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Objectives: In the article we describe the new, high frequency, 20 MHz scanning/Doppler probe de-
signed to measure the flow mediated dilation (FMD) and shear rate (SR) close to the radial artery
wall.

Methods: We compare two US scanning systems, standard vascular modality working below 12 MHz
and high frequency 20 MHz system designed for FMD and SR measurements. Axial resolutions of both
systems were compared by imaging of two closely spaced food plastic foils immersed in water and by
measuring systolic/diastolic diameter changes in the radial artery. The sensitivities of Doppler modalities
were also determined. The diagnostic potential of a high frequency system in measurements of FMD and
SR was studied in vivo, in two groups of subjects, 12 healthy volunteers and 14 patients with stable
coronary artery disease (CAD).

Results: Over three times better axial resolution was demonstrated for a high frequency system. Also,
the sensitivity of the external single transducer 20 MHz pulse Doppler proved to be over 20 dB better (in
terms of a signal-to-noise ratio) than the pulse Doppler incorporated into the linear array. Statistically
significant differences in FMD and FMD/SR values for healthy volunteers and CAD patients were con-
firmed, p-values < 0.05. The areas under Receiver Operating Characteristic (ROC) curves for FMD and
FMD/SR for the prediction CAD had the values of 0.99 and 0.97, respectively.

Conclusions: These results justify the usefulness of the designed high-frequency scanning system to
determine the FMD and SR in the radial artery as predictors of coronary arterial disease.

Keywords: flow mediated dilation; shear rate; axial resolution; elevation resolution; pulsed Doppler;
ultrasonic imaging.
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1. Introduction

The process of development of atherosclerotic dis-
eases is preceded by endothelial dysfunction of blood
vessels, decreased bioavailability of nitric oxide (NO)
and the development of a local inflammatory process
(YOUSUF et al., 2013; KOETH et al., 2013). Dysfunc-
tion of vascular endothelium leads to cardiovascular

disease (LEHOUX et al., 2016; CAHILL et al., 2016;
DESHKO et al., 2011; DEANFIELD et al., 2007; GUTIER-
REZ et al., 2013). CELERMAJER et al. (1992) intro-
duced the method of ultrasonographic recording of
the brachial artery diameter changes induced, within
several minutes, by reactive arm hyperaemia. It was
demonstrated that a change of the magnitude of FMD
also depends on the value of the shear rate stimulus
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(PYKE et al., 2004; 2007; PADILLA et al., 2008; HAR-
RIS et al., 2010). In the recently published review ar-
ticle (STORCH et al., 2017), ultrasound measurements
of (FMD) were classified as a promising tool to as-
sess endothelial function, however with some limita-
tions. Among the limitations, the authors emphasized
the fact that the method is strongly dependent on the
observer, which may result in differences in the FMD
determination. This limitation is also related to the
accuracy of the diameter measurements of the ultra-
sonic scan of the artery, and thus directly depends on
the axial and elevation resolution of the US system
used. The axial resolution of the standard US scanners
working at 7-12 MHz, used in the papers cited above,
is within the range of 0.2-0.3 mm, which is close to the
change of brachial or radial artery diameter and thus
resulting in severe biasing the final results.

The aim of our study is to show that the re-
designed (in comparison with the system previously
described (NOWICKI et al., 2018)) high frequency scan-
ning/Doppler probe dedicated to image the radial
artery within narrowest part of the elevation beam al-
lows measuring the FMD and SR in the radial artery
with higher accuracy than the systems using frequen-
cies below 12 MHz. The efficiency and usefulness of this
system were confirmed in a preliminary study of FMD
and SR in 26 subjects; 12 normal healthy subjects and
14 patients with stable coronary artery disease.

This paper is organized as follows. In Sec. 2 we
describe the experimental setup and our probe, the
assembly of L40-8 linear array transducer combined
with 20 MHz multigate pulse Doppler. The measure-
ment protocol is also explained in this section. The
results of measurements of the axial resolution for two
US scanners with carrier frequencies of 6.8 MHz and
16.8 MHz are presented in the next section. The val-
idation of the system is done through measurements
of FMD and SR in the radial artery of healthy sub-
jects and patients with stable coronary artery disease.
The statistical analysis of the obtained data is also pre-
sented in this section. Finally, in two last sections, the
discussion and conclusions are presented.

