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?HHekuuoHHan kauHudeckas boavHuua Ne 2 lenapma-
menma 30pasooxparerus, Mockea

UcTopusa npumeHeHUs 6€3/1IMH30BOM MUKPOCKONUMU
B remMaTo/1Iorum IBAsSeTCS K1acCM4eckKumMm npuMmepom
6MOMEeaULIMHCKOM NHXXEHEPUUN, He NpUeMIeMON

B 4,0CTaTOYHOM Mepe NpodecCcMoHaNbHbIMU
Meaukamu. U3-3a aToro guarHoctTuveckas LLeHHOCTb
MeToza He 6bl71a 3aMevyeHa TakumMm o6pas3om, Kak

3TO MOr/10 6bl NPOU3ONTY B C/Iy4ae NpaBUIbHOM
paccTaHOBKM NpuopuTeToB. B HacToswen pabote
paccmaTpuBaeTCs HOBbI MeTOA FreMOLUTOMETPUM

M KOJINYECTBEHHOTr 0 aHaIM3a GOPMEHHbIX 3/IeMEeHTOB
KpPOBM Ha 4une. MeTop OCHOBAH Ha LWINPEeH-
npoekuusax o6pasia KpoOBU Ha NJIOCKOCTb AeTeKkTopa
v Busyanmsaumm (poTomeTpryeckoM KapTUpPOBaAHUM)
Ha ypOBHE OAVHOYHbIX KJIeTOK C MIPUMEHEHUEeM
doTomeTpuyeckon mogenu Jlommens-3enurepa. 1o
Nno3BoJisSieT BU3yaIM3MpoBaTh KJeTkn B 06beme 6e3
MCMNoJ/Ib30BaHMS 06bEMHOro CKAHMPOBAHUS UK
onTuyeckon Tomorpaduu. NpmuBoasaTcs pesynbTaThl
KaZIM6poOBOYHOI 0 UCMOJIb30BAHUSA JAHHOW TEXHUKU
Ha npuMepe K/1IeTOK KpOBU HOpMaJibHOTo (YC/10BHO
3[,0pOBOro) fOHOpa.

1. BBEAEHWUE

1.1. 3apy6exHbie paboTbl B 061acTu
6e3/1MH30BOM LUTOMETPUU HA Yune

ITepBble 3apybeskHBIe Pab0OTHL B 0671acTH 6€3THH30BOM

MHKPOCKOIIMK KPOBH M 6e3JIMH30BOM LIUTOMETPHUH

BocxomaT K 2008 romy, korma 6B AHHOTHPOBAHBI,
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In this work, a new method of hemocytometry

and quantitative analysis of blood cells on a chip

is considered. The method is based on schlieren
projections of a blood sample on the plane of the
detector and visualization (photometric mapping)

at the level of single cells using Lommel-Seeliger
photometric model. This allows visualization of cells
in the volume without using volume scanning or
optical tomography. The results of the calibration use
of this technique are given on the blood sample of the
conventionally healthy donor.

1. INTRODUCTION
1.1. Foreign work in the field of lensless
on-chip cytometry

The first foreign work in the field of lensless microscopy
of blood and lensless cytometry dates back to 2008,
when the basic and widely available technologies of
lensless on-chip cytometry were annotated and later
tested on reference samples. They were first tested
using normal erythrocytes, yeast cells and calibration
microspheres for metrological calibration [1], and
then applied for a simple morphometric analysis of
blood, which isolated red blood cells, white blood cells
and platelets [2]. These methods were based on the
use of standard types of CMOS image sensors. Such
standard photosensitive elements traditionally used
in most digital cameras, video and Web cameras, have
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a BIIOC/IEACTBHMM anpobupoBaHBl Ha pedepeHCHBIX
obpasuax sgeMeHTapHble U O0OIIEJOCTyIIHBIE TexX-
HUKHA 0e3TMH30BOM LIUTOMeTPHUHM Ha uume. OHHU
OBIIM ITPHUMeHEeHbl K HOPMAaJbHBIM 3PUTPOLUTAM,
KJIETKAM OPOKKeH M KaJIHUOPOBOYHBIM MHUKpoOCche-
paM [I711 MeTpPOoJIOrM4ecKol KaaubposkH [1], a 3aTem -
anpobKpoBaHbl AJISI IIPOCTOr0 MOPHOMETPHUECKOro
aHaaM3a KPOBH, BBIZE/ISIBIIEr0 SPUTPOLUTHI, KO-
LUTHI U TPOMO6OITUTEI [2]. laHHBIe MeToAbI 6a3HpoBa-
JIMCh Ha MCII0JIb30BaHU U CTaHJAPTHEIX TUIIOB KMOII-
MaTpull. Takue CTaHZAPTHBIE CBETOYYBCTBUTE/IbHEIE
37IeMEeHTbI TPaLUIIMOHHO HUCIIONB3YIOTCS B 6OJIBIINH-
cTBe LUUPPOBEIX $OTO-, BUAEO- U Beb- kamep, obma-
JAKOMUX KPacHBIM — R, 3eeHbIM - G M CHHUM - B
KaHaJaM{ PerucTpallMU I[BeTHOTO H300pasKeHHs.
B cTaHZapTHOM HUPPOBOH POTOTPadUU PerucTPUpY-
eMBbIM CUTHaJl ABJISIeTCS MHTerpaIbHOM XapaKTepH-
CTHKOM, cOBpaHHON C HeCKOJbKHUX ITHKCEeNIOB. B ciy-
yae KOHTAKTHOM paboThl C KJIeTKaMH KPOBH OLHOMY
nuKceny (B OLHOM TO4YKe KM300paskeHHs) COIIOCTaB-
JeH TONBKO OJHH IIBeT, I03TOMY CYyIIeCTBeHHBIM
TEeXHOJIOTUYeCKHUM MOOCTH KeHHEeM CTajl IIepexof
OT 0OBIYHOTO IIHPOKOIIOIBHOrO 6€3IMH30BOr0 MOHH-
TopuHTa B TexHHUKax LUCAS (Lensless Ultrawidefield
Cell [monitoring] Array for Shadow [imaging]) k criek-
TPO30HATBPHOMY/I[BETOBOMY MOHHUTOPHUHTY (Multi-
Color LUCAS) [1].

OnHaAKoO IepBUYHble BapHUALMK CXeMBl JaHHOTO
MeTofa OBIIM JHIIEHBl HECKOJbKHUX CBOHCTB, KOTO-
pble SBISIOTCS OyHAAMEHTAJbHBIMU IS AHUATHO-
CTHKH B peaJibHOM aHa/lH3e KPOBU. Bo-IepBhIX,
OTCYTCTBOBaJIa BO3MOXKHOCTb PaboThl C HeOKpalleH-
HBIMM KJIeTKaMH. II03TOMy IpH IepBOHAYa/IbHOM
HCIIONTB30BAHUU MeTO[a JIEMKOLIUTHI ITPHUXOAUIIOCH
IIpefBapUTE/NBHO OKPAIIHBAaTh. BO-BTOPBHIX, OTCYT-
CTBOBasia TpexMmepHas (3D) Bu3yanusauus GOpMEI
KJIeTOK KPOBH B obpasie. Bosee Toro, pekoHCTPYyK-
LMl B TeXHOJIOTHSIX Tolorpaduyeckoi 6e3arH30BOM
LIUTOMeTPHH Ha YuIle TpeboBasa, B IepPByI0 ouepeb,
crienuanbHON nudpoBor 06paboTku ("meKoHBOIIO-
nUK") OJ1s Iepexoa OT aMIUIUTYIHOTO royorpadu-
yecKkoro obpasa KJIeTKH K IIJIAHAPHOMY - He 0b6beM-
HOMY — ee PeKOHCTPYHPOBAHHOMY H306paskeHHUIO [3].
AHajoru4YHasl IO CJAOXKHOCTH IIpeJBapUTe/lbHas
obpaboTka Tpebyetcs A1 Ga30BOM roaorpaduu npu
0e3/IMH30BOM MHKPOCKONUHU [4], KOTopas Takxke He
IaeT ICeBIOTPeXMEPHBIX MM TPeXMePHBIX H300pa-
JKeHHUH KJIeTOK, HO TOJIBKO UX IUPpPaKIIHOHHBIE Kap-
THUHBI/ UHTepdepeHIIHOHHbIe IaTTepHbI. [locse mpo-
LleZlypbl BOCCTAHOBJIEeHUS 0 dase, C TOUKHU 3peHHUSs
MeTPOJIOTHYeCKOro obecriedeHHs, pe3ynbTaThl H3Me-
PeHHU Ha 6e3THH30BBIX YHUIIAX ~ MHKPOIIUTOMETPAX
CTAHOBSITCA OMM3KMMH K pe3y/lbTaTaM cueTa Kile-
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red - R, green - G and blue - B channels of color image
registration. In a standard digital photograph, the
recorded signal is an integral characteristic collected
from several pixels. In the case of contact work
with blood cells per pixel (at one point of the image)
only one color is matched, therefore a significant
technological achievement was the transition from
the usual wide-field lensless monitoring using LUCAS
(Lensless Ultrawidefield Cell [monitoring] Array for
Shadow [imaging]) to multispectral/color monitoring
(Multi - Color LUCAS) [1].

