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Non-invasive measurement of blood hematocrit in artery
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Abstract. Objective: The goal of this work was to develop a clinically applicable method for non-invasive acoustic determination of hematocrit
in vivo.

Methods: The value of hematocrit (HCT) was determined initially in vitro from the pulse-echo measurements of acoustic attenuation. The
testing was carried out using a laboratory setup with ultrasound transducer operating at 20 MHz and employing human blood samples at tr
temperature of 37TC. The attenuation coefficient measurements in blood in vitro and in vivo were implemented using multi-gated (128-gates),
20 MHz pulse Doppler flow meter. The Doppler signal was recorded in the brachial artery. Both in vitro and in vivo HCT data were compared
with those obtained using widely accepted, conventional centrifuge method.

Results: The attenuation coefficient in vitro was determined from the measurements of 168 samples with hematocrit varying between 23.!
and 51.6%. Those experiments indicated that the coefficient increased linearly with hematocrit. The HCT value was obtained from the 20 MH:
data using regression analysis. The attenuation (() was determinetRaisia+ 1.02 - HCT (Np/m). The corresponding standard deviation
(SD), and the correlation coefficient were calculated as SD = 2.4 Np/m, and R = G290 (@01 ), respectively The absolute accuracy of in
vivo measurements in the brachial artery was determined to be with HCT.

Conclusions: The method proposed appears to be promising for in vivo determination of hematocrit as 5% error is adequate to monito
changes in patients in shock or during dialysis. It was found that the multigate system largely simplified the placement of an ultrasonic probing
beam in the center of the blood vessel. Current work focuses on enhancing the method'’s applicability to arbitrary selected vessels and reducil
the HCT measurement error to well below 5%.
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1. Introduction gorithm in their data processing. Hughes et al [3] carried out
. ) o ) ) ) ultrasound velocity measurements in whole blood at 10 MHz
Non-invasive monitoring of hematocrit (HCT) is of impor- sing pulse-echo method and noted a “parabolic” minimum at

tance in several clinical applications. Constant monitoring gdos HCT that led to ambiguity in the HCT for values between
hematocrit is essential during dialysis procedure where micrg-gnd about 16%.

filtration of the blood can lead to inadvertent removal of red In contrast to the quasi-invasive or in vitro ultrasound ve-

blood cells from plasma and thus to reduction of hematocrifycity pased hematocrit measurements, the method proposed
Rapid determination of hematocrit is also essential in éMefre s capable of determining HCT values non-invasively, in
gency rooms environment and during open-heart surgery.  yiyo, employing Doppler measurements. More specifically,
Hematocrit is defined as the ratio of the volume of packeHematocrit is determined as a function of ultrasound wave at-
red blood cells to the volume of whole blood and ultrasoungknuation in blood, whereas the attenuation coefficient is cal-
based continuous hematocrit measurement has already be@ted from Doppler power spectrum.
proposed by Johner et al [1]. They determined the value of |n the following the principle of the novel hematocrit me-
hematocrit by monitoring changes of ultrasound wave velocitiy js described, including initial, in vitro verification of the
propagation in plasma as a function of red blood cells. Almethod and final in vivo implementation of the system op-
though they reported very good agreement (correlation cogirating at 20 MHz. The results of the attenuation coefficient
ficient: R > 0.96, standard deviation: SD = 1.7%) comparingheasurements in animal and human blood are presented both
their results with those determined using conventional, cefy vivo and in vitro, together with the corresponding values

trifuge based, hematocrit, they noted that the uncertainty of thg HCT and the overall uncertainty obtained in the hematocrit
method depended markedly on even minute temperature vafieasurement is discussed.

ations. At 37C a 10% increase in hematocrit caused merely

0.7-0.8% change in the wave velocity [2]. To overcome thii Methods

problem, Johner and his co-workers [1] had to employ a tem=

perature sensor that was capable of measuring the temperatBedow, two basic measurement methods used in the develop-
to within 0.1°C and had to design and include a special alment of the non-invasive, Doppler hematocrit meter are de-
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scribed. Both methods were initially employed to determin@.2. Doppler method.The attenuation was measured in

animal and human blood hematocrit in vitro. Based on the reitro from the spectrum of the Doppler signal. The porcine

sults of these measurements the Doppler hematocrit meter fdood moving at constant velocity in a flow phantom was in-

in vivo, clinical applications was designed and its operatiomestigated. In Fig. 1 the initial measurement system is shown.

principles are also outlined in the following. It employed a 2 gate pulsed ultrasound Doppler system oper-
ating at the frequency of 20 MHz to maximize Doppler fre-
quency shift. During these studies the Doppler gates were po-

2.1. Pulse-echo method sitioned symmetrically around the axis of the plastic tube filled

In vitro animal hematocrit measurements.In the first with moving blood.

