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In vitro analysis of carotid lesions using a preliminary microwave

sensor to detect vulnerable plaques: Correlation with histology,

Duplex ultrasound examination, and computed tomography

scanner: The Imaging and Microwave Phenotyping Assessment of

Carotid stenosis Threat (IMPACT) study

Rania Shahbaz, PhD,a Etienne Charpentier, MD,b Maharajah Ponnaiah, PhD,c Frédérique Deshours, PhD,a

Hamid Kokabi, PhD,a Isabelle Brochériou, MD, PhD,d Gilles Le Naour, PhD,a Alban Redheuil, MD, PhD,b

Fabien Koskas, MD, PhD,e and Jean-Michel Davaine, MD, PhD,d,e Paris, France
ABSTRACT
Objective: Progress in best medical treatment have made identification of best candidates for carotid surgery more
difficult. New diagnostic modalities could be helpful in this perspective. Microwaves (MWs) can quantify dielectric
properties (complex relative permittivity) of biological tissues and MW technology has emerged as a promising field of
research for distinguishing abnormal tissues from healthy ones. We here evaluated the ability of a dedicated MW sensor
developed in our laboratory to identify vulnerable carotid lesions.

Methods: We included 50 carotid lesions in this study. The plaques were analyzed and classified preoperatively by ultra-
sound (US) examination, computed tomography angiography and tested postoperatively using a MW sensor. Histopath-
ological analysis was used as a gold standard to separate vulnerable plaques (VPs) from nonvulnerable plaques (NVPs).

Results: VPs were more frequently types 2 or 3 plaques (on US examination), had a greater proportion of low (<60
Hounsfield unit) and moderate (60-130 Hounsfield unit) attenuation components (computed tomography angiography)
and displayed higher dielectric constant values (MW) than NVPs, which had an opposite profile. NVPs weremore frequently
asymptomatic plaques compared with VPs (P¼ .035). Multivariate analysis showed that US examination andMW identified
VPs with a sensitivity of 77% and a specificity of 76% (cutoff value, e0.045; area under the curve, 0.848; P < .0001).

Conclusions:We found that the presence of types 2 to 3 (on US examination) and high dielectric constant plaques in vitro
was highly indicative of a VP based on histological analysis. Further studies are needed to determine the potential of MW
to identify the most dangerous asymptomatic carotid lesions. (JVSeVascular Science 2024;5:100182.)
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Surgery for asymptomatic carotid stenosis has become
more andmore controversial lately, in particular owing to
major improvements in best medical treatment (BMT).1,2

The main criterion that drives surgical indication is the
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degree of stenosis.3-5 Decisions based solely on the de-
gree of stenosis do not take into account the biological
complexity of carotid atheromatous plaques.6-8 Recent
guidelines underline that efforts should be made to
identify and integrate qualitative aspects of carotid le-
sions in the clinical decision.9 The concept of vulnerable
plaque (VP), inherited from the coronaries, applies to ca-
rotid lesions.10 The composition of the plaque and its
qualitative aspects are indeed critical regarding the risk
of cerebrovascular events.11,12 Calcification, inflammation,
and intraplaque hemorrhage influence the plaque’s me-
chanical behavior and its corresponding risk of
rupture.13,14 Histology has established that a thin fibrous
cap, a lipid-rich necrotic core (LRNC) and an intraplaque
hemorrhage (IPH) define a VP at risk of stroke7,15-17

To help better stratify a given carotid plaque risk of
stroke, routine preoperative modalities are instrumental.
Echogenicity and aspect of plaque surface have been
identified as predictive factors of dangerous plaque
with a good correlation with histology.18 Ulceration,
and, more recently, perivascular fat are promising
1
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ARTICLE HIGHLIGHTS
d Type of Research: Human in vitro study
d Key Findings: Fifty carotid plaques were analyzed us-
ing our microwave (MW) sensor. Vulnerable plaques
based on histology analysis were significantly more
likely to be types 2 or 3 on ultrasound examination
and to have higher dielectric constant in MW
compared with nonvulnerable plaques (P < .0001).

