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Is 3D ultrasound reliable for the evaluation of carotid disease?
A systematic review and meta-analysis
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Abstract

Aim: Studies assessing the use of 3D ultrasound (3DUS) for the evaluation of carotid disease reported varying views
among observers about its reliability vis-a-vis 2DUS or angiography; ratings provided ranged from poor to excellent. This
study aims to systematically review and analyze the reliability of 3DUS for the evaluation of carotid disease. Materials
and methods: The PubMed database was searched for studies that evaluated carotid disease (i.e. plaque measurements and
characteristics and degree of stenosis) using 3DUS. Results: Sixteen studies comprising a total of 918 stenosed carotids were
reviewed and meta-analyzed. Data on intra- and inter-observer reproducibility and inter-method agreement (i.e. 3DUS vs 2D
and 3DUS vs angiography) were analyzed. Overall analysis showed excellent intra- and inter-observer reproducibility (intra-
observer: correlation coefficient =0.88, 95% confidence intervals (CI) 0.84-0.92; intra-observer: =0.91, 95% CI 0.87-0.95).
The analysis also showed excellent agreement between 3DUS and 2DUS (r=0.89, 95% CI 0.83-0.95) and between 3DUS and
angiography (7=0.73, 95% CI 0.44-0.1). Conclusion: 3DUS has excellent intra- and inter-observer reproducibility and excel-
lent agreement with 2DUS and angiography for the evaluation of carotid disease. Further studies assessing the reliability of
carotid plaque characteristics using 3DUS in symptomatic and asymptomatic patients are required.
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Introduction

Stroke is a known leading cause of death and disabil-
ity worldwide [1] and carotid atherosclerosis accounts
for approximately up to 30% of ischemic stroke [2].
The development of atherosclerotic plaque involves at-
taching monocytes to an injured or irritated endothelium
and crossing into the smooth muscle layer of the arterial
wall. They gradually grow and mature into macrophages
[3]. These macrophages absorb fat from the circulating
blood and form foam cells leading to the build-up of fat-
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ty plaque [4]. Continuing growth of the atherosclerotic
plaque in carotid arteries can lead to lumen narrowing
and restricting blood flow to the brain [5,6].
Bidimensional ultrasound (2DUS) is routinely used
in clinical practice for the diagnosis of carotid disease
[7]. However, the use of 2DUS may limit the ability of
quantification of carotid disease [8]. US is safe, portable,
and cost-effective compared to computed tomography
and magnetic resonance imaging and the trend is to shift
toward using tridimensional (3D) US for the evaluation
of carotid disease to provide more information on plaque
morphology, degree of stenosis, and haemodynamics in
real-time [9]. 3DUS has been shown to improve visuali-
zation of plaques and provide volume measurements that
could be used as an additional diagnostic tool of carotid
diseases [8,10,11]. 3DUS images for clinical diagnosis
can be obtained through mechanical-swept and free-hand
scanning systems [12]. Mechanical-swept imaging can
be achieved by placing the 3D transducer on the region
of interest and performed by either a mechanical arm
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attached to the transducer or via a motor-driven crystal
within the transducer [11,12]. Free-hand 3DUS imaging
is achieved by moving the transducer over the region of
interest [11,13].

It has been reported that 3D duplex US can be as accu-
rate as angiography for the quantification of arterial ste-
nosis [14]. However, studies assessing the use of 3DUS
for the evaluation of carotid stenosis reported different
levels of agreement among observers about its reliability
compared to 2DUS or angiography; levels of agreement
ranging from poor to excellent [14-20]. Therefore, the
aim of the present study was to systematically review and
analyze the reproducibility and reliability of 3DUS for
the evaluation of carotid stenosis.

Material and methods

This study was conducted according to the Preferred
Reporting Items for Systematic Reviews and Meta-Anal-
yses (PRISMA) guideline. Ethics approval was not re-
quired for this systematic review and meta-analysis.