method used ultrasound attenuation was determined in vitro The power of the backscattered Doppler signal from the

in animal blood following the transmission measurement agfirst and the second gate was determined from Egs. (1) and

proach detailed by Carstensen et al [2]. Yuan et al [4] reportgd), respectively,

that acoustic properties of animal blood, including scattering,

are very similar to those exhibited by human one. This is con- Por = Pr T xn, (1)

sistent with the results published by Vandegriff et al [5] who Pgoo = Pr xT xnx el—4e2) (2)

found that animal and human blood cells have almost identi- ] ] ]

cal biochemical properties and physical dimensions and shaff§)ere ’r denotes the transmitted acoustic poviéris equal

Their findings were also confirmed by Stand! et al [6] whdo total loss of the signal betvv_een the _tr_ansducer and the gate

proposed to use bovine blood as oxygen carrier in humar@}' 7 denotes the backscatte_nng coefficient of red_ blood cells,

Briefly, 2 ml, cylindrical blood sample container filled with @ IS €gual to the total acoustic pressure attenuation-aie

porcine blood was placed between two unfocused, 20 MHz (fXial distance between the two gates (see Fig. 1).

trasound transducers similar to the ones used in the final non- From (1) and (2) attenuation coefficientcan be deter-

invasive Doppler hematocrit meter described in the followingnined as: In (Po1/Pos)

The transducers were positioned in a well-known distance and o= Q- Q2

one of the transducers operated as a transmitter and the other i 4z

one as a receiver. The transmitter was excited by 8 cycles tofigd hematocrit value can be then expressed as

burst having 36 Vpp amplitude. (These excitation conditions HCT = A x (o — a) (4)

were also employed later in non-invasive Doppler hematocrit ] ) o .

meter described below). The amplitude of the received si§th€réao is the acoustic attenuation in plasma ahé a con-

nal was expected to depend upon attenuation of the acoustiant determined from the linear regression analysis of the ex-

energy in blood and was first measured in distilled water to d@€rimental data. _ _

termine the reference level. The attenuation was determined AS mentioned earlier, 20 MHz Doppler signal was chosen

at 20°C. The subsequent measurements were carried outtphmaxmlze the sensitivity of the hematocrit m(_ate_r. The.3 mm

assays with HCT values ranging from 1% (plasma) to g5ogiameter, 20 MHZ transQucer was .made of Lithium N|o_bat¢

°Centrifuged red cells). The centrifuge measured HCT Va|ué§ystgl and speqal attention was paid to ensure symmetric dis-

were used to determine the reference level of hematocrit.  tribution of the field generated.

In vitro human hematocrit measurements. A slightly mod-
ified method using one transducer operating in pulse-ech
mode was also used. In this method the attenuation was d| Pulsed doppler
termined at 37C from the amplitude of the echoes reflected
from the 3 mm dia stainless steel reflector positioned at 9.5 mr
in the near field of the transducer. Human blood was drawi
from 168 healthy volunteers; 30 women and 138 men, age 19
54. To prevent coagulation¥eDTA salt (No 366601, Becton
Dickinson, Franklin Lakes, NJ, USA) was added. Samples o
plasma were prepared using SST separation gel and clot aBlood vessel
tivator (No 368986, Becton Dickinson, Franklin Lakes, NJ, =
USA). Reference hematocrit measurements were carried o—=_ " "
on 168 different samples and five plasma samples using autnﬂ-' S LR S
matic HCT analyzer (K-4500, Sysmex, Long Grove, IL, USA). = === == 7 === — e mne i
The measurements were carried out 4-8 hours after th—__>.~ ... w00 o )
blood was drawn. The samples were heated up t6@FC == ..~ .. . . ..o T
and poured over to the measurement chamber. The blood w V \
constantly stirred to ensure a uniform distribution of red blood Samples volumes
cells. Prior to each blood sample measurement, the chamlggg. 1. The principle of operation of the initial, two gate Doppler
was carefully cleaned using distilled water. hematocrit

(3)
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Fig. 2. Distribution of the axially symmetric field generated by 20 MHz Doppler transducer; a) axial view; b) lateral view at 7 mm distance
from the transducer

This distribution is shown in Fig. 2; it was measured agates ensured a sampling interval of approximately 0.075 mm.
the axial distances from the transducer surface ranging froBoppler angle used during data collection was about 45 de-
2-12 mmin 1 mm steps. Lateral distribution that was recordegtees. For each pulse transmitted at a given PRF rate, the
from O to —14 dB levels in 2 dB intervals is also shown inmultigate system digitized 128 complex samples. The operator
Fig. 2. The measurements were carried out using 0.5 mm diauld change the time interval between these samples, corre-
bilaminar hydrophone (Sonora Medical Systems, Longmonsponding to the spacing between the range cells, in order to
CO, USA). As can be noticed the transducer produced axialijatch the total analysed range to the region of interest.

