Vol. 124 (2013)

ACTA PHYSICA POLONICA A

No. 3

Optical and Acoustical Methods in Science and Technology 2013

The Application of Ultrasonic Methods to Flow Measurement

and Detection of Microembolus in Heart Prostheses

M. GAWLIKOWSKI®*, M. LEWANDOWSKI®, A. NowIcKI’, R. KusTosz?®, M. WALCZAK?,

P. KARWAT® AND P. KARLOWICZ®
“Foundation of Cardiac Surgery Development, Wolnosci 345a, 41-800 Zabrze, Poland
bInstitute of Fundamental Technological Researches, PAS, Pawiniskiego 5B, 02-106 Warsaw, Poland
“Sonomed Ltd., Pruszkowska 4d, 02-118 Warsaw, Poland

For the last 20 years the world cardiosurgery has presented a considerable change of attitude to mechanical cir-
culatory support. In spite of technological progress the main problems in ventricular assist devices are: thrombosis
and low accuracy of flow measurements. In this paper the prototype of multi-gate Doppler flowmeter intended for
cardiac assist system ReligaHeart EXT has been presented as well as the possibility of ultrasonic microembolus

detection.
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1. Introduction

Latterly the mechanical circulatory support (MCS) has
became clinical routine of heart insufficiency treatment
[1-3]. Since the ’80s of the 20th century it has been con-
ducted by means of pulsating, extracorporeal ventricular
assist devices (VAD). Parallel to them the rotary blood
pumps (RBP) were being developing. In spite of techno-
logical progress the MCS is inseparably connected with
risks of blood traumatization (by contact with artificial
material and mechanical stress [4]), bleeding and infec-
tion. The blood traumatization leads to decomposition
of red blood cells (hemolysis) and activation of coagula-
tion system (thrombogenicity), involving microembolus
and well-organized clots growth, adhered to the internal
surface of the blood pump. In spite of advanced meth-
ods of coagulation system blocking the thrombus remain
principal side-effects of MCS [5].

In both types of VADs (pulsatile and RBP) the flow
is not constant, therefore the ultrasound transit-time
method is the most often used for its measurement [6]
(other non-invasive methods [7-11] are in early stage of
development). The accuracy of this assessment is about
5-7% for laminar flow [6] and less than 20% for transition
or turbulent flow [12]. Due to the risk of clots forming
the alternative method of measurements must be non-
invasive. There is the only one clinically applied RBP
including direct flow measurement [13], in other cases
the flow is estimated based on electric power, speed and
viscosity of blood [14, 15]. This approach is low accu-
rate (20% for flows > 5 1/min [16]) but the method itself
is non-invasive and it allows to demonstrate the flow vs.
time dependence.

The considerable achievements in the area of MCS by
extracorporeal, pulsating VADs belong to Foundation of
Cardiac Surgery Development [2]. Up till now more than
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270 application of POLVAD-MEV blood pumps have
been performed. Based on the clinical experiences the
Foundation has developed a new generation, extracorpo-
real cardiac support system ReligaHeart EXT [11, 17].
One of issues of the project concerned the development
of non-invasive measurement methods intended for heart

rostheses.
p 2. Goal

Despite technical progress the most particular prob-
lems concerned the contemporary MCS are thrombo-
genicity of VAD and blood flow measurement. In this
paper authors would like to present:

e the results of investigations on the flow measurement
by means of multi-gate Doppler,
e the perspective of microembolus detection by means of
ultrasonic methods.

3. Flow measurement

It has been assumed that both pulsating and continu-
ous volumetric flows should be measured by means of the
Doppler method in the range of +5 1/min with accuracy
about 10%. The flow probe have to be mounted into the
stub-pipe of the VAD made of biocompatible polyester-
based polyurethane.

3.1. Material and methods

The prototype of the flowmeter has been developed
based on the multi-gate pulse wave Doppler technique
[18], in which the volumetric flow is calculated by integra-
tion of the flow velocities at each gate. The system con-
sists of two modules: the first is responsible for emitting,
receiving and processing of the RF signal, the second
(a digital one) demodulates, filters and post-processes
the signal. The received ultrasound echo is amplified and
digitalized. The next step of the processing is the digital
down conversion (DDC) and filtration by means of the
cascaded-integration-comb filter (CIC) implemented on
the FPGA. The DDC block consists of two multipliers,
reference signal generator (1-16 MHz) and two low-pass
filters. The samples of the echo are mixed with 14-bit
samples of sine and cosine reference signals. As a result
two signals: in-phase (I) and quadrature (@) are pro-
duced. Subsequently, both I and @ signals are filtered
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by a low-pass filter and decimated to obtain the baseband
signal. In multi-gate system, the signal in each gate has
to be filtered in order to remove the low-frequency and
high-amplitude components that are induced by static
objects (echoes). In the FPGA 200 parallel finite impulse
response filters have been implemented. These allow to
elaborate 100 Doppler gates in real-time. Then, the sig-
nal is transmitted to the PC for further post-processing.