Search strategy and study selection

PubMed database was searched for all studies po-
tentially evaluating carotid plaque using 3D ultrasound
from 2015 to 2020. Keywords used for searching titles
and abstracts included the following: Three-dimensional
OR 3-dimensional OR 3D ultrasound OR sonography OR
ultrasonography AND carotid disease OR carotid artery
OR carotid plaque OR carotid plaque volume. The search
was restricted to “humans” and “adults +19” and “En-
glish.” References from included studies were also hand
searched. Pre-specified inclusion criteria were used to
prevent bias. Included in the study were original, peer-re-
viewed published papers that involved measurements
of carotid stenosis and/or carotid plaque using 3DUS.
They had to have used correlation tests to evaluate 3DUS
intra-observer and/or inter-observer reproducibility and/
or inter-method agreement with 2DUS or angiography.
Phantom studies, studies assessing vessel wall volume
of non-stenosed carotid artery, review studies, letters to
editor, unpublished materials, case studies, and abstracts
were excluded.

Data acquisition

Correlation coefficient from intra and inter-observer
and inter-method analysis were extracted from included
publications. Intra-observer reproducibility was defined
as the variation between measurements obtained by the
same observers on different visits on the same carotid ar-
tery using the same 3DUS imaging technique. Inter-ob-
server reproducibility was considered to be the variation
between results obtained by two observers on the same
carotid artery using the same 3DUS imaging technique.

Inter-method agreement was defined as the variation
between results obtained by a repeated measure on the
same carotid artery using different imaging methods (i.e.
3DUS vs 2DUS and 3DUS vs angiography). The mean
correlation coefficient was calculated and used for analy-
sis if the following existed: 1) a correlation value of each
carotid artery (i.e. common, internal and external carotid
arteries) on the same subject was provided, 2) correlation
values of manual and automated assessment on the same
outcome (i.e. intra, inter-observer reproducibility or in-
ter-method agreement) were provided, 3) more than one
observer obtained data on the same carotid artery using
the exact same imaging techniques in a study, 4) carot-
id stenosis was assessed using two imaging mode (i.e.
B-mode and Doppler), 5) the mean correlation coefficient
of plaque volume, length and area was used for plaque
measurements, 6) the mean correlation coefficient of di-
ameter reduction and area reduction was used for residu-
al lumen analysis, 7) and the mean correlation coefficient
for plaque with and without ulcer was used for plaque
characteristics analysis. If the correlation coefficient was
stated in the paper with (>) or (<), the stated value was
used for analysis (e.g. if correlation coefficient of >0.8
was stated in the paper, the correlation coefficient of 0.8
was used for analysis). The number of carotid arteries
with stenosis assessed with 3DUS was considered as the
sample size. If the number of carotid arteries with ste-
nosis was not provided, the number of patients assessed
with 3DUS was used.

Quality

Criteria from the Quality Assessment of Diagnostic
Accuracy Studies (QUADAS) [21] were used for quality
assessment of the included studies. Each of the following
criteria was equal to one point: selection criteria of pa-
tients was clearly described; patients recruited were with
carotid disease; clinical information of patients were pro-
vided; a reference diagnostic test was used and the refer-
ence test was independent of 3DUS and was used for all
patients; the degree of carotid stenosis from 3DUS was
verified using the reference test and the period between
the carotid evaluation using 3DUS and the reference test
was reported. The methods of performing the reference
test were described as was the 3DUS imaging method.
The blinding of personnel and the blinded analysis was
performed and finally complete data, and subject with-
drawals if present were clarified.

