
Quantum Electronics  42 (5)  409 – 416  (2012)  © 2012  Kvantovaya Elektronika and Turpion Ltd

Abstract.  The possibility is demonstrated to determine the human 
blood group by recording the scattering of laser radiation with the 
help of the digital imaging method. It is experimentally shown that 
the action of a standing ultrasound wave leads to acceleration of the 
agglutination reaction of red blood cells, to formation of larger 
immune complexes of red blood cells, and, as a consequence, to 
acceleration of their sedimentation. In the absence of agglutination 
of red blood cells the ultrasound does not enhance the relevant pro-
cesses. This difference in the results of ultrasound action on the 
mixture of blood and serum allows a method of blood typing to be 
offered. Theoretical modelling of the technique of the practical 
blood typing, carried out on the basis of the elastic light scattering 
theory, agrees well with the experimental results, which made it 
possible to plan further improvement of the proposed method. The 
studies of specific features of sedimentation of red blood cells and 
their immune complexes were aimed at the optimisation of the sample 
preparation, i.e., at the search for such experimental conditions that 
provide the maximal resolution of the method and the device for 
registering the reaction of red blood cells agglutination. The results 
of the study may be used in designing the instrumentation for blood 
group assessment in humans. 

Keywords: blood typing, agglutination, light scattering, radiative 
transfer equation, Monte Carlo method. 

1. Introduction

Blood typing according to AB0 or Rh (rhesus) system is one 
of  the most  often  used  tests  of  laboratory  diagnostics.  For 
example, annually in the USA blood transfusion centres from 
150  to  200  million  of  such  tests  are  performed  [1].  In  our 
country the annual number of blood typing tests may be esti-
mated to approach 100 million. Naturally, such a rate of blood 
typing  occurrence  requires  development  of  appropriate 
instrumentation,  the blood-typing automatic machines  (see, 
e.g., [2 – 10]).

Table 1 summarises the instrumentation for blood typing, 
known to the authors. Unfortunately, we have to state that, 
according to our data, no such blood-typing instruments are 
produced in our country. This fact makes the research in this 
direction to be an urgent problem.

The possibility to increase the resolution of optical instru-
ments for blood typing by using the ultrasound (US) waves 
was considered in [11 – 15]. We recall that the resolving power 
may be understood as the ratio of the optical signal P+, cor-
responding to the positive agglutination reaction (the serum 
is immunologically adequate to the group of the blood under 
study, agglutinates are produced)  to  the  level of  the optical 
signal P– , corresponding to the negative agglutination reac-
tion (the serum does not correspond to the given blood group, 
agglutinates are not produced). Obviously, the increase in the 
resolving power K = P+ /P– improves the reliability of blood 
group assessment. It is extremely important that the error in 
the blood sample group assessment must be completely ruled 
out.  The  only  acceptable  relaxation  of  these  restrictions  is 
that in some rare cases the device may be unable to assess the 
blood group of the analysed sample at all. 

The physical principles of the instrumentation for blood 
typing may  be  different;  however,  as  a  rule,  recording  and 
mathematical processing of optical signals were implemented 
in the analogue regime. In our opinion, the method of digital 
imaging  in  application  to  blood  typing  is  up-to-date  and 
promising.  This  method  allows  appropriate  digital  mathe-
matical processing of results, storage of the results in the com-
puter memory, and presenting the results in the form of med-
ical documents. The principal possibility of applying digital 
imaging  to  monitoring  the  processes  of  agglutination  and 
sedimentation of agglutinates aimed at blood typing was con-
sidered in [16]. 

The goal of  the present paper  is  to analyse  the  facilities 
offered by the combination of the US treatment of the blood – 
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Table 1. Devices for instrumental human blood typing. 

Device  Manufacturer  Country

Galileo Echo ™  ImmucorGamma  USA 

PK7200® Automated  Olympus   Japan
Microplate System   Diagnostics 
TANGO Benchtop Blood 
Bank Analyzer   

ORTHO AUTOVUE Innova/  Ortho-Clinical  USA 
Ultra System  Diagnostics  
ORTHO ProVue™ Automated  Johnson & Johnson 
BloodBank Instrument  Company 

Automatic Analyzer  Diagnostic   Spain 
WADiana Compact  Grifols S.A.  

Auto Analyzer  Technicon Instrument    USA 
  Corporation 

Groupamatic  Centre National   France 
  de Transfusion 

Haemotyper  Tecan  Switzerland
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serum  reaction  mixture,  considered  by  the  authors  of  the 
present paper earlier, with the digital recording and process-
ing of the data, describing agglutination of red blood cells, as 
well as sedimentation of red blood cells and their agglutinates. 
Particular attention is paid to the modelling of the proposed 
method of blood typing and optimisation of sample prepara-
tion, aimed at improving the resolving power of human blood 
group assessment.