To develop the probe the sound velocity and atten-
uation should be assessed. Three samples made of
polyurethane have been measured. Assuming the ul-
trasound frequency of 4 MHz and the length of beam
propagation about 5 mm the calculated average suppres-
sion was 0.61dB/(mm MHz) and the sound velocity was
1880m/s. The angle between transducer and surface of
the connector was calculated according to the Snellius’
law. The Doppler angle of 60° (routine for medical appli-
cation [19]) was assumed. A direction of the ultrasound
beam penetration into blood was investigated by means
of the Schlieren method (Fig. 1).

Fig. 1. The visualization of the ultrasound beam by

means of the Schlieren method.

Selection of an ultrasound frequency was made as a
compromise between wave attenuation, spatial resolution
and maximum flow velocity. Taking into consideration
the geometry of the connector, the maximum depth of
measurements is less than 40 mm, thus the pulse repe-
tition frequency was set to 16 kHz. At the frequency of
4 MHz the maximum measurable speed of flow is higher
than 3 m/s.

Due to further application a transducer diameter
should be as small as possible. On the other hand, a
range of the near field and lateral size of the beam should
be taken into consideration. The optimal range of dis-
tances from the transducer for -6 dB criterion and various
diameters is shown in Table. In a prototype of flowmeter
the transducer with a diameter of 5mm was applied.

TABLE
Regions of beam focusing vs. diameter of the transducer.

Diameter [mm| | 3.0 | 3.5 4.0 | 5.0 6.0
beginning [mm] | 3.8 5.2 6.8 | 10.6 15.3
end [mm]| 11.5 | 15.6 | 204 | 31.8 45.8

The demodulated I/Q signal is processed by means of
a complex Fourier transform. The Doppler spectrum is
represented as a function of time ¢ and depth ¢ (the gate
number). The noisy background is removed by means of

an adaptive cut-off and for each spectrum an average fre-
quency is calculated according to the equation (1). Thus,
the map of average Doppler frequencies is carried out.

The map of Fay is converted to the velocity v of the flow
at the gate g by means of the equation

v(g,t) = [Fav(g, )%/ [ Fucosa, (2)
where F,, — frequency of emitted signal, ¢ — sound ve-
locity in blood, o — angle between ultrasound beam and
direction of the flow. The instantaneous volumetric flow
Q(t) is calculated as a sum of fluxes corresponding to the
velocities of the flow v(g,t) at respective gates g

Q1) =Y (g, 1)dS(g), (3)
where dS(g) — the part of a vessel lumen assigned to
the gate.

The tests of developed system consisted of comparison
of volumetric flow (continuous up to 7 1/min and pul-
sating up to 5 1/min) with the reference (the transit-time
flowmeter T-206/ Transonic, uncertainty about 8%). The
flow was generated using POLVAD-MEV (FRK) and BP-
80 (Medtronic) blood pumps, respectively. The opera-
tion liquid was porcine blood anticoagulated by means
of CPDA-1. For the purpose of experiment a model of
connector was developed by means of a rapid prototyp-
ing. The model allowed to apply six transducers at dif-
ferent spatial arrangement. In order to find the highest
accuracy the flow measurements were carried out for all

transducers. 3.9 Results

The results of measurements of pulsating (Qay =
3 1/min) flows have been presented in Fig. 2. The gray
scale represents power of the reflected ultrasound signal
and mean Doppler frequencies, respectively. The vol-
umetric flow vs. time was calculated according to the
Eq. (3). The accuracy of flow measured by multi-gate
Doppler has been presented in Fig. 3.
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Fig. 2. Results of flow measurement by means of multi-
gate Doppler (for pulsating flow).
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Fig. 3. Accuracy of flow measurements by means of
multi-gate Doppler.
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3.3. Discussion

In the range of 4 1/min the accuracy of pulsating flows
measurements is comparable to the reference (Fig. 3) but
the accuracy of continuous flow measurements is about
two times worse than the reference and reaches 15%. Be-
cause the volumetric flow is calculated based on the lo-
cal flow velocities it is presumed, that observed effect
is connected with high variance of local flow caused by:
its turbulent character during flow through the diffuser-
shaped connector or the detachment of the stream [20].
Due to inertia of blood the dynamics phenomena occur-
ring in pulsating flow cannot be considered as a simple
combination of excerpts of continuous one.

In order to assess the flow instability the FEM
simulations may be utilized, however (due to com-
plicated modeling of blood rheology [21]) the results
ought to be verified in physical experiment, e.g. by
means of ultrasonic Doppler velocimetry [22]. In
this work such measurements (commercial apparatus
DOP2000/SignalProcessing, probe 4 MHz) has been car-
ried out for continuous flow (4 1/min) at the outlet con-
nector and 10 cm behind it, at the rectilinear tube. The
analysis of velocity profiles (average AV and standard de-
viation STD, n = 200, sampling time 100 ms — refer to
Fig. 4) confirmed that the flow character at connector is
much more turbulent than at the cannula (non-parabolic
shape of AV curves, Reynolds’ number about 11000 but
the variance of flow through the cannula is 2.5 times lower
than through the connector).

