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Abstract: Atherosclerosis and its consequences are the most rapidly growing vascular pathology, with

myocardial infarction and ischemic cerebrovascular accident to remain a major cause of premature morbidity

and death. In order to detect the morphological and functional characteristics of the vulnerable plaques, new

imaging modalities have been developed. Intravascular thermography (IVT) is an invasive method, which

provides information on the identification of the high-risk atheromatic plaques in coronary arteries. However,

the invasive character of IVT excludes the method from primary prevention. Microwave radiometry (MR)

is a new non-invasive method, which detects with high accuracy relative changes of temperature in human

tissues whereas this thermal heterogeneity is indicative of inflammatory atherosclerotic plaque. Both

experimental and clinical studies have proved the effectiveness of MR in detecting vulnerable plaque whereas

recent studies have also revealed its association with plaque neoangiogenesis as assessed by contrast enhanced

carotid ultrasound (CEUS).
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Introduction

Atherosclerosis is a major cause of premature morbidity
worldwide, while carotid artery atherosclerosis is the most
important cause of ischemic stroke (1). Although in a
large proportion of previously asymptomatic individuals,
sudden cardiac death or ischemic stroke occurs as the first
manifestation of atherosclerosis (carotid or coronary), most
of the atherosclerotic plaques remain harmless for a long
period of time. In order to identify in vivo the high-risk
plaque we need to recognize the specific morphological and
functional characteristics as recent studies have shown that
even low-grade stenosis may lead to the development of
acute events (2-4).

The morphological characteristics of the atheromatic
plaques have been identified in vivo studies, and include:
(I) a large lipid core (>40% plaque volume) composed of
free cholesterol crystals, cholesterol esters, and oxidized
lipids impregnated with tissue factor (II) a thin fibrous
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cap depleted of smooth muscle cells and collagen (III)
an outward (positive) remodeling (IV) inflammatory cell
infiltration of fibrous cap and adventitia (mostly monocyte-
macrophages, activated T cells and mast cells), and (V)
increased neovascularization. The terms vulnerable,
unstable or ‘high-risk’ are now widely used to describe
plaques that exhibit such features (5). Currently, there
is no ideal method for the identification of all these
morphological characteristics (6). Last but not least, there
are recent studies proving the role of a new morphologic
characteristic, “intima media thickness variability” (IMVT)
which found to be strongly correlated with cerebrovascular
events (7).

However, the problem is greater in the identification
of functional characteristics of the unstable plaque. The
inflammatory activation of the atherosclerotic plaque is well
defined and is also well known that the infiltration of the
plaque by inflammatory cells, the lack of oxygen in ischemic
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areas and neovessel formation which increases blood flow
contribute to increased heat production (8,9).

Based on these criteria, intravascular thermography (IVT)
is an invasive method, which provides additional diagnostic
and prognostic information in the identification of the high-
risk atheromatic plaques in patients with coronary artery
disease (10-27). However, the invasive character of the
identification of the plaque of IV, excludes this method
from primary prevention.

Therefore the validation of a new non-invasive
method that can identify the inflammatory activation in
atheromatic plaques with similar accuracy as IVT, could
be an alternative, simple method for the detection of the
functional characteristics of the vulnerable atheromatic
plaques. Microwave radiometry (MR) is a new method,
based on the ability to detect noninvasively, with high
accuracy, some of the functional characteristics of the
plaque such as relative changes of temperature in human
tissues (28-30).

