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Abstract: The light scattering models of red blood cellfunctions are replaced with Hankel functions. Th#atrix
(RBC) are presented. Erythrocyte is modelled asher®id. method may be used to compute properties of partiith
Main purpose of this paper is to present single mottiple  arbitrary shape, but symmetry of particle may digantly
light scattering by erythrocytes in different ploleigical  simplify computations.

conditions. The osmotic pressure and oxygenatisnyell
as hematocrit influence on scattered light propsrtare
presented.

Thanks to particle symmetry, there is possibility t
compute T-Matrix for arbitrary orientation of paté more
effectively. In this case particle symmetry axisstnagree
with coordinate system axis. T-Matrix method makes
possible to compute average scattering propeniesdt of
randomly oriented particles more effective thanegnal
1. INTRODUCTION methods. The scattering properties of randomly noeid

The real erythrocyte has form of a biconcave disg, particle are determined by averaging for all pdssib
the shape of a pathological RBC can significantiffed  orientations. In our numerical simulations all peis in the
from the normal cell and it strongly depends ondbmotic medium were the same size and were randomly odente
pressure. Other optical parameters I'ke. refraciivex, In the Monte Carlo simulation it is possible to rabtiill
scattering and absorption cross-section depend an . L

. X : . geometry of measurement system without simplifarei
hematocrit and oxygenation level. Scattered lightguring

; . (like infinite surfaces) [9,10]. The main idea ohig
[elngia Ieihgfe t%rSStgqnaa,:S tmhﬁzzIshaémﬁ;ﬂfg;iittsrﬁ?nﬁtapproach is to consider incident and scattered &gtthe set

yof " H 113 13 ” H 1

) : packages of light* named “photons”, emittedias time.
grythrocytes phenomenon, but still there is a néed During simulation the path of every single “photois’
improve these models.

analysed. This ,photon” can be emitted from therseu
To solve many measurement problems (medicalscattered or absorbed by erythrocyte or detectdie T
biophysical, astrophysical, ocean and atmospheties)p intensity of radiation is defined as a number ofitesd or
knowledge about properties of scattered radiatipmbn-  detected “photons”. In the case of highly scatterimedia as
spherical particles is needed [3,4,5]. One of theedels is  full blood, the Monte Carlo method may be ineffeet{time
spheroid. In many applications cylinder can be ufibdes, consuming) because of large number of treated tpisst
bacteria) [6]. The change of the shape from oliatgrolate  Therefore it is necessary to limit number of emnltte

Keywords: erythrocyte, light scattering, spheroid.

gives the many possibilities of researches. “photons” to value that reaches the required aayuod the
analysis. Average free-patt; of “photon” depends on
2. METHODS extinction cross-section C,,; and concentration of

erythrocytes N, and is computed with use a randamber

Two numerical methods were used in presented wlerk: r, from range (0,1):

Matrix method for single scattering, and Monte Garl In(r)
method for multiple scattering. T-Matrix method walso d, =10 (1)
used to obtain input parameters for Monte Carlchoe:t NC,,

T-Matrix method is very effective to compute scettg In our simulations new direction of propagation of

properties of axi-symmetrical, non-spherical p#egcof “photon” was determined with use the phase function
different size [7,8]. To compute scattered fieldtbe base obtained from T-Matrix method. The elevation anflavas

of incident field coefficients, matrix of integratomputed determined with use of distribuant of phase funcp@,)
numerically on the surface of particle is used. Sehe and relation:
integrals include information about size, shapéaotion

index and orientation of particle in the main fraré

simulation. Next, the scattered light coefficiemtsy be z
expressed by similar matrix where spherical Bessel gp

r =——

n

[(e)ale) | )
(8)d()



where r, is another random number from range (0,1). The erythrocyte can be modeled as a homogeneoes wat
Azimuth angle was randomly chosen from {,2ange. solution of haemoglobin (about 34 g/dliter), sabdut 0.7
g/dliter) and other organic components (about Gditgr)
surrounded by a transparent membrane of a negdigibl
thickness.