2. Material and methods
2.1. Azial resolution

Firstly, we have compared the axial resolution of
two US scanners with L14-5 linear array transducer
(6.8 MHz center frequency) and L40-8 linear array
transducer (16.8 MHz center frequency), both from Ul-
trasonix SonixTouch-Analogic Corporation, Peabody,
MA, USA. The axial length Ad of the scanning pulse
(for echo) is equal to half of the pulse duration 7/2
and is directly proportional to the speed of sound ¢
in the investigated tissue. The shorter the time 7 of
the scanning pulse, the larger the transducer band-

width B. Generally, the bandwidth is determined at
the frequency span where the amplitude drops down
to half (-6 dB) of the maximum amplitude at the car-
rier frequency, 7 = 1/B_g 4p. The spatial length of the
scanning pulse and transducer bandwidth are then re-
lated according to the formula Ad_g4p = ¢/(B-¢dB)-
A more conservative axial resolution is directly pro-
portional to the length of the scanning pulse and is
equal to half the spatial pulse length (SPL). SPL is the
product of the number of cycles in an ultrasound pulse
and the wavelength A (SPL = A number of cycles in
the pulse). The beam pressure field was measured us-
ing Needle Hydrophone 0.2 mm (Precision Acoustics,
Dorchester, UK).

The effective axial resolutions of two scanning sys-
tems (L14-5 linear array probe with mean scanning fre-
quency = 6.8 MHz and L40-8 linear array probe with
mean scanning frequency = 16.8 MHz) were experi-
mentally determined by the imaging of closely posi-
tioned two plastic foils immersed in water.

The influence of the elevation thickness of these
two linear arrays on the precision of vessel diameter
estimation was also evaluated by measurements of ele-
vation beam widths and systolic/diastolic radial artery
diameters measurements in three normal healthy sub-
jects.

2.2. FMD and SR measurements

The FMD is expressed as a percentage change of
the initial (baseline) diameter Db to the post-stimulus
maximum diameter Dpeak of the artery and is given by
the formula FMD [%)] = ((Dpeak —Ds)/Dy) -100%. The
normalization of FMD to a shear rate is done by divi-
ding the peak FMD by the accumulated value of shear
rate area under the curve (SRAUC). SRAUC is calcu-
lated for the time between releasing of the cuff and the
peak dilation. The blood flow velocity was recorded for
150 seconds after releasing the pressure cuff.

We have compared the Doppler sensitivity of
pulse Doppler modality in a L40-8 linear array trans-
ducer (Ultrasonix SonixTouch-Analogic Corporation,
Peabody, MA, USA) and 20 MHz single crystal pulse
Doppler. The precision of Doppler velocity recordings
in the radial artery directly results in the calculation
of the shear rate in this artery both in systolic and
diastolic phases.

In the L14-5 linear array transducer, the Doppler
mode operates at 6 MHz, which is the lower end of
the available bandwidth in this specific transducer. In
the L40-8 linear array transducer, the Doppler mode
operates at about 10 MHz. The sensitivity of 20 MHz
single transducer Doppler modality and Doppler in-
corporated in L40-8 linear array were compared with
in vivo experiments in three volunteers.

In the arteries, the blood flow velocity profile differs
from the parabola, especially near the branches and
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in the stenosis. ROEVROS (1974) proposed a general
expression describing velocity profiles for steady flows

v(T) = Vmax [1—(%)1, n>1, (1)

where n represents the shape of the velocity profile,
Umax 1S the maximum velocity, and R is vessel radius.
For n =2, Eq. (1) is the parabolic equation. The larger
the n, the more the profile is flattened.

The volumetric flow per unit time (@) is expressed as

R R .n
Ofv(r)?wdrzo/vmax [1—(5) ]27rrdr
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The average velocity (vavg) is calculated by dividing
the Q-value by the cross-sectional area of the tube

o)
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After substitution Eq. (3) into Eq. (1), we get the
expression on the blood flow velocity profile for differ-
ent exponents of n:
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The shear rate « on the vessel wall is
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where D is the vessel diameter.
For parabolic profile (n = 2), v = 8vayg/D or v =
4vmax/D.