2. Object of study and experimental technique

The object of study was donor blood, mainly belonging to the 
second [A(II)] and the third  [B(III)] groups,  in combination 
with  hemagglutinating  serums,  mainly  of  the  types  Ab(II) 
and Ba(III).  It  is  necessary  to  note  that  in  recent  years  the 
hemotransfusion stations often supply the clinics with so called 
concentrated red blood cells, i.e., blood with a certain amount 
of  serum  extracted  by  centrifuging,  rather  than with whole 
blood. The samples of concentrated red blood cells were stud-
ied in the present work. The concentration of red blood cells 
in these samples is nearly two times higher than in the whole 
blood. For brevity we shall refer them as blood samples. We 
recall that the blood of the group A(II) does not agglutinate 
with  the  serum Ab(II),  i.e.,  the  reaction  is negative, but  the 
blood A(II) + the serum Ba(III) produces agglutination of red 
blood  cells,  i.e.,  the  reaction  is  positive.  Similarly, B(III) + 
Ba(III) yields a negative reaction of red blood cells agglutina-
tion, but B(III) + Ab(II) yields a positive reaction. The adjust-
ment of the experimental technique and the optimisation of 
sample preparation were carried out using these types of reac-
tions. The agglutination reaction was implemented under dif-
ferent experimental conditions, namely, we varied the dilution 
rate  of  the  studied  blood  samples  and  the  blood-to-serum 
volume ratio, as well as the agglutination reaction type (posi-
tive  or  negative),  etc.  The  total  number  of  blood  samples 
(donors) studied was 32, including 17 donors of A(II) group 
and 15 donors of B(III) group. With the multiple experimental 
conditions taken into account, the number of experiments with 
these blood samples approached a few hundred.

The serum was diluted with saline, into which the sample 
of the studied blood was introduced. In the experiments the 
volume  ratio  of  whole  blood  to  whole  serum  varied  from 
1 : 100  to  1 : 2,  and  the  dilution  rate  of  this  mixture  varied 
from 1 : 100 to 1 : 10. The obtained blood – serum solution was 
placed in a cuvette, mounted on a piezoelectric ceramic trans-
ducer, and exposed to ultrasound. The duration of US treat-
ment in the present experiments varied from 15 to 240 s. To 
excite the piezoelectric ceramic transducer we used a GZ-112/1 
generator with the amplifier, and its output voltage was con-
trolled by means of a C1-79 oscilloscope. The generator was 
tuned in resonance with the frequency of the transducer (n = 
2.25 MHz), and its output voltage, applied to the piezoelectric 
ceramic, did not exceed 15 V, which provided the US effect on 
the red blood cells without their haemolysis.

In  [11 – 15]  it  was  shown  that  when  the  solution  of  the 
blood – serum mixture is exposed to the ultrasound, a standing 
US wave in the cuvette is produced, which causes concentra-
tion of red blood cells and their complexes in the vicinity of 
the wave nodes. As a result, the blood solution became periodi-
cally  stratified,  the  spatial period being  equal  to half-wave-
length ( l/2) of the US. The increase in the concentration of 
red blood cells yielded the enhanced probability of their inter-
action and, therefore, promoted the agglutination in the case 
if the reaction is positive. Both the rate of the agglutination 

reaction and the size of immune complexes of the red blood 
cell increased and, as a result, after switching the US genera-
tor off (i.e., after terminating the levitation of red blood cells and 
agglutinates) the rate of sedimentation of agglutinates became 
higher, and the studied medium became optically clearer.

If  the  agglutination  reaction  is  negative,  the  red  blood 
cells,  concentrated  in  the  node  vicinities,  form  nonspecific 
aggregates  that  decay  into  individual  red  blood  cells  after 
switching  the  ultrasound  off.  Naturally,  the  sedimentation 
rate of free red blood cells is much higher than that of agglu-
tinates, and the medium stays turbid during a long time. The 
difference in the value of the optical transmission coefficient 
of  the  studied  samples  in  the cases of positive and negative 
reactions carries the information on whether the agglutination 
reaction has occurred or not, which is used for blood group 
assessment of the sample.

