0.20) 0.17 (0.16, 0.22) 0.20 (0.16, 0.20) 0.695
Subharmonic amplitude of plaque
(dB)°
Upstream shoulder —59.6 (—62.53, —55.57) —58.50 (—61.53, —55.75) —61.0 (—62.73, —55.13)  0.301
Top —62.35 (—65.10, —58.54) —62.05 (—65.05, —60.10) —63.2(—65.10, —57.90)  0.767
Downstream shoulder —59.90 (—64.18, —56.58) —59.35(—62.27, =56.28)  —63.55 (—65.33, 0.088
—56.83)
Subharmonic amplitude of opposing
lumen of plaque (dB)°
Upstream shoulder —58.20 (—60.57, —53.05) —58.05 (—59.55, —54.07) —59.6 (—62.20, —51.42)  0.644
Top —57.00 (—58.65, —=53.27)  —57.40(—58.30, —=53.97)  —54.70 (—60.80, 0.455
—53.13)
Downstream shoulder —56.4 (—61.50, —54.15) —55.55(—59.60, —53.37) —57.45 (—63.95, 0.333
—54.27)
Subharmonic gradient of intraplaque 3.80 (2.55, 5.60) 5.05(3.50, 6.18) 3.00 (1.98, 4.20) 0.004
(dB)°
Subharmonic gradient across the —4.85(—8.13, —2.28) —5.35(—6.88, —2.15) —3.75(—10.03, —2.28) 0.843
plaque cap

Abbreviations: BMI, body mass index; IMT, intima-media thickness; IS, ischemic stroke; US, ultrasound.

*Variable reported as mean +SD (X + S). The t-test was used to analyze the comparison between two groups, the significance level is 0.05.

®Variable reported as the median (interquartile range [IQR]), Mann-Whitney U test for comparison between the two groups, the significance level is 0.05.

“Variable reported as frequency and percentage, Chi-Square Test was used to compare the differences between the two groups.

corresponding lumen subharmonic amplitude, and sub-
harmonic gradient across the plaque cap between the two
groups (Table 1). We observed significant difference in
IMT between the two groups (p = 0.04). The median IMT
of the IS group (median, 1.25mm) was thicker than the
control group (median, 1.1 mm). The subharmonic gradi-
ent of intraplaque of the IS group (median 5.05dB) was
significantly larger than that in the control group (median
3.00dB, p = 0.004; Figure 3d). The areas under the curve

for the subharmonic gradient of intraplaque were 0.75
(95% confidence interval [CI]: 0.60-0.89) for patients, with
IS, as shown in Figure 3e. From this curve, the optimal op-
erating point was 3.95dB for separating patients for cutoff.
In the identification of IS, SHAPE achieved a sensitivity of
66.67% (95% CI: 46.71-82.03) and a specificity of 77.27%
(95% CI: 56.56-89.88). The positive and negative predic-
tive values for identifying IS of patients were 68% and 76%
and the accuracy was 70%.
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DISCUSSION

Carotid vulnerable plaque is a critical cause of many car-
diovascular diseases,? it may be abruptly complicated by
rupture or erosion of an atherosclerotic plaque with an
overlying thrombosis precipitating acute IS and sudden
coronary death.””*® Therefore, the quantitative analysis
and monitoring of plaque is very important for the pre-
vention of IS.