2.8. Ezperimental setup

An experimental setup consisted of a Sonix-
Touch ultrasound scanner with a 1L40-8 linear array
transducer for imaging only, and additional 1.5 mm
diameter, single-element 20-MHz multigate Doppler
probe attached to the array dedicated for blood flow
velocity profile measurements. The design of the probe
has been modified compared to the one described pre-
viously in the (TORTOLI et al., 2006). The Doppler
probe and linear array were placed in a plastic housing
filled with water and the front end of the container was
sealed using plastic foil. The distance from the linear
array transducer face to the foil was set to 5 mm while
the Doppler transducer was placed where it was almost
touching the plastic foil surface, Fig. 1. The reason for
moving the linear head 5 mm above the skin was an

attempt to perform a radial artery imaging (running
from 3 to 5 mm below the surface of the skin) in the
narrowest area of the ultrasound beam in the eleva-
tion. The angle between the Doppler beam and the foil
surface was 68°. The PRF for linear array and Pulse
Doppler are not coherent and a certain beat frequency,
resulting from the cross talk of both transmitted sig-
nals, interferes in final Doppler. For that reason a cork
separator preventing the cross talk in the direct water
path was added.

20 MHz
linear array

Water bath
container

Fig. 1. L40-8 linear array combined with 20 MHz
Doppler probe.

The Doppler signal is recorded using the acquisition
board and GASP software developed at the University
of Florence (TORTOLI et al., 2006). The Doppler sig-
nal from the center of the blood vessel is selected for
further processing. It corresponds to the peak flow ve-
locity. A detailed explanation of the Doppler system
and the technique of measuring radial artery diameter
and blood flow velocity have previously been described
in our paper 15.

2.4. Protocol of FMD and SR measurements
i patients

The in vivo validation of the usefulness of the de-
signed system for measurements of FMD and SR in the
radial artery, was performed in the study of two groups
of patients: Group I consisted of 12 normal healthy
subjects, 7 men and 5 women (41-73 yr old); Group II
consisted of 14 patients, 12 men and 2 women (4077 yr
old), with invasively confirmed chronic stable coronary
artery disease (CAD). All subjects were measured be-
tween 11 am and 1 pm after fasting for about 3 hours.
The examined CAD patients were stented.

The subjects examined gave their written, informed
consent to participate and underwent simultaneous
testing with the radial artery reactive response using
ultrasound imaging and Doppler signals. The study
protocol was approved by the Human Investigation
Review Committee at the Military Medical Institute
— Warsaw, Poland.

Data processing and statistical analysis were done
using the R programming language for statistical com-
puting and graphics (https://www.r-project.org). Con-
tinuous variables, FMD and SR were described by sta-
tistical characteristics, i.e., the mean and standard de-
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viation. The normality of the random variable distri-
butions in groups was verified using the Shapiro-Wilk
test. A confidence level of 0.95 was established in all
statistical calculations and for all performed statisti-
cal tests. The differences between groups were tested
by the Kolmogorov-Smirnov (KS) and Mann-Whitney-
Wilcoxon (MWW) tests.

3. Results
3.1. Measurements of axial resolution

The scanning pulses for two US systems using
the L14-5 (6.4 MHz center frequency) and L40-8
(15.6 MHz center frequency) linear arrays, and the
spectra of the pulses reflected from the perfect reflec-
tor in water are shown in Fig. 2. The axial resolutions
Ad_g g were calculated from recordings of echoes from
a perfect reflector, being equal 0.36 mm and 0.14 mm
for probes L14-5 and L40-8, respectively, Fig. 2. The
SPL/2 values for these two probes equal 0.16 mm and
0.07 mm, respectively.

Fig. 2. The length of the ultrasonic pulse depends on the

transducer bandwidth (a) the L40-8 linear array (center

frequency 16.8 MHz) generates a pulse (-6 dB) duration

below 0.1 us with the bandwidth (-6 dB) of 9.8 MHz (b);

(c) the L14-5 linear array (center frequency 6.8 MHz) gen-

erates impulses (amplitude —6 dB) lasting 0.32 ps with the
bandwidth (-6 dB) of 4.7 MHz (d).