d Take Home Message:MW technology could be help-
ful in identifying the most dangerous asymptomatic
carotid lesions.
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indicators of carotid plaque threat on computed tomog-
raphy (CT) scans.19-21 However, very few studies have
combined several routine modalities and compared
them with clinical data and histology. As a result, we still
lack a robust algorithm to support surgical decisions.
Moreover, beyond current preoperative imaging modal-
ities, developing new modalities capable of identifying
risky plaques would be of great value. From this perspec-
tive, microwaves (MWs) have been getting much atten-
tion recently in the medical field. MW radiometry is
able to detect small temperature changes in carotid pla-
ques.22 We here favored another property of MW, which
are able to go through biological tissues. The resultant
interaction between the electrical field and the medium
is described by the complex relative permittivity which
depends on the composition of each tissue.23-26 MW im-
aging uses the natural dielectric contrast between
healthy and abnormal tissues at the anatomical site of
interest. We recently developed a MW sensor using the
resonant method as a dielectric characterization tech-
nique to measure atherosclerotic plaques’ dielectric
properties.27 To our knowledge, this report represents
the first time such MW characterization has been used
on carotid plaques. As a result, the goals of this study
were to (i) describe carotid atheromatous plaques sched-
uled for surgery after a routine multimodal approach
and (ii) assess the ability of our MW sensor to identify VPs.
METHODS
Patient characteristics. Indications for surgery followed

guidelines on cerebrovascular disease.9 Patients under-
went Duplex ultrasound (US) imaging and CT angiog-
raphy (CTA) preoperatively. Exclusion criteria consisted of
prior carotid artery surgery or endovascular procedure of
the same side or prior cervical radiation. Lesions were
considered symptomatic if the patient had experienced
a transient ischemic attack or stroke ipsilateral to the
carotid lesion being studied within two months before
surgery. The institutional review board at the Hôpitaux
Universitaires Pitié Salpêtrière - Charles Foix approved
the study, and patient consent was waived, given the
nature of the study. Patient demographics and comor-
bidities were recorded at the time of enrolment. The use
of antiplatelet agents, oral anticoagulant therapy, statins,
and antihypertensive drugs was documented. In the
case of asymptomatic carotid stenosis, the interval be-
tween the first surgical consultation and the operation
was <6 weeks, whereas in the case of symptomatic ca-
rotid stenosis, this delay was <2 weeks.

Duplex US examination. The day before surgery, pa-
tients underwent a Duplex US examination performed
by a certified vascular sonographer. Philips US systemAffi-
niti 70, L12-5 50 mm Linear Probe transducer was used.
The Grey-Weale updated scale28-32 and color Doppler
imaging were used to characterize the carotid plaque.
Peak systolic and end-diastolic velocities, and internal
carotid artery/common carotid artery ratio, were regis-
tered. The degree of stenosis was estimated using the
North American Symptomatic Carotid Endarterectomy
Trial criteria by comparing the diameter of the narrowest
part of carotid artery to the diameter of the normal distal
internal carotid artery. We particularly focused on diam-
eter criteria to be consistent with CT scan analysis and to
compare the two modalities. Images were documented
in DICOM format and stored for later analyses.

CTA. In the 2 months before surgery, included patients
underwent a $64 detector row CT scan covering
the aortic arch to the cranioencephalic region. A 50- to
100-mL contrast medium with a flow rate of 3 to 5 mL/s
was injected. CTA technical parameters included the
following: a collimation of 0.6 � 0.6 mm, a slice thickness
reconstruction of 0.6 mm, and a matrix size of 512 � 512.
The C-filter algorithm of reconstruction was applied. A
senior radiologist specialized in cardiovascular imaging
(10 years of experience) reviewed all carotid arteries
without knowing the operated side (right or left carotid
artery). The carotid artery stenosis was assessed using the
North American Symptomatic Carotid Endarterectomy
Trial method.
Plaque ulceration was noted according to its width

