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ABSTRACT

BACKGROUND Carotid and femoral plaque burden is a recognized biomarker of cardiovascular disease risk. A new
electronic-sweep 3-dimensional (3D)-matrix transducer method can improve the functionality and image quality of
vascular ultrasound atherosclerosis imaging.

OBJECTIVES This study aimed to validate this method for plaque volume measurement in early and intermediate-
advanced plaques in the carotid and femoral territories.

METHODS Plaque volumes were measured ex vivo in pig carotid and femoral artery specimens by 3-dimensional
vascular ultrasound (3DVUS) using a 3D-matrix (electronic-sweep) transducer and its associated 3D plaque quantification
software, and were compared with gold-standard histology. To test the clinical feasibility and accuracy of the 3D-matrix
transducer, an experiment was conducted in intermediate-high risk individuals with carotid and femoral atherosclerosis.
The results were compared with those obtained using the previously validated mechanical-sweep 3D transducer and
established 2-dimensional (2D)-based plaque quantification software.

RESULTS In the ex vivo study, the authors assessed 19 atherosclerotic plaques (plaque volume, 0.76 pL-56.30 pL),
finding strong agreement between measurements with the 3D-matrix transducer and the histological gold-standard
(intraclass correlation coefficient [ICC]: 0.992; [95% Cl: 0.978-0.997]). In the clinical analysis of 20 patients (mean age
74.6 + 4.45 years; 40% men), the authors found 64 (36 carotid and 28 femoral) of 80 scanned territories with
atherosclerosis (measured atherosclerotic volume, 10 pL-859 pL). There was strong agreement between measurements
made from electronic-sweep and mechanical-sweep 3DVUS transducers (ICC: 0.997 [95% Cl: 0.995-0.998]). Agreement
was also high between plaque volumes estimated by the 2D and 3D plaque quantification software applications (ICC:
0.999 [95% Cl: 0.998-0.999]). Analysis time was significantly shorter with the 3D plaque quantification software than
with the 2D multislice approach with a mean time reduction of 46%.

CONCLUSIONS 3DVUS using new matrix transducer technology, together with improved 3D plaque quantification
software, simplifies the accurate volume measurement of early (small) and intermediate-advanced plaques located in
carotid and femoral arteries. (J Am Coll Cardiol Img 2022;15:1124-1135) © 2022 The Authors. Published by Elsevier on
behalf of the American College of Cardiology Foundation. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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maging-based biomarkers of subclinical athero-

sclerosis improve individual cardiovascular risk

prediction compared with conventional risk
scales based on clinical parameters.”” The most stud-
ied biomarker is the computed tomography-based
coronary artery calcium score (CACS); nevertheless,
ultrasound is free of ionizing radiation and can detect
plaques in large peripheral arteries from very early
stages before calcification.> The European Society of
Cardiology guidelines now recommend ultrasound
assessment of carotid and/or femoral atherosclerosis
burden for cardiovascular risk evaluation,*° reflect-
ing the ability of atherosclerosis burden measured
by 3-dimensional vascular ultrasound (3DVUS) to pre-
dict individual cardiovascular risk,® almost matching
the prognostic performance of CACS.”® This good
performance is likely because 3DVUS provides a
more comprehensive evaluation of overall athero-
sclerosis burden, avoiding the drawbacks of 2DVUS,
together with good reproducibility of plaque
measurements.’

Several 3-dimensional (3D) approaches have been
developed to simplify and standardize 3D image
acquisition. The VL13-5 volumetric-linear array probe
uses the “mechanical-sweep” method and generates
accurate and reproducible measurements of carotid
and femoral atherosclerosis burden from early to
more advanced disease stages®'° regardless of plaque
size.'"'> However, the functionality of this approach
is limited by the large probe footprint, which hinders
examination of angulated surfaces or small fields of
view. A new commercially available 3D vascular
probe (XL14-3) based on matrix technology performs
an “electronic-sweep” that improves image quality
for the study of atherosclerosis, and the transducer’s
smaller footprint makes it easier to manipulate during
the ultrasound exploration. The 3D-matrix probe is
supported by dedicated semiautomatic software that
allows 3D analysis of the explored arterial segment. A
previous report confirmed excellent interscan repro-
ducibility for carotid atherosclerosis assessment'’;
however, the accuracy of the 3D-matrix probe for
plaque burden quantification has not been estab-
lished. More importantly, the new 3D-matrix
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transducer has not been tested previously for
its ability to detect and quantify early
atherosclerosis (plaques smaller than 69 puL),
a cornerstone of primary prevention strate-
gies, that is underestimated by old 3D

tions.'?'#'> In this study, we present the first

validation of the electronic-sweep 3D-matrix coefficient

transducer for accurate plaque volume quantification
ex vivo in a pig model of atherosclerosis, with a focus
on small plaques. In addition, we compared the abil-
ity of the 3D-matrix transducer to detect and quantify
carotid and femoral plaques in patients with
intermediate-advanced atherosclerosis with that of
the previously validated mechanical-sweep VL13-5
volumetric-linear array transducer.'®

