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Optimized Blood Volume Monitoring
during Hemodialysis Procedure based on
Ultrasonic Speed Measurement
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ABSTRACT

Fast reduction of blood water volume due to ultra-filtration via hemodialysis machine
and critical threshold of blood water volume can result in clinical complications such
as hypotension. When blood water volume reduces during hemodialysis process, the
concentration of blood forming elements will increase. One of the methods for the
monitoring of the concentration changes is ultrasonic speed measurement.

In this paper, we optimize the ultrasonic speed measurement method in such a way
that it would be compatible with conventional air detector in a hemodialysis machine.
Air bubble detecting and the relative blood water volume estimating can be achieved
by adding the “sing-around” ultrasonic speed measurement method to the current he-
modialysis machine; air bubble detection is achieved by monitoring the decline in
the ultrasonic wave amplitude (because of air bubbles) and the protein concentration
measurement is achieved by measuring the transit time of the wave. Therefore, the op-
timized method can be applied to the air detection device of a hemodialysis machine.
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Introduction
ne of the main goals of hemodialysis is the excess fluid removal
in people with renal failure and the achievement of dry weight
[1]. On the other hand, the fast reduction of blood water vol-
ume due to ultrafiltration via hemodialysis machine can result in clini-
cal complications such as dizziness, nausea, vomiting, hypotension, and
muscle cramp.

It should be considered that this situation occurs when the ultrafiltra-
tion rate of the machine becomes more than vascular refilling rate in
the circulatory system. Under these circumstances, patient’s blood water
volume gets to a critical threshold and makes adverse conditions for the
patient. Therefore, continuous and accurate monitoring of body fluid
removal during dialysis is significantly important [2]. This monitoring
reduces %77 of the symptomatic hypotensive episodes [3]. Previously,
we proposed some methods using Photoplethysmography and body-
impedance signals for predicting hypotension episodes in hemodialysis
session [4, 5].

It is concluded that controlling the blood water volume is specifically
important in the dynamic stability of the cardiovascular system [6-8].
To gain desired blood water volume, the relative blood water volume
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(RBV) is defined. RBV is the ratio of current
blood water volume to the initial blood water
volume at the start of dialysis.

BV ()

RBV (1) = g0y

x100% (1)

In this formula, BV(t) and BV(0) represent
blood water volume at time t and at the start of
HD, respectively.

The sound speed measurement is used in the
blood water volume measurement system of
Fresenius hemodialysis machine [9]. In this
method, ultrasound waves enter the extracor-
poreal circuit of hemodialysis machine and the
changes in the sound speed in the blood that
affect sound transit time are measured. This
method assumes that large molecules cannot
pass through the dialysis membrane during ul-
trafiltration; therefore, the more the blood wa-
ter volume reduces, the more the sound speed
in the solution increases, or the more the transit
time would reduce. Since the sound speed in
the blood depends on its temperature too, the
temperature compensation should be consid-
ered [10]. Other factors that affect the results
of the method are food intake during dialysis,
the amount and the timing of the medication
intake and body position during dialysis, etc.
[11, 12]. However, using these methods for
monitoring hemodialysis machine can reduce
the patients’ problems [3, 12].

In this research, we focused on the “sound”
method and tried to improve the measuring
method and correspond it with air bubble de-
tector of Iranian hemodialysis machine.

Material and Methods

Proposed Method Principle

As mentioned before, the concentration of
total blood protein (TPC) changes because of
the ultrafiltration during dialysis. The changes
of blood water volume due to ultrafiltration
and vascular refilling are expressed using the

formula (2):

BV =BV +BV, (2)

Where BV_ is the changes in blood water
volume in the vascular network, BV is the
ultrafiltrated blood water volume and BVR is
the retrieved blood water volume from inter-
stitial space. Also, it can be written as:

BV(t) = BV_(t) + BV(0) 3)
On the other hand, it can be written as:

TPC(t) x BV()=TPC_xBV. (t)+TPC0) *BV(0) (4)

In this formula, TPC represents total protein
concentration, and subscripts 0 and t represent
the time. The subscript “ex” is related to pro-
teins exchanged between blood and extravas-
cular space that is assumed a constant of about
7 gr/lit [13].