Statistical analysis

A correlation coefficient with 95% confidence inter-
vals (95% Cls) was used as the estimates of statistics for
the following outcomes: intra and inter-observer repro-
ducibility and inter-method agreement (i.e. 3DUS vs 2D
and 3DUS vs angiography). Each outcome was analyzed
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Fig 1. Flow chart for study retrieval and selection. Phantom
studies, studies assessed vessel wall volume of non-stenosed
carotid artery, review studies, letter to editor, unpublished mate-
rial, case study, and abstract were excluded.

on a separate forest plot. Data of each outcome was sub-
grouped into plaque measurements (i.e. plaque volume,
plaque area and plaque length), plaque characteristics
(i.e. echotexture and surface morphology), and residual
lumen (i.e. stenosis percentage, measured through diam-
eter reduction and/or area reduction methods). The for-
est plot analysis was performed and produced using the
Stata/SE Statistical Software version 16.1 (StataCorp.,
College Station, TX) random-effect models, due to the
different scale of measurement methods used in assessing
carotid stenosis across included studies. Correlation co-
efficient (») was interpreted as following: » <0.40, weak
correlation; » = 0.40-0.70, moderate correlation; » >0.70,
strong correlation [22]. I? statistics was used to test for
heterogeneity between studies. Egger’s test and funnel
plots were used to assess possibility of publication bias
[23]. Spearman’s rank correlation coefficient was used
to determine the relationship between quality score and
outcomes. Statistical significance was set at the conven-
tional p level of <0.05.

Results

From the initial 8,974 publications found in the Pub-
Med database, 16 relevant publications comprising a to-
tal of 918 diseased carotid arteries were identified and
evaluated (fig 1) [15-20,24-33]. A summary of the in-
cluded studies is shown in Table 1.

Intra and inter-observer reproducibility

Nine [15,18,19,25-27,29,32,33] and eleven [15,17—
20,24-27,29,30] publications assessed intra- and inter-
observer reproducibility of 3DUS for the evaluation of
carotid disease, respectively. Overall analysis showed
excellent intra and inter-observer reproducibility (intra-
observer: correlation coefficient =0.88, 95% CI 0.84-

0.92, number of carotid arteries (n)=501; intra-observer:
=0.91, 95% CI 0.87-0.95, n=698). Sub-group analysis
also showed excellent intra and inter-observer reproduc-
ibility of 3DUS for carotid plaque measurements (intra-
observer: r=0.91; inter-observer: 7=0.93), assessment
of plaque characteristics (intra-observer: »=0.80; inter-
observer: 7=0.89) and measurements of residual lumen
(intra-observer: #=0.81; inter-observer: =0.83). There
was no statistically significant heterogeneity across the
studies (intra-observer: 1’=4.30%, p=0.59; inter-observ-
er: >=46.89%, p=0.06) (fig 2, fig 3).

Inter-method agreement

Nine publications [15,17,18,20,24-26,30,31] as-
sessed the inter-method agreement between 3DUS and
2DUS, and three publications [20,28,31] assessed the
inter-method agreement between 3DUS and angiog-
raphy for the assessment of carotid disease. Overall
analysis showed excellent agreement between 3DUS
and 2DUS (7=0.89, 95% CI 0.83-0.95, n=586). Sub-
group inter-method analysis between 3DUS and 2DUS
also evidenced excellent agreement for carotid plaque
measurements (r=0.96), assessment of plaque charac-
teristics (+=0.81) and measurements of residual lumen
(r=0.84). The inter-method agreement between 3DUS
and angiography for the measurements of residual lumen
was excellent (7=0.73, 95% CI 0.44-0.1, n=98). Hetero-
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Fig 2. Intra-observer reproducibility of 3D ultrasound for the
assessment of carotid stenosis. Intra-observer reproducibility
for the assessment of carotid stenosis (number (n)=501) is ex-
cellent (correlation coefficient (r) = 0.88, 95% confidence inter-
val (CI) 0.84-0.92). AR: area reduction; DR: diameter reduc-
tion; PA: plaque area; PV: plaque volume.
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Fig 3. Inter-observer reproducibility of 3D ultrasound for the
assessment of carotid stenosis. Inter-observer reproducibility
for the assessment of carotid stenosis (number (n)=698) is ex-
cellent (r = 0.91, 95% confidence interval (CI) 0.87-0.95). AR:
area reduction; DR: diameter reduction; PA: plaque area; PV:
plaque volume.

geneity was statistically significant in studies assess-
ing inter-method agreement between 3DUS and 2DUS
(I>=76.66%, p<0.01), and between 3DUS and angiogra-
phy (1>=82.59%, p<0.01) (fig 4, fig 5).