METHODS

EX VIVO EXPERIMENT FOR GOLD STANDARD
HISTOLOGICAL VALIDATION. The accuracy of the
3D-matrix probe for plaque volume quantification
was tested using ex vivo carotid and femoral speci-
mens from 13 pigs with liver overexpression of a hu-
man gain-of-function mutant (D374Y) of protein
convertase/subtilisin kexin type 9 (PCSK9P374Y),
When placed on a cholesterol-rich diet, these animals
generate atherosclerotic lesions that resemble human
atherosclerotic plaques in size and composition.'®
The pig carotid and femoral arteries are of a similar
size to their human homologs; however, they are
located particularly deep in the adult animal (~5 cm-
8 cm for the femoral arteries and >10 cm for the
common carotid arteries), limiting ultrasound evalu-
ation in vivo. Hence, both carotid and femoral arteries
were removed from pigs to create phantoms for use as
calibration standards'’ to establish the accuracy and
reliability of new 3D probe against gold-standard
histological measurements (Central Illustration A).
Three arteries were severely damaged during
extraction, and thus the final number of ex vivo
phantoms generated was 49 (23 carotid and 26
femoral phantoms). 3DVUS was performed with a
Philips Epiq ultrasound system equipped with the

Institute/Marie-Josée and Henry R. Kravis Center for Cardiovascular Health, Mount Sinai School of Medicine, New York, New
York, USA; 'Heart Diseases and Steno Diabetes Center Aarhus, Department of Clinical Medicine, Aarhus University, Aarhus,
Denmark; ¥Cardiology Department, Hospital Universitario 12 de Octubre and Instituto de Investigacién Sanitaria Hospital 12 de
Octubre (imas12), Madrid, Spain; and the 'IS-Fundacién Jiménez Diaz Hospital, Madrid, Spain. *Dr Lopez-Melgar and Mrs. Mass

are joint first authors.
Tasneem Naqvi, MD, served as Guest Editor for this paper.

The authors attest they are in compliance with human studies committees and animal welfare regulations of the authors’
institutions and Food and Drug Administration guidelines, including patient consent where appropriate. For more information,

visit the Author Center.

Manuscript received June 30, 2021; revised manuscript received January 1, 2022, accepted January 6, 2022.

3DVUS = 3-dimensional
vascular ultrasound

CACS = coronary artery
methods because of technical limita- calcium score

125

ABBREVIATIONS
AND ACRONYMS

ICC = intraclass correlation


https://www.jacc.org/author-center

1126 Lépez-Melgar et al

3D Ultrasound for Plaque Volume Quantification

JACC: CARDIOVASCULAR IMAGING, VOL. 15, NO. 6, 2022
JUNE 2022:1124-1135

CENTRAL ILLUSTRATION Study Design

Validation Study for New 3D Vascular Ultrasound Method
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(A) In the ex vivo experiment, plague volume measurement with the XL14-3 probe and VPQ software was validated against gold standard histological measurements
using realistic phantoms prepared from diseased porcine arterial specimens. (B) In the in vivo experiment, the feasibility and accuracy of plaque volume measurement

with the XL14-3 probe and VPQ software (method 1) was compared with the previously validated method using the VL13-5 probe and VPQ software (method 3), and
the feasibility and accuracy of plaque volume measurement with the new CM2020 software (method 2) was compared with method 1. 2D = 2-dimensional;

3D = 3-dimensional.

XL14-3 3D-matrix array transducer (Philips Health-
care). The XL14-3 transducer performs an “electronic”
3D sweep from a fixed position and provides quanti-
fiable 3D volume data. The phantom acquisition pro-
tocol consisted of a 25° sweep because this provided a
field of view sufficiently large to visualize all of the
plaques embedded in the phantoms. The probe was
centered on a longitudinal view of the phantom. Ac-
quired 3D XL14-3 images were analyzed with a
modified version (not commercially available) of the
previously validated Volume Plaque Quantification
(VPQ) software (Philips Healthcare).'® VPQ enables
volume analysis from images obtained with the VL13-
5 probe, so it had to be modified to be able to analyze
data from the XL14-3 transducer. VPQ displays ac-
quired 3D volumes as multiple consecutive transverse
slices (frames) with a fixed interframe distance on
which readers trace the outer-wall (red), inner-wall
(yellow), and the plaque boundary (green) contours

(Figure 1), which guide the semiautomatic tool to
extrapolate contours along the whole vessel image
(semiautomatic slice-by-slice analysis of the vessel).
Readers can review and manually correct the auto-
matically propagated contours and plaque bound-
aries. Plaque volume is then calculated as the 3D
space between the outer wall and plaque boundaries.