($5mm).33 Plaque analysis quantification was performed
with a commercially dedicated software (iNtuition, Ter-
aRecon, Inc., Foster City, CA). This solution semiautomat-
ically quantifies three volumes for all carotid arteries:
lumen volume, plaque volume, and total volume in cubic
centimeters. Then, Hounsfield unit (HU) thresholds20

defined the three major components of the plaque:
fibrofatty (<60 HU), fibrotic (60-130 HU), and calcified
(>130 HU) to compute each volume in cubic centimeters.
The relative proportion of each plaque component was
measured as the percentage of the plaque volume to
normalize these volumes. Also, two regions of interest
of 2.5 cm2 were manually traced for each patient in the
perivascular fat in the axial plane at the site of maximal
stenosis. As previously published,34-36 this parameter is
called perivascular fat attenuation (PVFA).
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Carotid endarterectomy. Patients were operated on
under general anesthesia. Eversion carotid endarterec-
tomy was performed to extract carotid plaque as a single
specimen, then cut by the vascular surgeon into two
identical samples longitudinally. One specimen was
immersed in formol 4% and sent for histological analysis;
the second was preserved in saline for MW analysis.

Histology. An experienced histopathologist (blind to
the clinical details and other modalities results) conduct-
ed the histopathological analysis of the carotid plaques.
The specimens were fixed in 10% buffered formalin
before being decalcified with a Surgipath Decalcifier II
(Leica Biosystems, Danvers, MA) solution and then
embedded in paraffin. The histological slices were cut
into a thickness of 3 microns and stained afterwards us-
ing an automated slide stainer and film cover slipper (Tis-
sue-Tek, Sakura Finetek, Torrance, CA) by hematein,
eosin, and saffron staining. A Nanozoomer Hamamatsu
scanner was used to scan every slide’s complete
sectional area at 40� magnification with a resolution of
0.24 microns/pixel. The digital slides in NDPI format
were later inspected on high-definition screens (Barco
Coronis Fusion, Barco Inc, Duluth, GA) to determine the
different tissue types. Whole sections were manually
outlined using Viewer (NDP.view2 þ) to achieve a well-
defined mapping of each specimen component’s area.
This semiquantitative analysis was implemented to
ascertain the presence of calcification, LRNC, IPH, and
fibrous cap. Plaques with a LRNC, thin fibrous cap, and
IPH were considered vulnerable.

MW. MW sensors use electromagnetic radiation to
detect and measure various properties of objects or ma-
terials. The theory behind a MW sensor involves the trans-
mission and reception of MW signals, which are then
analyzed to extract information about the object being
measured. Developing a MW sensor typically involves
designing the transceiver system, selecting the appro-
priate frequency range, and optimizing the signal pro-
cessing algorithms. The resonant technique is a widely
used method in MW sensing, which involves measuring
the resonant frequency of a resonant structure in
response to changes in the environment or the material
being measured. This technique is commonly used in
the design of various types of MW sensors. A comple-
mentary split-ring resonator (CSRR) sensor was adopted
in this specific application. The MW biosensor device
developed in our laboratory is based on a CSRR structure
designed on microstrip technology, as previously
detailed.27,37 Briefly, the resonant approach was agreed
on to be used as it provides excellent sensitivity even
when the analyzed materials have substantial dielectric
losses. Thanks to its reduced dimensions, the planar
sensor can characterize small samples of atheromatous
plaques. The resonant frequency was chosen at around
2.4 GHz in the industrial, scientific, and medical radio
frequency band for relatively good MW penetration into
biological tissues and small dimensions of the sensor.
The electromagnetic software High Frequency Structure
Simulation Software from Ansys (Canonsburg, PA) was
used to optimize the geometric parameters of the
resonator and then to validate MW analysis. The received
specimen is cautiously dried from the saline and then
placed on the MW device. A standardized pressure was
applied on plaques to ensure direct contact with the
device and air elimination. MW measurements per-
formed using a Rohde & Schwarz ZNB20 vector network
analyzer and the complete set of scattering parameters
(S-parameters) was registered vs frequency and was
exploited via High Frequency Structure Simulation Soft-
ware to extract dielectric parameters. At 2.2-GHz (ie the
resonant frequency of the CSRR sensor), the dielectric
constant of bone (εr ¼ 18) was used as a reference for
calcified plaques, and that of blood (εr ¼ 58) was
considered a cutoff point for plaques at risk.38,39 The
dielectric constant of blood, fat, and bones was proposed
as a reference, even though, on a physiological level, the
composition of atherosclerotic plaque is not essentially
the same as those tissues. The reason these references
were chosen is that they have been studied and docu-
mented already in international databases, whereas the
dielectric constant of atheromatous plaque was never
measured and it is always heterogeneous. Moreover, high
permittivity is characteristic of tissues rich in polar mol-
ecules, especially water, whereas low permittivity is
typical of tissues rich in nonpolar elements, such as adi-
pose tissue. Tissue characteristics must be understood
first for diagnostic imaging to establish whether a
contrast exists between the background tissue and the
tissue of interest. In particular, the blood value was used
as a surrogate for intraplaque hemorrhage.