Thermal heterogeneity of atherosclerotic
plaques-basic principles of MR

Cascells et al. reported that there is increased temperature
heterogeneity in ex vivo atherosclerotic specimen of human
carotid arteries. Moreover, temperature heterogeneity was
also confirmed by the use of an infrared camera in vivo and
the most important was that the measured temperature
was directly correlated with inflammatory cell density (31).
These were the first attempts showing that heat production
is strongly correlated with atheromatic plaques. There were
also other preliminary clinical studies confirming the above
(32,33). Although inflammation leads to increased heat
release from the atherosclerotic plaque, higher temperature
differences have been observed in ex-vivo compared to
in-vivo temperature measurements (34). Measurements
with IVT in abdominal aortas (35) showed that blood flow
may exert a “cooling effect” on measured temperature
which is also affected by cap thickness, source geometry and
maximal flow velocity (36). Thus, there are several technical
shortcomings of the available intravascular catheters and the
evaluation of the diagnostic and prognostic implications of
IVT is infeasible with the current technology.

Microwave radiometry (MR) is a new non invasive
method that converts electromagnetic radiation from
internal tissue at microwave frequencies and provides
accurate measurement of the temperature of the patient’s
internal tissue. MR measurements, performed with the
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THE VOLUME UNDER INVESTIGATION
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Figure 1 Figure of the system .The Antenna of the microwave

sensor is in contact to the skin above the area under investigation

RTM-01-RES microwave computer based system, are
based on the principle that the intensity of the radiation is
proportional to the temperature of tissue (37-43).

The system of MR possesses an antenna with 2 sensors: a
microwave and an infrared. The microwave sensor is 3.9 cm
in diameter and detects microwave radiation at 2 to
5 GHz, which corresponds to 7 cm in depth, with accuracy
for temperature measurements of 0.20 °C. The sensor of
MR filters all possible microwaves or radiofrequency waves
that may be present in the room vicinity and may cause
interference with the sensor (Figures 1,2). The “volume under
investigation” has a rectangular area of 3 cm in width, 2 cm
in length, and 3 to 7 cm in depth depending on the dielectric
properties of the underlying tissues, the wavelength, and the
water content of the tissue (40). The second sensor is used
for infrared measurements from the skin, for calibrating the
microwave sensor readings. The technical characteristics of
MR are presented briefly in Table 1.

Microwave radiometry has already been applied in
oncology for the detection of breast and thyroid cancers,
and for monitoring of the treatment of benign tumors
(28-30,44-48). Microwave Radiometry presents some
advantages in the detection of breast cancer. First of all it
is non-hazardous both to the patients and to the personnel
taking the thermograms. Moreover, it is a non-invasive
method and it detects thermal changes that precede to the
anatomical changes detected by ultrasound, mammography

and others. This early detection highlighted MR as a very
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Schematic representation of the system

Internal Data processing Printer
temperature unit
Antenna sensor (bPU)
(ITS)
Skin temperature PC
sensor (STS)
Monitor
Figure 2 Schematic presentation of the system of microwave radiometry
Table 1 The technical specifications of the RTM-01-RES
ltems Specifications

Depth of detection of a thermal abnormality (higher or lower temperature), cm

Width of detection of a thermal abnormality, cm

Accuracy of measuring the internal temperature, when the temperature range is 32-38 °C

Time of measuring internal temperature at one point, seconds
Applicator diameter, mm
Accuracy of skin temperature measurement, °C

3-7 (depending on water content)
2

+0.2 °C

8

39

+0.2

Time of measuring skin temperature at one point, second, when the temperature range

is 32-38 °C, seconds
System weight, kg

Power supply

4
220+22 Volt 1 phase, 50 Hz

promising method for breast cancer at an early stage. Last
but not least, it presents two more advantages. Firstly, so
fast growing tumors are “hotter” and they are more contrast
in thermograms as the specific heat generation in the tumor
is proportional to grow rate of the tumor. This allows MR
to be the unique method to detect fast growing tumors
and in conjunction with other traditional methods allows
selecting patients with fast growing tumors (49).