So, relative changes in blood water volume
can be expressed as formula (5):

TPC (0)~TPC (¢)
X
TPC (1)~TPC,,

RBV (t) = 100 (5)

On the other hand, changes in TPC can be
determined by measuring the changes of the
ultrasonic sound wave speed in the blood [14].

The ultrasound pulse is sent from transducer
Ato B (Figure 1). The effective speed of sound
in the whole track is calculated as [15]:

C,=C+Vcos (6)

where C, V and C are the effective speed
of sound, blood speed and sound speed in the
solution, respectively.

The transition time of the ultrasound pulse
from A to B is equal to:

w L

SLAF S
C C+V cosb

tAB

where L and W are the effective path lengths
of sound passages in the pipe, through the wall
and other components outside the blood path,
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Extracorporeal
blood circuit

Figure 1: The method of the sound speed
calculation in the extracorporeal blood cir-
cuit

respectively.
It is obvious that if the voice route in the
blood is exactly perpendicular to blood flow,

Vcos 0 will be zero. Therefore, the blood flow
speed in the extracorporeal circuit has no ef-
fect on the sound speed of the reference. For
better eliminating the blood speed effect, the
transition time from B to A is calculated too:

w L
=t
C C -V cost

(8)

‘B4

Practically, there is W<<L, so formula (9) is
calculated:

Lt +tn,)
c=—"AB BA'_rRBr) (9)
2><tAB Xtpy

Therefore, practically we measure the round-
trip time of sound in the solution and figure out
the sound speed in the solution based on this
time and the effective diameter of pipe (L).

Sing-around Method
The sing-around method is one of the ways
to increase the accuracy of sound speed mea-

surement in the solution [16]. In this method,
instead of sending and receiving the ultrasound
pulses, a repetition loop is arisen between
transmitter and receiver. As the receiver im-
mediately after receiving the ultrasonic pulse
stimulates the transmitter again, therefore, an
intermittent signal of which period is equal to
the sound transit time plus electronic delay be-
tween receiver and transmitter, is gained in the
receiver.

If the electronic delay of the circuits is com-
pletely constant, the sing-around period that
is the transit time of the ultrasonic pulse can
be measured with high precision. Therefore,
measuring the time of several periods and di-
viding the total time by a number of the peri-
ods lead to better results. In our system, to cre-
ate a sing-around loop in both directions, two
control signals that change the receiving and
sending roles of transducers, are used [17].

Components
Circuit

The details of the electronic circuits of the
system include [17]:

1- The ultrasound transmitter, receiver and
the trigger output circuits of the ultrasonic re-
ceiver and the loop shift switches. The elec-
tronic circuits have been identical as much as
possible, and the only difference in each direc-
tion of the loop is the difference in the delay
of the switches that change the receiving and
sending roles of transducers. Accordingly, the
electronic delay of 2 states of switches should
be low and constant relative to each other, and
should not be dependent on temperature con-
ditions and supply voltage. Diode switches
have these conditions, while the delay in tran-
sistor switches is high and dependent on cir-
cumstances.

2- The ring counter that receives the trigger
circuit output generates the stop pulse for the
timer. The stop pulse is always generated when
the ring counter reaches a specified number.
As previously noted, the ring counter is used

of Sing-around Loop
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for the averaging of the sound transit time in
the solution and increasing the accuracy.

3- The timer, which is a high-frequency
counter, its input clock is about 108 MHz and
measures the time from the beginning of the
loop oscillations until the arrival of the stop
pulse, giving it to a microcontroller as a num-
ber.

The microcontroller and its accessory cir-
cuits generate the start pulse of the loop and
the changing direction pulse. Therefore, it re-
ceives and processes the timing of the timer
that is a multi-byte number to calculate and
display the sound speed in the fluid sending it
to the central computer for further registration
and process or for a graphic draw or for moni-
toring the changes in blood water volume.