The optical scheme of the experimental setup is presented 
in  Fig. 1.  The  radiation  beam  from  the  He – Ne  laser  ( 1 ) 
(LGN-207B) was widened with the telescopic system ( 2 ). The 
neutral  light  filters  ( 3 )  attenuated  the  light  to  provide  the 
appropriate regime of operation of the digital photographic 
camera ( 7 ). The light was passed through the vertically ori-
ented optical slit ( 4 ) (width 2 mm, height 22 mm) and directed 
into  the  cuvette  ( 5 )  with  the  studies  liquid.  After  passing 
through  the  studied  solution  the  beam  arrived  at  the  poly-
chromatic CCD camera ( 7 ) (Logitec Quick Cam), connected 
with  the  personal  computer  ( 8 ).  Note,  that  all  settings  of 
the CCD camera (mentioned below as a digital camera) were 
fixed and not changed during the experiments. On the cuvette 
the  optical  slit  produced  a  light  spot  with  the  dimensions 
~2 ́  22 mm, while the dimensions of the inner cavity of the 
cuvette were 18 ́  32 ́  5 mm (volume ~2.8 mL).

The construction of the experimental setup (Fig. 1) allowed 
imaging and, therefore, quantitative determination of the radi-
ation  power  distribution  along  the  vertical  direction  at  the 
output  of  the  cuvette with  the  studied  liquid  (Fig.  2a),  i.e., 
along  the direction of  sedimentation of  red blood  cells  and 
their immune complexes. This, in turn, allowed determination 
of  the  optimal  position  of  the  probing  beam  in  the  y  axis 
direction, for which the resolving power K = P+/P– is maximal. 
Typical photographic  images of the exit face of the cuvette, 
obtained by means of the digital camera ( 7 )  in the cases of 
positive and negative agglutination reaction, are presented in 
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Figure 1. Optical scheme of the experimental setup:  
( 1 ) He – Ne laser; ( 2 ) telescopic system; ( 3 ) neutral light filters; ( 4 ) opti-
cal slit; ( 5 ) cuvette; ( 6 ) piezoelectric ceramic US transducer; ( 7 ) CCD 
camera; ( 8 ) computer.
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Fig. 2. The stripes outlined by rectangles D are the areas of 
laser irradiation of the cuvette with the studied sample. Their 
shape and size are determined mainly by the geometry of the 
slit ( 4 ) (Fig. 1). The rectangles indicate the position and the 
size of  the zone,  selected  for digital  statistical processing of 
video images and used in the process of modelling.

The procedure of mathematical processing of the photo-
graphs is based on pixel-by-pixel quantisation and presenting 
the result in the form of statistical samples [17]. For the 8-bit 
digital camera used in the present work, single-byte encoding 
of the state of each individual pixel allows recording of 256 
colour  hues,  e.g.,  in  the  grey  scale,  from  absolutely  black 
(B = 0) to absolutely white (B = 255 units of brightness). The 
experiments with blood were preceded by testing the linearity 
of  the  colour  characteristic  of  the  digital  camera,  i.e.,  the 
dependence of the brightness B of the image, obtained using 
the digital camera, on the power P of the incident light flow 
(in milliwatts), measured with  a  calibrated Newport  Power 
Meter 1815-c photodetector.

The obtained experimental results were approximated with 
cubic polynomials:

B(P) = 4 ́  10–6P3 – 4.2 ́  10–3P2 + 1.5P.  (1)

Using the personal computer, the measured function B(P) 
was  transformed  into  the  inverse  function P(B), which was 
approximated by the polynomial, providing the best fit and 
having the form

P(B) = 5 ́  10–5B3 – 7.6 ́  10–3B2 + B.  (2)

The plot of the function (2) may be considered as a calibration 
curve of  the digital camera. The results of  further measure-
ments were mathematically processed taking this dependence 
into account, which allows widening of the dynamical range 
of recorded light flows. Indeed, performing experiments with 
the entire  light characteristic B(P)  leads to the distortion of 
results,  and  limiting  the operation  to  the  linear  region only 
significantly reduces the dynamical range of the measurements. 
It seems worth noting, that in the experiments with biological 
objects, dynamically changing in time, when the optical trans-
mission coefficient varies within wide limits, it is often impos-
sible  to  ensure  that  after  probing  the  biological  object  the 
light flow will fit the linear part of the light characteristic of 
the digital camera. 

3. Results of experiments

The resolving power of the considered method of testing the 
agglutination reaction essentially depends on the choice of the 
region of the studied liquid to be probed with the laser beam. 
The  experiments  show  that  the  optimal  region  lies  within 
9 – 13 mm (along the y axis) from the meniscus of the studied 
liquid. This position of the probing laser beam corresponds to 
the maximal value of the resolving power K = P+/P–. Figure 3 
presents  some  of  the  experimental  results  in  the  form  of 
dependences of the power of laser radiation, recorded by the 
digital camera, on the coordinate y in the case of positive (+) 
and  negative  (–)  agglutination  reactions.  It  is  seen  that  the 
resolution K  at  the point y = 0 exceed 70 units. Thus  is an 
evidence of the capability of the given device (Fig. 1) to pro-
vide reliable distinction between these two types of reaction.

