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Abnormal hematocrit (Hcet) is associated with an increased risk of pre-hypertension and all-cause death in general pop-
ulation, and people with a high Hct value are susceptible to arterial cardiovascular disease and venous thromboembolism.
In this study, we report for the first time on the ability of thermoacoustic imaging (TAI) for in vivo evaluating Hct changes
in human forearms. In vitro blood samples with different Hct values from healthy volunteers (n = 3) were prepared after
centrifugation. TAI was performed using these samples in comparison with the direct measurements of conductivity. In
vivo TAI was conducted in the forearm of healthy volunteers (n = 7) where Hct changes were produced through a vascular
occlusion stimulation over a period of time. The results of in vitro blood samples obtained from the 3 healthy subjects show
that the thermoacoustic (TA) signals changes due to the variation of blood conductivity are closely related to the changes in
Hct. In addition, the in vivo TA signals obtained from the 7 healthy subjects consistently increase in the artery/muscle and
decrease in the vein during venous or arterial occlusion because of the changed Hct value in their forearms. These findings
suggest that TAI has the potential to become a new tool for monitoring Hct changes for a variety of pre-clinical and clinical

applications.

Keywords: thermoacoustic imaging, hematocrit change, human forearm

PACS: 43.35.Ud, 87.85.Pq, 43.35.Wa

1. Introduction

Microwave-induced thermoacoustic imaging (TAI) is an
emerging noninvasive and nonionizing imaging modality,
combining high contrast of microwave imaging and high res-
olution of ultrasound imaging.!'~”! When tissues are irradi-
ated by microwave pulses, tissues with a higher dielectric
loss absorb more energy and thus create stronger thermoa-
coustic (TA) waves than other tissues; this provides a high
microwave contrast, and the TA waves are then ultrasoni-
cally detected in high resolution.’®! TAI has been thus far
applied for various biomedical applications including detec-
tion of breast,>!!! kidney,!?! prostate!!3] cancers, imaging
of joint,*'*! brain!*!13-191 thyroid, ') blood vessels, '®1°! and
functional imaging.!'”!

We have previously shown that blood vessels can be
anatomically imaged by TAL!'®! However, the ability of TAI
for imaging changes of blood content, like hematocrit (Hct)
value, in blood vessels or other soft tissues such as mus-
cle has not been documented, to the best of our knowl-
edge. It is well-known that blood is a suspension composed
of blood cells with low conductivity and plasma with high

y.[2021

conductivit | Hematocrit refers to the proportion of red
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blood cells (RBCs) in the volume of full blood. An in-
crease in the Hct value is closely related to the reduced ve-

[23]

nous return,?? increased blood viscosity,!?*! and increased

s.[241 Related studies have shown that sub-

platelet adhesivenes
jects whose Hct value are higher than the normal range of the
population, such as patients with primary or secondary poly-
cythemia, are susceptible to arterial cardiovascular disease and
venous thromboembolism.[>>1 Het is also associated with an
increased risk of pre-hypertension and all-cause death in the
general population.*%3!) Therefore, monitoring the changes
in the Hct value of blood can offer early insight into the occur-
rence of these diseases.

Manual microhematocrit method based on the visual

132 and the method based an auto-

counting of the blood cells
matic hematology analyzer[*3] are the current tools used for
Hct determination in clinics. While the former is the gold
standard, the Hct value determined by this method is often
overestimated due to the trap of plasma in erythrocytes.>*! Tt
is time-consuming to remove the trap of plasma. The auto-
matic method is considerably faster to complete the counting
of blood cells; however, it cannot accurately detect specimens

with distributional or morphological abnormalities.*! Most

*Project supported by the National Natural Science Foundation of China (Grant Nos. 61701076, 82071940, and 62001075).

fCorresponding author. E-mail: lhuang @uestc.edu.cn
fCorresponding author. E-mail: hjiangl @usf.edu
© 2021 Chinese Physical Society and IOP Publishing Ltd

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

094302-1


http://dx.doi.org/10.1088/1674-1056/ac041c
mailto:lhuang@uestc.edu.cn
mailto:hjiang1@usf.edu
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn

Chin. Phys. B Vol. 30, No. 9 (2021) 094302

importantly, both methods require blood samples taken from
subjects for the in vitro measurement, and cannot be used for
in vivo determination of changes of Hct values. [36-38]

Here, in this study, we demonstrate the ability of TAI to
monitor changes in Het both in vitro from the blood samples
and in vivo from the blood vessels and muscle tissues in human

forearms during vascular occlusion stimulation.

