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Abstract. - BACKGROUND: Carotid intima-
media thickness (c-IMT), arterial stiffness (AS)
and vascular calcification (VC) are now consid-
ered important new markers of atherosclerosis
and have been associated with increased preva-
lence of cardiovascular events. An accurate, re-
producible and easy detection of these parame-
ters could increase the prognostic value of the
traditional cardiovascular risk factors in many
subjects at low and intermediate risk. Today, c-
IMT and AS can be measured by ultrasound,
while cardiac computed tomography is the gold
standard to quantify coronary VC, although con-
cern about the reproducibility of the former and
the safety of the latter have been raised. Never-
theless, a safe and reliable method to quantify
non-coronary (i.e., peripheral) VC has not been
detected yet.

AIM: To review the most innovative and ac-
curate ultrasound-based modalities of c-IMT
and AS detection and to describe a novel Ultra-
Sound-Based Carotid, Aortic and Lower limbs
Calcification Score (USB-CALCs, simply
named CALC), allowing to quantify peripheral
calcifications. Finally, to propose a system for
cardiovascular risk reclassification derived
from the global evaluation of “Quality Intima-
Media Thickness”, “Quality Arterial Stiffness”,
and “CALC score” in addition to the Framing-
ham score.
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Introduction

Cardiovascular disease (CVD) is a major health
problem in Western Countries, due to its slow and
often asymptomatic progression, and the unavoid-
able impact on morbidity and mortality'. In order
to prevent cardiovascular events in later life, there
is an increasing interest in new markers of athero-
sclerosis, that may help diagnose CVD at an early
stage?. Subclinic inflammation, oxidative stress,
loss of calcium homeostasis and an impaired
“bone-vascular crosstalk™ have been recognized as
important mechanisms underling the long-lasting
natural history of CVD?**. Indeed, arterial stiffness
and intima-media thickness can be recognized at
the very initial phases of CVD natural history,
which slowly evolves toward the formation of ath-
erosclerotic plaques with calcium overload. Vascu-
lar calcifications (VC) are often present in the early
stages of atherogenesis, of which could be consid-
ered an early marker’. Recent studies® advocated
the pathologic deposition of calcium in the vessel
wall with the simultaneous reduction of calcium
deposition in the bone, to explain the presence of
VC, the so called “calcium paradox”. This process
involves a subclinic deficiency of Vitamin K2, even
if several other mechanisms could be involved’.

Many studies® underlined the high prognostic
significance of VC. A score based on the quantifi-
cation of calcifications in tunica intima and media
of coronary arteries (coronary artery calcification,
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CAC) detected by computed tomography (CT) has
gained popularity’. The CAC score is related to
the occurrence of new cardiovascular events and
CVD mortality'®, and is superior to the Framing-
ham risk score!!, stress echocardiography or perfu-
sion studies in the elderly and in the identification
of high-risk asymptomatic patients'>'4. However, a
great limitation of CAC score is that CT imaging
follow-up is not suitable for primary prevention,
due to the risk related to radiation exposure; more-
over, it may have a considerable economic impact
on the cost of public health, as it is recently been
stated in a report from the European Association
of Cardiovascular Imaging and the European
American Society of Echography!.

Thus, many scoring systems, novel markers,
and imaging techniques have been proposed to
better define individual profile of cardiovascular
risk: Ankle-Brachial Index (ABI), high-resolu-
tion ultrasound imaging of Intima-Media Thick-
ness (IMT) and plaque, arterial stiffness (AS) and
Vascular Calcification (VC) assessment'®. All of
them may have a place in drug development and
clinical trial design, but their additional value
above and beyond classical risk factors has still
to be determined. In this scenario, we reviewed
new modalities of detection of carotid IMT and
AS, and propose a novel non-coronary calcifica-
tion risk score to improve the quantification of
individual cardiovascular risk.