History of microwave radiometry and basic
principles

Non-invasive measurement of internal organ temperatures
began one hundred years later due to the development of
night vision equipment during the Second World War.
By this method skin temperature was measured. The skin
temperature partially reflects internal organ temperature,
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due to heat transfer. Twenty years later [1972] the first
investigation of measuring internal tissue temperature were
held. The measurement was based on receiving natural
electromagnetic radiation at microwave frequencies. The
first work that recognized microwave radiometry as a
method for detecting breast cancer was published in 1977.
However to this present day the method has not been used
widely in medical practice.

Heat transfer occurs by tissue conduction as well as blood
convection. However, from the physiologic viewpoint,
it seems to be more appropriate to distinguish between
the two following processes (I) “effective” conduction,
including conduction in the physical sense (Fourier’s
law) and convection by the capillary vessels assumed to
be distributed isotropically (II) convection through the
relatively large vessels, the veins essentially, according to
Newton’s law. It is noteworthy that maximal capacity of
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heat transfer by convection through large vessels is much
higher than by tissue conduction and capillary convection,
up to 100 times, approximately. In some parts of a human
body the temperature is constant due to homeostasis. For
example, the central nervous system, thorax organs, the
abdominal area, all have a constant temperature. When the
room temperature is 20-25 °C the skin temperature lowers
to 32-33 °C so there is a temperature gradient between the
skin temperature and the internal temperature. According
to the law of physics, any object above zero degrees Celsius
emits radiation at all frequencies and, in particular, in the
microwave region, that is used in microwave radiometry.
This feature of heated objects is used for measuring
averaged internal tissue temperature and detecting thermal
abnormalities (higher or lower temperature of internal
tissue). The noise power received by the antenna contacted
an evenly heated absorbing object is:

P= kT Af, where

k - Boltzmann’s constant (1.38x10™* Dg/°K)

Af - System bandwidth,

T - Temperature of the biologic object

Therefore the power noise received by the antenna is
proportional to the tissue temperature. When the object
temperature is 309 °K| i.e., 36 °C the noise power received
by the antenna is 3x10"" Watt. This value corresponds with
the noise generated by the antenna. Special methods are
applied for receiving and processing signals. In 1997 RES,
Ltd. developed the RTMO1RES computer based microwave
radiometer which is safe, simple in operation and does not
require a calibration procedure. The system consists of
the following items: (I) Internal Temperature Sensor with
the antenna (ITS) (II) Skin Temperature Sensor (STS)
(III) Data Processing Unit (DPU). The system includes a
personal computer and a printer. The device is connected to
a PC through a serial port. The results of RT'M-diagnosis
are shown on the monitor of the computer or printed as a
thermogram and temperature field on the projection of the
investigated organ. When the temperature is measured, the
antenna’s position on the patient’s skin is in accordance with
the computer diagram of the examined organ. The antenna
receives microwave radiation from the examined organ as
noise at microwave frequencies and the signal is amplified in
ITS. The signal amplified in I'TS is transmitted to the DPU
(data processing unit), where it is processed. The voltage
from the skin temperature sensor (STS) is transmitted
to the DPU too. The skin temperature sensor is non-
contact infrared frequencies receiver. The buttons located
on the front cover of the data processing unit switches
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the modes. The internal and skin temperature values are
displayed on the 3-digit temperature indicator as degrees
Celsius with an accuracy of 0.1. The Data processing unit
produces a series of digital signals for interfacing with
the PC. In some works discussing microwave radiometry
temperature data is displayed as a diagram when the names
of the measured points, go along the horizontal axis and the
internal temperature values are along the vertical axis. This
method allows analysis of temperature differential between
corresponding points on the left and right breasts. However
it is difficult to analyze the temperature at various locations
on one entire breast by this method. Therefore the
temperature data are also displayed as a temperature field,
that is used in infrared thermography in the temperature
field, cool areas of the breast are displayed by “cold” colours
(i.e., blue) and hot ones are reflected by “warm” colours (red
and orange). Internal temperature fields show temperature
abnormalities, in particular, corresponding to the location
of a cancer.