However, the primary variations of this method’s
scheme had been deprived of a number of properties
which are fundamental for diagnostics in a real
blood analysis. Firstly, there was no opportunity
to work with unstained cells. Therefore, during
the initial use of the method, leukocytes had to
be pre-stained. Secondly, three-dimensional (3D)
visualization of blood cells form in the sample was
absent. Moreover, reconstruction of a holographic
lensless on-chip cytometry technology required, first
of all, a special digital processing ("deconvolution")
to transit from the amplitude holographic image of
the cell to its planar (not volumetric) reconstructed
image [3]. Similar pre-processing is required for
the phase holography in lensless microscopy [4],
which also does not give pseudo-three-dimensional
or three-dimensional image of the cells, but only
their diffraction/interference patterns. After
recovery procedure in phase, from the metrological
viewpoint, the results of measurements on lensless
chips - microcytometers, become close to the results
of cell counting using conventional clinical laboratory
impedance Coulter counters [4]. This fact makes it
possible to talk about the prospects for the automatic
interpretation of leukocyte blood count by methods
of lensless holographic cytometry on selective
chips [5].

Since it is difficult to develop a metrological
certification method for a fluorescence cytometric
method that is implemented on a chip (CMOS image
sensor), the efficiency of analysis, counting and
classification of cells using this method is low. The
reason lies in the fact that almost all cell types
are displayed by the time integrated signal in the
form of a Gaussian peak of diffuse luminescence,
and the task of separating emission and excitation
beam on a chip is difficult and almost unbridgeable
for the users without special background in physics.
Therefore, the problem of metrological certification
of the fluorescent cytometric method has not yet
been solved [6]. From the point of view of ensuring
traceability to the standard (metrological assurance
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TOK C IIOMOIIBI0O OOBIYHOro 1ab60paTOPHO-KIMHUYe-
CKOT0 MMIIeIaHCHOIo c4yeT4yrKa KoynTepa [4]. 3ToT
$aKT maeT BO3MOKHOCTb TOBOPDUTh O IePCIIeKTHUBAX
ABTOMATHYeCKON HHTepenpeTaliiu JeNUKOLUTap-
HOM GOpPMYJIbl KPOBHU TEXHOIOTUSMHU Oe3THH30BOM
rojgorpaduvecKorl LHUTOMeTPHH Ha CeJleKTHBHBIX
yumnax [5].

Tak Kak TPyJHO pa3paboTaTb MeTOLUKY MeTPOJIO-
TUYeCKOM aTTecTalluu (IyopecLieHTHOro ILIUTOMe-
TPUYeCKOro MeTofa, MMIJIEMeHTHPYeMOro Ha YHIIe
Ha KMOII-maTpune, To 3¢PeKTHBHOCTh aHA/IM3a,
rojcyeTa M KIACCUPUKALMUU KJIeTOK IIPHU HCIIOIb30-
BaHMWH JAHHOIO MeTofa HHM3Kasd. [IpyYrHa KpPoeTcs
B TOM, YTO IPaKTHUYeCKH BCe THUIIbI KJIETOK 0Tobpa-
SKAIOTCSL B HeM HHTerPajibHbIM I10 BpeMeHH CHTHa-
JIOM B BHJe rayCCOBOro IHUKa JUPPY3HOrO CBeUeHM S,
asajava pasjeneHUsI SMUCCHUU U ITy4YKa BO3OY>KIeHU S
Ha YMIIe SIB/ISIeTCS CJIOKHOM K MPaKTH4YeCKH HeIlpe-
OMONUMOM [JIsl I07b30BaTeler (C HeQU3UUECKUM
obpasoBaHHeM, II0 KparHeH Mepe). [10o3TOMy IPO-
671emMa MeTpOIIOTUYeCKOM aTTeCTalluU QIyopecieHT-
HOTO LITUTOMETPHUYECKOT0 MeTO/a [TI0Ka He pelIeHa [6].
C ToukHu 3peHHs obecredeHHUs IIPOC/IEKHUBAEMOCTHU
K 3TaJIoHY (MeTposIoru4eckoe obecrieueHue eJUHCTBA
HM3MepeHHH) MeHbUIYI0 MeTOAMYeCKYIO IOT PeIIHOCTh
JaeT MeTol IUbdepeHIIMaTIbHOIO HHTepdepeHIIU-
oHHOro KkoHTpacta (DIC) Ha uwmme. [ HpHUMeHe-
HHUS 5TOr0 MeTofa TpebyeTcs IIPOBECTH TOHKYIO IIOA-
CTPOMKY OJHOOCHOTO KPHCTAa/I/Ia M IIOIJIOMIAIOLIEro
aHanusaTtopa [7]. IlpudyeM MeTon BbIJaeT IICEBOL-
BeTHBle M300paskeHUs (B criy cBOMCTB DIC-Mertorna,
3KBHBAJICHTHO MCII0/Ib30BAHUIO OIITUKHU Homapckoro
unu Ilnyto). B romorpadpuyeckom ciydae € HUCIONb
30BaHHEeM HeKOTepeHTHBIX HCTOYHHKOB LHdpoBas
obpaboTka romorpaMm, IOTYyUYEHHBIX C HCIIONb30Ba-
HueM DIC, BoccTaHaB/IMBaeT OUPdepeHIIHalIbHOe
da30Bo-KOHTpaCTHOe Hu306paskeHHe obpaslia B KU PO-
KOM I10j1e 3peHHUs (24 MM?).

Eme oguH IyTh, BeAYLWHUI K YIYYIIeHHIO MeTPO-
JIOTUYeCKUX XapaKTEePUCTUK AHATUTUKU B 6e3-
JMH30BOH TrojiorpaduvyeckKor IMTOMETPUHU KPOBH,
3TO — QJITOPUTMHYecKoe (TO ecTb HMILIeMeHTHpYye-
MO€ C MCIIOJIb30BAaHHEM KOMIIBIOTEPHBIX IIPOrPaMMm
Iy 0bpaboTky M300paskeHHI) yBelH4YeHHe paspe-
IIeHUS — MeToJ, CBepxpas3pelleHHs CyOIHKCeTHOro
YPOBHSI IHCKpeTH3aluu [8]. Jo HemaBHero Bpe-
MeHH Pe30/IbBOMeTpHYecKHe CBOMCTBA M CJIOKHOCTh
06paboTky MHOOPMALUK TosorpaduyuecKux LIUTO-
MeTpOB Ha YHIle IIPelSaTCTBOBANIM HX BHeJPeHHIO
B J1abOpaTOPHO-AMArHOCTUYECKYI0 K KIHMHHUYECKYI0
IIPaKTHKY.

C TOYKH 3peHHS OUATCHOCTHKH, IpeLefeHTh
reMaToJIOTUYeCKOro BHeAPeHHUsl Oe3JIMH30BOM IOJ-
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of the uniformity of measurements), the method of
differential interference contrast (DIC) on a chip gives
a smaller methodological error. To apply this method,
it is required to fine-tune the uniaxial crystal and
the absorbing analyzer [7], and the method produces
pseudo-color images (due to the properties of DIC,
equivalent to the use of Nomarsky or Pluto optics).
In the holographic case using non-coherent sources,
digital processing of holograms obtained using DIC
reconstructs the differential phase-contrast image of
the sample in a wide field of view (24 mm?).

Another way to improve metrological
characteristics of analytics in lensless holographic
blood cytometry is the algorithmic (i. e., implemented
using computer programs for image processing)
increase in resolution - the method of sub-pixel super-
resolution [5]. Until recently, resolvometric properties
and the complexity of processing information on
holographic on-chip cytometers prevented their
introduction into laboratory diagnostic and clinical
practice.

From the point of view of diagnostics, the
precedents of hematological introduction of lensless
holographic on-chip cytometry are of a piece nature,
mainly limited to the field of medical parasitology
at the level of individual non-clinical self-diagnosis
in third world countries and developing countries.
Thus, compact devices of super-resolving holographic
on-chip lensless microscopy were tested for the
automated diagnosis of malaria [9]. The accuracy of
the diagnosis of this disease (i.e., the identification
of Plasmodium falciparum, and P. vivax using a
certain database) is automatically indicated by the
use of crowdsourcing platforms and identification
of blood cells without verifying the results of the
analysis, since the systematization of the material
in the case of building a database for the detection of
malaria plasmodia was carried out by non-specialists
in the order of the "network game" [10]. Obviously,
and it goes without saying that with any metrological
accuracy of a holographic lensless cytometer as an
optical device, this method, when using incorrectly
validated morphometry databases, cannot be accepted
by physicians for incorporation into diagnostic
technology.