Samples of other blood groups were studied in a similar 
way. The typical results are summarised in Table 2 (the condi-
tions of the experiments are discussed in Section 4). 

In Table 2 (i) the experimental results obtained with the 
serum of the fourth blood group AB0 are not presented, since 
it is known that this type of serum does not cause agglutina-
tion of red blood cells of any blood group (which is confirmed 
by our own experiments);  (ii)  in  the calculation of K  it was 
assumed that the negative reaction is the one, corresponding 
to the combination of the blood of the studied group and the 
serum of the fourth group, for which the agglutination reac-
tion is always negative. 
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Figure 2. Typical photographs of the bright area of the cuvette with the 
studied solution for the case of positive (a) and negative (b) agglutination 
reaction of  red blood  cells. The  rectangles  select  the  zones of  statistical 
processing of the experimental results and modelling of the experiment.
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Figure 3. Experimental ( 1, 3 ) and theoretical ( 2, 4 ) dependences of the 
radiation  power P,  passed  through  the  solution  of  the  blood – serum 
mixture and  incident on  the photo camera, on  the depth of  the  liquid 
layer y  for  the cases of positive ( 1, 2 ) and negative ( 3, 4 ) agglutination 
reactions. All data are normalised to the maximal power for the positive 
reaction of agglutination.

Table 2. Resolving  power  of  the  blood  grouping  device  for  different 
blood – serum combinations.

Blood group
    Serum type

  0ab(I)  Аb(II)  Ba(III)

0(I)  0.3  0.5  0.5 
А(II)  56  3.5  76
B(III)  82  67  2.0
АB(IV)  152  86  85

Note:  The K values given in boldface correspond to the blood – serum 
combinations, for which the agglutination of red blood cells must occur; 
the rest values correspond to principal absence of agglutination.
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One can see from Table 2 that for the blood – serum com-
binations with possible agglutination the resolving power K 
is high enough; for different blood groups it varies from 56 to 
152. In the case of the objective absence of agglutination the 
values of K are essentially lower, namely, from 0.3 to 3.5.

4. Modelling of blood typing method  
and experimental setup 

The goal of the modelling was to reveal the causes of the dif-
ference  in  the  recorded  optical  signals  after  passing  of  the 
laser beam through the cuvette with the studied samples in the 
cases of positive and negative reaction, to clarify the role of 
absorption and scattering of light by the samples, the compe-
tition of these phenomena, as well as to search for the ways of 
further  improvement  of  the  method  of  blood  typing,  pro-
posed here.

A  number  of  optical  spectral  measurements  were  per-
formed before the modelling. These measurements were per-
formed with the samples of the blood – serum solution [group 
B(III)]  after  ultrasonic  treatment,  incubation  and  relevanf 
measurements using the digital camera. Both for positive and 
negative agglutination reactions the samples were taken from 
the cuvette volume, corresponding to the middle of the area D 
(see Fig. 2). The initial blood – serum ratio in the mixture was 
1 : 10,  and  then  it was diluted with  saline  in  the proportion 
1 : 25. The choice of the proportions is justified in Section 5.

4.1. Optical spectral measurements

The  spectra  of  overall  reflection  (R)  and  transmission  (T ) 
of the studied solutions were recorded by means of the two-
beam PerkinElmer Lambda 950 spectrophotometer using the 
integrating  sphere  with  correction  of  etalon  reflection.  To 
record the spectrum of the collimated transmission coefficient 
U we used four apertures, each having the diameter 1.5 mm, 
separated  by  the  distances  5,  3,  and  7 cm.  The  separation 
between the last aperture and the photomultiplier was 50 cm. 
The sample solutions were placed in the glass cuvette with the 
glass thickness 1 mm. The spectral characteristics found for 
the cases of positive and negative agglutination reaction are 
presented in Fig. 4. 

To  describe  the  transport  of  optical  radiation  and  to 
determine  the  spectral  dependences  of  the  absorption  and 
scattering indices of the studied samples we used the radiative 
transfer equation [18 – 20]:

¶
¶ ( , )

( ) ( , ) ( , ) .d
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I
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Equation (3) describes the variation of the intensity I(r, s)
of light flow as a function of the position r and the direction s, 
caused by to the energy decrease due to absorption and scat-
tering, which  are  described  by  the  indices  of  absorption ma 
and scattering ms, and by the energy increase due to the scat-
tered light coming from all directions s'. The function r(s, s’ ) 
describes the indicatrix of single scattering. 