Statistical analyses. Continuous variables were sum-
marized using mean 6 standard deviation and categori-
cal variables as frequency (percentage). We performed a
two-sided Mann-Whitney U test for continuous variables
and c2 for categorical variables. A variable is significant
when the P value is #.05. Multivariable analysis were
performed by logistic regression method. Variable se-
lection was made by backward conditional method.
Variables selection were chosen a priori based on scien-
tific evidence. The models were validated by goodness of
the overall fit of the models at the 5% level significance
and receiving operating characteristic (ROC) curve anal-
ysis. Coefficients of the logistic regression were calcu-
lated to develop the multimodal prognostic score. The
cutoff threshold was chosen with 77% and 70% of
sensitivity and specificity, respectively for an area under
the curve (AUC) of 0.8. All the statistical analysis were
performed using SPSS v.28 statistical software (IBM,
Chicago, IL).



Table I. Baseline characteristics of 49 patients with or without symptoms before carotid endarterectomy

Total (n ¼ 50) Asymptomatic (n ¼ 35) Symptomatic (n ¼ 15) P value

Total No. of plaques 50 (100) 35 (70) 15 (30)

Mean age, years 73 6 8.8 73.6 72.4 .135

Body mass index, kg/m2 25.1 6 3.4

Female sex 14 (28) 11 (31) 3 (20)

Arterial hypertension 37 (74) 26 (74) 11 (73) .774

Smoking .589

Active 8 (16) 6 (17) 2 (13)

Previous 18 (36) 11 (31) 7 (47)

Diabetes 13 (26) 7 (20) 6 (40) .140

Dyslipidemia 31 (62) 21 (60) 10 (67) .656

Obesity 3 (6) 3 (9) 0

Cardiovascular disease 23 (46) 16 (46) 7 (47)

Peripheral arterial disease 12 (24) 9 (26) 3 (20)

History of stroke/TIA 19 (38) 9 (26) 10 (67)

Antiplatelet drug 35 (70) 28 (80) 7 (47)

Vitamin K Antagonists 1 (2) 1 (3) 0

Novel Oral anticoagulant 3 (6) 2 (6) 1 (7)

2 antiplatelet drugs 9 (18) 7 (20) 2 (13)

Beta-blockers 22 (44) 15 (43) 7 (47)

Statin 43 (86) 32 (91) 11 (73)

Diuretics 9 (18) 7 (20) 2 (13)

Angiotensin II receptor blockers 16 (32) 11 (31) 5 (33)

Angiotensin-converting enzyme 18 (36) 16 (46) 2 (13)

Calcium channel blockers 22 (44) 16 (46) 6 (40)

TIA, Transient ischemic attack.
Data are presented as number (%) or mean 6 standard deviation.

Table II. Composition of the plaques in the vulnerable plaque (VP) vs nonvulnerable plaque (NVP) groups and symptomatic
vs asymptomatic group

All VP (n ¼ 22) NVP (n ¼ 28) P value
Symptomatic

(n ¼ 15)
Asymptomatic

(n ¼ 35) P value

% Fibrous cap 55.1 6 17 41.9 6 11 65.4 6 15 .000 47.5 6 13 58.3 6 18 .043

% LRNC 25.3 6 21 45.7 6 11 9.3 6 9 .000 32.2 6 20 22.4 6 20 .133

% Calcification 8.5 6 12 3.0 6 3 12.8 6 15 .010 12.5 6 15 6.8 6 10 .074

Symptomatic (n ¼ 15) 10 (46) 5 (18) .035

Asymptomatic (n ¼ 35) 12 (54) 23 (82)

LRNC, Lipid-rich necrotic core; NVP, nonvulnerable plaque; VP, vulnerable plaque.
Data are presented as mean 6 standard deviation or number (%).