Probably, this circumstance gave rise to the
rejection of the method among the specialists
involved in the development of holographic
cytometers. Therefore, already in 2013, they switched
from the idea of lensless cytometry to the ideas of
democratization of hematological analysis in general,
including on camera phones, which had already
appeared by that time [11]. The main advantage of the



RRRRR RN RN R N R R R RN R R R NN AR R RN NN R A AR RN RN
I BIOPHOTONICS m
RRRRR RN RN R N R R R RN R R R NN AR R RN NN R A AR RN RN

rpaduueckorl LIUTOMeTPUH Ha YHIle MUMEIT IUTY4Y-
HBIM XapaKTep, I peHuMYIlecCTBeHHO OTPAaHHUYHBAsICh
0671aCcTBI0 MeIUIIMHCKOM MTapa3UTONIOTUU Ha YPOBHe
HHAHWBUYaNbHONM HeKJIHHHUYEeCKOH CaMOIHarHo-
CTHUKU B CTPaHaX TPeTbero MHUPa U Pa3BUBAIOLIUXCS
cTpaHax. Tak, alpobUpoBaHbl KOMIIAKTHBIE YCTPOM-
CTBAa CBepxpaspellalollerl rojorpadpuyeckor 6e3-
JTMH30BOK MHKPOCKOIIMM Ha YMIIe /IS aBTOMaTH3H-
POBAHHOM JAMATHOCTHKH MasgapHH [9]. O TouHOCTH
OUArHOCTUKH 3Toro 3aboneBaHus (TO eCTh UAEHTHU-
¢éukanuu Plasmodium falciparum, P. falciparum
u P. vivax 1o HeKOTOpoI 6a3e HaHHBIX) aBTOMAaTH-
YeCKH TOBOPUT (aKT IIPHUBJIeUeHUS KPayIdCOPCHH-
TOBBIX IIJIATGOPM M HIEHTPHUKALMU KIeTOK KPOBH
6e3 BepuPHUKALIMH Pe3y/JbTaTOB aHanu3a. [loToMy
YTO CHCTeMaTH3alMsl MaTepHasa B cJlydae [OCTpoe-
HUS 0a3bl JAHHBIX [AJISI OIIpee/IeHUsT MaJISIPUIHBIX
IJIa3MOAKeB OCYILIeCTB/Is/Iach HeclelHalhcTaMHu
B mopsaKe "ceTeBor UIphl’ [10]. OUeBUAHO K CaMoO
coboil pasymeeTcs, UTO IPH JO60OH MeTpoloruye-
CKOM TOYHOCTH Trojorpadudeckoro 6e3n1HMH30BOro
LUTOMeTpa KaK ONTHYeCKOro YCTPOMCTBA, 3TOT
MeTOf, NP HCIIO/NIb30BAHHU HEKOPPEeKTHO BaJIMIU-
POBaHHBEIX 6a3 HaHHBIX MOPQOMETPHUU He MOXKeT
OBITb IPUHST MeJHUKaMHU [JIsl BHeIPeHHUS B TeXHUKY
JHUarHOCTHUKH.

BeposiTHO, 3TO 06CTOSITE/ILCTBO MOPOAM/IO HEIlpH-
ATHe MeTOfa B Cpelle CIELHMAJIHUCTOB, 3aHHMAaB-
IIHUXCSL pa3paboTKoM ronorpadpuyeckKux UTOMETPOB.
IlosaTomy yske B 2013 ropy OHHU IIepellIH OT HUOeH
0e3TMH30BOM ILIUTOMETPUU K HIEeSM HeMOKpaTH3a-
LIMKM FeMaTOJ0rMYecKoro aHajlu3a BooOIle, B TOM
4YHCJIe -~ Ha KaMepodoHax, ysKe IOSBUBIIHXCA K TOMY
BpeMeHH [11]. OCHOBHBIM IIpeHMYINEeCTBOM MeToAa
0e31MH30BOM IUTOMETPHUH OCTaBaaach KOMIIAKT-
HOCTb CHCTeM H3-3a OTCYTCTBHSI OIITUYECKOro TPaKTa
Ha J/IMHUKU CKAaHUPOBAaHMS M OTCYyTCTBHUS JIMH3.
9TO, B CBOIO O4epe/b, ONpeessylo IKOHOMUYECKYI0
3¢ pekTUBHOCTE MeToza. IIpu 3ToM 3PpPeKTUBHOCTD
Uan pobacTHOCTh (Hame>KHOCTB) MOJOOHBIX CHCTEM
OUArHOCTHUKHU JOCTHUTAeTCS y>Ke He 3a cueT H3HUUe-
CKOM IIPOCTOTHl 6€3/IMH30BOT0 KOHTAaKTHOIO LIUTO-
MeTpa, a B CHJ/Iy MCIIO/Ib30BaHHSI MOLIHEBEIX aJITO-
PUTMOB ITyOHHHOr0 0OyueHHS HEHPOHHBIX CeTeH,
OTBeYAIOIMX 33 MPHUHATHe [JHarHOCTHYeCKHX
pemenus [12]. Ho B mpoliecce BOCCTAHOBJIEHHUS a3
M PeKOHCTPYKLHHU To0rpadruecKoro u3obpaskeHus
TaK>Ke UCII0/NIb3YIOTCSl HeHPOHHBIe ceTH [13], TeXHHUKHU
MAaIIMHHOIO 00yueHMUs KOTOPBIX 3aHHUMAIOT MHOIO
BpeMeHH. DTO MOXeT, B CBOIO Oodepefb, CTaTh oYe-
PeAHBIM IIPemsATCTBHEM Ha IIyTH MCIIOAb30BaHHS
TeXHOJIOTHUN 0e3JIMH30BOM IUTOMETPHUM Ha YHUIIe
B IeMaTOJIOTHH.

i g

lensless cytometry method was the compactness of
the systems due to the lack of an optical path on the
scanning line and the absence of lenses. This, in turn,
determined the economic efficiency of the method. At
the same time, the efficiency or robustness (reliability)
of such diagnostic systems is no longer achieved
due to the physical simplicity of the lensless contact
cytometer, but due to the use of powerful algorithms
for in-depth training of neural networks responsible
for making diagnostic decisions [12]. But in the
process of phase reconstruction and reconstruction of
the holographic image, neural networks [13] are also
used, whose machine learning techniques take a lot
of time. This, in turn, may become another obstacle
to the use of lensless on-chip cytometry technology in
hematology.

The history of lensless microscopy in hematology
is a classic example of biomedical engineering, which
was not adequately accepted by medical professionals.
Because of this, the method yielded a much lower
heuristic/diagnostic value than would be the case
if the priorities were set correctly. If we consider
the product of medical use as the final result of
biomedical engineering, it is quite obvious that the
emphasis of measurements should be placed in the
field of diagnostic qualimetry rather than metrology;
in the field of not so much engineering as hematology.
Croups of researchers who worked on this topic
with a greater emphasis in the biomedical area, by
definition, are more focused on medical practice and
clinical approbation of the system than on permanent
improvement of metrological parameters when
creating a recording device.

1.2. Domestic development of lensless
on-chip hemocytometers

In Russia, work on lensless on-chip cytometry has been
going on since 2009, if we consider the development
of devices that are applicable in hematology. But
experiments on phase correlometric analysis of the
signal of biomedical objects from charge-coupled
devices and CMOS image sensors have been conducted
since 2007 by groups of authors of this article. The
groups obtained the results of experiments using both
laser and non-coherent radiation sources. A number
of works carried out earlier in the framework of
the Russian collaboration (institutes of the Russian
Academy of Medical Sciences, departments of
higher educational institutions in physiological and
anatomical specialties), have led to a number of key
results that have not yet been achieved by foreign
teams. The basic list of results includes the following
works:
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HcTopust IpUMeHeHHUs! Oe3THH30BOM MHKPOCKO-
IIMH B IeMaTOJIOTHU SIBJISeTCS KJIACCHYeCKHM ITpH-
MepoM OHOMeIMIIMHCKOM HHKeHepHUH, He IpHeM-
7eMOH B JOCTAaTOYHOM Mepe IpodecCHOHAaTbHBIMH
MeJHUKaMH. H3-3a 5TOro MeTof IIpHHEeC MHOIO MEHb-
IIyI0 3BPHUCTHYECKYIO/IHAaTHOCTUYECKYI0 I[eHHOCTD,
YeM 3TO MOIJIO 6bI IPOM30MTH B C/Iyyae IIPaBUIBHOM
PacCTaHOBKM MNPHOPUTeTOB. EC/IM paccMaTpHBaTh
KaK HUTOTOBBIA Pe3yl1bTaT OGHMOMEeTHILIMHCKOM HHKe-
HEPUM IIPOAYKT MeIHILIMHCKOIO IIPHMEHEHHUs, TO
OOCTATOYHO OYEBHUAHO, UTO aKLEHTHl H3MepeHUM
ClelyeT pacCTaBIIsITh B 06/1aCTH He CTOJIIBKO METPOJIO-
THH, CKOJIBKO KBAJIMMETPHHU JUATHOCTUKH; B obia-
CTH He CTO/IBKO MH>KeHePHUH, CKOJIbKO FeéMaTOJIOTHH.
[pynimel ucciemoBartener, paboTaBuive Haf ZaHHOM
TeMaTHUKOM C OONBIIMM aKIeHTOM B OHOMEeIHIIMH-
CKOM 061aCTH, IO OIpefiesieHHIo 60JIbIle OPHEHTHUPO-
BaHbBI Ha MeJUI[MHCKYIO IIPAKTUKY M KIMHHUYECKYI0
anpobaIiyio CUCTeMBI, YeM Ha IIepMaHeHTHoOe pelle-
HUe MeTPOJOTMYeCKHX 3aJad IIPU CO3JaHUH Peru-
CTPUPYIOIIEro yCTPOMCTBA.