To solve Eqn (3) and to find the spectral dependences of 
ma and ms, and the scattering anisotropy factor g, we used the 
adding-doubling method,  implemented  by  the  program  iad 
[21]. The experimental spectra of R, T, and U (Fig. 4) were used 
as the input data of the program. The refractive index n of the 
cuvette walls was assumed to be 1.5. The spectral dependences 

of the absorption and scattering indices, calculated following 
this procedure, are also presented in Fig.4. 

4.2. Modelling light transfer in the samples and its recording 
by the digital camera

Since the wavelength of the He – Ne laser used in the experi-
ments belongs to the red spectral region, only the Red compo-
nent of the RGB decomposition of the photographic images 
was analysed. To take  the nonlinear sensitivity of  the CCD 
matrix  into  account,  the  brightness  of  the  pixels  was  con-
verted from the units of brightness B into the units of power P 
in correspondence with the dependence (2) found above. The 
power of  radiation at a certain  fixed depth y  in  the cuvette 
was found by averaging the power along the corresponding 
line within the width of the rectangle D (see Fig. 2).

Under the conditions of our experiment on recording the 
agglutination reaction and using the solution of Eqn (3), we 
implemented the calculation of light transfer by means of the 
Monte Carlo method, which implies simulating the propaga-
tion of individual photons in a disperse medium. The light was 
presented  by  a  set  of N  ballistic  particles  (photons),  each 
having the statistical weight 1/N and being able to experience 
absorption or scattering in a certain direction (N was chosen 
to be 108). The events of scattering and absorption, as well as 
the choice of the propagation direction of photons, are drawn 
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Figure 4. Spectra of measured overall reflection R, overall transmission 
T, and collimated transmission U coefficient of the studied solutions and the 
calculated absorption ma and scattering ms indices for positive (a) and nega-
tive (b) agglutination reactions. Vertical lines mark the wavelengths of 
He – Ne laser radiation ( l = 632 nm) and the maximum of haemoglobin 
absorption maximum in the green spectral region ( l = 578 nm).
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using the random number generator. The number of scatter-
ing events for an individual photon increases with the growth 
of  ms  in  comparison  with  ma,  and  with  increasing  medium 
thickness. The integral spectral characteristics of the sample 
are obtained by statistical averaging over a large number of 
photons. To take the multilayer structure of the sample into 
account, i.e., the cuvette walls and the solution itself, we used 
the modification of the Monte Carlo method, described in [22]. 
In  the calculations  the  thickness of each wall of  the cuvette 
was set to be 1 mm, and its inner cavity thickness was taken 
to be 5 mm. The  refractive  index of  the glass, of which  the 
cuvette was made, was assumed to be n = 1.5, and the refrac-
tive  index  of  the  solution was  taken  to  be nsol  =1.34. The 
indices of absorption ma and scattering ms at the wavelength 
l = 632 nm of the radiation from the He – Ne laser, as well as 
the  scattering  anisotropy  factor  g  of  the  solution  samples, 
used in the calculations, in the cases of positive and negative 
agglutination reaction are presented in Table 3. In this Table 
the optical characteristics of  the same samples are also pre-
sented in the case of l = 578 nm, corresponding to the maximum 
of absorption of  light by haemoglobin  in  the green spectral 
region, for which similar modelling was carried out. The rea-
sons for choosing this wavelength consist in the following. 

In  the  experiment with  the  samples,  exposed  to He – Ne 
laser radiation, the photographs are strongly different in the 
cases of positive and negative  reaction  (see Fig. 2). As seen 
from Fig. 4, at the wavelength 632 nm (red light) ms exceeds 
ma by more than 200 times  (negative reaction) and by more 
than 50 times (positive reaction),  i.e., the attenuation of the 
light flow in the samples is mainly due to the light scattering. 
At the wavelength 578 nm (green light) the absorption index 
is essentially higher than in the red spectral region, so that for 
negative  reaction ms  exceeds ma  only  by nearly  10  times  for 
both samples, the magnitude of scattering being nearly the same 
as in the red spectral region. Therefore, with the multiple scat-
tering taken into account, at the absorption maximum wave-
length the light absorption is expected to provide an essential 
contribution to the additional attenuation of light by the sample. 
This means that at the wavelength l = 578 nm it is natural to 
expect a higher resolution K = P+/P– than at l = 632 nm. 