4 Shahbaz et al JVSeVascular Science
2024
RESULTS
Patients. Overall, 50 carotid specimens (49 patients)

were included between January 2020 and October
2022. The mean age was 736 9 years, primarily male pa-
tients (72%) (Table I). Patients were considered for sur-
gery in case of stenosis of >70%, or between 60% and
70% for symptomatic lesions or in case of asymptomatic
lesion presenting features of instability according to the
referral surgeon (ulceration, soft irregular plaque,
between 60% and 70% of stenosis in CTA but high ve-
locities on US examination) (Table II).
Thirty-one of the 49 patients had BMT (1 or 2 antiplatelet

agents, statins, and antihypertensive drugs). Among the
31 BMTþ patients, 13 (42%) had a VP based on histology
analysis, compared with 9 of the 18 patients in the BMT
group (P ¼ .3). The surgical site was on the right side in
one-half of the cases. The median length of hospitalisa-
tion was 3 days. One postoperative transient ischemic



Fig 1. Representative illustration of multimodal assessment of vulnerable plaques (VPs) (A-D) and nonvulnerable
plaques (NVPs) (E-H). The VP in (A) shows similar findings between the in vivo examination of duplex ultrasound
(DUS) examination and computed tomography (CT) scan (B, C), respectively, and the histological analysis in (D).
Similarly, the NVP in (E) displays comparable findings between the in vivo assessment of DUS examination and CT
scan (F, G), respectively, and the histological analysis in (H).

Table III. Distribution of the lesions according to symptoms, degree of stenosis, and vulnerability status in histology

NASCET 60%-69% NASCET 70%- 79% NASCET 80%- 90%

VP NVP VP NVP VP NVP VP NVP

Symptomatic (n ¼ 15) 10 (46) 5 (18) 0 3 4 1 6 1

Asymptomatic (n ¼ 35) 12 (54) 23 (82) 3 9 6 5 3 9

NASCET, North American Symptomatic Carotid Endarterectomy Trial; NVP, nonvulnerable plaque; VP, vulnerable plaque.
Values are number (%).
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attack was observed; there were no adverse cardiovascu-
lar events and no deaths.

Multimodality-based characterization of carotid pla-
ques. Histology identified 22 VPs. Quantitatively, these
VPs had a large content of lipidic-necrotic material
(45%) and a low amount of calcification (3%) and fibrosis
(41%) as opposed to nonvulnerable plaques (NVPs),
which were less lipidic necrotic (9%) and more calcified
(13%) and fibrotic (65%) (P < .05) (Table II and Fig 1).
Consistently, NVPs were more frequently asymptomatic
(23/35) lesions (P < .035) (Table III).
Duplex US analysis showed that 78% of VPs were type 2

to 3 plaques according to the Gray-Weale scale, as
opposed to NVPs that mainly were type 4 and 5 plaques.
Also, the amount of necrosis significantly decreased (P¼
.010) and the amount of calcification significantly
increased (P¼ .033) from type2 to type 5 lesions (Fig 2, A-C).
ROC curve analysis showed that a cutoff of 17% of ne-
crosis (sensitivity, 70%; specificity, 70%; P ¼ .003) and
4.2% of calcification (sensitivity, 65%; specificity, 70%;
P ¼ .021) distinguished type 2 and 3 from type 4 and 5
plaques (Fig 2, a-c).
The CTA analysis found no difference in terms of HU

pattern between symptomatic and asymptomatic pla-
ques, nor between VPs and NVPs (Supplementary
Fig 1). In contrast, type 2 and 3 plaques had significantly
more HU of <60 and significantly more HU between
60 and 130 than type 4 and 5 plaques (P ¼ .035 and
P ¼ .038, respectively) (Fig 3). PVFA values were not signif-
icantly different between symptomatic, asymptomatic,
VPs, NVPs and between type 2 and 3 and type 4 and 5
plaques (Supplementary Fig 2).