1.2. OTeyecTBeHHble pa3paboTku
6e311MH30BbIX remMmoumToOMeTpoB Ha yune

B Poccuu paboThl o 6e371KMH30BOM LIUTOMETPHUH Ha
yuIe BeayTcsa ¢ 2009 roma, ecid yYUTBHIBATh pas-
paboTKH KOHCTPYKIIUM, NPHUMEHHMBIX B TIeMa-
ToJloruu. Ho 3KcmeprMMeHTH 110 ¢$a3oKoppeomMe-
TPHUUECKOMY aHA/IIM3y CUIHalIa OMOMEeZHUIIMHCKHX
06BeKTOB ¢ IMPUOOPOB € 3apsoBOL CBsi3bi0 1 KMOII-
MmaTpull BenyTrcs ¢ 2007 roma rpymniamMu aBTOPOB
OAHHOM CTaThU. ['pyIlIa ITOJy4H/Ia Pe3y/lbTaThl 3KC-
IIePUMEHTOB KaK C KMCII0/Ib30BAHMEM JIa3ePHBIX, TaK
Y HEeKOIepeHTHBIX MCTOYHHKOB H3AyUYeHHS. Pap
paboT, BHIIIOTHEHHBIX paHee B paMKaX POCCHHICKOM
Komnabopauuu (MHCTUTYThl PAMH, BBIIycKalomiue
Kadenpsl By30B 110 QM3HOJOTHYECKMM H aHAaTOMM-
YeCKHM CIIeIIMa/IbHOCTSAM), IIPHUBeIH K IIOTy4YeHHUIO
PAna KIIOYEBBIX Pe3y/abTaToB, He pelllaeMbIX 3apy-
6e>kHBIMHU KOMaH/AaMH. B 6a30BBIF CITHCOK pe3y/bTa-
TOB BOILTK PAbOTHI, B X0/le KOTOPBIX:

1. Iloka3aHa IPUMEHHMOCTb 6e3HH30BOTO
crek/1-UHTepdepoMeTpryueckoro, 6e3THH30-
BOT'0O CIIEKJIOIPaQHUYeCKOro aHa/lIKM3a He TOJIbKO
I718 U3MepeHHH W HJeHTUQUKALIMH 3PejIbIX
GOpMeHHBIX 3JIEMEHTOB KPOBU H IIOJIYyYeHUS
KaK UTOTOBOIO pe3y/lbTaTa paCIIMPeHHOU JIek-
KOLIUTapHOX (OPMY/IBl KPOBH, HO U AJISI aHa-
7IH33 NPoSHPepaTHBHON aKTHBHOCTH M OHO-
bepeHIIMPOBKU ([ KIETOK KOCTHOIO MO3ra
M Ha MOJeNbHBIX KyabTypax) [l14]. Ilapan-
JIeJIBHO, B paMKaX MHHUIMATUBHBIX HHUP OBLIN
HalZleHbl aJleKBaTHBle aNNpPOKCHMAallHUHU
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1. The applicability of lensless speckle-

interferometric, lensless speckle imaging
analysis is shown not only for measuring and
identifying mature blood cells and obtaining,
as a final result, an extended blood leukocyte
formula, but also for analyzing proliferative
activity and differentiation (for bone marrow
cells and on model cultures) [14]. In parallel,
within the framework of initiative research,
adequate approximations were found for the
morphology of different types of cells (Poincaré
and Henon, Chirikov and Gumovsky-Mira,
Kepler, Volterra, Dufing and Henon-Heiles) [15].
The result of this work was the creation of
on-chip cytometers (hemocytometers) in 2009-
2011 with a microfluidic chip in the format of
chambers for counting blood and cerebrospinal
fluid cells, using the grids of which monitoring
of the resolution of the reading chips ("on-chip
resolvometry") is performed [16, 17].

For automated morphometry and cell
classification in lensless cytometry, one of the
authors of the articles [16-18] (Notchenko A. V.)
created a program of deep learning. Its work
has been tested both on stained blood samples
and on nerve tissue sections. The compatibility
of the multi-axis system of robotized sample
positioning on Fedorov’s automated table
(which determines in part the metrological
advantage of our development with respect
to foreign analogues) and the cell scanning
system in laboratories on a chip (in particular,
blood cells) was ensured. In the articles [19,
20] a three-dimensional reconstruction of
blood cells is performed (see Fig. 10 in these
works and the corresponding Fig. 2 in this
article), which is absent in the works of
foreign peers. Such visualization can be used
not only for cytometry purposes, but also for
aggregometry and coagulometry. In other
words, reconstruction by slices (i.e., optical
slices) could be performed not only in two-
dimensional, but also in three-dimensional
form, as well as identification of cell types. Fig.
1, 2 explain this approach and the results of its
application to blood cells (visualization of the
aggregation of red blood cells).

On membrane-mimetic model structures with
a specific for morphometric determination
of hemolytic anemia and adjacent states
morphology, the applicability of the algorithms
and laser diagnostics of membranopathies
(on models of microspherocytes, elliptocytes,
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Iis MOpGOIOTHUH Pa3HBIX
THUIIOB MOJEJIbHBIX KJjIe-
Tok (IlyaHKape U XeHOHa,
Yupukosa u I'yMOBCKOro-
Mupa, Kemmepa, Boib-
Teppa, JodruHra U XeHoHa-
Xeiineca) [15]. Pe3ynbraToM
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CETOK KOTOPBIX ITPOBOAHTCS Puc. 1. [Mpumep pacwugpposku cneka-mukpopomozpapuu knemok 8 NO
MOHHTOPHHI pa3pelrar- Graph_Speckle_Analyzer (aemop A. B. Homu4eHko) (a) u 0kHo mpexkaHanbHol
MeHd CII0COBHOCTH CUUTHI- cnekmpo3oHanbHol ycmaHosku Contourplot parameters, 8kalouas Homepa onmu-

yeckux cpe3os (cAalicos) u KoAUYECmMB0 KOHMYpHbIX AuHUl uzopom (b)
" Fig. 1. An example of deciphering speckle micrographs of cells in
MeTpud Ha wune’) [16,17]. i Graph_Speckle_Analyzer software (by A. V. Notchenko) (a) and the window of
2. Ams  aBTOMaTH3HUPO a three-channel spectrozonal unit Contourplot parameters, including the numbers
BaHHOM MOpdOMeTpUH of optical sections (slices) and the number of contour lines of isophots (b)
U KJIaCCUPUKALIUM KJie-

TOK IIpU 06e3JINH30BOU

LIUTOMETPHUHU OJUH U3 aBTOPOB cTaTel [16-18]
(HotueHKo A. B.) co3man nmporpamMmy riny6buH-
Horo obydeHus. Ee pabora ampobupoBaHa
KaK Ha OKpaIIeHHBIX ITperapaTax KpoBH, TaK
M Ha cpe3axX HepBHOM TKaHH. Bruia obecrme-
YyeHa COBMECTHMOCTh MHOTOOCHON CHCTEMBI
pOoOOTH3HMPOBAHHOIO II03MLIHOHUPOBAHUS
obpasia Ha aBTOMAaTH3UPOBAHHOM CTOTHKE | ,
denopoBa (ompepensiiomeM OTYAaCTH MeTPO-
JoruyecKkoe IIPeMMYIIecTBO Halled paspa-| 3
OOTKH II0 OTHOLIEHHUIO K 3apybeskHBIM aHa-
JoraM), U CHCTeMBl CKAaHHUPOBAHHUS KJIETOK | 2
B nabopaTopusax Ha 4yuIe (B 4aCTHOCTH, KJje-
TOK KpoBH). Tak B cTaThsx [19, 20] moka3aHa | 1
TpexMepHasi PeKOHCTPYKIIHS KJIETOK KPOBH
(cm. puc. 10 B maHHBIX paborax u coorBer- | O
CTBYIOIIMIK MM PHUC. 2 B HACTOSIEH CTa-
The), UYTO OTCYTCTBYeT B paboTax 3apybeskHBIX
Kojaer. Takas BH3yaJaH3alLlHds II03BOJISIET
HCII0/IB30BaTh pa3paboTKH He TOJIBKO B LIeJISIX
OUTOMETPHH, HO H [IJid arperomMeTpHu Puc. 2. OnpedeneHue pacnpedeneHusl azpezupyroujux ¢op-
M KOAryJIoMeTPHUU. UHBIMU CJIOBAMU, PEKOH- | MeHHbIX 3AeMeHMO8 8 MPeXmMepHOM NpOCMpaHcmee, 8 06o-
CTPYKLHSA 110 clanrcam (TO eCTh OIITUYECKUM eme Memooom /ISJBEPHO;O monono2u4ecKko2o cneka-aHanusa
cpe3aM) Morjia IMPOU3BOAUTHCSA He TOJIBKO ¢ susyanuzayueu no Sunepy-BenHy ,

B [BYMEDHOM, HO H B TPeXMEpHOM BapH- Fig. 2. Determination of the distribution of aggregating

blood cells in three-dimensional space, in the volume by the
AHTe, PaBHO KaK W MAEHTUQUKALMUS THUIOB | o0 of [aser topological speckle analysis with visualization

KJIeToK. PHC. 1, 2 OSCHSAIOT JAHHBIU II0JXO[ according to Euler-Venn
U pe3yJIbTaThl ero NpUMeHeHHs K KJIeTKaM

BAIOIMUX YUIIOB ('pe30/1bBO-
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KpOBU (BH3ya/lM3alusl arperaliiu 3pUTPO-
IIUTOB).