Next, the images of two samples of plastic food
wrap foils (0.07 mm thick) placed in front of the scan-
ning transducer were recorded. The spacing between
foils was set to 0.4 mm and 0.2 mm. The scans of foils
spaced apart by 0.2 mm are shown in Figs 3a and 3b,
while images of foils separated by 0.4 mm are shown
in Figs 3c and 3d. Scans presented in Figs 3a and 3c
were recorded using the 7-12 MHz linear array; scans
presented in Figs 3b and 3d were recorded using the
20 MHz linear array.

— 6-12 MIz =, 20 MHz

S0 0dmm

Fig. 3. Images of two samples of plastic food wrap foils

(0.07 mm thick) spaced apart by 0.2 mm (a and b) and

0.4mm (c and d) scanned with L14-5 probe and L40-8
probe, respectively.

The beam widths measured across the elevation
plane for both examined linear arrays are shown in
Fig. 4. The beam width for the L40-8 probe equals
1.6mm, and is almost twice as narrow as the beam
width of the L.14-5 probe, which equals 2.5 mm. The
latter is close to the average diameter of radial arteries
examined in our study group and is the source of ar-
tifacts smearing the cross-section image of the vessels.
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Fig. 4. The plot of the elevation beams width for linear

arrays L14-5 (dotted line) and L40-8 (solid line) measured

in water 8 mm below the transducer face. FWHMSs for both
arrays are 2.5 and 1.5 mm, respectively.

8.2. Comparative studies of effective axial resolution
in three volunteers

The effective axial resolutions in vessel diameter
measurements were carried out in three volunteers (63,
65, and 73 yr old) according to the following proto-
col. The L14-5 linear array transducer was fixed over
the radial artery and the cine-loops sequences of the
pulsating artery scans were recorded in AVI format
(Audio Video Interleave) for approximately 40 seconds.
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The same measurement was then made using the L40-
8 linear array transducer. In both cases, the maxi-
mum and minimum diameters of the arteries in systole
and diastole were determined using Brachial Analyser
(BA) software (Medical Imaging Applications, LLC,
Coralville, IA) and the average dilatation level was cal-
culated for four consecutive heart cycles (Fig. 5).

The results obtained with the wuse of the
L40-8 probe varied between systole and diastole by
0.1-0.2 mm and the ratio of systolic/diastolic dila-
tion SDD [%] = ((systolic diameter — diastolic diam-
eter) /diastolic diameter) -100% was from 4% to 6% for
three examined subjects. Changes observed with the
L14-5 probe were very small and recorded at the sec-
ond place after the decimal point (i.e. below the axial
resolution) and the ratio of diameters in contraction
and diastole did not exceed 1%.

0.08
0.07
0.06
0.05
0.04 . _
0.03
0.02

Systolic/diastolic diameter ratio
o

0.01 o o )
° © 00
0.00 o

Subject 1 Subject 2 Subject 3

Fig. 5. Comparison of measurements of relative radial
artery dilation, SDD = (systolic diameter — diastolic di-
ameter) /diastolic diameter in three volunteers using L40-8
probe (squares symbols) and L14-5 probe (circles symbols)
scanning probes, respectively. In all three cases, the calcu-
lated average systolic/diastolic dilation for scanning using
L14-5 probe never exceeded 1%, while when using L40-8
scanning probe, the difference between the systole and di-
astole was clear and averaged 4%, 6.5%, and 3.2%, respec-
tively.

3.3. Shear rate measurements

In order to compare the sensitivity of the 10 MHz
linear array operated Doppler and the 20 MHz single
transducer Doppler, simultaneous recordings of blood
flow in the radial arteries of three volunteers were
done and signal to noise ratios were calculated. For
the 20 MHz pulsed Doppler, the calculated signal-to-
noise ratio was 28, 31, and 30 dB for the three subjects,
respectively. The Doppler signal recorded using the
linear array transducer L40-8 (the actual carrier fre-
quency for Doppler mode equaled 10 MHz) had worse
signal-to-noise performance, which equaled 9.9 dB, and
11 dB, respectively for the same examined patients.
As the sensitivity of the 20 MHz Doppler system was
about 10 times greater than the Doppler incorporated

into the linear array, all the Doppler measurements re-
ported in this paper were performed using a single ele-
ment 20 MHz pulse Doppler combined with a 20 MHz
linear array probe, shown in Fig. 1.