After completion of the imaging studies, carotid
and femoral specimens were fixed in 10% buffered-
formalin, processed, and cut into cross-sectional
slices for histological analysis. Histological measure-
ments of plaque volume were performed with QuPath
software by planimetric analysis of histological im-
ages. The plaque area for each image was quantified
as the difference between the inner media boundary
(yellow line) and the plaque border (green line)
(Figure 1), similar to the slice-by-slice 3DVUS analysis
by VPQ. Datasets of contiguous slices were obtained
for each plaque specimen, and plaque volume was
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A Atherosclerotic plaque

FIGURE 1 Matching of 3DVUS Atherosclerotic Plaque Quantification With Histological Findings

(A) An ex vivo porcine carotid artery (phantom) before embedding in agarose. (B) Electronic-sweep 3DVUS acquisition of an agarose-embedded phantom.
(C) Semiautomatic delineation of consecutive axial views of the phantom with VPQ software. (D) Matched histological cross section of the same plaque. Red lines,
outer-wall boundary; yellow lines, inner-wall boundary; blue/green lines, residual lumen. Arrows mark an atherosclerotic plaque.

calculated as the sum of plaque areas multiplied by
the interslice distance. More details on the study
design, the technical aspects of the new probe, and
the acquisition and analysis of the images are
included in the Supplemental Methods.

All animal studies were performed at the Centro
Nacional de Investigaciones Cardiovasculares (CNIC)
with the approval of the Animal Protection Area of the
Comunidad Auténoma de Madrid (Ref. PROEX265/16)
and in compliance with the Guide for the Care and
Use of Laboratory Animals.

IN VIVO EXPERIMENT TO ASSESS THE CLINICAL
FEASIBILITY AND ACCURACY OF THE 3D-MATRIX
TRANSDUCER. The feasibility and accuracy of the
XL14-3 3D-matrix transducer was tested in a sample
of cardiovascular disease-free participants (age 74.6 &
4.45 years; 40% men) included in the CNIC Athero-
Brain: H2H (Head to Heart) study. To avoid sample
selection bias, we included all consecutive patients
who attended their second H2H study visit until we
obtained the estimated sample size of 20 individuals.
The date selected for starting recruitment was arbi-
trary. Participants were scanned in the carotid and
femoral territories, first with the electronic-sweep
XL14-3 probe, and then with the mechanical-sweep
VL13-5 probe. For the XL14-3 3D-matrix transducer,
we replicated the acquisition protocol used for
ex vivo phantoms. The probe was aligned on a lon-
gitudinal view of the carotid artery centered at the
carotid bulb and on a longitudinal view of the femoral
artery centered at the bifurcation, yielding a scanned
volume length of 4 cm in each case. For the VL13-5
mechanical probe, the 3D sweep was performed
following previously validated methodology for

patients.® We adjusted the angular sweep length in
the longitudinal plane to 30° to obtain a pyramid-
shaped 3D volume with a =6-cm-long base. Howev-
er, the border error had to be eliminated to remove
the fan-like acquisition, and arteries varied in their
depth and tortuosity, so that the usable longitudinal
coverage at the arterial level varied between 3 and
5 cm. Acquisition with the VL13-5 probe was also
centered on the carotid bulb and femoral bifurcation,
but in this case, the central images were oriented in
an axial view of the artery following standard meth-
odology. Technical features of carotid plaque burden
assessment and images obtained from the same pa-
tient are shown in Figure 2.

Images obtained with the XL14-3 3D-matrix trans-
ducer were analyzed with VPQ software and accord-
ing to the procedure described for the ex vivo
experiment (method 1) for its comparison against the
validated method (VL13-5 and VPQ method 3). The
XL14-3 acquisitions were also analyzed with a new
unreleased research software that uses a complete 3D
approach for plaque quantification, the Carotid Model
CM2020 (version 123, Philips Research), identified as
method 2, and the results were compared with those
obtained by analyzing the same 3DVUS images using
the VPQ software for validation as illustrated in
Central Illustration B. Plaques were defined according
to the Mannheim criteria as focal protrusions into the
arterial lumen >0.5 mm, >50% of the intima-media
thickness, or intima-media thickness >1.5 mm.'®
Plaque burden was quantified by measuring the vol-
umes of all atherosclerotic plaques visualized in each
acquisition (by territory).