To obtain the distribution of the radiation power, received 
by the photodetector, over the cuvette depth y, the geometrical 
parameters were taken into account in the modelling, namely, 
the  separation  between  the  cuvette  and  the  photodetector 
(70 mm) and the aperture of the latter (2 mm). The presence 
of the optical slit having the dimensions 2 ́  22 mm that spa-
tially filters the radiation, incident on the cuvette in the opti-
cal scheme, required introducing a light source function into 
the model. Since the form of the spatial dependence of light 
intensity  in  the  beam  is  unknown,  in  the  calculations  the 
assumption  was  used  that  the  area  of  the  sample  with  the 
dimensions 2 ́  22 mm was illuminated uniformly. The results 
of the calculations (D = 11 mm) are presented in Fig. 3 together 
with the experimental data. It is seen that the results of cal-

culations agree quite well with the experimental results. For 
positive  reaction  a  distinct  peak  is  seen  having  the  width 
~2 mm, which coincides with the size of  the digital camera 
aperture. This is a manifestation of the fact that the peak is 
produced by photons that pass through the sample without 
scattering and absorption. The scattered photons are respon-
sible for the presence of small lobes at the wings of the peak.

As shown by the calculations, for negative reaction (Fig. 3) 
practically all the light is scattered and produces uniform illu-
mination of  the photographic  camera objective by  the  light 
coming from all regions of the zone D. Slight difference between 
the experimental and calculated curves is due to the fact that 
in the experiment, after a certain period of incubation, some 
part of red blood cells experienced sedimentation, thus making 
the transmission in the top part of the cuvette with the solu-
tion greater than in the bottom part. In our model the effect 
of sedimentation of red blood cells was not taken into account. 
Nevertheless,  the  fact  that  for  negative  reaction  theoretical 
and experimental curves are at the same level is also a mani-
festation of good quantitative agreement between the results 
of modelling and experiment.

Similar  to  Section  2,  in  the  process  of  modelling  the 
method and the experimental setup for blood typing, the dif-
ferentiation between the positive agglutination reaction and 
the negative one was made on the base of evaluating the coef-
ficient K = P+/P– (resolution), where P+ is the power in the 
maximum  of  the  curve  for  positive  reaction  and P–  is  the 
power in the middle of the studied area D (see Fig. 3), so that 
K was the diagnoctic parameter. The values of K, calculated 
for l = 632 and 578 nm, amount to 56.5 and 604, respectively, 
while the experimental value of K for l = 632 nm is 73.5. The 
satisfactory agreement between the theoretical and experimen-
tal values of K at l = 632 nm is worth attention. Moreover, as 
the theory shows, there are good perspectives to increase the 
resolving power by using probing light beams with the wave-
length in the green part of the spectrum ( l = 578 nm).

5. Optimisation of preparation of blood – serum 
samples

Aimed at optimising the experimental technique and increas-
ing the resolving power K = P+/P– a special attention was paid 
to the questions of sample preparation. It is well known that 
in the ‘hand-operated’ blood typing the blood-to-serum ratio 
generally accepted in medical practice is 1 : 10. However, for 
instrumental blood typing this ratio may appear not optimal 
and requires testing. To this end, we obtained the dependence 
of the resolving power K on the blood-to-serum ratio with the 
rate of the mixture dilution 1 : 50, the duration of ultrasonic 
treatment being 60 s. In this case the incubation time tinc was 
varied as a parameter and took the values 0, 30, 90, or 120 s. 
(The incubation time is the time passed from the moment of 
ultrasound shutoff [beginning of sedimentation of red blood 
cells and complexes] till the moment of the object photograph-
ing.)

One can see from Fig. 5 that the optimal blood-to-serum 
ratio lies in the interval from 1 : 5 to 1 : 10. The choice of such 
ratio provides substantial gain in the value of resolving power, 
when recording the agglutination reaction. In further experi-
ments  the blood-to-serum ratio was kept  to be 1 : 10. Note, 
that the curves in Fig. 5 possess the shape analogous to that of 
precipitation curves, known in immunology. This fact allows 
an assumption that the range of blood-to-serum ratios from 
0.1 to 0.2 corresponds to the zone of equivalence [23, 24].

Table 3. Optical  characteristics  of  blood  solutions,  measured  at  the 
wavelengths l = 632 and 578 nm for the cases of positive and negative 
agglutination reactions.

Wave-    Positive      Negative

length/    reaction      reaction

nm  ma /mm–1  ms /mm–1  g  ma /mm–1  ms /mm–1  g

632  0.0107  0.5417  0.9306  0.0135  2.9316  0.9839 
578  0.0343  0.5500  0.9051  0.2238  2.7951  0.9629
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It  is  interesting to analyse the dependence of the resolu-
tion  K  on  the  duration  of  ultrasonic  treatment  tus  on  the 
blood-serum mixture. The results are presented in Fig. 6. It is 
seen that the optimal duration of the ultrasonic treatment is 
60 s. Further increase in tus makes the resolution K lower. This 
is because for negative reaction longer ultrasonic treatment of 
the solution promotes  the formation of  larger  ‘non-specific’ 
aggregates of red blood cells and, therefore, the increase in the 
sedimentation  rate. Finally,  this  leads  to  the  liquid  clearing 
(increase in the power P– ) and the reduction of K.