IMT, AS and VC Measurement “Until Now”

IMT Measurement

IMT is a non-invasive biomarker of early ath-
erosclerosis associated with the risk of subse-
quent cardiovascular events, independent of all
major risk factors'’. In 1986, Pignoli et al'® docu-
mented for the first time that B-mode imaging
represents a useful approach for the measurement
of intima-media thickness of human arteries.
Comparing measurements obtained by B-mode
ultrasound with pathologic findings of gross and
microscopic examination, they did not find sig-
nificant differences. In 2005 a consensus state-
ment by the American Society of Echocardiogra-
phy provided a protocol for Carotid IMT (cIMT)
measurement'®. It should be measured in both
left and right carotid artery, in R-wave gated still
frames, acquiring images of the distal 1 cm of the
common carotid arteries in three angles. Mean
left-side and right-side cIMT should be calculat-
ed, and then averaged. cIMT should be measured

1 cm down from common carotid artery bifurca-
tion for few reasons: it is easier to approach com-
pared to other districts, all major clinical papers
refer to carotid artery and it is proved that carotid
behavior is assumed as general for all other ves-
sels. Today, several vascular ultrasound systems
have the possibility to measure cIMT by a semi-
automated technique. However, the reproducibili-
ty of cIMT is affected by multiple factors, as the
reader’s experience and ultrasound settings. In-
ter-reader variability is reduced using semi-auto-
mated cIMT measurement, as described by Do-
gan et al in 2010%. They concluded that the num-
ber and specific combination of segments, angles
and walls interrogated, are associated with differ-
ences in reproducibility and precision of progres-
sion of cIMT. In their opinion the best protocol is
the mean common cIMT protocol, which con-
sists in multiple measurement of cIMT (both the
near and the far wall, multiple angles).

More recently, based on results from the
Carotid Atherosclerosis Progression Study
(CAPS), the incremental predictive value of
cIMT in the general population has been ques-
tioned?!. Indeed, although cIMT measured by B-
mode ultrasound is associated with future cardio-
vascular events, when a model using the classical
risk factors was compared with a model includ-
ing cIMT, the classification of individual risk did
not result consistently improved. On the contrary,
the maximum IMT value along the whole carotid
artery or the presence of plaques seem to have
the better prognostic value?.

AS Measurement

Since it occurs long before luminal changes
modifications and plaques formation, AS is a
more sensitive diagnostic biomarker of athero-
sclerosis®. AS measures vessel walls distension
due to pressure wave mechanical push. This
wave is generated by the blood flow through the
systole and diastole cardiac phases. The primary
method to assess AS is Pulse Wave Velocity
(PWYV), which represents the speed at which a
pulse wave moves through an arterial segment.
PWYV is calculated with the Moens-Korteweg
equation?, which rationalizes the association be-
tween the arterial elastic property and PWV:

PWYV = V(E*h)/(2tp)

E: elastic modulus
h: wall thickness
r: internal radius
p: blood density.
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As atherosclerosis develops, wall thickening
and vessel radius reduction contribute to PWV
increase. Arterial stiffness depends on mechani-
cal stretch of arterial wall and on blood pressure
at the moment of measurement®. Alterations of
arterial wall distension and arterial functional
changes may anticipate preclinical atherosclerot-
ic lesions (measured by cIMT) at the onset of
vascular disease?*. PWV is the gold standard to
assess large arteries stiffness and strongly pre-
dicts cardiovascular risk?’. It is closely associated
with age and blood pressure. Hypertension af-
fects PWV independently of age while there is a
weak association with diabetes mellitus and no
association with the other classic risk factors for
atherosclerosis (sex, smoking and lipids)*®. The
application of carotid-femoral PWV has been re-
cently studied in different clinical settings, such
as the elderly”, patients with dyslipidemia®® or
metabolic syndrome?!. Several reference values
for PWV have been reported in the literature and
are dependent on the techniques of measurement.
The gold standard has been the use of flow me-
ters or catheter-based pressure probes®. Pulse
wave is detected by pressure and flow wave-
forms. In case of fiber optic probes, two probes
measuring pressure waveforms are placed at a
known distance: the temporal shift between the
two pressure waveforms is used to calculate
PWYV in the vessel region between the two
probes. Ultrasound flow-meters are placed
perivascularly: one ultrasound wave is transmit-
ted with the direction of the flow, another wave is
transmitted against the direction of the flow. The
difference in transit time between these two ul-
trasonic waves directly reflects the velocity of
blood in the vessel, so PWV can be computed by
examining the temporal shift between the two
waveforms of two ultrasonic flow-meters placed
at a known distance. These two techniques are
highly accurate but invasive, so their use is re-
stricted to animal studies or patients undergoing
cardiac catheterization.