“Photon” is absorbed by erythrocyte when alb&dds
lower than another random numlsgfrom (0,1):
r,>A. 3) . ,
The real part of the refraction index depends nyaam
the content of haemoglobkC [1]:

3. MODELS OF ERYTHROCYTE n, =n,+aHC, (5)

Two quels of erythrocyte were used in computationWhere ng=1.335,0=0.001942 [dliter/g].
The spherical model was used as a reference madel t

compare with spheroid model. The imaginary part of the refraction index, related
absorption, is given as follows:
3.1. Erythrocyte parameters In10
The healthy erythrocyte has form of a biconcave dis n, :_INI A€nm HC, (6)

with diameter values ranges from B to 9.3%um (mean

7.55um). However, the diameters of most of them (abouwvhere M=65500 [g/mol] is a molecular weight of

68%) fall into the range from 7 to8n [11]. haemoglobinA is a wavelength im, & is a micromolar
In medical laboratories a sample of blood i coefficient of extinction at a given wavelength eegsed in

is ;
characterized, by such parameters as: crrf/micromole [14].
- mean RBC volume (MCV = 75 — 1007), 3.2. Models

- RBC concentration (3.5 — 5.53n7), .
- mean concentration of haemoglobin in the RBC The erythrocyte was modeled as an oblate spheTéwl.

(MCHC = HC = 31.0 - 38.0 g/dlitr) spheroid is obtained by turning an ellipse of @dasemi-

. : . axisa and a small semi-axis (where a>b) around an axis
- hematocrit HCT defined as the ratio of the RBC wwdu : : .
to the total volume of blood (HCT = 32 — 46 % for covering bothb and the axis @ of the Cartesian system of

. coordinates. The spheroid intersection in ¥¥plane is a
females, 38-49.5% for males, and 30-40% for chilire 0" ot the radius @ The shape coefficienf of the
The diameter of erythrocyte is a typical parametespheroid is defined as a ratio of the major sens-&x the
characterizing the erythrocyte during diagnosisusrh shift  minor one. Alike in case of the spherical modespaeroid
of the mean diameter outside the typical rangecatds of the same volume and the shape coefficient as the
pathology [11]. erythrocyte was chosen:

Fung [12] has made precise interferometric ~bé b= 3’\/e
measurements of a size of 1581 erythrocytes otigiga a=Dbg, =3 47752 '
from 14 donors in case of hormocytosis (osmol&t8g-307
mosm). Hochmuth [13] announces the erythrocyte The main parameters of spherical model are: thersph

performed in isotonic solutions (300 mosm) and forgomputations the model with a sphere of the saniieme
osmolarity of 217 and 131 mosm. He makes alsoaaegte s the erythrocyte was used, so

to the measurements done by Fung — see table 1. The

(1)

erythrocyte shape coefficiernf,y: is defined as: r,=3—=. ®)
(o[ 4
Eop =5 (@)
Nyt

4. METHODOLOGY

Table 1. Size parameters of erythrocytes by Hochntio. . . . .
P yoeyes In case of single light scattering the T-Matrix KMed

osmotic pressure | P, [mosm] | 300 217 131|  was used. The main optical parameters like phasetifin
diameter eryt [UM] 782 | 759 | 6.78| p(6¢, extinction cross-sectiorCe,;, and albedo were

— i computed for the single erythrocyte modeled ashergpand
tmh:gmgsms central | Uery: [Hm] 0.81 210 as an oblate spheroid placed at all possible @tigms. The

: results were averaged. The erythrocyte modeledsphere
thickness Reryt [UM] 2.58 | 3.30 - was used as a reference.
volume Veryt [Mm?] 94 116 164 The parameters obtained in single scattering sitionis
surface area S [m?] 135 135 145 were u_sed as ir_1put para_meters for multiple lighttecing

— simulations carried out with use of Monte Carlo M. So

shape coefficient | & [-] 3.031| 2300 ~1.0| the monodisperse distribution of randomly oriented

erythrocytes were erythrocytes were concerned. The
concentration of erythrocytééwas extra input parameter in



these simulations. Hematocrit depends on erytheocytnormalization is the value of phase function foytlerocyte

concentration: modelled by a sphere at scattering angt€° and incident
NV, wavelength 800 nm for non-saturated haemoglobinteNo
HCT = 3yt (100%. (9) that the differences between phase function faratd and
m

non-saturated haemoglobin at this wavelength agégilele
o @ cause of no different between the imagine pafts o

In our simulations the blood sample thickness w#s o=
refractive indices (table 2).

mm, and the apertures of light source and deteotoe the
same. The number of analyzed beam was. The

computed optical densi@D (T — transmittance) defined as: Table 3. Parameters of erythrocyte models at normatonditions.

oD = —|0910(T) (10) |Parameter Erythrocyte  Spherg Spheraid
d [um] 7.82 5.642 8.164
was analyzed.
h [um] 2.52 5.642 2.694

The erythrocyte is a biological object charactatiby a 3
high intersubject variability. In our simulationshet |V [HM] 94.0 94.0 94.0
erythrocyte parameters from experimental measuremer &[] 3.031 1.000 3.031
published in the literature [13] were used — sbéeta.