symmetric uniform field distribution at the axial distance from The processing system consists of an PCI-bus plug-in card
3 to 12 mm. Within this distance, the pulse-echo sensitivit;g] capable of digitizing, processing and storing 128 complex
measured in distilled water was determined to decrease by §8nge-gated) echoes backscattered along the beam axis of the
Np/m. This value was then used to correct the in vivo data 3% MHz probe. All needed electronics was included in a single
the Doppler power spectrum signal attenuation in blood wasoard, equipped with a Labviél software package integrat-
on the same order. ing time critical functions written in optimized C or assembly

To further examine the Doppler approach, a multigate sysodes.
tem with 128 gates was constructed. The tested porcine blood
of various hematocrit flew within the plexiglas tube having an
internal diameter equal to 6.4 mm. The peristaltic pump force(
either continuous flow with constant velocity 15 cm/s or pul-| Pulsed doppler
satile flow with cyclic velocity variation between —16 cm/s and
+68 cm/s. The distance between the axis of the tube and tt
transducer surface was 4.0 mm. In this way, the sampling vol
umes were located symmetrically. The value of hematocrit wa
determined from the ratios of the power Doppler spectra fron
the two sets of measurements corresponding to laminar ar
pulsatile flow. The average value of 100 spectra was used. Blood vessel

Ultrasocnic
transducer

Ultrasocnic

2.3. In vivo human hematocrit measurements.Based on SN
the results of the 2 gate Doppler system measurements and ———=
eliminate the dependence of the 2 gate system on the symmet: __- . 3"~

requirement a multigate Doppler system was designed. TR T T N
In Fig. 3 the principle of the multigate Doppler system == ..~ ..~ . . .. 0 Kl
designed to determine hematocrit in vivo is shown. V R
Sample volumes

The 128 gate Doppler system, including 128 channels cus-
tom designed FFT analyzer [7] was built to facilitate data colFig. 3. The principle of multigate Doppler system designed to deter-
lection at the axial distances ranging from 0-10 mm. The 128 mine hematocrit in vivo
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An array of Digital Signal Processors (TMS320C5xx byhematocrit in %. Discrete data, including plasma, i.e. HCT
Texas Instruments) performed the processing task, which con-0, are denoted by “0”; solid line represent the outcome of
sisted of a 128-point FFT for each range-gated Doppler sigegression analysis.
nal. The true spectra of the Doppler signals related to the 128
range cells were computed and displayed in real-time on the
host Personal Computer (PC) monitor. During real-time oper- 9L
ation, it was always possible to store in the hard disk all spec-
tral profiles computed over a suitable time interval, for possible

sequence replay or post-processing. —100
=
3. Results Z w0l

In the following the results of the hematocrit measurements ing
vitro and in vivo are presented. In vitro data were obtained us=
ing pulse-echo method, whereas the in vitro blood flow phan§
tom and in vivo data were obtained using the multigate (128=
gates) Doppler system. 10 %

60

3.1. In vitro pulse-echo measurements of animal blood.
- 20 : . : . : . .

Thg resul_ts presented below corrgspond to vglueg of hgmat 0 1020 30 40 5060 70 80

ocrit ranging from 1% to 65%. In Fig. 4 attenuation in porcine Hematocrit (%)

blood measured using pulse-echo method at 20 MHz is plot-

ted against hematocrit in %. Discrete data, are denoted by “d"9- 5. Attenuation in human blood measured in vitro using pulse-
solid line represent the outcome of regression analysis. echo method at 20 MHz and at"3Z against hematocrit HCT, in %

120F As shown in Fig. 5, at 20 MHz attenuation increases lin-

early with increasing HCT according to relationship:
—~ 100 F

B o = 42.14 4+ 1.025 x HCT (Np/m) (6)

o

) S0k The corresponding correlation coefficient was calculated as R
S = 0.9, p <0.001, n = 168 and standard deviation was deter-
‘c’g mined to be 2.4 Np/m. These values were obtained taking into
g 6or account attenuation in water and using the value of 6.45 Np/m
= at 20 MHz [9]. From (6), the hematocrit for human blood is

calculated as:
40 F

HCT = 0.976 x (o — 42.14) (7)

20 : : : : : :
0 10 20 30 40 50 60 70
Hematocrit (%) 3.3. In vitro Doppler measurements of animal blood. In

Fig. 4. Attenuation in porcine blood measured in vitro using pulse\-/Itro measurements of hematocrit were performed on the flow

echo method at 20 MHz and at 2D against hematocrit HCT (in %) Phantom. The flow was forced by peristaltic pump. The
porcine blood assays ranging from 3-72% HCT. For each

As shown in Fig. 4, at 20 MHz attenuation increases linhematocrit sample 100 sets of Doppler spectra were recorded,
early with increasing HCT according to relationship: each set being related to all of 128 gates across the vessel. Af-
ter the spectra were acquired, the data were processed using

a = 35.76 + 1.278 x HCT (Np/m) (5) MatLab(tm) software (The MathWorks, Natick, MA, USA).