In the clinical setting, PWV can be measured
with applanation tonometry and Doppler ultra-
sound®. In the first case, a tonometer is placed
on the skin over carotid and femoral arteries. A
pressure waveform is recorded from each loca-
tion and the temporal shift between the two pres-
sure waveforms is calculated as the transit time.
The distance between the two vascular locations
can be measured with a tape in two ways: (1) dif-
ference between the distance from the sternal
notch to the femoral artery and the sternal notch

to the carotid artery; (2) direct distance between
carotid and femoral arteries. The distance is then
divided by the transit time to calculate PWV.
Doppler ultrasound makes use of the same tech-
nique of applanation tonometry with ultrasound
transducers instead of tonometers. These two
method are no invasive, less expensive and with-
out ionizing radiation. However, they show lim-
its, as errors up to 30% for the measurement of
PWYV, due to inaccuracies in distance measure-
ment. Lack of a standardized method to measure
distance between carotid and femoral arteries ac-
counts for variations in PWV in different Cen-
ters. Applanation tonometry and Doppler ultra-
sound provide a global measurement of PWYV,
but in 2012 it has been proposed a new method to
evaluate regional PWYV, within the carotid artery,
by means of ultrasound*. In this study the re-
gional PWV was estimated from the spatial-tem-
poral variation of the wall velocities: authors
found values from 4.0 to 5.2 m/s in eight normal
subjects, in agreement with the literature. PWV
was thus proven operable in the human carotid
artery, and is useful to detect vascular disease
through mapping the pulse wave and estimating
the regional PWV in the carotid artery. In 2010 a
large multicenter study used tonometry to mea-
sure carotid femoral PWV, and documented a
normal PWV as 6 m/sec in healthy young people
(Iess than 30 years old) and PWV up to 10 m/sec
in old people (> 70 years old)*.

It has also been proposed to compute PWV
with Magnetic Resonance Imaging (MRI), ob-
taining time-resolved distension waveforms from
multiple data points during cardiac cycle®. The
major limitation is the lack of commercial soft-
ware availability; moreover, the variety of MR-
based PWV methods make difficult to choose the
most suitable approach.

VC Measurement

Today, several studies tried to provide the
best method for the quantification of VC in
several districts including coronary, and leg ar-
teries, aorta and carotid. They could be divided
in quantitative (CT Techniques), considered
the gold standard, and semi-quantitative (Plain
x-rays, B-mode US, arterial compliance,
echocardiography) methods. However, there
are substantial limitations to the wide use of
CT Techniques, since they are expensive and
unsafe to be routinely performed!*. Moreover,
calcifications are often assessed in a single dis-
trict (e.g. the coronary arteries® or the femoral
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artery)?’, that might not reflect the overall pe-
ripheral calcium load.

The semi-quantitative, and safer, methods,
even if easier to be performed and relatively
cheaper, generate scores too simple for an effec-
tive follow-up; indeed the severity of calcifica-
tions is not graduated, and the major part of the
scores consider only the presence or the absence
of calcifications in the explored artery.

Adragao et al* found that in 101 hemodialysis
patients a simple vascular calcification score
(SVCS) measured by plain X-ray of pelvis and
hands predicted cardiovascular risk in
haemodialysis patients and was associated with
arterial stiffness, measured by pulse wave veloci-
ty (PWYV) and pulse pressure (PP). Furthermore,
higher SVCS, PWV and PP associated with high-
er mortality®®. Even if these results provided with
simple and inexpensive methods, seem promis-
ing, the score was realized exploring the ileo-
femoral, radial and digital arteries only, the pres-
ence of calcification was not graduated according
to severity but based only on their presence or
absence, and, finally, the maximum vascular cal-
cification score was relatively low, ranging from
0to 8.