MW device ability to identify VP in vitro. The constant
dielectric significantly decreased from type 2 to type 5



Fig 2. Statistical analysis of the relationship between histology and duplex ultrasound (DUS) examination. The
degree of calcification was higher (A) and the lipid-rich necrotic core (LRNC) amount lower (C) in type 4/5 plaques
based on the Grey-Weale updated scale classification. No significant difference was noted in terms of fibrosis (B).
Receiving operating characteristic (ROC) curve analysis found that a cutoff of 17% of necrosis (sensitivity, 70%;
specificity, 70%; P ¼ .003) and 4.2% of calcification (sensitivity, 65%; specificity, 70%; P ¼ .021) distinguished type 2/
3 from type 4/5 plaques (A-C).
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plaques (Fig 4, A) (P ¼ .004). ROC curve analysis showed a
good dielectric constant (AUC, 0.761) ability to predict
type 2 and 3 plaques (cutoff value, 18.75; sensitivity, 73%;
sensibility, 80%; P ¼ .001) (Fig 4, a).
Multivariate analysis showed that constant dielectric

(P ¼ .033) combined with type 2 and 3 Duplex US
plaque (P¼ .011) were predictive characteristics of VPs
(Fig 4, B). Using these variables, we apply a multimodal
prognostic score able to significantly predict the pres-
ence of a VP by applying the equation: score ¼ 1.760 þ
(e0.062 � constant dielectric) þ (�3.367 � Gray-Weale
classification 2 and 3 or 4 and 5) (cutoff value, e0.045;



Fig 3. Association between computed tomography (CT) scan and duplex ultrasound (DUS) examination. Box plot
analysis of Hounsfield unit (HU) groups vs Gray-Weale scale groups in DUS examination showing no significant
association between CT scan results and DUS analysis.
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AUC, 0.848; sensitivity, 77%; specificity, 76%; P < .0001)
(Fig 4, b).

DISCUSSION
Multimodal characterization of carotid plaques has

rarely been performed. Most available studies compare
two different modalities among Duplex-US, CTA, and his-
tology.40,41,42 Here, we performed a systematic longitudi-
nal assessment of each plaque with routine modalities:
clinical presentation, Duplex-US, CTA, and MW analysis,
and compared it with histology, the latter being usually
considered as the gold standard to identify VPs prone
to rupture.10 We confirmed here that VPs had a higher
lipidic and necrotic content and were poorly calcified,
whereas NVPs were less lipidic and more fibrocalcic.
Also, NVPs were found to be significantly associated
with asymptomatic nature of carotid plaques, further
supporting the accuracy of histology to identify the na-
ture of carotid plaques. In contrast with previous studies
wherein a content of 30% to 40% necrosis was used to
define a LRNC,39,43 here we observed thresholds of 17%
of necrosis and 4% of calcification in VPs. The Gray-
Weale scale results were consistent with histology and
symptoms The updated Gray-Weale scale classifies pla-
ques according to their echogenicity and has proven reli-
able and reproducible.31,41,44 Previous works have also
shown a good correlation between the Gray-Weale scale
and symptoms45 and histology with type 1 and 2 plaques
being VPs.32 As a result, a more detailed analysis on
Duplex US examination should be encouraged, beyond
the degree of stenosis and velocity measurements, and
the Gray-Weale scale should be part of the routine
Duplex US report. CTA indicates plaque composition
with fatty, fibrotic, and calcified plaques displaying
different values of HUs.46,47 Fatty plaques are associated
with a higher risk of stroke than calcified plaques.9,48,49

The present work adds up to previous studies and alto-
gether, these data may help to better characterize the
relationship between histology and routine preoperative
modalities, which could be critical to improve surgical
screening of carotid lesions. We also studied the signifi-
cance of PVFA on CTA. Increased density of PVF has
been suggested to correlate with histopathological
markers of inflammation, such as inflammatory cyto-
kines and macrophages and it seems that a significant
increase in PVFA is observed in symptomatic compared
with asymptomatic carotids.34-36,50,51 We observed here
an opposite pattern with lower PVFA values in symptom-
atic and VPs as opposed to asymptomatic and NVPs. The
previous studies were retrospective, used different proto-
col analyses, and had no histopathological controls. In
addition, the absolute values of PVFA differ widely from
one study to another, limiting the comparability. Our
findings may differ owing to the limited number of pa-
tients or to a difference in our protocol. Dedicated
studies are warranted to determine the prognostic value
of carotid PVFA.
Improving the screening of patient for carotid surgery is