The precise measurements of the blood flow veloc-
ity profiles were done in the radial arteries in 6 subjects
in order to determine the deviation of the actual veloc-
ity profiles from the parabolic shape. The best fittings
of velocity profile given by Eq. (4) to the measured
profiles were obtained for 1.8 < n < 2.4; therefore for
simplicity we assumed n = 2 in further calculations.
In calculations of SR, D was assumed to be equal to
the mean value of the peak vessel diameter measured
during the time from cuff release to maximum artery
diameter dilation. An exemplary spectrum type veloc-
ity profile recording is shown in Fig. 6 where white line
represents the mean velocity profile calculated during
the systolic phase.

50

o
[=}

20

Blood flow velocity [cm/s]

0 1 2 3 4 5 6 7 8

Depth [mm]
Fig. 6. Typical recording of the spectral profile in the radial
artery, where white line represents the mean velocity profile
calculated during systolic phase. The best fitting of the
mean velocity to the velocity profile given by Eq. (4) is
obtained for n = 2.1.

3.4. FMD and FMD/SR measurements

In Group I, the FMD was in the range of 7-16%
with mean +sd equal to 11.53 + 2.72%; the FMD for
Group II was in the range 0.1-7 % and mean +sd
equaled 3.01 £ 1.96%. In Group I, the FMD/SR equa-
led 3.08-107* + 1.38-107%; in Group II, the FMD/SR
equaled 0.89-107% £ 0.64 - 1074, respectively.

The FMD wvariables for both groups and the
FMD/SR for Group II were normally distributed. They
were confirmed by p-values < 0.05 for the Shapiro-
Wilk test; the FMD/SR variables for Group I were
not normally distributed and yielded a p-value < 0.05
for the Shapiro-Wilk test. The differences in FMD /SR
values between groups were tested only by the non-
parametric tests, i.e., Kolmogorov-Smirnov (KS) or
Mann-Whitney-Wilcoxon (MWW), while the FMD
values were tested by the t-test. All performed tests
had p-values < 0.0005. The boxplots graphs for FMD
and FMD/SR are presented in Fig. 7.

The utility of group differentiation by FMD and
FMD/SR values in diagnostic tests are expressed with
ROC (receiver-operator characteristics) curves, which
are shown in Fig. 8 together with the values of AUC
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Fig. 7. a) Boxplots of FMD, b) boxplots of FMD/SR;

Group I contains normal healthy subjects, and Group II

contains patients with CAD (boxplots are classical Tuckey
plots, the bold transverse line indicates the median).

a)

1.0 H /
0.8

©
[}
I

Sensitivity
o
~
|

o
N
I

AUC=0.997
T T T T T T

00 02 04 06 08 1.0
1-Specificity

0.0

o
=

-
o
1

|

e o 9
> o o
I I I

Sensitivity

o
N
I

AUC=0.976
T T T T T T
00 02 04 06 08 10
1-Specificity
Fig. 8. a) ROC curve for FMD and b) ROC curve for
FMD/SR as CAD predictors.
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(area under the curve), which equal 0.997 and 0.976
for FMD and FMD/SR predictors, respectively.

4. Discussion

In laboratory tests, the axial resolution and sen-
sitivity of Doppler measurements of the designed US
system at 20 MHz and standard ultrasound operated
on the 7-12 MHz frequency were compared.

The US images of two plastic foils shown in Fig. 3
proved that the precision in axial resolution is almost
three times less for the 7-12 MHz transducer than the
one for the 20 MHz probe. The echoes from targets
positioned 0.2 mm apart were clearly separated using
the 20 MHz probe, while they were indistinguishable
when scanned with the 7-12 MHz probe. In the case
of imaging foils spaced 0.4 mm apart from each other,
the echoes from the upper and the lower foil separated
for both probes.

The axial resolution of the high frequency (about
20 MHz) system is approximately 0.1 mm but it should
be emphasized that in the case of imaging of rounded
structures such as the walls of arteries, the axial reso-
lution is impaired by the finite lateral thickness of the
ultrasonic beam in the elevation.

The echoes from the structure are not reflected
in the desirable scan plane but contain contributions
from the space covered by the ultrasonic beam in the
elevation plane and thus result in reduced local con-
trast. This property of an ultrasound beam transmit-
ted from a linear array is the source of echo blurring, es-
pecially from spherical interfaces between tissue struc-
tures, e.g. vessel walls. This characteristic feature of
ultrasonic scanning often manifests itself in the diffi-
culty of precise estimation of the intima/media thick-
ness, especially on the anterior wall of the artery. Sim-
ilarly, the thicker the slice in the elevation plane, the
more difficult it is to properly assess the dilatation of
the vessel (especially the position of the anterior wall
during the heart cycle).