Another X-ray based score of lumbar aortic
calcifications assessed in 617 Framingham Heart
Study participants has been published by Kaup-
pila et al*® Although no correlation with vascular
stiffness was provided, aortic calcification severi-
ty was graded on a 0-3 scale for each lumbar seg-
ment, and the final results were summarized to
develop four different composite scores. Howev-
er, radiation exposure represents a limitation also
for this study. Finally, Guerin et al*' used B-
mode ultrasonography (US) to assess the associa-
tion between carotid, aorta and femoral arteries
calcifications and increased arterial stiffness
measured by PWV in 120 hemodialysis patients.
However, the provided score consisted in only 4
stages and was not based on the severity of calci-
fications but on the number of involved seg-
ments.

The above described calcification scores could
be considered as qualitative and only partial de-
scriptions of the presence of calcifications in the
arterial districts, rather than a complete and sys-
tematic assessment of arterial calcification status.
Therefore, there is an undoubted need for new
modalities of detection and quantification of VC
in aorta and peripheral arteries. The “ideal”
method should be non-invasive, repeatable, less
expensive and more careful than yet proposed.

New Technologies: “Quality” IMT (QIMT)
and “Quality” Arterial Stiffness (QAS)

Recently, Esaote® developed a new radiofre-
quency-based technology for a “quality” assess-
ment of IMT and AS, and applied it to the echocol-
orDoppler MyLab with a 3-9 MHz linear transduc-
er. The accuracy of both QAS and QIMT is superi-
or compared to other currently available conven-
tional technologies. The maximum achievable ac-
curacy, as obtained in the in-vitro experiment, is
for diameter 51 um, for distension 1.4 um and for
IMT 17 pm. The system provides on-line feedback
of the measurement by means of quality indicators
overlaid on the ultrasound and via the Standard
Deviation (SD) over 6 consecutive cardiac cycles.

The QIMT calculation automatically measures
the thickness between the intima and the media
on the image in real time, using the radiofrequen-
cy reception signal. The software of the system
supports the Mannheim protocol in the measure-
ment process and in the reporting structure.
This system is based on the record of a continu-
ously tracked signal during cardiac cycles. When
the standard deviation (SD) of six successive cy-
cles is less than 20 um the system records QIMT
value. Figure 1 shows the details of this modality
and shows the result of a single determination.
This report include an “Expected QIMT” values
table, based on a worldwide database of 40,000
subjects obtained with RF-based techniques
which correspond to the patient’s age and vascu-
lar trending (Figure 2)*.

The QAS calculation automatically measures
the modification of the arterial diameter between
the systolic and diastolic phases, e.g. arterial dis-
tensibility (Figure 3). The vessel stiffness is cal-
culated starting from this value and from the
brachial pressure values. When the SD of arterial
distensibility in the last six cycles is less than 30
um, the system records QAS value. The automat-
ic detection and real time feedback helps to get
the best possible measurements. The system pro-
vides the local pressure waveform of the com-
mon carotid artery, as shown in Figure 4. This
waveform is obtained by transforming the last six
cycles of the distension curve over time in one
pressure curve over time. On the Local Pressure
Waveform the following points are indicated:

e Start of Isovolumic Contraction (SIC)
* Aortic Valve Opening (AVO)
 Inflection Point (T1)

* Local Systolic Pressure (PLs)

¢ Aortic Valve Closure (AVC)
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Figure 1. Quality Intima- B RIS-B

based on radiofrequency da- PST O
ta processing, the best 2 LA332 =
method now available with
a resolution lower than 20
pm. The red line represents
the adventitia, and the green
stripe the intima-media lay-
er, real-time evaluated by
the values of 6 cardiac cy-
cles. The QIMT is the value
with a standard deviation
(DS in the picture) lower
than 20 (6 in the picture)
during the whole period of
measurement. (Image from
personal archive).

Thus, the pulse wave velocity, which repre-
sents arterial stiffness and is expressed in m/s, is
automatically detected.