The corresponding correlation coefficient was calculated asfFor each spectrum recorded in each gate, the power of the
= 0.987, n = 15. These values were obtained taking into aflew signal was calculated and Doppler power profile DPP (the
count attenuation in water and using the value of 10.0 Np/m distribution of the Doppler power across the vessel diameter)
20 MHz and 20C [9]. was obtained. The DPP data were used to calculate the value

of hematocrit. The averaged linear regression was calculated
3.2. In vitro pulse-echo measurements of human blood. from the DPP curve. The slope of the regression line divided
The results presented below correspond to values of hematotiyt 4 is equal to the attenuation coefficient (Eq. 3). The DPP
ranging from 0% (plasma) to 80% (blood cells separated lyata were used to calculate the value of hematocrit. Next, all
SST separation gel). In Fig. 5 attenuation in human blood memeasurements were averaged to yield the final value of hema-
sured using pulse-echo method at 20 MHz is plotted againstcrit. The results are presented in Fig. 6.
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The correlation coefficient was R = 0.986, n = 9. The ab-
solute accuracy of Doppler in-vivo measurements in brachial
b artery were not more than 4.7% HCT. The determined error
was always positive, the Doppler measurement was always
overestimated.

4. Discussion and conclusions The results of in vitro pulse-
echo measurements demonstrated that the hematocrit value at
20 MHz increases linearly with increasing attenuation. These
measurements also indicated that maximum backscattering ob-
served at HCT value of 25% [4] had negligible influence on the
measured attenuation. The standard deviation (SD) in attenua-
tion coefficient measurement was determined to be equal to 2.4
Np/m. This value indicated that the overall uncertainty in the
HCT measurement was approximatedl®.5%. This compares
0 10 20 30 40 50 60 70 80 favorably With the+5% uncertainty yalid for in vivo data (see

Hematocrit (%) previous section and below) providing the measurements were
carried out on brachial artery.

Fig. 6. Comparison of the results obtained using conventional hema- In vitro Doppler measurements of HCT — Measurements
tocrit centrifuge and multigate Doppler method for porcine blood; a2>f PP

constant velocity blood flow: b) pulstile flow hematogrit in vitro u_sing muItiggte Do.ppIer system proto-
types confirmed the high correlation ratio to reference, cen-
trifuge method.

The correlation coefficient was R = 0.999 for continuous  |n vivo Doppler measurements of human blood HCT — The
flow and R = 0.992 for pulsatile flow. The standard deviatiofesults of the measurements in vivo demonstrated that hemot-
was SD = 0.75 Np/m and SD = 2.75 Np/m respectively. Thgcrit could be non-invasively determined in brachial artery to
absolute accuracy of Doppler measurements we®% HCT  within error of 5% using the Doppler method described; such
for continuous flow and-4.9% HCT for pulsatile flow. error is clinically acceptable. Also, it should be pointed out

that the multiple gates Doppler circuitry was essential in vivo
3.4. In vivo Doppler measurements. In vivo measurements measurements to eliminate the influence of the lateral move-
of hematocrit were performed on radial artery in 9 volunteergnent of the vessel measured. The 128 gates system devel-
The hematocrit values varying from 36.4% to 47.4%. For eacbped here allowed this error to be minimized by excluding the
volunteer 250 sets of Doppler spectra were recorded, each Be@asurements influenced by the attenuation within the vessel
being related to all of 128 gates across the vessel. The recovéll and through averaging of the data acquired from multiple
ing was done over a period of 2.5s; that corresponded togates.
heart cycles. After the spectra were acquired, the data were In conclusion, a new, non-invasive, clinically applicable,
processed and Doppler power profile DPP was calculated. TB8 MHz pulsed Doppler ultrasound hematocrit meter was de-
hematocrit value in vivo was calculated from the Eq. 6. Thecribed. The transcutaneously operating device was initially
results are presented in Fig. 7. tested in laboratory environment and its performance was ver-
ified subsequently in clinical environment. It was found that
the multigate system largely simplified the placement of an ul-
trasonic probing beam in the centre of the blood vessel.

Although the+5% uncertainty is clinically acceptable and
considered adequate to monitor changes in patients in shock
or during dialysis, the method'’s applicability to arbitrarily se-
lected vessels is being examined and the work is underway to
reduce the HCT measurement error to well below 5%.
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