However, the quantitative measurement tools for mon-
itoring plaques were lack, especially noninvasive quanti-
tative methods. An earlier pilot study indicated the local
hemodynamic conditions around a plaque can be reflected
in the SHAPE results on a rabbit model.”® In this study,
we applied SHAPE technology to carotid plaque. In the
SHAPE US examination, few patients had their own con-
ditions (deep and tortuous vessels in elderly patients, fre-
quent jitters, etc.) or thick calcification in the plaque was
always hyperechoic. These factors made it impossible for
us to obtain clear plaque sonograms, making subharmonic
acquisition and analysis impossible. Therefore, we also ex-
cluded these patients and calcified plaques (class V) clas-
sified by Gray-Weale's classification.***° We found that the
subharmonic amplitude distribution in plaque and lumen
was different. This reflects the previous research, that was,
the components of the plaque were easy to deform under
pressure, resulting in inconsistent pressure distribution in
the plaque.®’ The larger the plaque, the more obvious the
deformation would be, which leads to the change of pres-
sure in the plaque and the lumen, that was, the variation
of subharmonic amplitude. Then, we used the subhar-
monic gradient to reflect the pressure gradient across the
plaque cap. The subharmonic gradient across the plaque
cap was negatively correlated with plaque thickness, and
the degree of lumen stenosis. When the plaque became
thicker, the relative surface area of the plaque expanded,
the fibrous cap on the surface of the plaque got uneven
and thinner, the grade of neovascularization and lumen
stenosis degree increased.’” Consequently, the stress of
the plaque increased significantly.*?

Therefore, in further analysis, we found that IMT in
the IS group was thicker than that in the control group as
in previous s.tudies,34 and our results also indicate that,
through the quantitative analysis of SHAPE US, the sub-
harmonic gradient intra the plaque of the IS group was
higher than that in the control group with the quantita-
tive analysis of SHAPE US, but there was no difference
between the groups in the stenosis rate, the subharmonic
gradient across the cap, etc. From the perspective of he-
modynamic, after the formation of plaque, the blood
flow through the lumen was unchanged in unit time.
It became thinner through the cross-sectional area of
the lumen, resulting in the acceleration of blood flow
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velocity: the faster the blood flow velocity, the greater the
change of plaque surface pressure, and the low-pressure
area was prone to collapse.” The greater the pressure dif-
ference, the easier the relatively weak area of the plaque
was to rupture.36 Meanwhile, the kinetic energy obtained
by the blood will further aggravate the instability of the
fibrous cap on the plaque's surface, which will eventually
lead to rupture. Therefore, the high-pressure difference
on the plaque surface may induce the plaque to break
easily. Related studies have illustrated that neovascular-
ization and hemorrhage in plaque increase the pressure
in plaque.®® This also confirmed the conclusion of previ-
ous research of which the limitation of carotid stenosis in
evaluating the occurrence of stroke and the importance
of assessing the internal composition and morphological
changes of large artery stroke.’”*® In the current study, we
observed that the subharmonic gradient of intraplaque
was relatively larger in the IS group, and the threshold
value of 3.95dB was obtained, with specificity of about
77.27% and sensitivity of about 66.67%, which provides a
new way for us to quantitatively monitor the pressure in
plaque. Therefore, the change of subharmonic amplitude
can be used to reflect the pressure change in plaque and
lumen, and the subharmonic gradient of intraplaque is
expected to be used to monitor the development trend of
plaque clinically.

Despite the subharmonic amplitudes of carotid
plaques being analyzed, satisfactory results were obtained.
However, there were still limitations. First of all, the cur-
rent SHAPE mode used the subharmonic frequency,
which did not provide high enough resolution to evalu-
ate small plaques, and the experimental accuracy needed
to be further improved. Second, the size of experimental
samples was small, and the differences between individu-
als were not considered, which would require more exten-
sive sample statistics. Third, the blood pressure and heart
rate were not monitored in real-time during the extraction
and processing of experimental data. Forthcoming period,
the application of SHAPE technology to the risk predic-
tion of IS may require a large sample size and long-term
follow-up.

CONCLUSION

Our group applied SHAPE technology to assess carotid
plaque and analyzed the relationship between subhar-
monic amplitude of carotid plaque and lumen and IS.
Although the number of experimental studies was lim-
ited, the technique of SHAPE can indirectly reflect the
pressure changes of carotid plaques, which may provide a
new monitoring method for evaluating plaque vulnerabil-
ity to prevent the occurrence of IS in the future.
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