A Novel Modality of VC Assessment:
UltraSound-Based Carotid, Aortic and
Lower limbs Calcification Score
(USB-CALCs)

In our Center, we have recently tested a new ul-
trasound-based method to evaluate VC in 11 vas-
cular segments, using a linear 4-8 MHz transducer
in peripheral arteries (carotid arteries, common
femoral arteries, popliteal arteries, posterior tibial
arteries, and anterior tibial arteries of both sides),
and using a convex 2-5 MHz transducer in subre-
nal abdominal aorta (Figure 5). Landmarks for the
selected 11 vascular segments were the bifurcation
of common carotid artery and the bulb of internal
carotid artery (segments 1 and 2), the tract of ab-
dominal from the origin of the renal arteries to the

= G 42%
Media Thickness (QIMT), Besd ;Ré?lo; /1/1 f:s g+

FF

bifurcation (segment 3), the common femoral ar-
teries with the bifurcation at the level of the whirl-
bone (segments 4 and 5), the distal popliteal arter-
ies at the level of the tibial plate (segments 6 and
7), the posterior tibial arteries at the level of the in-
ternal malleolus (segments 9 an 10) and, finally,
the anterior tibial arteries at the level of the shin
(segments 8 and 11). For the determination of
CALCs, a single arterial segment of 4 cm in
carotids and arteries of the lower limbs, which can
be generally captured in single picture regardless
the machine used, is selected with the linear trans-
ducer; finally, subrenal abdominal aorta is selected
using the convex probe. The sequential evaluation
of 11 single segments of 4 cm, selected on the ba-
sis of the major presence of calcifications accord-
ing to Authors’ experience (Figure 6), and de-
tectable according to well-defined anatomic
points, make CALCs determination repeatable
among different Centers.

QmT s
QmT D

QIMT (RF)

QIMT (HOWARD (BIANCA))

QIMT S

QT & 545
QIMT (RF)

CHMT {RF)

ns

DIAMETRO

bs 4 ,

LARGHEZZA 144 m

TABELLA QIMT: MCANARD (BUANCA

QIMT PRESUNTO:

Figure 2. Vascular age”: QIMT and age in a “older” 47 years old man (A) and in a “younger” 60 years old man.
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Figure 3. Pressure-dependent vessel wall movement amplification curve (blue wave) of common carotid artery for the deter-
mination of Quality Arterial Stiffness (QAS). The average and standard deviation of both the distension and the diastolic diam-
eter of the vessel under measurement are showed on the left side. The red line represents the adventitia, the continue green line
the movement of the vessel wall at the moment of image freezing (in this case, at the end of diastolic phase of the last cardiac
cycle), the blue curve the vessel wall movement amplification (DIST, 445 pum), the maximum vessel wall distention. Fourteen
is the standard deviation (DS in the picture) in um relative to the previous 6 cardiac cycles and represents the quality indicator
(measure allowed only when standard deviation < 30). (Image from personal archive).

QAS ACC SIN RIGIDITA
DISTENSIONE : 568 pm cD 0.03 1kPa
DS : Hm cC: mm*kPa
DIAMETRO : mm a:
DS : mm B:
PR ER sis mmiHg VvV PW: mis
PRBR dia: mmHg
[mmHg) FORMA ONDA PRESS LOC PRESSIONE LOCALE
PR LOCsis: 1048 mmHg
: 1 , PR LOCdia: 75.0 mmHg
R perrerrererry e PSR b E s (R R P(T1): 96.3 mimHg
: DL:.:,‘ AP: mimHg
AT . Alx: 45 %
Vo s G T ——— :L Y 4 I.r _______ :‘ ............ ._ .................... ICP: o
V4 "\ . DE: ns

"200 400 600 800
[ms ]

Figure 4. Quality Arterial Stiffness (QAS) report, including Local Pressure Waveform. The waveform is obtained by trans-
forming the last six cycles of the distension curve over time in one pressure curve over time, in order to determinate the Pulse
Wave Velocity (V PW, see text for more details). (Image from personal archive).
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Figure 5. Arterial circulation (light red line) and arterial
districts (bold red line), object of investigation for Carotid,
Aortic, Lower limbs Calcification score (CALCs) assess-
ment (see text for more details). LP = linear probe; CP =
convex probe.