At first, the microcontroller changes the loop
direction with changing the input, and output
switches mode and gives an initial number to
the loop counter, then it sends the start pulse
to the ultrasound transmitter and timer. The
microcontroller or the trigger circuit output
can stimulate the ultrasound transmitter. Ex-
actly the same start pulse that stimulates the
transmitter resets the timer, which works con-
stantly in the normal situation, and its output is
zero to start the timing. After starting the sing-
around, the ring counter counts the number of
ring cycles until it reaches the final number,
then it sends the stop pulse to the timer and
gives a hardware delay to the microcontroller
to read the timer output number.

Transducer Design Parameter

The ultrasound transmitter and receiver are
inserted in a cuvette made of polycarbonate,
placed in the extracorporeal circuit [18]. The
cuvette is shown in Figure 2. An ultrasound
wave is sent to the cuvette, and the gelatinous
silicon material is placed between ultrasound
transmitter and a cuvette for impedance match-
ing. The pulse transit time, that is dependent
on sound speed in the solution, is measured
this way.

e

Blood like solution

Figure 2: The cuvette used for measuring the
sound speed in extracorporeal circuit

Actually, sound speed depends on the blood
temperature. In hemodialysis machine, the
blood temperature is controlled via the dialy-
sate temperature control.

The transducer should be smaller than the
tube diameter; otherwise, the ultrasonic pulse
through the tube wall might reach the receiver
sooner than the pulse that passes through the
fluid.

Moreover, low diameter transducer is not
desirable because firstly, its output in the
transmitting mode and its received power in
the receiving mode would decrease, and sec-
ondly, the reduction of the transmitter diam-
eter causes ultrasound output divergence. The
working frequency of the transducer with a
specified diameter cannot be lower than a cer-
tain limit because there is a reduction in its
output trigger accuracy in the receiving mode.

On the other hand, high frequencies cause
some problems. The higher the frequency, the
bigger the near-field in the output ray pattern.
Because of the high oscillations of the power
in this range, the receiver transducer should
be in the far-field of the transmitter transducer
[15].

The tube diameter of the extracorporeal cir-
cuit is about 4mm. As a result, in this research,
we used the transducer pair with 2.5 MHz fre-
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quency and 3mm diameter. This transducer is
usually used for detecting the air bubbles in
the hemodialysis machine [18].

Results

For the verification of this method, various
laboratory tests have been done; some results
were mentioned here. The relation between
sound speed and blood concentration, which
is related to the hematocrite increase, is gained
by using the setup as shown in Figure 2. In this
circuit, the blood pump circulates the blood-
like liquid.

The amount of water taken from the blood
can be controlled via UF pump setting; there-
fore, the concentration of the blood water
changes.

Whit this circuit, we evaluate the measuring
system features. Various factors can cause er-
rors in the results. In sing-around tachometer,
because of the mismatches between electronic
delays, the total time difference in each di-
rection of the loop is not zero and there is a
constant offset. Accordingly, if the number of
the loop repetitions increases, the calculated
results will have less oscillation and will be
more reproducible and accurate (Table 1). The
third row of the Table 1 shows that standard
deviation of the offset parameter is reduced by
increasing the number of the loop repetitions.

This method leads to desired results, and the
measurement error reduces by increasing the
number of the loop repetitions, although the
measuring rate reduces by increasing loop rep-
etitions (Table 2).

In this study, since the change rate of the
blood water volume is not high, and the stabil-
ity of the results is more important, the high
loop repetition is preferred.

Laminar or turbulent blood flow is another
factor affected by the measuring results. The
turbulence can make the standard deviation
increase and make noise on the results. Reyn-
olds number is a criterion to define the occur-
rence probability of the turbulence in the fluid.
Reynolds number depends on the viscosity,
density and the velocity of the fluid in the pipe
and the pipe diameter.

It is shown that laminar flow occurs when
Reynolds number < 2000 [19]. Since the
blood flow in the extracorporeal circuit of the
hemodialysis machine is not less than 50 ml/
min and more than 600 ml/min, it is expected
that there is a laminar flow (blood viscosity
and density value are about 4 cP and 1060 kg/
m3, respectively). Figure 3 is drawn from the
circuit shown in Figure 2 and determines the
measuring error of the sound speed related to
the peristaltic pump flow change in the range
of 50-600 ml/min.