Quality

All 16 included publications clearly described se-
lection criteria of patients and recruited patients with
carotid disease, nine [16,19,26,27,29-33] provided
clinical information of patients included in the study,
nine [15,17,18,20,25,26,28,30,31] used reference di-
agnostic test, six [15,20,26,28,30,31] used reference
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Fig 4. Inter-method agreement between of 3D ultrasound and
2D ultrasound for the assessment of carotid stenosis. Inter-
method agreement between 3D ultrasound and 2D ultrasound
for the assessment of carotid stenosis (number (n)=586) is ex-
cellent (correlation coefficient (r) = 0.89, 95% confidence inter-
val (CI) 0.83-0.95). AR: area reduction; DR: diameter reduc-
tion; PL: plaque length; PV: plaque volume.

test that was independent of 3DUS, nine [15,17,18,20,
25,26,28,30,31] used the same reference test for all pa-
tients and described methods of performing reference
test, nine [15,17-20,25,28,30,31] verified the degree of
carotid stenosis from 3DUS using the reference test, sev-
en [15,17,18,25,26,28,33] reported the period between
the carotid evaluation using 3DUS and the reference test,
15 [15-20,24-27,28,30-33] described 3DUS imaging
method, 14 [15-20,24-29,32,33] reported blinding of
personnel and analysis, 10 [15,18-20,24,27,29,31-33]
provided complete data, and six reported subject with-
drawals [16,17,25,26,28,30]. There was significant re-
lationship between quality score and intra-observer cor-
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Fig 5. Inter-method agreement between of 3D ultrasound and angiography for the assessment
of carotid stenosis. Inter-method agreement between 3D ultrasound and angiography for the
assessment of carotid stenosis (number (n)=98) is excellent (correlation coefficient (r) = 0.73,
95% confidence interval (CI) 0.44-0.1). DR: diameter reduction.
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Fig 6. Funnel plots for each outcome evaluating publication bias. Standard error (SE, vertical axes) of each outcome (i.e. intra-ob-
server reproducibility (A), inter-observer reproducibility (B), inter-method agreement between three dimension ultrasound (3DUS)
and 2DUS (C), inter-method agreement between 3DUS and angiography (D) is plotted against the correlation coefficient (horizontal
axes). There was significant bias in studies assessing inter-observer reproducibility and inter-method agreement between 3DUS and

2DUS (p <0.001).

relation (Spearman’s rho coefficient, —0.6, p=0.02), and
inter-method correlation (Spearman’s rho coefficient,
—0.6, p=0.03). No significant relationship was found
between quality score and intra-observer correlation
(Spearman’s rho coefficient, —0.4, p 0.1).

Publication bias

Egger‘s test showed significant bias in studies as-
sessing inter-observer reproducibility and inter-method
agreement between 3DUS and 2DUS (p<0.001), but
not in studies assessing intra-observer reproducibility
(p=0.17) and inter-method agreement between 3DUS
and angiography (p=0.33) (fig 6).

Discussion

In this study, we aimed to systematically review and
meta-analyze the reproducibility and reliability of 3DUS
for the evaluation of carotid disease. This included ca-
rotid plaque volume and length measurements, plaque
characteristics, and degree of stenosis. Our analysis
showed that 3DUS has excellent intra- and inter-observer
reproducibility and excellent agreement with 2DUS and
angiography for the evaluation of carotid disease. This
indicates that 3DUS is a reliable imaging method for the
evaluation of carotid disease.