First application of MR in an experimental model

The first attempt to validate the measurements performed
with the MR device with the measurements performed
with the gold standard for assessment of thermal
heterogeneity which is the IVT, was in an experimental
model of atherosclerosis. Twenty four New Zealand
White rabbits were used in this study. Twelve rabbits were
randomly assigned to a normal diet, whereas 12 others
were fed a cholesterol-rich diet (0.3% cholesterol and
4.7% coconut oil) for 6 months. At 6 months, all rabbits
were prepared for intravascular angiography, IVT and
MR of the abdominal aorta. The Institutional Laboratory
Care and Use Committee approved the protocol which
was conducted in accordance with regulatory guidelines
for the care of laboratory animals. The procedure of the
protocol was briefly the following: after the introduction
of a 5Fr introducer sheath though the right carotid artery,
angiography of the abdominal aorta was performed to
ensure the presence of atherosclerotic plaques. Before
temperature measurements the abdominal aortas were
divided by optical coherence tomography (OCT) in
5 consequent segments with equal length (2 cm). External
radiopaque markers were placed for the separation of the
5 segments. Thereafter, temperature measurements of the
abdominal aortas were performed (I) invasively with IVT,
and (II) noninvasively with MR (RTM-01-RES system,
IMRI, Bolton University, Bolton, UK). Thermography was
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performed in 60 segments in each group, and we obtained
48 temperature differences in hypercholesterolemic
rabbit aortas and 48 in the control rabbit aortas whereas
a histological and immunochemistry analysis followed.
There were no complications during the procedures.
The main findings of this study were that microwave
radiometry can measure non-invasively temperature
differences in hypercholesterolemic rabbit aortas and the
temperature measurements obtained by MR are correlated
with intravascular measurements. Moreover, temperature
differences of hypercholesterolemic segments assessed by
both methods were correlated with plaque thickness and
inflammatory infiltrates assessed by histology (35).

This study demonstrated that MR can provide
temperature measurements of the arterial wall non-
invasively. The current technological characteristics limit
the use of MR in arteries with a depth <7 cm from the skin.
Thus, the first iz vivo application of MR in humans was
performed in carotid arteries for the detection of inflamed
plaques. The clinical implications of MR in the diagnosis
and prognosis in carotid artery disease seemed wide.

First in vivo application of MR

After the validation of the method in an experimental model,
the first application of MR in human carotids was proceeded
in order to show the detection of thermal heterogeneity.
Fortyfour consecutive patients with significant carotid
artery stenosis were included in the study. Ten patients who
met the exclusion criteria were excluded. At last, thirty-four
patients undergoing carotid endarterectomy underwent
screening of carotid atherosclerosis by ultrasound and
MR. There was also a control group by healthy volunteers.
During ultrasound study, plaque texture, plaque surface,
and plaque echogenicity were analyzed. To ensure that
matching cross sections were compared between ultrasound
and MR, measurements were performed at each segment
starting from the proximal common carotid artery and
moving distally, based on skin markers located under
the guidance of ultrasound. Moreover, the sensor of the
antenna measured as already mentioned the ‘volume under
investigation’ as a rectangular area of 3 cm in width and
2 cm in length, and 3-7 cm in depth depending on the
water content of the body. Thermal heterogeneity (AT)
was assigned as maximal temperature along the carotid
artery minus minimum. Association of thermographic with
ultrasound and histological findings was performed. For
measurements of the temperature in each segment by MR,
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both intraobserver (0.06+0.08 °C; range, 0 to 0.20 °C) and
interobserver (0.08+0.11 °C; range, 0 to 0.30 °C) differences
were lower than the accuracy of the microwave sensor
(r=0.94 for intraobserver and r=0.89 for interobserver
measurements). AT was higher in atherosclerotic carotid
arteries. Fatty plaques had higher AT compared to mixed
and calcified. Plaques with ulcerated surface had higher
AT compared to plaques with irregular and regular one.
Heterogeneous plaques had higher AT compared to
homogenous. Specimens with intense expression of CD3
had higher AT compared to specimens with low. Specimens
with intense expression of CD68 had higher AT compared
to specimens with low expression. Specimens with intense
expression of VEGF had higher AT compared to specimens
with low.