Two wavelengths were selected for simulations. For
632.8 nm the absorption (micromolar extinction ficefnt scattering angle (in practice, the forward scatteris

& spectrum relation [14]) is relatively small andatee  .oncerned by overexpose a sample) for the caséngles
change between saturated and non-saturated haetmoglonght scattering by erythrocyte at random oriemati

reaches 80%. At the 800 nm this change is clogernw.

Table 4 presents normalized phase functions atl sma

(integration over all locations). The reference for

The table 2 presents the relative complex refacti normalization is the value of phase function foytierocyte
index computed for two wavelength with equationsgsd ~ modelled by a sphere at scattering ang#” and incident
(6). The haemoglobin concentratiodC=34g/dlitr and Wwavelength 800 nm for non-saturated haemoglobirteNo
refraction index of mediums=1.33. that the differences between phase function farratged and

non-saturated haemoglobin at this wavelength agégilele

Table 2. Relative complex refraction index of erytrocyte for used a cause of no different between the imagine pafts o

wavelength and saturated and non-saturated haemodiin. refractive indices (table 2).
MR m . . .
A [nm] Table 4. Normalized phase functions for small scagting angles at
HbO2 Hb HbO2 Hb normal conditions — two models of erythrocyte
632.8 1.0534 0.0001 0.0009 g 800nm, Hb 632.8nm, Hb| 632.8nm, HbO2
800 ) 0.0002 [deg] | sphere | spheroid spherg  spherpid sphere  spheroid
0 |1.0000| 1.1766| 1.5745| 1.9318| 1.5680| 1.9181
5. RESULTS 1 |0.9682| 1.1224|1.4931| 1.7870| 1.4872| 1.7748
The numerical simulations were carried out at nérmg 2 | 0-8778] 0.9739] 1.2703] 1.4123) 1.2659) 1.4038
conditions (normocytosis), in case of hematocriaraes, 3 | 0.7432 0.7678| 0.9620| 0.9503| 0.9596| 0.9461
osmotic pressure and oxygenation variations. Irecak ™1 58471 5498| 0.6389| 0.5450| 0.6384| 0.5441
single scattering (averaged for all orientations o
erythrocyte) the phase function, and for mu|t|p|gh| 5 0.4239| 0.3588| 0.3626| 0.2740| 0.3634| 0.2747
scattering the optical density were analyzed. 6 | 0.2796| 0.2166| 0.1688| 0.1340| 0.1701| 0.1350
5.1. Normocytosis 7 | 0.1645| 0.1257| 0.0616| 0.0759| 0.0627| 0.0767
In case of normal conditions the erythrocytes keeir 8 | 0.0838| 0.0752| 0.0210| 0.0509| 0.0217| 0.0513
basic shape (thg solytlon is isotonic). '!'he dinondti of 9 |0.0354 0.0494] 0.0171] 0.0340! 0.0173| 0.0343
erythrocyte are given in table 1 for osmotic pres$4=300
mosm. The haemoglobin concentration wW#S=34g/dlitr. 10 ] 0.0127/0.0352| 0.0236| 0.0208) 0.0235| 0.0211

In case of multiple scattering hematocrit valuesswa

assumed aBlCT=40%. The other input parameters for two  The distinct differences between phase functi&m800
concerned models of erythrocytes are presenteabie 8. nm) for sphere and spheroid models at scatterigteastose
atP zero are observed. The change of the waveldngi32.8
nm results in increased forward scattering (a chaofa
size parameter), however the relative differencetsveen
the models nearly do not alter.

Table 4 presents normalized phase functions atlsm
scattering angle (in practice, the forward scaitgris

concerned by overexpose a sample) for the caséngles
light scattering by erythrocyte at random oriemati
(integration over all locations). The reference for



Table 5. Output parameters of erythrocyte for singé and multiple light

scattering simulations at normal conditions.
A parameter Hb HbO2

[nm] sphere | spheroid sphere | spheroid

632.8 | Ceye [um?] | 69.557 | 61.959 70.377 62.306
A 0.9743| 0.9710 0.9971 0.9947
oD 1.8904| 1.8517| 0.3526 0.3396
ODy¢ [%0] 0.00 -2.05 0.00 -3.69
ODorm 3.801 3.724 0.709 0.683