For the feasibility analysis, “difficult arteries”
were defined as those with specific features that may
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FIGURE 2 Technical Features and Examples of Electronic and Mechanical 3D-Sweep Acquisitions for the Clinical Evaluation of Carotid Atherosclerotic Burden
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(A) Technical features of electronic-sweep acquisition with the XL14-3 3D-matrix transducer. (B) Standardized 3-dimensional (3D) images obtained with the XL14-3
probe. The acquired 3D volume is centered at the carotid bulb. The XL14-3 probe is designed to obtain the best image resolution when the A-plane of the transducer is
aligned with the longitudinal view of the carotid artery. (C) Technical features of mechanical-sweep acquisition with the VL13-5 transducer. (D) Standardized 3D images
obtained with the VL13-5 probe in the same patient as in B. The acquired 3D volume is centered at the carotid bulb. Acquisition with the VL13-5 probe is optimally

oriented in an axial view of the artery, parallel to the long-axis.

limit plaque acquisition (deep or tortuous vessels
that hinder the inclusion of all arterial segments in a
single 3D volume). Patients with a “difficult anat-
omy” were identified as those with a short, narrow,
or angulated neck or inguinal area that impeded
scanning maneuvers. We also identified 3 specific
features that can limit plaque analysis: “low-echo-
density” (echogenicity similar to blood), “calcifica-
tion” (causing significant acoustic shadowing), and
“complex morphology” (highly irregular surface
and possible surface defects). In addition, efficiency
improvement with CM2020 was also assessed by
comparing the time required to perform a
complete vessel analysis with both applications. All
images analyzed by an expert
sonographer specialized in cardiovascular imaging,

were

who was blind to the histological data (V.M.). The
repeat analyses with CM2020 software
was separated from the first analysis by at least
1 month. Image analysis with CM2020 is detailed in
the Supplemental Methods, and an example of
plaque analysis is displayed in Supplemental
Figure 1.

The clinical study complied with the principles of
the Helsinki declaration and was approved by the
Ethical Research Committee of the Instituto de Salud
Carlos III (ISCIII 49_2017/HU120 17/027).

STATISTICS AND DATA INTERPRETATION.
Continuous variables are presented as means + SD.
Both the degree of agreement between plaque vol-
umes assessed by different techniques and the
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FIGURE 3 Passing-Bablok Regression and Bland-Altman Analysis of Accuracy and Agreement in the Different Experiments
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(A) Accuracy of ex vivo 3DVUS volume measurement in pig arteries compared with histology. (B) Agreement between mechanical-sweep (VL13-5) and electronic-sweep
3DVUS (XL14-3) methods in the clinical study. (C) Agreement between VPQ and CM2020 analysis methods in the clinical study.

presence of outliers were assessed with the
intraclass correlation coefficient (ICC), Passing-
Bablok (PB) regression analysis, Bland-Altman
plots, and Lin’s concordance correlation coefficients
(CCC). The
reproducibility of plaque volume analysis using the
CM2020 application was assessed in 20 studies
of randomly selected plaques using ICC analysis. We
used IBM SPSS23, RStudio Medcalc
software to conduct the statistical analysis. Statistical
at P < 0.05.
detailed explanation on statistical analysis and data

intraobserver and interobserver

and

significance was set A more

interpretation is provided in the Supplemental
Methods.

RESULTS

EX VIVO VALIDATION BY HISTOLOGY. The ex vivo
ultrasound analysis of carotid and femoral artery
specimens detected 19 atherosclerotic plaques, all of
which were validated by histology. Mean plaque
volume by histology was 14.11 + 16.23 uL (range:
0.76 pL-56.30 pL) and by 3DVUS was 15.01 + 17.98 pL
(range: 0.63 pL-63.04 pL). Absolute and relative dis-
cordances between imaging and histology are
detailed in Supplemental Table 1. The median abso-
lute difference was 0.36 pL [IQR: 0.23 pL-1.09 pL], and

the maximum difference 6.74 pL. As judged by com-
parison with histology-determined volumes, the ac-
curacy of plaque volume quantification by 3DVUS was
excellent (ICC: 0.992 [95% CI: 0.978-0.997]; CCC:
0.991 [95% CI: 0.986-0.995]; both with P < 0.001).
However, PB regression detected a small systematic
bias, with 3DVUS slightly overestimating plaque vol-
ume, a tendency more marked for larger plaques.
These findings were consistent with the results of
Bland-Altman analysis (Figure 3A). ICC, PB, Bland-
Altman, and concordance data are detailed in
Tables 1 to 4, respectively.