Figure 7 illustrates the dependences of the resolution K on 
the time of incubation tinc of the blood – serum solution under 
varying the rate of dilution with saline from 1 : 100 to 8 : 100. 
The limits of the dilution rate and the incubation time variation 
are dictated by the results of earlier papers [11 – 14]. One can 
see from Fig. 7 that the resolving power is growing till tinc = 
40 – 60 s, and then depends on the incubation time very weakly. 

Such a behaviour of the dependences is explained by the 
fact that the increase in the incubation time for positive reac-
tion leads to greater clearing of the mixture solution, i.e., an 
increase in P+, while P– is practically not changing, since the 
sedimentation of ‘free’ red blood cells is slow. As a result, the 
value of K increases. However, to the 60th second of incuba-
tion the sedimentation of large immune complexes of red blood 
cells is mainly finished, so that the value of P+ becomes stabi-
lised and the resolution K stops changing.

The dependences in Fig. 8, based on the results of Fig. 7, 
demonstrate the optimal values of the blood – serum mixture 
dilution rate for different incubation times. It is seen that the 
value of K is essentially dependent on the specific features of 
sample preparation: under the present experimental conditions 
1 : 25 appeared to be the optimal dilution rate, which is close 
to the results of [11 – 14], obtained using analogue recording 
rather than digital one. 

The performed experimental studies (see Figs 5 – 8) yield 
the choice of optimal conditions (Table 4), under which the 
resolving power of blood typing by means of the considered 
‘acoustooptical’ method in its present implementation is max-
imal. Note, that the experimental results, presented in Fig. 3, 
were obtained under the experimental conditions, summarised 
in Table 4. 

Table 4. Recommended values of parameters, providing  the maximal 
resolving power of blood group assessment using the considered ‘acousto-
optical’ method in its present implementation.

Experimental condition  Recommended 
for the blood – serum mixture  value

The ratio of components  1:5 – 1:10 
Time of exposure of the mixture solution to US  60 s 
Dilution rate of the mixture  1:25 
Incubation time of the irradiated mixture  90 s
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Figure 5. Dependence of resolution K on the blood-to-serum ratio for 
tinc equal to 0 ( ), 30 ( ), 60 ( ), 90 ( ) and 120 s ( ).
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Figure 6. Dependences of  the  resolution K on  the  time of ultrasound 
action on the solution of blood – serum mixture at tinc equal to 0 ( ), 30 ( ), 
60 ( ), 90 ( ) and 120 s ( ).
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Figure 7. Dependences of the resolution K on the incubation time tinc 
of the blood – serum mixture solution for the rates of dilution with saline 
0.01 ( ), 0.02 ( ), 0.04 ( ) and 0.08 ( ).
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Figure 8. Dependences of the resolution K on the degree of dilution of 
the blood – serum mixture with saline for tinc equal to 0 ( ), 30 ( ), 90 ( ) 
and 120 s ( ).
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6. Discussion

First, it is useful to discuss the questions of accuracy of mea-
surements  and  reliability of  blood group assessment. These 
questions are mutually connected; however, one should not 
put the sign of equality between them. Since, as a rule, in the 
experiments with biological objects there are no etalons, the 
accuracy  of  measurements  in  biomedicine  is  often  associated 
with  the  reproducibility  of  the  results  of multiply  repeated 
measurements for the same object and under the same experi-
mental conditions. Exactly in this way the authors of [25] per-
formed testing and comparison of blood typing results using 
the PK-7200 Olymp Group and Olymp Group II instruments. 
Similarly,  in  the  present  paper,  in  order  to  determine  the 
reproducibility of results, we carried out five experiments for 
each of the reactions: the positive reaction A(II) + Ba(III) and 
the  negative  one A(II)  + Ab(III) with  determination  of  the 
resolving  power  K.  The  root  mean  square  deviation  s(K ) 
from  the mean value Kav = 50 was ±7, which  seems quite 
satisfactory for the work with biological objects.