2. Materials and methods
2.1. System description

The TAI system used is schematically shown in Fig. 1.
A custom-designed 3 GHz magnetron generator (peak power:
70 kW, pulse width: 750 ns and repetition rate: 50 Hz), cou-
pled with a handheld dipole antenna (aperture size: 60 x

60 mm?)B9

via a semi-rigid coaxial cable (1.5-meter-long
with 1.2 dB insertion loss), was used as the excitation source.
The TA signals were detected by a 128-element linear array
transducer (8.5 MHz center frequency, SH7L38, SASET. Inc.,
China), and then amplified by a home-made 128-channel am-
plifier and averaged for 50 times to achieve a good signal-
and-noise ratio by a 64-channel acquisition system with two
32-channel data acquisition cards (5752B, NI. Inc., USA), re-
quiring a data acquisition time of ~ 2 s. For the TA image
reconstruction, a back-projection algorithm in MATLAB was
used. "1 A B-mode ultrasound imaging platform (iNSIGHT-
37C, SASET. Inc., China) was included in this system, which
used the same 128-element linear array transducer, allowing
the TA and ultrasound (US) images to be co-registered pre-
cisely. The purpose of US imaging was to allow the objects
of interest (i.e., the muscle, vein, and artery in the forearm)
for TAI to be identified easily. For high-efficiency delivery
of both the microwave and US signals, the forearm was com-
pletely immersed in mineral oil (Fig. 1). According to our

(391 the maximum average microwave power

previous study,
density at the surface of the handheld dipole antenna was
8.6 mW/cm?, when a 10 Hz repetition frequency was used.
However, the microwave power density exciting the targets
in this study was far below the surface power density as es-
timated above, and also below the IEEE standard for safety
level (20 mW/cm?),[*!! because the microwaves would spread
out drastically due to diffraction. Specifically, it is known from
Ref. [39] that the attenuation factor for the electric field prop-
agation from the handheld dipole antenna was 1/r2. In this
study, the distance between the target and the surface of the
antenna was about 4 cm, and the coaxial cable had an in-
sertion loss of 1.2 dB. Therefore, the maximum microwave
energy density at the target surface was about 2.0 mW/cm?
[8.6 x 10(-0-12) 5 (1/4%) x 5 = 2.0] (in the case of 50 Hz rep-

etition rate).
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Fig. 1. Schematic of the TAI and US systems.

2.2. In vitro blood samples

The study protocol for human subjects used in this re-
search was approved by the Ethics Committee of the Univer-
sity of Electronic Science and Technology of China. All the
subjects were healthy, and such statuses were verified by their
medical history and physical examinations.

The in vitro blood samples of three healthy volunteers
(A, B, and C; average age: 24) were taken from the ante-
cubital vein in the morning after an overnight fasting period
and immediately loaded into vacuum blood collection tubes
containing the anticoagulant EDTAK,. After being turned up-
side down slightly and mixed evenly, the plasma and RBCs
were separated immediately by centrifuging for 15 minutes at
3000 rpm. Six blood samples with Hct values of 0% (plasma),
20%, 40%, 60%, 80%, and 100% were then configured us-
ing sterile pipettes for each subject. The electrical conduc-
tivity of the blood samples from the three subjects was mea-
sured at 2.4 GHz and room temperature 25 °C with an open-
ended coaxial resonant probe based on the method reported
previously.[*?#3] In addition, these blood samples were loaded
into transparent plastic tubes (3 mm in diameter) and were im-
aged using the TAI system under the same experimental con-
ditions.

2.3. In vivo vascular occlusion stimulation

A total of 7 healthy volunteers with an average age of 24
were recruited for the in vivo experiments. The radial artery,
cephalic vein, and lateral brachioradialis of the left forearm
were selected as the objects of interest and were imaged along
the transverse plane with both TAI and US.
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Once the forearm was placed in position, a vascular stim-
ulation was then induced by pressing the upper arm with an
air cuff above the elbow, aiming to change the Hct value in
the blood vessels and muscle tissues by blocking the venous
return/blood flow to varying degrees.??! The stimulation con-
sisted of five stages, as shown in Fig. 2. First, the volun-
teer was at a resting state, and a baseline measurement was
taken for 1 minute. Second, the pressure cuff was inflated
to 80-100 mmHg to cause venous occlusion. The pressure
was held for 1 minute and then released quickly. In the third
stage, the subject rested for 1 minute. In the fourth phase, a
160-180 mmHg was applied to occlude the arm arteries. Af-
ter 1 minute, the pressure was released. Finally, the subject
was back to the resting state and imaged for 1 minute. The
five-stage protocol was applied four times to each volunteer to
ensure the repeatability of the experiment. In our experiments,
the pressure varied according to the systolic blood pressure
measured on the arm of each volunteer. During the imaging
procedure, the subjects were constantly asked about if there
were any unpleasant sensations. No adverse reactions were
observed in this study.

y (mmHg)

160—180
mmHg

80—90
mmHg

t (s)
0 60 120 180 240 300

Fig. 2. Five-stage stimulation protocol used for in vivo TAL RS: resting state;
VO: venous occlusion; AO: arterial occlusion.