IN VIVO FEASIBILITY AND VALIDATION ANALYSIS
IN THE CLINICAL SETTING. All 80 arterial territories
from 20 patients (100% of 3DVUS acquisitions) were

Measurements in the Different Validation Comparisons

TABLE 1 Accuracy Agreement and Consistency of Agreement Between Plaque Volume

Intraclass Correlation Coefficient

XL14-3 3DVUS vs VL13-5 3DVUS 64
VPQ QLab vs CM2020 (3DVUS) 64

0.997 (0.995 to 0.998)
0.999 (0.998 to 0.999)

Compared Plaque Volume Absolute Agr C y of Agr
Measurements n (95% CI) (95% CI)
XL14-3 3DVUS vs Histology 19 0.992 (0.978 to 0.997) 0.993 (0.983 to 0.997)

0.997 (0.995 to 0.998)
0.999 (0.998 to 0.999)

3DVUS = 3-dimensional vascular ultrasound.



https://doi.org/10.1016/j.jcmg.2022.01.005
https://doi.org/10.1016/j.jcmg.2022.01.005
https://doi.org/10.1016/j.jcmg.2022.01.005

130

Lépez-Melgar et al
3D Ultrasound for Plaque Volume Quantification

JACC: CARDIOVASCULAR IMAGING, VOL. 15, NO. 6, 2022
JUNE 2022:1124-1135

TABLE 2 Intercept, Slope, and Residual SD of P
Validation Comparisons

g-Bablok Regression Between Plaque Volume Measurements in the Different

Passing-Bablok Regression

Compared Plaque Volume Intercept Slope Residual SD Test for Linearity,
Measurements n (95% CI) (95% CI) (95% CI) P Value
XL14-3 3DVUS vs histology 19 -0.53 (-0.81 to -0.19) 1.08 (1.04 to 1.12) 0.80 (-1.58 to 1.58) 0.66
XL14-3 3DVUS vs VL13-5 3DVUS 64 -2.00 (-2.98 to0 0.14) 1.00 (0.98 t0 1.02) 10.01 (-19.62 to 19.62) 0.34
VPQ QLab vs CM2020 (3DVUS) 64 0.37 (-1.99 to 2.20) 1.00 (0.98 to 1.02) 6.44 (-12.62 to 12.61) 0.81

3DVUS = 3-dimensional vascular ultrasound.

successfully evaluated, with good image quality
defined in most of the XLi14-3 and VL13-5 studies.
General patient characteristics, including body size,
and specific plaque features by patient are shown in
Supplemental Table 2. No images were excluded from
the analysis caused by technically inadequate image
quality. Both transducers coincided in detecting
atherosclerosis in 64 of the 80 explored territories (36
carotid and 28 femoral arteries; plaque burden per
territory: 10 to 859 uL).

The VPQ software successfully discriminated all
plaques in the images acquired with both trans-
ducers. Mean plaque volume with the XL14-3 matrix
transducer (method 1) was 158.8 + 176.9 uL (range:
10 pL-859 pL) and with the VL13-5 mechanical trans-
ducer (method 3) was 160.8 + 175.8 uL (range: 9 pL-
839 uL). Plaque volume quantification showed
excellent agreement between transducers (ICC: 0.997
[95% CI: 0.995-0.998]; CCC: 0.997 [95% CI: 0.995-
0.998]; both with P < 0.001). Good agreement was
confirmed by PB, Bland-Altman, and Lin’s analysis
(Figure 3B, Tables 1 to 4).

In a case-by-case comparison between the XL14-3
and the VLi13-5 probes (detailed data not shown),
the XL14-3 transducer slightly underestimated total
plaque burden compared with the VL13-5 transducer
in 2 cases that exceeded the upper limit of agreement
on the Bland-Altman plot. On the other hand, the
VL13-5 probe slightly underestimated plaque
burden in 6 studies (4 carotid and 2 femoral
arteries), all featuring difficult arteries and/or diffi-
cult anatomies. However, overall plaque volume es-
timates with the XL14-3 probe maintained close
agreement with the VL13-5 acquisitions according to
PB and Bland-Altman analysis, with a small mean
bias of 2 pL that was not statistically significant
(Figure 3B).

The performance of the 2 probes with a difficult
artery and patient anatomy is illustrated in Supple-
mental Figure 2, which shows improved image qual-
ity and penetration of the XL14-3 transducer.

The same 64 atherosclerotic territories (of the total
of 80 arterial studies) were detected with CM2020
software analysis of the XL14-3 acquisitions (method
2). Mean plaque volume with CM2020 was 158.7 +
176.9 uL (range: 10.2 puL-861.5 pL), and high precision
was indicated by close agreement with VPQ assess-
ment of XL14-3 acquisitions (ICC: 0.999 [95% CI:
0.998-0.999]; CCC: 0.997 [95% CI: 0.998-0.999]; both
with P < 0.001). This excellent agreement was
confirmed by PB regression, Bland-Altman plots, and
Lin’s coefficient (Figure 3C, Tables 1 to 4). In almost all
cases, plaque burden analysis with CM2020 was faster
than with VPQ software (394 + 177 milliseconds vs 735
+ 554 milliseconds, respectively; P < 0.001) (Figure 4,
Supplemental Figure 3), with a mean time reduction
of 46 + 21% for full vessel readings.