The question of reliability of blood typing is more difficult 
because of extremely wide specificity of blood samples taken 
from different donors, even when these samples belong to the 
same group. Naturally, the reliability of blood group assess-
ment increases with the growth of the resolving power K of 
the method. However, the value of K depends on a variety of 
factors, e.g., agglutination activity of red blood cells, concen-
tration of red blood cells  in the sample, haemoglobin con-
tent, viscosity of the studied blood, titer of the hemagglutinat-
ing serum, etc. Therefore, certain deviations of the resolution K 
from the mean value Kav appear in the course of experiments 
on optimising  the blood  typing  technique  (Figs  5 – 8). Note 
that  the  experimental  points  presented  in  these Figures  are 
mean  values,  each  obtained  by  averaging  the  individual 
results of K measurement in 14 – 18 blood samples from dif-
ferent donors (Section 2). The analysis has shown that under 
the optimal  conditions,  summarised  in Table 4,  the  relative 
deviation of the resolution K from its average value over the 
donor  group  amounts  to DK/Kav »  20 %. However,  in  rare 
cases one can meet blood samples, for which the value of K 
appears  to be significantly  lower than presented  in Table 2. 
As a rule, this may be due to weak agglutination activity of 
the red blood cells of the particular sample, as well as to other 
causes. That is why practically, as a result of thorough techni-
cal and medico-biological testing, the designers of blood typ-
ing instrumentation not only try to provide the maximal pos-
sible  value  of  the  resolution  K,  but  also  establish  definite 
threshold values of K. In our paper these values are Kth

max and 
Kth
min, in other papers, e.g., in [6, 7], the authors make use of 

different threshold values. If for the blood sample under study 
K > Kth

max, then the agglutination reaction is assessed positive, 
if K < Kth

min, the reaction is negative. The group of the studied 
blood  sample  is assessed on  the base of a  sequence of  such 
experiments with the same blood sample but different serums. 
If  the measured value of  the  resolution K  in an  experiment 
with at least one of four serums appears in the zone of ‘uncer-
tainty’ Kth

min £ K £ Kth
max, then it is impossible to draw a con-

clusion about the agglutination reaction. In this case the blood 
group is not assessed, and the issue of primary importance is 
that  the  instrument  must  definitely  reply  ‘the  blood  group 
is unknown’. Such approach  is generally accepted,  since an 
error  in blood typing during transfusion may cause a  lethal 
outcome. 

Consider some examples of this approach. The results of 
testing  of  the  instrument,  developed  by  the  authors  of  [26] 
for blood group assessment using the systems AB0 and Rh, 
were compared with those of parallel blood typing by means 
of  the  Technicon  AutoAnalyzer  instrument,  and  also,  for 
control  in  some  cases,  using  a  ‘hand-operated’  (non-instru-
mental) method. The comparison has shown that in 97.3 % of 
cases  both  instruments  unambiguously  assessed  the  blood 
group of 10 042 samples, and only in 266 cases the answer of 
the instruments was ‘blood group not assessed’. In these cases 
the blood  group was  verified by hand using  the method of 
inverse testing.

In [27] the testing similar to [26] was performed with the 
instrument Inverness Blood Grouping System (IBG System). 
The results of measurements obtained using this  instrument 
were compared with those obtained ‘by hand’. Only in three 
cases of 2051 the result of blood typing returned by the IBG 
System was  different  from  that  obtained  by  hand-operated 
blood typing. In 86.1 % of cases the results of IBG System were 
obtained  without  any  additional  technological  interference 
[27]. 

Naturally, the increase in the resolving power of the blood 
typing  instrument  increases  the deviation of  the  result of K 
measurement from the chosen interval Kth

min – Kth
max. Therefore, 

the reliability of the blood typing is increased, and the number 
of blood samples with unascertained group is reduced.

From the presented examples [26, 27] it is seen that estab-
lishing  the  interval Kth

min – Kth
max  and performing  corresponding 

tests requires performing thousands, and sometimes even tens 
of thousands of experiments, which, naturally was not the goal 
of this work. At the same time we would like to note, that our 
goal is achieved. Indeed, we have shown that the combination 
of ultrasound action on the blood – serum mixture, considered 
by the authors of this paper earlier [11 – 15], with digital record-
ing of  the processes of agglutination of  red blood cells,  sedi-
mentation of red blood cells and their agglutinates, followed by 
digital processing of the results, offers promising values of the 
resolving  power  of  the  ‘acoustooptical’  method  and  device. 
Besides that, from the performed studies we draw the optimal 
experimental conditions, under which the resolving power of the 
device in its present implementation is maximal. The modelling 
carried out outlines the way to future essential increase of the 
resolving power of the device. 

7. Conclusions

The combination of ultrasonic treatment of the blood – serum 
reaction mixture with digital recording of sedimentation of red 
blood cells and their agglutinates allows attaining high values 
of resolving power when recording the reaction of agglutina-
tion of red blood cells. The optimal conditions of blood typing 
by means of the proposed ‘acoustooptical’ method are deter-
mined. The modelling of  the experimental  technique on  the 
base of light scattering analysis allowed quantitative determi-
nation  of  the  prospects  of  developing  the  method  towards 
further increase of the resolving power and, therefore, improv-
ing the reliability of blood group assessment. The results of the 
study may be used in manufacturing devices for instrumental 
human blood typing.
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