800 |Ceq[um? | 53.36 | 47.04| 53.36| 47.04
A 0.9939| 0.9931 0.9939 0.9931
oD 0.4973| 0.4763| 0.4973 0.4763
ODy¢ [%0] 0.00 -4.22 0.00 -4.22
ODrorm 1.000 | 0.958 1.000 0.958

The changes of osmotic pressure strongly influghee
erythrocyte shape and volume. The haemoglobin
concentratiorHC changes with erythrocyte volume because
the haemoglobin mass in the erythrocyte stays urgdth
[15]. This effect influences the value of the coexpl
refraction index, as shown in Table 6. The shaparpater
shows than erythrocyte changes from oblate bicanchsc
to almost spherical particle.

The parameters of two considered erythrocyte models
versus osmotic pressure are shown in Table 7.

Table 8 presents the normalised phase functionsnfor
models under consideration. The erythrocyte modelig
spheroid scatter light more effectively than thehesp
model, especially into scattering angle close tm € <5),
but the nature of presented functions are not Bogmitly
differ.

Table 8. Normalized phase functions at small scatieg angles for
different osmotic pressuresA = 800nm

The other output parameters for single and multiglet | ¢ Sphere Spheroid
scattering simulations are presented in table ® dfitical 300 osm| 217 osm 131osm 300 osm 217 psm 131josm
density of sphere model is bigger, but the normeal@Dnom | 0 | 1.0000) 1.1484| 1.4432| 1.1766| 1.2532| 1.4432
and relativeOD, optical density show that there are no
significant differences between the models. 1 |0.9682 1.1071| 1.3790| 1.1224| 1.1964| 1.3790

. 2 | 0.8778| 0.9905| 1.2009| 0.9739| 1.0403| 1.2009
5.2. Osmotic pressure
. . . . - 3 | 0.7432/ 0.8196| 0.9478| 0.7678| 0.8221| 0.9478

The simulation with osmotic pressure variations was
carried on at incident wavelength 800 nm. There mve | 4 | 0.5847]0.6229| 0.6704| 0.5498| 0.5888 0.6704
influence of haemoglobin saturation in this case. 5 | 0.4239 0.4301| 0.4171| 0.3588| 0.3816| 0.4171

. 6 | 0.2796| 0.2650| 0.2206| 0.2166| 0.2248| 0.2206
Table 6. Parameters of erythrocyte versus osmoticressure atA =
800nm 7 | 0.1645| 0.1414| 0.0933| 0.1257| 0.1232| 0.0933
P, [msom] 300 217 131 8 | 0.0838| 0.0623| 0.0281| 0.0752| 0.0668| 0.0281
d [um] 7.82 7.59 6,78 9 | 0.0354] 0.0213| 0.0062| 0.0494| 0.0394| 0.0062
h [um] 2.58 3.30 - 10 | 0.0127/ 0.0068| 0.0064| 0.0352| 0.0265| 0.0064
V [um?] 94 116 164
Table 9. Results of single and multiple analysis &us osmotic pressure
'5[‘] 3.031 2.3 ~1,0 for A=800nm, non-saturated haemoglobin
HC [g/dlitr] 34,0 26.4 18,6 Sphere Spheroid
Mg 1.0534 1.0440 1,0322 P 300 217 131 300 217 131
m 0.0002 0.0001 0,0001 [mso]
Cext | 53.36| 51.02| 46.63 47.04 47852 46.63
[pm’]
Table 7. Parameters of erythrocyte models versus mstic pressure for A 0.9939] 0.9961| 0.9942| 0.9931| 0.9958| 0.9942
A = 800nm _ OD |0.4973|0.2708| 0.2165| 0.4763) 0.2661| 0.2180
Sphere Spheroid oDy, | 1.000| 0.544 | 0.435| 0958 0535 0.438
Po[msom]| 300 | 217 | 131| 300 217 131 m
d [um] 5,642 6,050| 6,792| 8,164 | 7,987 6,791 ODe | 0.00 | 0.00| 0.00f -42Q -1.74 -0.70
h[um] |5,642|6,050| 6,792| 2,694 | 3,473| 6,791 %]
V [um?] 94 116 | 164 94 116 164
The other results of single and multiple light seaihg
¢l 1,000/ 1,000] 1,000] 3,031 2,300] 1,000 simulations are mentioned in table 9. The relatiianges

of the optical density caused by the osmotic pres§intom
300 mosm to 131 mosm) are comparable for two models