Intraobserver and interobserver reproducibility for
plaque volume measurement were similarly good,
with ICC values of 0.998 [95% CI: 0.996-0.999] for
intraobserver agreement and 0.857 [95% CI: 0.669-
0.941] for interobserver agreement (Supplemental
Tables 3 and 4).

DISCUSSION

Accurate assessment of cardiovascular disease risk
would require precise quantification of individual
subclinical atherosclerosis burden. In the present
study, we demonstrate that 3DVUS with the novel
XL14-3 3D-matrix probe and CM2020 software accu-
rately quantifies plaque volume in a shorter time and
shows high precision for the evaluation of early
atherosclerotic plaques, a challenging scenario where
risk stratification is of greatest value. In addition,
electronic-sweep 3DVUS with the XL14-3 transducer
accurately quantifies plaque burden in the carotid
and femoral arteries, a recommended image-based
biomarker for cardiovascular disease risk assessment
in clinical guidelines.*>

Due to poor axial resolution, first-generation 3D
volume acquisition methods with external
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Compared Plaque Volume

TABLE 3 Bias and Lower and Upper Limits of Agreement Obtained From Bland-Altman Plots

VL13-5 3DVUS  XL14-3 3DVUS 64
VPQ QLab CM2020 (3D) 64

160.78 + 175.76
144.47 +142.57

158.80 + 176.91
144.58 + 140.52

Measurements Bland-Altman Plot
Method A Method B Lower Limit of Agreement  Upper Limit of Agreement
Method A Method B n Mean + SD Mean + SD Bias (95% Cl) (95% CI) (95% CI)
Histology XL14-3 3DVUS 19 14.10 + 16.23 15.01 + 17.98 —0.90 (-1.85 to 0.04) —4.78 (-6.42 to —3.12) 2.97 (1.32 to 4.62)

1.98 (-1.52 to 5.49)
0.22 (-2.49 to 2.25)

—25.54 (-31.62 to —19.46)
—17.40 (-21.93 to —13.70)

Reference, method A measurements. Comparison method, method B measurements.
3DVUS = 3-dimensional vascular ultrasound.

mechanical sweep do not accurately detect and
quantify early (small) plaques,'® even for plaque vol-
umes up to 69 pL."* New methods for the assessment
of subclinical atherosclerosis cannot be clinically
validated without invasive procedures, the exposure
of ostensibly healthy individuals to radiation (with
computed tomography), or long scan times (with
magnetic resonance). Animal models of atheroscle-
rosis provide a helpful alternative, especially those
that closely resemble the human disease. Previous
studies support the use of artificial phantoms
resembling plaques for validation purposes,'*'>*°
prompting us to design a set of realistic phantoms
using diseased porcine arterial specimens. This
ex vivo analysis showed that plaque volume quanti-
fied by electronic-sweep XL14-3 probe closely
matched that measured by gold-standard histology. A
key feature of this analysis is that fresh specimens,
although evaluated ex vivo, maintain their ultra-
sound features,”’® thus allowing a realistic and
detailed assessment of plaques that explores possible
quantification biases arising from differences in pla-
que composition or shape. However, modern histo-
logical techniques of fixation and processing have
been linked to changes in plaque features and slightly
shrinkage-related changes of larger atherosclerotic
plaques.”’ This may explain the small proportional
bias in plaque volumes obtained by electronic XL14-3
transducer compared with histology.
Although histological shrinkage cannot be excluded,
the XL14-3 probe and histology estimates of plaque
volume showed close agreement.

ex Vvivo

Advances in 3D probes have not only improved
image quality and resolution, but have also simplified
and standardized image acquisition, making proced-
ures easier to implement in clinical practice. The
XL14-3 probe is compact and has a smaller footprint
than high-resolution mechanical-sweep 3D probes.
This resulted in a slightly smaller acquired field-of-
view (FOV) in electronic acquisitions with the
XL14-3 probe than that expected for mechanical

acquisitions with the VL13-5 probe. The overall
excellent agreement in volume measurements be-
tween the 2 methods with standardized acquisition
protocols may reflect the fact that the theoretical
=~6-cm FOV in the mechanical method translates into
an actual variable 3- to 5-cm FOV available for plaque
burden analysis, depending on artery depth and tor-
tuosity. This is because the mechanical method uses a
fan-like sweep that generates a pyramid-shaped 3D
data set, producing a smaller FOV for superficial ar-
teries than for deep arteries, as well as decreased
image quality at greater depths and at the lateral
image borders (Figure 2). Despite its smaller FOV, the
small size of the XL14-3 probe facilitated scanning
maneuvers in narrow and angulated areas, allowing
more accurate diagnosis of challenging atheroscle-
rotic lesions located in difficult (deep and tortuous)
arteries and patient anatomies (short or profound
neck or inguinal areas).