3. Ha MeMbpaHOMHMETHYECKUX MOJeIbHBIX
CTPYKTypax cHeuudUYecKou Ias Mopdome-
TPHUUECKOTO OIIpefie/IeHUsI TeMOTHUTHYeCKUX
aHeMHH U CMEXHBIX COCTOSSHUHI GOPMBI IIPO-
OeMOHCTPHUPOBAaHAa IIPUMEHHMOCTb aJjIro-
PUTMUKHU JIa3epHOM AMATHOCTHUKH MeMbpa-
HOMaTUM (Ha MoJensdX MHKPOCHepOoLHUTOB,
3JUIMIITOLUTOB, CTOMATOLMTOB, SXHHOLU-
TOB, aKaHToLHUTOB) [21]. K Hamemy coxaie-
HHUIO, B CHJIy MaTepHabHO-TeXHHYEeCKHX
OrpaHHUYEHHUMN [JIsl BaJUJALUM, IIpPUBEH-
IIMX K HeBePHOM HHTepIpeTalluu HEeKOTO-
PBIX MO3HUIIUH U MexaHH3Ma GOPMHUPOBAHHS
3D-u30bpaskeHHs, yKa3aHHasl CTaThsl MOXKeT
PacCMATpPUBAThCS KaK YaCTHUYHO OIIMOOYHAS
1 He MOXeT [I0 BBIXOJA HAIIMX C/IeyHMUX
pabor B 3TomM obnacTu OBITH HCIIOAB30BAHA
B LleI9X UAeHTUHUKAIIUHU TUIIOB KJIETOK.

4. TIpenyiokeHa CXeMa KapTHPOBAaHHUSI HEONTH-
YeCKUX XapaKTepUCTUK KJIEeTOK/HeOoITHUe-
CKHUX MeTOK B 0e3JHMH30BOM LIUTOMETpe Ha
4yHIe. B ee oCHOBe - MCIIO/NIb30BaHHUE IPeob-
pasoBaTesell CHUIHajla THUOPUIU3UPYeMBIX
areHTOB C HeONTH4Yeckod (OpMOM CHIHaza
B ONTHYECKHUI CHUTHajl C MO3HUIJMOHHOM 4YYyB-
CTBUTE/NIBHOCTBIO (I10[ THOPUAM3HUPYyeMBIMH
areHTaMH II0[Pa3yMeBaIOTCS KMMMYHOMAr-
HUTHbIEe YaCTHLBI, PaJUOMU30TOIIHbIE METKH,
KpacUTesH, HCIOJb3yeMble B KauecTBe areH-
TOB  GOTOAMHAMHUYECKOM [JHUArHOCTHKH,
doTomHMHAMUYECKOM TepalHH, KOTOpble BO3-
Oy>kKHAIOTCSI UCTOYHHUKAMHU H3/Iy4YeHHUS] HeOoIl-
TUYecKoro AguarasoHa; etc.). To ecTb IIpoHC-
XOOUT MPHUBSA3KAa K KOHKPEeTHBIM KJeTKaM
U HAeHTUQUKALUS C KOHKPeTHBIMM KJIac-
CaMM KJIeTOK B 6a3e JaHHBIX, IOMOJHSEMOHN
TeXHUKaMH{ MAaIIMHHOTO obydeHHs C ydHTe-
neMm [22,23]. B 4acTHOCTH, B HeJaBHEM IIpO-
moM 6pla oTpaboraHa mHporpamma Ais
M3MepeHUH Ha remouuTtobinacrax (B 3KCIepH-
MEeHTa/IPHBIX YCJIOBHUAX) [24]. AHanmorudHas
IIporpaMma aHHOTHPOBaHA [/ NPOBeJeHHUs
pabot B ob1actu numonoru [25].

Llenpi0 JAHHOM pabOTHI SIBJISIETCS IeMOHCTPALHS
3BPUCTHYECKON IIeHHOCTHU pe3yIbTaToB, Ioaydae-
MBIX C OTeYeCTBEHHOM KOHCTPYKLUHU Oe3THH30BBIX
LIUTOMETPOB Ha 4wuIme. Pa3spaboTka I03BOIsSeT He
IPUMeHSITh Ha CTafUU cOopa MepBUYHBIX JAaHHBIX
rojnorpaduyeckrde TeXHOJOTHH, a HCII0Nb30BaTh
nns cbopa DAHHBIX MHOTOYIJIOBOe CKAaHHUPOBAaHHUE
C IJIAHAPHOM MATPHULBL. B cTaThe JeMOHCTPUPYIOTCS
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stomatocytes, echinocytes, acanthocytes)
is demonstrated [21]. Unfortunately, due to
financial and technical limitations for
validation, whichled toincorrectinterpretation
of some results obtained, this article can be
considered as partially erroneous and cannot
be used to identify cell types until our next
works are published.

4. A scheme for mapping mnon-optical

characteristics of cells/non-optical labels in
a lensless on-chip cytometer is proposed. It
is based on the use of signal converters of
hybridized agents with a non-optical response
to an optical signal with positional sensitivity
(hybridisable agents are immunomagnetic
particles, radioisotope labels, sensitizers used
as agents of photodynamic diagnostics and
photodynamic therapy, which are excited by
radiation sources beyond the visible spectral
range; etc.). That is, binding to specific cells
takesplaceandisidentified with specificclasses
of cells in a database updated by machine
learning techniques with a teacher [22,23]. In
particular, in the recent past, a program was
developed for measurements on hemocytoblasts
(under experimental conditions) [24]. A similar
program is annotated for work in the field of
lymphology [25].

The purpose of this work is to demonstrate the
heuristic value of the results obtained from the
domestic design of lensless on-chip cytometers. The
development allows not to use either holographic
technologies at the stage of collecting primary data,
or to use multi-angle scanning from a planar image
sensor for data collection. The article demonstrates
the methods/algorithms for processing data from
lensless on-chip cytometers. Their use will allow a
hematologist not to waste time on a preliminary
analysis of a hologram using a complex mathematical
apparatus.

2. MATERIALS AND METHODS
2.1. Design of a multi-angle on-chip
hemocytometer

The hemocytometer is built on a lensless CMOS image
sensor (for fixing sample images) with a radiation
source positioned at programmed angles/in different
coordinate systems. As a radiation source, we
used either spectral LEDs (red for AlGaAs, GaP and
AlGalInP; green for InGaN, AlCaP and GaN; blue for
ZnSe, InGaN and SiC), or laser diodes, or DPSS (diode-
pumping solid-state) lasers. The radiation of a laser
or an incoherent source was projected with a given
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MeTObl/ aITOPUTMBL 06paboTKU IaHHBIX C 6e3n1HH-
30BBIX IIJUTOMETPOB Ha uHIle. X IPUMeHeHUe [103BO-
JIUT IeMaToJIOTy He TPAaTUTh BPeMsl Ha IIpe/iBapH-
TeJIbHBIM aHA/JIM3 TOJIOIPAMMBI C HCIIOb30BAHHEM
CJIOKHOTO MaTeMaTH4eCcKOro aIapara.

2. MATEPUAJIbl U METO/ bl

2.1. KOHCTpyKLMS MHOroyr/ioBoro
remMmouuMToMeTpa Ha yune

CeMOIIUTOMETP HOCTpoeH Ha 6e3nmH30BoM KMOII-
Martpule (mis ¢urcauum muszobpaskeHUN ob6pasma)
C MO3ULMOHUPYEMBIM II0J IIPOrpaMMHPyeMbIMH
yI7aMH/B Pa3JIMYHBIX CHUCTeMaX KOOPAHHAT HCTOY-
HUKOM HM3Jy4YeHHS. B KadecTBe HUCTOUYHUKA M3JIy-
YeHHsI MBI HCIIOJIB30BaIK KO0 CIIEeKTPO30HAJIbHEIE
cBetomuonbl (KpacHsle - Ha AlGaAs, GaP u AlGalnP;
3ejedble - Ha InGaN, AlGaP u GaN; cuHue - Ha
ZnSe, InGaN wu SiC), nubo Jla3epHble JUOAbl HUJIU
DPSS-nma3eprl (TBepLOTEeIbHBIE JIa3€phl C AHOLHOM
HaKauKoM). M3JydeHHe Jla3epa MM HeKOIepeHT-
HOTO HMCTOYHMKA IIPOJMPOBANIM C 3aJaHHOM JMC-
KPeTHOCTBIO IIara Ha MaTpHILy, Ha KOTOPOH JIOKa-
nMu30BaH obpaser (KaIisi KPOBHU B MOAAeP>KHBAaeMBIX
YC/IOBUSIX).