It should be noticed that the investigated multi-gate
Doppler system was able to measure pulsating flows with
sufficient dynamics for application in VAD. It is possible
to assess the static and dynamic backflows through the
mechanical valves and to detect the malfunction of the
valve caused by clots or mechanical defect.
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Fig. 4. Velocity profiles of flow measured at connector
(left side) and rectilinear tube (right side).

3.4. Conclusions

Developed multi-gate Doppler system allows to mea-
sure average flow as well as pulsating with high dynamics.
For average flows less or equal to 4 1/min the accuracy
is comparable with the reference (about 8%). For flows
greater than 5 1/min the accuracy decreases significantly.
The small-diameter (5 mm) transducers may be mounted
into the connector of the VAD. Further development of
the system should focus on assuring adequate accuracy
within whole range of measured flows.

4. Possibility of microembolus detection
by means of Doppler methods

The reflected ultrasound echo contains surplus infor-
mation, e.g. its power is connected with the acoustic fea-
tures and size of reflecting objects. It may be utilized to
detection of microclots or to monitoring the air bubbles
in MCS systems. The Doppler ultrasound is a convenient
tool for monitoring of embolization in the cerebral circu-
lation. It is widely used to detect emboli, resulting from
artificial heart valves and several clinical procedures, such
as carotid artery surgery or cardiac surgery. The typical
signal of numerous microclots registered in left carotid
artery has been shown in Fig. 5 [23] (distinctive light
stripes correspond to high power of echo). It should be
noticed, that the same effect occurred during blood circu-
lation in mock loop ( Fig. 2, the Doppler spectrogram).
A standard approach involves human experts who dis-
tinguish embolic events from background and artifacts,
however, many papers introduce systems for automated
emboli detection [24, 25].
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Fig. 5. Ultrasonic signal characteristic for numerous
microembolus (measurements carried out in right and
left carotid artery during cardiac catheterization) [25].

As the embolic signal is highly non-stationary, re-
searchers use and compare various kinds of bilinear time—
frequency representations of the data [26]. Some of them
report on the advantage of the wavelet transform over the
short-time Fourier transform [27]. Moreover, the emboli
detection methods are being improved through new sig-
nal representation techniques which take advantage of the
data from a range of depths rather than from a single gate
(e.g. the Power M-mode Doppler technique [28]). Other
paper [29] presents a principal component analysis of the
RF data in the time-depth domain. Above techniques
improve the sensitivity of the emboli detection methods
and allow for removal of the human factor. However, a
composition and a size of the detected emboli remain un-
known. In terms of the amplitude of echoes, small bub-
bles behave similarly to larger solid emboli. Thus, the
analysis of the reflected power is insufficient to determine
the matter of the emboli or to estimate their size. To
overcome this limitation more sophisticated techniques
are required.

One method [30, 31] allows to distinguish the gaseous
emboli from the solid ones by taking advantage of their
non-linear behavior. The air bubbles not only reflect
the fundamental frequency but also convert some of the
acoustic energy into harmonic frequency components. As
the diameter of the gaseous emboli determines their reso-
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nance frequency, it can be estimated with this technique
as well. This method, however, requires special trans-
ducer design which allows to transmit adequate scanning
pulses and at the same time provides wide receiver band
to acquire the frequency components. Moreover, it still
doesn’t provide the information on the size of the solid
emboli.

In order to characterize both the gaseous and solid
emboli, an emboli-to-blood ratio (EBR) was introduced
[32]. However, this parameter is based on backscatter
cross-section of emboli and blood flowing through the
sample volume, and thus it cannot be measured directly.
Therefore, practical implementation of this idea involves
a measured EBR (MEBR) which is defined as a ratio
of powers of signals from a sample volume in the pres-
ence and absence of embolic events [33]. Fortunately,
the MEBR to embolus diameter dependence varies with
frequency, and thus use of more than one transmitted
frequency potentially allows to overcome the mentioned
ambiguity in determination of the emboli size.

Knowledge in the area of multi-gate Doppler flow mea-
surements and development of extracorporeal heart pros-
thesis ReligaHeart EXT have formed the basis of re-
search project called “clotALERT", realized by Foun-
dation of Cardiac Surgery Development and Institute
of Fundamental Technological Researches. Goals of the
project are: to improve the ultrasonic multi-gate Doppler
flowmeter in order to increase the accuracy and to de-
velop the methods and system of ultrasonic detection of
microembolus, capable to estimate its number and di-
versify its size. The in-vitro experiments will be carried
out on modified construction of ReligaHeart EXT blood
pump and on porcine blood.
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