We used a standardized protocol centered at the
carotid bulb or femoral bifurcation; this is a single-
region protocol that acquires a selected region or
vessel landmark with the 3D probe. This protocol has
been shown to be highly reproducible®’ and to
facilitate the monitoring of changes in serial plaque
burden evaluations,® suggesting that 3DVUS methods
would be especially appropriate for studies exam-
ining plaque progression (mechanistic studies, clin-
ical trials of drug therapies, or lifestyle
interventions). More importantly, limiting 3D studies
to the evaluation of carotid bulb alone has been
shown to reliably predict events,'® thus simplifying
the assessment of atherosclerosis burden for cardio-
vascular risk estimation. On the other hand, several
lines of evidence support the value of imaging the
femoral arteries: 1) in young to middle-age in-
dividuals, femoral territory is more frequently
affected than are the carotid territory or coronary
arteries by CACS®; 2) femoral atherosclerosis shows a
stronger association than carotid plaques with posi-
tive CACS, a surrogate marker of cardiovascular

29.51 (23.43 to 35.59)
17.55 (13.47 to 21.70)
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TABLE 4 Concordance Correlation Analysis Between Plaque Volume Measurements Obtained in the Different Validation Comparisons

Concordance Correlation Analysis

Compared Plaque Volume Measurements n Lin’s recc (95% CI) Precision p (Pearson’s r) Accuracy C, (Bias Correction Factor)
XL14-3 3DVUS vs histology 19 0.992 (0.986-0.995) 0.998 0.993
XL14-3 vs VL13-5 64 0.997 (0.995-0.998) 0.997 0.999
VPQ QLab vs CM2020 (3D) 64 0.998 (0.997-0.999) 0.998 1.000

events,”” and femoral burden is strongly associated

with the presence of significant coronary artery dis-
ease’>?%; 3) atherosclerosis progression, also a sur-
rogate marker of events, is more frequently detected
in peripheral arteries by ultrasound than in the cor-
onary arteries by CACS in middle-aged individuals?;
and 4) more importantly, some prospective outcome-
based studies have shown that the presence®>>° and
the extent®” of both carotid and femoral plaques are
associated with clinical cardiovascular events, inde-
pendently of risk factors. In this regard, our study
results will strengthen the case for multiterritorial
assessment of plaque burden, because the procedure
is equally feasible for the femoral and carotid terri-
tories. However, further research is needed to deter-
mine the added value of multiterritorial plaque
burden assessment by VUS?® and whether the deci-
sion to assess both territories or only the carotids
should be guided by patient age or disease stage.
The study of atherosclerosis by ultrasound has
historically been hindered by limitations derived
from the inherent characteristics of ultrasound tech-
nique. The most important of these limitations are as
follows: 1) the poor detection of low-echogenic pla-
ques and juxtaluminal black areas (JBAs) (those with
an echo-density similar to blood and a thin fibrous
cap below the resolution of ultrasound); and 2) pos-
terior acoustic shadowing from severe plaque calcifi-
cation. The methodology validated in this study still
has these limitations. To improve the study of low-
echogenic plaques, 3D-power Doppler and 3D
contrast-enhanced  ultrasound technology s
currently under development. These future methods
will undoubtedly be of value for the detection of
JBAs, and more importantly, they will allow explo-
ration of new directions in the assessment of
atherosclerosis-based risk markers by ultrasound (ie,
the measurement of low-echogenic plaque volume
and the combined study of 3D plaque burden and
plaque characterization). Nevertheless, notwith-
standing the inherent limitations of ultrasound, pla-
que burden measurement with current ultrasound
methods predicts clinical cardiovascular events and
has prognostic value. Further studies should seek to

determine the actual effect of the lack of detection of
JBAs with current 3DVUS technology for cardiovas-
cular risk assessment. Regarding plaque calcification,
in our study cohort, we found no significant limita-
tion in plaque burden assessment caused by posterior
acoustic shadowing, indicating that the new 3DVUS
method can be used with confidence from early to
mid-advanced disease stages. Our results align with
those from the HRP study demonstrating the feasi-
bility of carotid 3VDUS in asymptomatic intermedi-
ate- to high-risk 65- to 80-year-old individuals.”-®
However, previous studies of 3DVUS reported high
drop-out rates caused by severe plaque calcification;
these rates varied depending on the clinical context,
ranging from 23% in patients undergoing revascular-
ization of peripheral artery disease'’ to 33% in pa-
tients with recent ischemic stroke." These findings
suggest that 3DVUS performs worse in very-high risk
or symptomatic individuals in whom severe plaque
calcification co-occurs with stenotic lesions of com-
plex morphology. Nevertheless, there is currently no
consensus recommendation identifying which pa-
tients are suitable for plaque burden analysis by
3DVUS, and large prognostic studies will be needed to
define the feasibility and prognostic value of 3DVUS
in each age stratum and risk category.