B ommceiBaeMON cHUcCTeMe HcIonb3yeTcs KMOII-
ceHcop cmaptdona iPhone 4S ¢ pa3mepom IHKcena
1,4 MrM. /151 TO3SHLIMOHKMPOBAHU A HCTOYHKMKOB KM3J1y-
yeHus: (LED/DPSS) mop, pasHBIMU yIJITaMH HCIIOJIb-
30BaH IIAroBBIM ABHUraTenb. OH yIpaBisieTcs 4epes
aImnapaTHO-IIporpaMMHYyI0 cpeny "Arduino”’, mpuHU-
maromyw KomaHabl G-CODE - sg3pIKa IIPOrpaMMHUPO-
BaHM S YCTPOMCTB C YHCJIOBBIM IIPOrPAMMHBIM YIIPaB-
nenueMm (Electronic Industries Alliance, cranmapT
RS274D; takske - ctaHzaprt ISO 7-bit/ISO 6983-1:2009
unu TOCT 20999-83). IIporpammHoe obecredyeHHe
anmapara MMeeT BO3MOXKHOCTh COXpPaHEeHM S JaHHBIX
U Iepemavyd HX Ha DBM - mpuioxkeHue 645 PRO
Bepcuu MKIII [/1s perucTpaniy KadecTBeHHOH be3-
JTMH30BOM HMJUTIOCTPAIIMH B popMare co cKaTueM 6e3
roTepd (B YaCTHOCTH aJTOpUTMaMu JlemIlens-3KBa
u Jlemnens-3uBa-Benya gs TIFE).

2.2. MATEPUAJNDbI N OBPA3LLbI

Hcmonp30Banach KpoBb yCJIIOBHO-3/[0POBOrO aHOHHM-
HOTO JIOHOPA, aHaJIKU3bl KOTOPOTr0, COIJIACHO JAHHBIM
He3aBHCHMOH 71ab0paTOPHH, He MOKa3bIBAIM KaKHX-
nubo MaToIOruM, CIIOCOOHBIX BIHSTH Ha pe3ylIbTaT
M3MepeHHUN. [erapuHU3aLNI0 U LIUTPATHBIN 6ydep
IPUMEHSJIM TOJIBKO [ HEeKOTOPHIX KaJIHOPOBOY-
HBIX I1P06 C 3aBe;OMO HEMHPOPMATHUBHBIMU C TOUKHU
3peHHUs JUATHOCTUKH pe3ynsTaTaMu. Ha 6onbmert
4JacTH 1pob ObII0 UCC/IeIOBAHO TaKKe U 06pa3oBaHUe
MHKPOCTPYKTYp (0cobo, IpU JerugpaTaliuiy Ipobsr).

i g

step increment on the image sensor on which the
sample was localized (a drop of blood under supported
conditions).

The described system uses the CMOS sensor of the
iPhone 4S with a pixel size of 1.4 microns. A stepper
motor was used to position the radiation sources
(LED/DPSS) at different angles. It is controlled via
the Arduino hardware and software platform, which
accepts the commands of G-CODE, a programming
language for devices with numerical control
(Electronic Industries Alliance, RS274D standard;
also, ISO 7-bit/ISO 6983-1:2009 or GOST 20999-83
standards). The software of the device allowing to
save data and transfer it to a computer - MKIII version
of 645 PRO application for registering high-quality
lensless illustration in a lossless compression format
(in particular, Lempel-Ziv and Lempel-Ziv-Welch
algorithms for TIFF).

2.2. Materials and samples

A conditionally healthy anonymous donor’s blood
was used, the analyzes of which, according to data
from an independent laboratory, did not show any
pathologies that could affect the measurement
result. Heparinization and citrate buffer were used
only for some calibration samples with deliberately
uninformative diagnostic results. In most of the
samples, the formation of microstructures was
also investigated (especially when the sample was
dehydrated). Such samples were usually not subjected
to any preliminary sample preparation. The sampling
was carried out with a lancet-scarifier. Since the
time from sampling before analysis did not exceed,
as a rule, several minutes (considering the exposure
of the sample already on the chip, sometimes it
lasted longer, up to several tens of minutes), blood
preservation or other preliminary manipulations were
not required. Blood was injected onto a chip (lensless
array) in a volume of not more than one drop (from
5 to 130 pl, depending on what the duration of the
device operation in the recording mode changed).

2.3. Algorithms for data processing and
software

After data was recorded by the MKIII version of 645
PRO application, the results were imported into a
format compatible with the analyzing software (with
partial changes in the quality and size of the file). To
reconstruct the three-dimensional structure of blood
cell samples, the usual formulas for photometric
calculations were not used (the Bouguer-Lambert-
Beer law). For these purposes, a photometric model
of Lommel-Seeliger was adopted. This model

PHOTONICS vOL. 12 N2 7 (75) 2018 723



m BUOD®OTOHUKA

i g

Takue mpobel He OBIIM IOABEPrHYTHI OOBIUHO HUKA-
KON IIpeABapUTeNbHON IpoboroaroToske. 3abop
IIpO6BI OCYIIECTBISIICS JIAHLIETOM-CKapHUPHUKATOPOM.
Tak Kak Bpems 0T 3ab6opa mpobsl 10 aHAIK3a He mpe-
BBIIIaJIO0, KaK ITPpaBHJ/IO, HECKOJIbKHX MHHYT (C yqe-
TOM 3KCIIOHMPOBAHHU S 06paslia yske HA YHIIe - HHOIA
IJIUJIOCH TONbIIe, 10 HECKOJIBKUX IeCSITKOB MHHYT),
TO KOHCEpPBALIMM KPOBH MM HHBIE ITPeJBapHUTesIb
Hble MaHUIYISUU He TpeboBanuch. KpoBb BBOOU-
nack Ha yun (6e3TMH30BYyI0 MaTpHUIly) B o6beMe He
6oJiee omHOM Karuiy (0T 5 0 130 MKJI, B 3aBUCHMOCTH
OT 4Yero H3MeHsIach IPOMOJIKUTETBHOCTh PabOTHI
YCTPOMCTBA B PeKMMe PETUCTPALIHH).

2.3. AnroputMbl 06paboTKu AaHHbIX
U nporpaMmmMmHoe obecneyeHue

Ilocsie perucTpaliviy JaHHBIX IPUJIOKeHHeM 645 PRO
Bepcur MKIII pesynpTaTel MMIIOPTHPOBAIKCH
B QopMar, COBMECTHMBIH C aHa/JIHU3HUpylMHUM IIO
(c YaCTUYHBIM H3MeHeHHeM KauecTBa M pa3MepoB
darna). [as BOCCTAHOBIEHHS TPeXMePHOM CTPYK-
Typbl 06pasloB KIeTOK KPOBH He MCIIONb30BAIU
obbruHEIe QOPMYIBl HOTOMETPHUUYECKHUX PpacueTa
(3akoH Byrepa-lambepra-bBepa). [ag 3THUX Lesei
6panu poToMeTpuuecKyl Mofenb JlomMess-3eenu-
repa (Lommel-Seeliger). 3Ta Momens HCIONTB3yeTCst
IIPeMMYIIeCTBEHHO B acTPOQOTOMETPHH, TeOoHesH-
YeCKHMX MU aCTPOreojIorh4eckKMX H3MepeHHsAX. OHa
COCTOMT M3 3KCIIOHEHLMA/IbHOIO YjleHa Y II0JIMHOMA
4eTBepPTOro Nnopsiika B Gpa3oBor GyHKIUU. [Ipu sTOM
Ha KapTy ONTHYeCKOH IIOTHOCTH/PeKOHCTPYKLIHIO
KJIETOK IPU H3MepeHHUHU IIJIHpeH-MeTofoM (TeHe-
BOM) B IICeBJOTPeXMEPHOM peIllpe3eHTAallMH HaKJa-
JbIBAJIMCh U30QOTHI KJIE€TOK ~ TO €CThb U30JIMHUHU HX
JIOKAJIbHBIX OIITUYECKHUX XapaKTePUCTHK.

Pe3ynbTHpYIoOIlee H306paskeHHe C H30JIHMHUSIMU
OIITHUYECKUX XapPaKTEPUCTHK, COMIOCTaBJIEHHBIMU
KJIeTKaM, HMCCJIeIOBAJIOCh B PeKHMMe PeasIbHOTO Bpe-
MeHHU (6e3 oTphIBa OT IIpoIjecca U3MepeHHUH, in situ;
nub0 HAIIPSIMYIO C 3KpaHa) ¢ rmomMoursio QAVIS - mmpo-
IrpaMMHOro obecredyeHust, pa3paboTaHHOro B Jlaip-
HeBOCTOUHOM oTaeneHHUU PAH. 2To IIO mo3BosseTr
aHAJIHU3UPOBaTh H300paskeHUs C IONydeHHeM KOp-
penorpaMm, BeHBIETOTPaMM, KOPpPelIsSLHOHHO-
CIIeKTPabHBIX XapaKTEePUCTHUK C HIeHTHOHKALHeH
OTIebHBIX KJIETOK/HMX THUIIOB I10 pPe3y/l1bTaTy UAeHTH-
GUKALMY KOPPeNSALMOHHO-CIIEeKTPAJIbHBIX XapaKTe-
PUCTHUK — HHTEIPaJbHO-YaCTOTHBIX XapaKTePUCTHUK
(M4X) B HHTerpajbHO-IIPOCTPAHCTBEHHBIX Xapak-
TepucTUK (MIIX). IIpy 3TOM Bpay-1oab30BaTeb He
Io/KeH Pa3bHpaThcsi B MaTeMaTHUYeCKHUX acIleKTax
OUAarHOCTHUKHM, TaK KaK [OPY’KeCTBEHHBIM II0/1b30-
BaTenbCKkUM HHTepderic GUI BblgaeT MHPOPMALIHUIO
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is used mainly in astrophotometry, geodesic and
astrogeological measurements. It consists of an
exponential term and a fourth-order polynomial in
the phase function. At the same time, isophotes
of cells were superimposed on the optical density
map/cell reconstruction when using the schlieren-
method (shadow method) in the pseudo-three-
dimensional representation, i. e., the isolines of their
local optical characteristics.