3. Results
3.1. Conductivity and TAI for in vitro blood samples

Figure 3 shows the TA image and electrical conductiv-
ity obtained for the in vitro blood samples. In the TA image
[Fig. 3(a)], the area inside the tube was selected as the TA sig-
nal area (red circle), and an adjacent region at the same depth
of the tube was selected as the background signal area (green
frame). The image contrast was defined as the ratio of the av-
erage TA amplitude of the signal area to the average TA ampli-
tude of the background area, and the selection of background
region remained unchanged for all the samples. This contrast
was used to represent the relative change of the TA signal in
different blood samples for a constant background. Figure 3(b)
shows the averaged contrast and electrical conductivity of the
blood samples for volunteers A, B and C (each blood sample
was measured for three times and the results shown were av-
eraged using the three measurements).

From Fig. 3(b), we can immediately see that the con-
ductivity of the blood sample almost linearly decreases as the

Hct value increases, which is consistent with the findings re-
ported in the literatures.?>->144] The decreased electrical con-
ductivity of blood sample results in a corresponding decrease
in microwave absorption characteristics, and thus decreased
contrast, i.e., the contrast also linearly decreases with the in-
crease of Hct value [Fig. 3(b)]. These results show that mi-
crowave absorption characteristics in the blood is different if
the Hct value in the blood is different, enabling us to monitor
the changes of Hct values in the blood using TAL
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Fig. 3. In vitro experiment using human venous blood with different hema-
tocrit (Het) values. (a) A representative TA image of blood-containing tube
with 20% Hct. (b) Quantitative plots of in the blood contrast and conductivity
vs. hematocrit value for the three volunteers (A, B, and C). The red circle and
dashed green square in (a), respectively, represent the target and background
regions that the TA signals were sampled area.

3.2. TAI monitor during in vivo vascular occlusion stimu-
lation

Figure 4 shows the cross-sectional color Doppler US
[Fig. 4(a)] and TA [Fig. 4(b)] images, and the overlaid TA/US
image [Fig. 4(c)] of the forearm for a representative volun-
teer at the resting state. By examining the overlaid TA/US
image [Fig. 4(c)], the objects of interest are clearly detected,
i.e., the positions of the radial artery and the cephalic vein (red
and green circles, respectively), and the brachioradialis muscle
(orange rectangle). In the TA image [Fig. 4(b)], the full width
at half maximum (FWHM) of TA signal along the red dotted
line crossing the vein was estimated to be 4.1 mm as shown
in Fig. 4(d), which matches well with as a value of 4.0 mm
measured by color Doppler US image for the diameter of the
vein [white dotted line crossing the vein in Fig. 4(a)].

Figure 5 shows the averaged TA signals (relative to a
baseline measurement before the stimulation) over time in
the radial artery, cephalic vein, and brachioradialis for all the
seven volunteers during the five-stage stimulation, where the
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gray lines represent the TA signals for each volunteer, while
the red, green and orange lines are the TA signals averaged

over all seven volunteers with standard deviation (indicated
with blue dotted lines) in the artery [Fig. 5(a)], vein [Fig. 5(b)]
and muscle [Fig. 5(c)], respectively.

TA amplitude
(arb. units)

5 mm

(@]

o] 0.3

S (d)

— 0

Sk

55 02

EE: | |

o © | |
5 mm A , ,

ﬁ o 2 4 6 8

z (mm)

Fig. 4. In vivo cross-sectional TA and US images of the left forearm for one
of the seven volunteers. (a) the color Doppler US image; (b) the TA image;
(c) the overlaid TA/US image. The green and red circles and the orange rect-
angle, respectively, indicate the positions of the cephalic vein, radial artery,
and brachioradialis muscle; (d) the normalized TA profile along a red dashed
cut line through the center of cephalic vein in (b).

From Fig. 5, we see that the responses of the blood ves-
sels/muscle tissues to venous and arterial occlusion are con-
sistent for all the volunteers. During the VO or AO stage,
the radial artery at the distal heart of the forearm was in an
ischemic condition because of its restricted blood flow. As a
result, its Het value decreased and the corresponding electrical
conductivity increased,!?*! leading to an increase in the ampli-
tude of TA signal in the artery. We note that this increase in
the TA signal was larger during the AO stage with increased
occlusion pressure. After the pressure was released, the TA
signal returned to the baseline level. During the VO or AO
stage, the cephalic vein at the distal heart of the forearm was
in a congestion state because of its retarded backflow. As a re-
sult, the Hct value increased and the corresponding electrical
conductivity decreased, leading to a decrease in the amplitude
of TA signal in the vein. Similar to the artery, this decrease
was larger during the AO stage because of the higher occlu-
sion pressure applied. After the pressure was released, the TA
signal returned to the baseline level. During the VO or AO
stage, muscle tissue was in ischemia, and thus the Hct changes
vs. TA signal variation were similar to that in the artery.