The -6 dB beam thickness for the 20 MHz probe
equaled 1.7 mm, which was almost twice as narrow as
the beam width of the 7 MHz L14-5 probe (Fig. 4).

‘We have shown the influence of the elevation thick-
ness of the beam on the measurements of small changes
in vessel diameter (Fig. 5). SDD changes in the radial
artery were practically immeasurable, not exceeding
1% when using the lower frequency probe, while they
were clearly seen, from 4% to 7%, when scanning radial
artery with the 20 MHz probe.

The signal backscattered on red blood cells roughly
increases with the fourth power of the scanning fre-
quency and doubling the transmitted frequency in the
Doppler from 10 MHz to 20 MHz results in a signifi-
cant increase of the signal-to-noise ratio. In terms of
Doppler measurements it means more accurate mea-
surement of blood flow wvelocity, and subsequently
a more accurate calculation of the shear rate.

The measured sensitivity of the external 20 MHz
pulse Doppler system was about 10 times greater than
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the Doppler in the L40-8 linear array transducer. It
provides a more precise measurement of blood flow ve-
locity, especially low velocities during diastole, result-
ing in a more accurate determination of the shear rate.

Due to the range of the systolic blood flow veloc-
ity in the radial artery measured in all examined sub-
jects, the blood was assumed to behave as a Newtonian
fluid with a constant viscosity coefficient. Consider-
ing a linear relationship between the shear stress and
the rate of strain, the shear stress variations had been
included as the strain rate variations. Moreover, the
blood flow exhibited velocity profiles that were very
close to parabolic curves. This assumption simplified
the calculations of SR values.

The value of the high frequency system was vali-
dated in vivo measurements of FMD and SR in the ra-
dial arteries of 12 normal healthy subjects and 14 CAD
patients. Statistical analysis showed that FMD and
FMD/SR exhibited a significant univariate association
with the occurrence of CAD, confirmed by the p-value
for the MMW test. The results revealed that the range
of FMD obtained in normal healthy subjects did not
coincide with the range of FMD measured for CAD pa-
tients. The normalized FMD /SR had a range of values
for healthy subjects and for patients but it lied in the
first FMD quartile and in the fourth FMD/SR quar-
tile, which indicated evident differences between the
groups. The analysis of the ROC curve (Fig. 8) for
the prediction of CAD patients based on FMD values
showed that the value of 7% could be used as a cut-
off level to predict CAD patients with a sensitivity of
100% and a specificity of 92.9%. The same analysis per-
formed for the ROC curve for the prediction of CAD
patients based on FMD /SR values showed that a value
of 1.86-107* could be used as a cut-off to predict CAD
patients with a sensitivity of 100% and a specificity of
85.76%. We note that FMD/SR had a slightly lower
AUC value than FMD alone.

5. Conclusions

According to laboratory phantom experiments and
in vivo measurements in radial artery of three nor-
mal healthy subjects, we showed the advantage of
using high-frequency ultrasound (20 MHz). It pro-
vides greater resolution and a more sensitive Doppler
over a standard 7-12 MHz scanning system result-
ing in a more accurate estimation of artery diame-
ter and a blood flow velocity. This means that us-
ing the 20 MHz scanning system and the external
pulse 20 MHz Doppler ultrasound leads to more re-
liable measurements of both the blood flow and the
dilation of the radial artery than using standard US
with Doppler directly transmitted from a linear array.

The statistical analysis of the results for both
groups of subjects, normal healthy subjects and CAD
patients, showed the diagnostic predictive strength of

FMD and FMD/SR based on the p-values of relevant
tests and the ROC analysis with very high AUC val-
ues. However, the number of subjects was rather small
and it is evident that in order to improve the diag-
nostic value of the obtained results, it is necessary to
conduct the research on a larger population.

This introductory analysis confirmed the effective-
ness of the 20/20 MHz system for the measurements of
radial artery dilation and blood flow in the exemplary
study of identifying CAD predictors.
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