Our study showed excellent intra and inter-observer
reproducibility of 3DUS for the evaluation of carotid dis-
ease. Similar findings with high levels of reproducibility
were reported by a number of studies in which the me-
chanical-swept 3DUS technique was used for the evalua-
tion of carotid stenosis [14,15,24-26]. The mechanical-
swept technique can create volume data sets producing
3DUS images in real-time, instead of reconstructing 3D
images from 2D cross-sectional images [12,27]. Stud-
ies evaluating carotid stenosis using the freehand 3DUS
imaging technique reported good to excellent reproduc-
ibility [16,19,28]. Although the freechand method is less
expensive and capable of scanning a larger region of in-
terest compared to mechanical-swept method [11,25,28],

the range of reproducibility level seen with the use of
the freehand scanning technique could be accused of be-
ing more operator-dependent. Therefore, low calibration
accuracy, localization errors, and image reconstruction
errors are more common in the free-hand technique com-
pared to the mechanical scanning technique [12,25,29].

In addition, US modes used in scanning (i.e. B-mode
and Doppler-mode) may affect the accuracy of the assess-
ment of carotid plaques and the measurement of stenosis
degree. A study done by Plez et al to evaluate 3DUS in
grading and quantifying the internal carotid arteries ste-
nosis showed that 3DUS with Doppler-mode has a higher
reproducibility and is superior to the B-mode [18]. Al-
though B-mode US allows the assessment of carotid ves-
sels with high resolution, echolucent plaques restrict the
visualization of carotid stenosis [17]. On the other hand,
Doppler-mode can depict blood flow in the vessel which
helps to discriminate between plaque surface and lumen,
allowing for plaque measurement and grading of stenosis
[16,17]. It is important to keep in mind that plaque with
calcification is still considered as a limitation for the as-
sessment of carotid disease with US.

Furthermore, it has been reported that 3DUS has a high
reproducibility in characterizing atherosclerotic carotid
echotexture, echogenicity, and surface characteristics
[15]. Our sub-group analysis also showed excellent relia-
bility of 3DUS in assessing plaque characteristics. How-
ever, a study done by Heliopoulos et al showed that non-
ulcerated plaque had a higher reproducibility compared to
ulcerated plaque [25]. This indicates that plaque morpho-
logical characteristics may affect reproducibility level for
the evaluation of carotid plaque using 3DUS. The assess-
ment of carotid plaque characteristics, including presence
of fibrous cap, lipid-rich core, intraplaque hemorrhage,
and neovascularization, in addition to the measurement
of residual luminal, is important as it may provide stroke
risk information [30,31]. Further studies assessing the
reliability of carotid plaque characteristics using 3DUS
in symptomatic and asymptomatic patients are required.
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Our analysis also showed excellent inter-method
agreement in the evaluation of carotid disease. Findings
in which good and excellent agreement of 3DUS with
2DUS and angiography have been reported [19,20,32],
with a superiority of 3DUS over 2DUS in the evaluation
of carotid plaque and carotid stenosis when compared
to angiography as a gold standard [24,32,33]. Together,
these suggest that 3DUS is a reliable and reproducible
imaging method for the evaluation of carotid diseases
and can be implemented in clinical practice with appro-
priate training. Factors that may limit the accuracy of
3DUS should be considered in future studies.

Limitations in this study include the following: 1)
heterogeneity between studies in terms of scanning tech-
niques and imaging mode was observed; 2) publication
bias in studies assessing inter-observer reproducibility
and inter-method agreement between 3DUS and 2DUS
was present; 3) there was a significant relationship be-
tween quality score and studies assessing intra-observer
reproducibility, and inter-method agreement. Further
high-quality research assessing the reliability and repro-
ducibility of 3DUS for the evaluation of carotid disease
is required.

In conclusion, this systematic review and meta-anal-
ysis highlighted the reliability of 3DUS in the evaluation
of carotid disease. 3DUS has excellent intra- and inter-
observer reproducibility and excellent agreement with
2DUS and angiography for the evaluation of carotid dis-
ease. Further high-quality studies assessing the reliability
of carotid plaque characteristics using 3DUS in sympto-
matic and asymptomatic patients are required.
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