—56.5% for sphere and -54.3% fgpheroid. The normalized The effect of osmotic pressure variation on theicapt
optical densityOD,,m Shows that erythrocytes modelled by density as a function of hematocrit at the wavelerg 800
spheroid are more transparent, but the optical ifens nm is presented in table 11. The changes of osmotgsure
changes versus osmotic pressure are the same whdiac (the shape of erythrocyte) cause the same effeah th
both models. The differences between the modelsi\@to mentioned above — small sensibility decreasing ofiets
excide 5% (relative optical densi@D,e). These differences (maximum about 10% for minimum osmotic pressurdje T
are smallest for lower osmotic pressure when thelifferences between the sensibilities are smatian 2% and

erythrocyte shape is close to the sphérel (0). between the models do not exceed 4.3%.
5.3. Hematocrit 5.4. Oxygenation

The normalized relations between optical densitd an The optical density changes for saturated and non-
hematocrit for normal conditions are presentedbie 10. saturated haemoglobin reach about -82% for bothetsod

For incident wavelength 800nm optical density risbsut  (difference smaller than 0.5%) — table 12. Theedéhces
100% (hematocrit changes from 30% to 60%). The ghan between absolute values of optical density for sphmeodel
of the wavelength to 632.8 nm decreases sensiluifitthe  and spheroid model do not excide 3.7% for bothra&td
models (maximum about 20% for non-saturatecand non-saturated haemoglobin.

haemoglobin), but in the same way for both modeélse Table 12. Optical density for saturated and non-sairated

difference_s of sensibility between the models dbexzeed haemoglobin, HCT=40% A=632.8 nm.
2% The differences between the models are smalar 5.1
% ODHbOZ ODHb lOO*(ODHbOZ'ODHb)/
' ODyy  [%)]
Table 10. N lized optical densi h i
ane ormalize n?,?f;ff‘cyg;i'fy versus hematacat sphere| spheroid sphere spheroid sphere spheroid
HCT | N[mm?® | ODnom | ODnom | ODnorm 0.3526| 0.3396| 1.8904 1.8517 | -81.3 -81.7
[%0] x10° 800nm | 632.8nm | 632.8 nm differences: (spheroid-sphere)/sphere [%]
Hb Hb HbO2 3.7 | --2.0 | 0.5

30 3.1915 0.742 2.876 0.54(
40 4.2553 1.000 3.801 0.709

50 5.3191 1.236 4.575 0.884
The presented work concerned simulations of siagk®
60 6.3830 1.486 5.168 1.071 multiple light scattering on the erythrocytes. Tmodels of
total changes 101 % 80 % 98 9 erythrocyte were used in computation: erythrocyteletied
30 3.1915 0.724 2846 0.516 by an oblate spheroid and erythrocyte modelled bgtere.
] The monodisperse distribution of random located
40 4.2553 0.958 3.724 0.683 erythrocytes was assumed. The numerical simulatmis
50 5.3191 1.195 4.566 0.843 osmotic pressure, hematocrit level and haemoglobin
60 6.3830 1.441 5175 1017 saturgtion influence on the phase function apd capti
density were analysed. The optical parametersdikghase
total changes 1009 81 % 96 ¢ function, extinction cross-section and albedo @& #ingle
erythrocyte were computed using the T-Matrix method
Table 11. Normalized density versus hematocrit fodifferent values of whereas the optical density was determined by tlomt®]

sphere

6. CONCLUSION

spheroid

osmotic pressure at 800nm. Carlo simulations. The erythrocyte parameters nreasu
HCT ODrorm OD1orm OD1orm experimentally in the conditions of normocytosis reve
[%] | P=300mosm | P=217mosm | Pi=131mosm selected from the literature as the reference.
30 0.742 0.768 0.783 Thg obtained results show that 'the' .erythr.ocyte ahap
o used in the models do not have a significant impacthe
2 40 1.000 1.000 1.000 character of the analysed dependences especiatigsi of
73 50 1.236 1.257 1.237 multiple scattering. The differences between the
“behaviour” of the models were on the level of gale
60 1.486 1.496 1.474 percent,
total changes 101 % 95 % 88 %
= | 30 0.724 0.755 0.776 ACKNOWLEDGMENTS
o
o | 40 0.958 0.983 1.007 Article published with the support of the Foundatfor
& | 50 1.195 1.231 1.225 Polish Science.
60 1.441 1.473 1.477 REEFERENCES
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