The resulting image with isolines of optical
characteristics correlated to cells was studied in
real time (without discontinuing the measurement
process, in situ; or directly from the screen) using
QAVIS, a software developed in the Far Eastern Branch
of the Russian Academy of Sciences. QAVIS allows
you to analyze images with obtaining correlograms,
waveletgrams, correlation and spectral characteristics
with the identification of individual cells/their
types according to the result of identification of
correlation and spectral characteristics - integral
frequency characteristics (IFC) and integrated spatial
characteristics (ISC). At the same time, the user doctor
should not understand the mathematical aspects
of diagnostics, since the friendly GUI user interface
provides information (with the ability to save to a file)
at an intuitively understandable output level.

3. RESULTS

3.1. Registration results

Figure 3 shows the results of registering a dehydrating
blood drop with the size more than 1/16 of the chip
surface. Registration was carried out using the
shadow (schlieren-) method for constructing the
relief, the photometric model of Lommel-Seeliger
with the settings at 45° and 135°. Figure 4 shows
a pseudo-three-dimensional representation of cells
from the same sample with an arbitrary scale of
heights and isophots overlays. Based on these images,
one can see that without resorting to the holographic
technique, as well as optical tomography, using
lensless recording, LED and an algorithm built on
the Lommel-Seeliger model, one can get high-quality
graphic/photometric representations of blood cells.
These images were obtained without using either
phase reconstruction or wavefront analysis methods.
The level of interference artifacts around the cells
with this approach is much lower than when using
standard UCLA methods (A. Ozkan group, see above),
used for reconstruction of lensless holograms.

3.2. Detection of erythrocyte aggregation
During storage of preserved blood, or as a result
of polyglobulia and various pathological and
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(c BO3MOXKHOCTBIO COXpaHeHHsI B alil) Ha HUHTYHU-
THBHO-TIOHSITHOM YPOBHE BBIBOAA.

3. PE3YJ/IbTATDI

3.1. Pe3ynbTaTbl perucTpauum

Ha pwuc. 3 1mokasaHbl pe3yabTaThl pPeryucTpaliuu
OeTUApaTUPYIOIercss KaIlikd KpoBu (pasmep >1/16
IIOBePXHOCTH 4YHIa). Perucrpanysi MIPoOBOJUIACH
C MCIO/Ab30BaHHEM TeHeBOro (IIIMPeH-) MeToja
IIOCTpoeHHUsI penbeda, GOTOMETPHUUECKOM MOMENIHU
Jlommens-3enurepa (Lommel-Seeliger) mpu ycTtaHo-
BOYHBIX ITapaMeTpax Ha ywure 45° u 135°. Ha puc. 4
IIpUBeJeHa IICeBA0TPeXMepHas perpes3eHTalus Kie-
TOK M3 TOrO ke o6pasla C yCJIOBHOK IIKajI0H BBICOT
U HaJoXeHHeM H30)0T. HMcxomst U3 3THUX H306pa-
SKeHHM, MOXHO BHJETb, 4YTO, He Ipuberas K Tex-
HHUKe rojorpaduu, a TaKXKe OINTHUYECKOH ToMoOrpa-
dun, monb3ysach 6e3NTHMH30BOM perucrpanuert, LED
Y aJITOPUTMOM, IIOCTPOEHHBIM Ha Mozenu JloMmmens-
3enurepa, MOXKHO IIOJYYMTh BBICOKOKaYeCTBEHHBIE
rpadpuyeckre/ poToMeTpPHUECKHE pellpe3eHTalluHu
KJIeTOK KPOBH. YPOBeHb HHTepPOepeHIHOHHBIX
apTedaKkToB BOKPYI KJIETOK IIPpU JAHHOM IIOJAXOJe
HaMHOI'O HMKe, YeM IIPH MCII0JIb30BAHUM CTaHLAPT-
HBIX MeTomoB UCLA (rpynna A.O3KaHa, CM. BHIIIe),
IpYMeHsIeMBbIX [JISI PeKOHCTPYKLUHU 6e3THMH30BbIX
rojorpaMm. IIpy mony4eHU U JaHHBIX H300paskeHUH
He MCII0/Ib30BaIMCh METOLbI BOCCTAHOB/IEHHA (a3l
Y aHaJIM3a BOJIHOBBIX QPOHTOB.

3.2. [eTeKTupoBaHUe arperauuu
3pUTPOLIMTOB

[Ipy XpaHeHHUHM KOHCEPBUPOBAHHON KpPOBH, IIPH
IOMUINOOYIUY M IIPU Pa3HBIX IATONOTHYECKHX
U KOMIIEHCATOPHBIX IIpoleccax, ¢ u3sMeHeHuem COD3,
arperanusi SpuTPOLIUTOB HJIET C BBIpaskeHHBIM $Op-
MHPOBaHHEM CTOIIOK SPUTPOLIUTOB (TUIIA "MOHETHBIX
CTON6UKOB" U T. II. $opM). [JaHHBIH IIpoLiecc (B aHIJIO-
SI3BIYHOM JIMTEpaType M3BeCTHHIM Kak 'rouleaux")
MO’KeT HabIIofaThCsl HAa IIUTOMETPHUYEeCKoN 6e3nuH-
30BOM ycTaHOBKe. OH MOXeT OBITb JeTeKTHPOBAaH
[0 M3MEHEHHUIO XapaKTePHUCTHK KPOBU C HCIIOTb30-
BaHKEeM 4YHIla 3TOM YCTAaHOBKH. [IpofeMOHCTpHpyeM
3To fajee. Tak, Ha PaHHUX CTafUsIX Jerujapara-
IIUM KaIlJId KPOBHU (IIepBble JeciThb MHUHYT, B 3aBH-
CHUMOCTH OT 06beMa/TOMIIHUHBI C/I051) MOSKHO BUJIEThH
dopMHpOBaHHe 3THUX CTPYKTyp in situ Ha 4uIe
B peXXHMe peasIbHOr0 BpeMeHH. Pe3yl1bTaT COOTBET-
CTBYIOIIMX SIBJIEHUH IIOKa3aH Ha pHC. 5. IIpu sToM
MOXXHO C KMHETHYeCKHM Ka4decTBOM (B HHHAMHKe
U C TIO3UIIMOHHOHN YyBCTBUTEIBHOCTBIO) OIIPeIeIUTh
arperomMeTpuYeckre CBOMCTBA obpaslia II0 BeHBIe-
TOrpaMMe COOTBETCTBYIOIIMX LIHUTOMETPHYECKUX

Puc. 3. lNaaHapHas npoekuus ¢ppazmeHma dezudpamupy-
rouelics kanau kposu (>1/16 nogepxHocmu Yuna; WAUpeH-
memod nocmpoeHus peabeda (Lommel-Seeliger): 45° k yuny,
pekoHCmpyuUpyemoe NoAoXKeHUe UCMOYHUKA — 135°)

Fig. 3. Planar projection of a fragment of a dehydrating blood
drop (S>1/16 of the chip surface; schlieren-method of the relief
reconstruction (by Lommel-Seeliger) at 45° to the chip, the
reconstructed source position is at 135°)

compensatory processes, with a change in ESR,
the aggregation of erythrocytes occurs with a
pronounced formation of stacks of erythrocytes
(in the so-called "coin columns”, or in other forms).
This process (known as "rouleaux” in English
language literature) can be observed on a cytometric
lensless device, and can be detected by changing

Puc. 4. TpexmepHas 6apenbepHas peKoHCMpPYKLUUS C YCA0BHOLI
WKanol ebicom u HanoxeHuem uzopom (mom ke npenapam,
Ymo u Ha puc. 3)

Fig. 4. Three-dimensional bas-relief reconstruction with a
conditional scale of heights and overlay of isophots (the same
sample as in Fig. 3)
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MaTTepHOB/dalIoB perucTrporpaMm c 6e3nHH30-
BOTO 4YMIla. Bpau He 06si3aH BlIafieTh CAMOM TeXHH-
KOM aHa/lM3a JaHHBIX, IIOCKOJBKY CTAaTHCTHYECKHe
pe3yabpTaTel aHaAM3a II0 BbIGOPKAM KIIETOK KPOBH,
IIPOXOASIIUX Yepe3 aHATKU3aTOP, MOT'YT OBITh IIOHSITHL
c MopdonoruyecKUx IO3ULIHM, 32 TeM HCKIoYe-
HHeM, YTO IIPeMeTOM aHa/IM3a U MHTepIpeTallu
MOpdOTOrUYeckor KapTHHBI SBISIOTCS He MHKPO-
dororpadum, a BenBIeTorpaMMEl. Ha puc. 6 mpu-
Be/leH pe3y/lbTaT MOJ0OHOro aBTOMATHUECKOro pas-
JTMYeHHUs YPOBHEU U CTaJJHUU arperaljii A1 pa3sHbIX
MopdONIOruYecKUX THUIIOB KapTUH, OIpele/leHHBIX
KJIMHUIUCTOM: a — HOpMa, b - 4acTu4Has arpera-
1M (4TO MOKHO OXapaKTepH30BaTh KakK "Liernodka’),
c - monHas arperanus ('cTomka').