Based on the number and size of VC, a score
ranging 1-3 is assigned to each explored vascular
segment, evaluated sequentially. One point is given
for a single intimal or medial calcification with a
thickness less or equal than 1 mm in a longitudinal
scan (microcalcification, mC), 2 points for more
than 1 mC in the same vascular segment and, final-
ly, the maximum score of 3 points for any calcifi-
cation thicker than 1 mm (macrocalcification or
MC), regardless of the presence of other VC in the
same segment (Figure 7). Figure 8 shows a single
mC (1 point) in a segment of carotid artery (A) and
in the posterior tibial artery too (B); notably, in the
latter, no calcification is detectable using the color-
flow, and the normal triphasic flow is also present
(C). A single MC in the carotid artery (3 points)
and a single MC in the abdominal aorta (3 points)
are shown in Figure 9.

Therefore, CALC points are assigned distin-
guishing the severity of VC in many vascular
segments. The range of the final PACs score
(from 0O to 33) could be wide enough to monitor
negative evolution or even improvements of VC,
as recently speculated*.

The accuracy of CALC evaluation is warrant-
ed by the optimal correspondence between US-
images and optical microscopy of calcific opera-
tory specimens (Figure 10). Moreover, we have
detected not only an excellent reproducibility be-
tween different expert operators but also between
expert operators and advanced trainees. Indeed,
as shown in Figure 11, arterial calcification are
easily detectable. They appear as well-defined

Figure 6. The proximal tract of the popliteal artery is generally spared by vascular calcifications fA/; thus, we examine the
distal tract of the same artery (BJ, where vascular calcifications are much more frequent. (Images from personal archive).
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Type of Calcification

CALC points

ing vascular segments of 4 cm.

n PSV BiBcmis

EDV 0.000 cm/s
MDV -21.5cmis
1.00

11.58

TAPV 9.08 cm/s
VTl 8.26 cm

TAMV 5.05 cmfs
/ da

2.0-

Figure 7. CALC points were assigned evaluat-

Figure 8. CALC assessment. Single microcalcification (red arrow) in the internal carotid artery (0.79 mm) (A, 1 point). Single mi-
crocalcification (red arrow) in the posterior tibial artery (0.94 mm). A posterior tibial vein is detectable below the artery (B, 1 point);
notably, triphasic flow is not modified by the calcification, which is hidden by the color flow (C). (Images from personal archive).
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Figure 9. CALC assessment. Single macrocalcification (3 points) in internal carotid artery (A, zoomed image) and in abdom-

inal aorta (B, 3 points). (Images from personal archive).

hyperechoic “white” spot of the intimal and/or
medial layer with a posterior acoustic shadow
and are isoechoic with the bone.

Future Perspectives
In our opinion, the assessment of QIMT, QAS
and CALC:s is at present the best available tool to

evaluate subclinical organ damage, since repre-
sents different expressions of early atherosclerot-
ic process. QIMT and QAS use the best technol-
ogy to evaluate with great accuracy cIMT and
AS, with a real time radiofrequency data process-
ing of six equal waveforms. In this scenario,
CALCG:s is a novel marker of calcific atheroscle-

©

500 pm

D

Figure 10. Correspondence between size and number of vascular calcifications in a subject with critical carotid stenosis oper-
ated of carotid endarterectomy. Echographic finding A/, macroscopic finding /B), histologic finding (C), zoomed image of C

(D). (Images from personal archive).
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Figure 11. In anteroposterior projection, vascular calcifications appear as “white spots” (dotted line +) isoechoic with tibial
plate (dotted line x) using automatic gain setting (A). The zoomed image shows an acoustic shadow under the “white spot” and
a submillimetric calcification (B). (Images from personal archive).

rosis, useful to assess VC burden in non-coronary
circulation. It is based on B-mode ultrasonogra-
phy, which is safer and relatively cheaper than
other currently available imaging techniques
(e.g., CT scan). Therefore, it could be useful for
risk assessment in several categories of patients,
not only asymptomatic individuals with few co-
morbidities, but also those with contraindications
to more invasive and complex radiologic investi-
gations.

Our unpublished data in subjects at low-inter-
mediate risk, clearly show a strong correlation
between QAS, QIMT and CALCs. Moreover, we
are evaluating the correlation between CALCs
and CACs in patients with thoracic pain. Thus,
our ongoing studies are aimed to validate QIMT,
QAS and CALC:s for reclassification of patients
at low-intermediate cardiovascular risk, with im-
portant results in terms of cardiovascular disease
prevention.
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