4. Discussion

Since the goal of this study was to demonstrate the pos-
sibility of thermoacoustic assessment of Hct changes, we did
not attempt to conduct an in-depth study to quantify parame-
ters such as the minimal Hct change that TA can distinguish.
However, the TAI results of in vitro venous blood (Fig. 3)
showed that TA can distinguish at least 20% of Hct change.

Moreover, in the TAI results of in vivo occlusion stimulation
(Fig. 5), the TA signal change of the vein relative to the rest-
ing state was at least ~ 15%. According to Refs. [21,38],
the Hct of healthy human whole blood is about 40%, and
so the Hct value of venous blood in resting stage [Fig. 5(b)]
could be estimated as about 40%. For in vitro venous blood
TAI experiments (Fig. 3), when Hct was 40%, the contrast
was 12.8. The contrast value was 10.88 after a 15% reduc-
tion [12.8 x (1 —0.15) = 10.88]. In Fig. 3(b), Hct value was
about 80% given this contrast value of 10.88. Hence, we
can conclude that the Hct change of the vein in the occlusion
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Fig. 5. Averaged relative TA signals from (a) the artery, (b) the vein and
(c) the muscle for the seven human subjects during the left forearm occlu-
sion. Gray lines: TA signals for each individual subject; red, green or orange
line: averaged TA signals over seven subjects; blue dotted lines: the standard
deviation for the averaged TA signals over seven subjects.
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stimulation measured by TAI was at least greater than 20%
(80%—40% > 20%).

According to Ref. [19], plasma mainly contains eight
kinds of polar molecules including Alb, Glo, Nacl, Fib, Glu,
Gly, Lys and Arg, and the sum of Alb, Glo, Nacl and Fib ac-
counted for 99.68% of all the polar molecules. It is also indi-
cated that the higher the concentration of polar molecules in
blood, the stronger the TA signal intensity. Hct value refers to
the proportion of plasma and red blood cells (RBCs) relative
to whole blood, i.e., Hct = 0% means that the blood sample
is just plasma, while Hct = 100% means that the sample has
pure RBCs. In our study, when we changed the proportion
of plasma in blood, we automatically changed the proportion
of polar molecules in blood proportionally. From the in vitro
and in vivo TA experiments, we have observed that the Hct
value decreased since both the proportions of plasma and po-
lar molecules increased, and that the intensity of TA signals
increased. Thus, this finding is complementary to the conclu-
sion reported in the above mentioned reference, and confirmed
each other. The conclusion is that the polar molecules in blood
do not affect the reliability of the TA experiments in this study.

However, the current study has some limitations. The
conductivity in vitro blood samples was measured at 2.4 GHz,
which was slightly different from the frequency used for TAI.
However, according to a previous study by Wolf et al. and
an open data site “Calculation of the Dielectric Properties of
Body Tissues in the frequency range 10 Hz—100 GHz”,121+]
the dielectric properties of blood at 2.4 GHz (o = 2.50 S/m,
& = 58.35) and 3.0 GHz (0 = 3.05 S/m, & = 57.35) are very
close. In addition, Wolf et al. showed that from 10 kHz to
10 GHz, as the Hct value increased, the conductivity showed a
decreasing trend, which was consistent with the conductivity
results from our in vitro blood experiment. So the conductiv-
ity results measured at 2.4 GHz holds a significant reference
value and should not affect our observation on the change of
Hct value. In addition, the temporal resolution of the system
was limited, which can be improved using a microwave source
with a higher repetition rate. The ultrasonic linear array with a
center frequency of 8.5 MHz was selected to receive both ul-
trasonic and TA signals, which was not optimal for TAI perfor-
mance because most of the TA signals were below 8.5 MHz,
as shown in Fig. 6. It is worth noting that an x-shaped arti-
fact in the TA image shown in Fig. 3(a) is seen, which was
caused by the use of a linear array for receiving TA signals
and the use of a traditional back-projection algorithm for im-
age reconstruction. However, the impact of this effect can be
minimized using a circular array or an improved image recon-
struction algorithm. In the future research, we will focus on
improving temporal resolution and designing a better system
to balance the difference between the ultrasonic and TA signal
frequencies.
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Frequency (MHz)

Fig. 6. The frequency spectrum of TA signals given in Fig. 4(b).

5. Conclusion

In summary, we have presented evidence that TAI can be
used to in vivo image the Hct changes in blood vessels and
muscles in the forearm during a vascular occlusion simulation.
The results obtained have shown a strong correlation between
the changes in TA signal/conductivity and hematocrit/blood
flow, suggesting the potential of TAI as a new tool for func-
tionally visualizing human blood.
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