necessary. This is the purpose of our MW device. Previous
studies on the carotid artery using MW were based on
MW radiometry. The principle was to detect temperature
changes in human tissues with high accuracy. Such
measures give an indirect idea of carotid plaque inflam-
mation.22 Here, we used MW imaging with a different
approach. We analyzed in vitro the signal reflected by
our sample, which differed according to plaque compo-
sition. At this bandwidth, the technology is harmless. The
ability of our device to identify VPs in vitro seems prom-
ising and further studies are underway to evaluate its po-
tential in vivo. Ultimately, a transcutaneous MW sensor
could be helpful in decision-making. However, additional
development of MW sensor technology is required to
make possible a more accurate characterization of pla-
que and to transform the device into a diagnostic tool
that medical practitioners can use. Independent verifica-
tion of the depth of the electrical field penetration is



Fig 4. Microwave (MW) and multimodal assessment of carotid vulnerable plaques (VPs). Whisker chart and
receiving operating characteristic (ROC) curve statistical analysis of the constant dielectric vs echogenicity types
(A and a) and multimodal prognostic score aiming at predicting the vulnerability of carotid plaques (B, b and
table). The constant dielectric significantly decreased from type 2 to type 5 plaques (P ¼ .004) (area under the
curve [AUC], 0.76; cutoff value, 18.75; sensitivity, 73%; specificity, 80%; P ¼ .00). Constant dielectric c (P ¼ .033)
combined with type 2/3 plaque on duplex ultrasound (DUS) examination (P ¼ .011) are predictive of VPs: score ¼
1.760 þ (e0.062 � constant dielectric) þ (�3.367 � Gray-Weale scale classification 23 or 45) (cutoff value, e0.045;
AUC, 0.848; sensitivity, 77%; specificity, 76%; P < .0001).
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required; depending on the findings, the design or the
frequency may need to be adjusted. Further, the
upgraded sensor that will be chosen needs to be vali-
dated by being tested on a large number of ex vivo sam-
ples and phantoms. The findings of these measurements
need to be reproducible and consistent so they can be
used as a benchmark for the sensitivity and specificity
when compared with the measurements that will be
done in vivo. Because no single modality is able to deter-
mine with certainty which patient should proceed to sur-
gery, we hypothesize that combining the results of
several modalities could improve our ability to detect
the most dangerous lesions. Our importantly multimodal
prognostic score showed that using dielectric constant
combined with Grey-Weale scale results led to identifica-
tion of a VP with 77% and 70% of sensitivity and speci-
ficity (AUC, 0.8).
Only two-third of patients were under BMT upon

meeting their vascular surgeon, that is, after one or
several medical consultations. Whether the lack of obser-
vance is an argument in favor of surgery is debatable and
beyond the scope of this study; however, one has to
acknowledge that it is a reality that should be taken
into consideration.
This study has several limitations. Its modest number of

patients limits the significance of our results. During the
surgery, the plaque was cut symmetrically along a longi-
tudinal axis in two pieces (one for MW, the other for
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histology analysis). However, we cannot exclude some
regional differences between samples, which may have
affected the results. Our MW device was tested ex vitro
and its benefit has to be confirmed in vivo. Our equation
suggests that evaluation of carotid lesions with MW
could improve the screening of patients who are good
candidates for surgery. However, the results were ob-
tained postoperatively on plaque specimen; thus, the
equation is of no clinical usefulness at this stage. A percu-
taneous device to assess MW properties of plaques pre-
operatively has to be developed. We have not used
magnetic resonance imaging because it is not part of
our routine preoperative workup. However, magnetic
resonance imaging data would have strengthened our
analyses.

CONCLUSIONS
This prospective work showed that types 2 and 3 pla-

ques according to Gray-Weale scale and high dielectric
constant plaques based on MW analysis are associated
significantly with a vulnerable phenotype in histology.
The combination of US and MW analyses was more effi-
cient in identifying VPs than a single modality analysis,
suggesting that more studies using a multimodal
approach could improve the screening of asymptomatic
patients for carotid surgery.
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