The main results of this study were that: (I) MR
can measure non-invasively thermal heterogeneity of
the carotid atheromatic plaques iz vivo, (II) the in vivo
temperature measurements by MR correlated well with
the ultrasound atherosclerotic plaque characteristics, the
histological and immunohistochemical findings. All these
suggested that MR may ultimately allow the noninvasive
detection of plaque inflammation in vive. Microwave
radiometry, may be potentially used to identify patients
with a moderate degree of carotid artery stenosis who
might benefit from closer monitoring, more aggressive
medical therapy, or early intervention (50). The fact that
in 21% of the plaques without any ultrasound criterion for
vulnerability, high temperature was found in accordance
with the histology justifies more prospective clinical studies
for the investigation of the prognostic value of temperature
difference in carotid artery disease.

Other clinical studies with in vivo measurement
of plaque neovascularization and thermal
heterogeneity

Carotid artery stenosis is a poor predictor for future stroke
and there are also other characteristics of the atheromatous
plaques that cannot be detected by ultrasound. A potential
positive feedback loop between plaque neovascularization
and inflammatory activation has emerged (51). To this
direction, several non-invasive methods have been
developed for the identification of neovascularization and
plaque inflammation. A new-non invasive imaging modality
(CEUS), has emerged to provide direct visualization of
plaque neovascularization, using contrast microspheres
as intravascular tracers (52-54). Moreover, MR detects
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plaque inflammation by measuring atheromatous plaque
temperature (38). Recently, we demonstrated in carotid
atheromatous plaques of patients with coronary artery
disease that plaque neoangiogenesis as this is assessed by
CEUS, correlated with plaque temperature as measured
by MR, and ultrasound plaque characteristics. Briefly, in
this protocol, consecutive patients undergoing coronary
angiography for chest pain evaluation suggestive of
ischemic heart disease were prospectively enrolled in the
study but forty-eight patients (64.8%) finally met the
inclusion criteria and 86 carotid arteries were analyzed.
All participants underwent standard carotid ultrasound
examination followed by CEUS and MR measurement (16).
In previous studies, it has already been proved that CEUS
provides direct visualization of the adventitial vasa vasorum
and intraplaque neovascularization (55,56) whereas MR
provides accurate temperature measurements and is
associated with histological inflammatory infiltration.
We have already shown that plaque neoangiogenesis as
assessed by CEUS, correlated with plaque temperature as
measured by MR, and ultrasound plaque characteristics.
The neoangiogenesis and inflammatory activity have
already been proved to identify vulnerable plaque. The last
clinical study demonstrated this correlation in intermediate
lesions of patients without cerebrovascular events. Thus,
a clinical study with serial CEUS and MR measurements
is justified in patients with intermediate lesions, and the
combination of these new non-invasive imaging modalities
may prove a tool for primary and secondary prevention
of cerebrovascular and/or coronary events. Furthermore,
CEUS and MR are two modalities targeting different
characteristics of vulnerable plaque: neovascularization
and inflammation. Although, a good correlation was found
between these two characteristics, there is no ‘gold standard’
method for the i vivo quantification of neovascularization
and/or inflammation. More clinical studies need to be done.

Conclusions

Microwave radiometry can be safely applied for the non-
invasive measurement of arterial wall temperature, reflecting
the local inflammatory activation as already proved in both
experimental and clinical studies. This new method seems
to eliminate the limitations of current technology for the
in vivo quantification of inflammation in atherosclerotic
plaques whereas is also strongly correlated with other new
non-invasive imaging modalities such as CEUS for the
identification of vulnerable plaque.
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