Table 1: The correlation between time measurement standard deviation and the number of

loop repetitions

The number of loop repetition 50 150 250 400 600
The average time 0.16 0.147 0.16 0.155 0.158
The time standard deviation 7 58 6.2 2 1.8

Table 2: The measuring rate and the number of loop repetitions

The number of loop repetitions 50

150 250 400 600

The measurement frequency (Hz) 14.28

88.7 6.9 5.15 3.88
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Figure 3: The measuring error related to the
blood flow

As it is shown in Figure 3, the measuring
error due to the fluid velocity changes is less
than %0.5.

In Figure 4, the estimated sound speed vs.
the time from starting of the ultrafiltration is
shown. Regarding the fixed adjustment of the
ultrafiltration setting during the time, the hori-
zontal axis in Figure 4 represents the amount
of fluid condensation. This curve can be used
as a calibration diagram.

Discussion
As it was mentioned, blood volume moni-
tor (BVM) can be used as a controlling sys-

Sound speed (1mys)

Time (hour)

Figure 4: The correlation between the sound
speemd and ultrafiltration time

tem for estimating each treatment symptom or
each patient’s activity (such as drinking during
dialysis), which can affect the patient’s blood
water volume. In addition, a simple feedback
can be obtained for the control system of the
ultrafiltration rate from the blood water vol-
ume by BVM [6, 7]. A separate block has been
designed for this measurement in some hemo-
dialysis machines [9].

It should be considered that an air bubble de-
tector has to be in the extracorporeal circuit of
hemodialysis machine, and it is one of the ba-
sic requirements. Nowadays, all hemodialysis
machines use ultrasonic detectors for detect-
ing air bubbles. In this study, we evaluated an
accurate way for measuring the sound speed
to determine the relative blood water volume.

For this purpose, we focused on the bi-direc-
tional sing-around method. The bi-directional
sing-around method caused the followings:

1- The measurement accuracy of the transit
time increased.

2- The sensitivity to the fluid velocity re-
duced.

3- The sensitivity to the misalignment of the
ultrasonic receiver-transmitter reduced.

A previous study on dialysate flow measure-
ment has shown that the measurement accu-
racy can be increased 3 or 4 times by this opti-
mized method in combination with the proper
selection of electronic circuit components
[17].

Regarding the different and specified fea-
tures of the blood for each patient, Figure 4
is just a typical diagram of the system per-
formance. Practically, two processes should
be followed: first, the primary measurement
should be done at the beginning of each di-
alysis session in which the extracorporeal
circuit is primed with the %0.9 venous saline
solution, and the measured values should be
compared to previously recorded results. Sec-
ond, by entering the patient’s primary blood,
the amount corresponding to MO (in formula
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3) is measured and the amount correspond-
ing to Mt is compared to the primary amount,
which is recorded. Then, the critical threshold
can be defined and introduced to the machine
for each patient separately. For this purpose,
the amount corresponding to the relative blood
water volume (ratio of Mt to MO0) should be
recorded in critical situations (hypotension).

Conclusion

Ultrasonic waves can be used for measur-
ing the concentration of the soluble proteins
in the blood. The purpose of the current study
was to expand air bubble detector usage to
determine relative blood water volume. The
results represent that air bubble detecting
and relative blood water volume estimating
can be achieved by adding the “sing-around”
method to the current air detector device of
the hemodialysis machine; air bubble detec-
tion is achieved by monitoring the decline in
the ultrasonic wave amplitude (because of air
bubbles), and the protein concentration mea-
surement is achieved by measuring the transit
time of the wave.

The results represent that the designed sys-
tem has a high potential for achieving the
mentioned purposes without adding any addi-
tional device to the blood circuit.

The next step is that the equipment is going
to be put into practice in the Iranian hemodi-
alysis machine IROSTS5001.
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