The new CM2020 3D analysis software increased
analysis speed while maintaining high intraobserver
accuracy and reproducibility. This is mainly because
CM2020 uses custom-made 3D algorithms that facili-
tate segmentation and simplify the manual correction
of contours, thus significantly reducing analysis time,
whereas VPQ is based on slice-by-slice 2D segmenta-
tion of the vessel. Also, 3D segmentation produces a
3D bifurcated model of the vessel that allows simul-
taneous analysis of the proximal segments of the 2
carotid and femoral branches, an approach not
possible with VPQ. Altogether, these features make
3D ultrasound a simple, user-friendly, and radiation-
free method with true potential to become a popula-
tion screening tool for bedside cardiovascular risk
assessment.

STUDY LIMITATIONS. Our study assessed only the
carotid and femoral arteries; however, these are the
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territories endorsed in current clinical guidelines for
ultrasound assessment of atherosclerosis burden to
assist cardiovascular risk estimation. The evaluation
of subclinical atherosclerosis burden in deep arteries
such as the abdominal aorta has been described as a
limitation of previous 3DVUS methods. Given this
limitation, we did not test the XL14-3 3D-matrix probe
in this territory. This validation study was designed
to demonstrate equivalence (noninferiority) of the
new probe for plaque volume quantification
compared with methods that are currently considered
the gold standard in 3DVUS. Further studies would be
desirable comparing the feasibility and accuracy of
different imaging techniques for the detection and
quantification  of  subclinical atherosclerosis,
including the use of 3D probes from other manufac-
turers, to demonstrate the clinical superiority of the
new XL14-3 probe. The improved spatial resolution of
the XL14-3 electronic probe compared with the VL13-5
mechanical probe showed an improved feasibility for
plaque burden assessment but equivalent for plaque
quantification accuracy. These findings may reflect
the aforementioned limitation in the study design,
along with the use of 2D-based plaque quantitation
software for the analyses, as explained in the
Supplemental Methods. The complete 3D visualiza-
tion of atherosclerotic lesions afforded by CM2020
software has the potential to improve plaque quan-
tification and, more clinically relevant, to improve
plaque characterization that will further allow the
detection of plaque vulnerability features. Although
the integration of morphological and burden infor-
mation for risk assessment is a desirable goal, this
would first require a validation study for which we do
not yet have the data.

CONCLUSIONS

3DVUS with the XL14-3 3D-matrix transducer gives
accurate measures of plaque volume in the carotid
and femoral arteries regardless of plaque size. This
technique, in combination with the dedicated
CM2020 3D plaque quantification software, is signif-
icantly simpler and more user-friendly than estab-
lished approaches and has the potential to improve
risk stratification based on atherosclerotic plaque
burden.
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FIGURE 4 Reductions in the Time Needed for Plaque Burden Analysis With CM2020
Software Compared With the VPQ Tool
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Each bar represents the percentage reduction in analysis time for each vessel acquisition
of the 64 territories found to have atherosclerosis in the in vivo experiment.
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PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE: Athero-
sclerosis is the leading cause of death and disability
worldwide, and the introduction of effective strategies
for primary prevention is a health care priority. The new
3DVUS probe and software and the proposed standard-
ized 3DVUS protocol for carotid and femoral plaque
burden quantification constitute a feasible and reliable
imaging method for screening the general population.
Atherosclerosis burden quantification by carotid and
femoral 3DVUS has potential as a primary measure of
individual cardiovascular risk, complementing scales
based on traditional risk factors and improving previous
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TRANSLATIONAL OUTLOOK: Extending the use of
imaging techniques to the general population requires a
technique that is simple, reliable, and cost-effective.
3DVUS using new matrix transducer and 3D plaque
quantification software is valid for imaging superficial
peripheral atherosclerosis burden from early to advanced
stages. 3DVUS has the potential to become a key popu-
lation screening tool for identifying at-risk individuals,
targeting preventive therapy, or monitoring the response
to treatment. Moreover, this bedside method is simple
and radiation-free, encouraging its uptake in clinical
practice and large-scale trials.

2DVUS-based atherosclerotic risk markers.
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