3.3. Koppenorpaduyeckoe onpepgeneHuve
[ns 6ornee TOUHOIO OIpefie/leHUs KJIACCOB KJIETOK
6e3 HCIIOIB30BAHUS AJIS 3TUX LieJlel CTaHIAPTHBIX
MopdoMeTpudecKUX 6a3 MAHHBIX PaIlMOHAIBHO
HMeTh CTPOTHe KOTHYeCTBeHHBble KPHUTEPHU OTIH-
YUHM KJIeTOK KPOBU IO JAHHBIM aHaIH3a UX QU3H-
YeCKUX MOPQONIOTHYeCcKUX CBOMCTB. Hamu 6bL10
[I0Ka3aHO, YTO Y KJIETOK KPOBH JJOCTATOYHO MaJjl pas-
6poc Mopdo-OHU3UUECKUX ITAPAMETPOB HOPMaIbHBIX
$OpM OTHOCHTENIBHO IeBUAHTHBIX. [109TOMY METO/bI
KOPPeSILHOHHO-CIIeKTPATPHOIO MU HHTerpajb-
HOTO YaCTOTHOrO (MHTerpajbHBIA MPOCTPAHCTBEH-
HBIM - B CYIIeCTBEHHO MEHBIIeN CTelleHH) aHaJIN3a
Mano3$deKTUBHBL [ MOCTPOEHUS H300paskeHUI
c 6e311MH30BOro uMMna. [IpuuyrHa KPOeTCcsl B TOM, YTO
Ha OJMHOYHYIO KJIETKY IPHUXOAHUTCS Majioe KOJIH-
YeCcTBO ITHKCEJOB, — 3TO BeJeT K MaJIOM CTaTHUCTH-
YeCcKOH [OCTOBEpPHOCTH (rmo BbIOOPKe) aHanIH3a.
OpHaKko KoppenorpaduuecKHi MOAX0[ KaK TaKOBOU
paboran HamHoro ayuime. Io3-

Puc. 5. Rouleaux. Obpa3osaHue cmonok 3pumpouumos
8 dezudpamupytouielicst Kanae Kposu

Fig. 5. Rouleaux. Formation of red blood cell stacks in a
dehydrating drop of blood

blood characteristics using the on-chip cytometer
described above. Thus, in the early stages of
dehydration of a blood drop (the first ten minutes;
depending on the volume/thickness of the layer), it
is possible to see the formation of these structures
in situ on the chip in real time. The result of
the corresponding observations is shown in Fig. 5.
At the same time, it is possible with the kinetic
quality (in dynamics and with positional sensitivity)
to determine the aggregometric properties of the
sample using the waveletgram of the corresponding
cytometric patterns/files of registrograms from a

TOMY OH OKa3sajucs 6oyee mpep-
IIOYTHUTE/IeH B KaueCcTBe MeToja
aHa/lu3a He TOJAbKO HOpPMasb-
HBIX, HO U J[IeBUAHTHHIX GOpM
KJIeTOK KpOBH, BKJIIOYAasi MeM-
6paHomatuu. Ha puc. 7a BHH3Y
[I0Ka3aH HOPMaJIbHBIH 3PUTPO-
UUT (C HMHBepCHeHN KOHTPACTa),
a HaBepxy — ero KoppejorpaMma,
C sBHO OQOpPMJIEHHBIMH JeTa-
JISIMH KOHTpAacTa. B ciaydae aHa-
nu3a aMopdHOro, C TOUKHU 3pe- 2)
HUS YHIIa-aHa/JIKu3aTopa, CrycTka
C LOCTATOYHOM ONTHYECKOH IJIOT-
HOCTBIO (pHC. 7b - BHH3y) Koppe-
JorpaMMa IPUHHMaeT Xapak-
Tep YaCTUYHO YIIOPSAOYeHHOM

Puc. 6. Belienemozpammbl pasAuyHbix yposHell dzpezauuu KAemok Kpoeu:
a-Hopma,; b —4yacmuunas azpezayus (Lenoyka); c — noAHas azpezauus (cmonka)
Fig. 6. Waveletgrams of different levels of blood cell aggregation: a - norm;

b - partial aggregation (chain); ¢ - complete aggregation (stack)

b) 9]
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CTPYKTYpPHL C bonblioi moner nuddysHoro "obrmaxa
(puc. 7b - Bepx). IIpu o6Hapy>KeHHUH SPUTPOLIUTOB
C M3MeHeHHOM IIPOIOpIIHeH U SIBHBIM OTKJIOHeHHeM
oT cdepruyeckor GOpMBI KopesjorpaMma H3MeHS-
eTCsl. B COOTBETCTBUU C IOISPHOCTHIO OPHEHTALIUU
OaHHOro GOpPMEeHHOro 3jJ1eMeHTa Ha H300paKe-
HUU (pUC. 7C), TaKKe HabmlomaeTcs MpU CIMMNAHUHU
HeCKO/JIBKUX He HOPMHUPYeMBIX II0 pa3Mepy KJIETOK
(HampuMep IByX MHKpocdepouuTos). Korma B mone
3peHus (ROI) aHanu3atopa HauWHaeT (GOPMHUPO-
BaThCs "CTONKA" (HO ellle He CTONIOMK, KOTOPBIF MOXKET
cofepkaTh Oosee HecsiTka 3PUTPOLUTOB), KapTHHA
KOpPpeorpaMMBbl KaueCTBEHHO H3MeHSeTCs, IeMOH-
CTPUPYsl HSATHA, BOSHUKIIMe B pe3yjbTaTe IOSIBJIe-
HUSI HOBBIX YYaCTHHKOB Iporecca Ha ROI (puc. 7d).
Ecnu Ha ROI uKRCHpPYyeTCS TeHb 3PUTPOLIUTA, TO ee
KOppesiorpaMMa HMeeT CYLIeCTBEHHO MeHee BhIpa-
JKeHHBble IISITHA-TI0/I0Ca IIPH COXPAaHEHHU LIeHTPalb-
HOM 30HBI TOM >Ke CTPYKTYPBI, YTO U Y HOPMaJ/IbHOTO
spuTpouuTa (puc. 7e). IIpu HaJlOKeHUHU ABYX U Oosee
SPUTPOLIMTOB Ha Kazape (6e3 MOIOMHUTENIBHON ajre-
3MHM/arperanmuy) ecTb BO3MOKHOCTD JIeTeKTHPOBATh
3TO IO YCHJIEHHIO OTJE/IbHBIX 30H IIsiTeH (CM. pHuc. 7f),
SIBHBIX U JI/IS1 ONMHOYHOIO HOPMaJIBHOI'O 5PUTPOLIUTA
(puc. 7a). IlpuueM Ha pe3yabTaT IIPOeKLHUHU OyayT
BJIMSITh TaK>Ke B3aMMHas OpHeHTaI[Hsl 3PUTPOLIUTOB,
a TaK>Ke CTpaTHOHUKALMS UX Ha Kafpe (mofiekamas
U HaJjlexkalnas KiIeTKa).

4. 3AKJ/TKOYEHUE

TakuM obpa3om, IOKa3aHO, YTO MeTOABl Oe3THH-
30BOM TeMOLIUTOMeTPHH Ha 4YHIle, peajHsye-
Mble B paMKax YIIPOLIEHHOH POCCHICKOH MOIeNH
YCTPOMCTBA M aJbTePHATHUBHON POTOMETPHUECKOH

i g

lensless chip. The doctor does not have to own the
data analysis technique, since the statistical results
of the analysis of samples of blood cells passing
through the analyzer can be understood from the
simple morphological positions, with the exception
that the subject of analysis and interpretation of
the morphological picture is not micrographs, but
waveletgrams. Fig. 6 shows the result of such an
automatic distinction between the levels and stages
of aggregation for different morphological types of
pictures determined by the clinician: a is the norm,
b is partial aggregation (which can be characterized
as a "chain"), cis a complete aggregation ("stack").

3.3. Correlographic determination

To more accurately determine the classes of
cells without using for this purpose standard
morphometric databases, it is rational to have
strict quantitative criteria for the differences
of blood cells according to the analysis of their
physical morphological properties. We have
shown that the blood cells have a fairly small
range of morphophysical parameters of normal
forms, relatively to the deviant ones, therefore,
correlation-spectral or integral frequency (and
integral spatial - to a much lesser extent) analysis
methods are ineffective for processing of images
from a lensless chip. The reason lies in the fact
that a single cell occupies a small number of
pixels, which leads to a poor statistical reliability
of the analysis. However, the correlographic
approach as such worked much better. Therefore,
it turned out to be more preferable as a method for
analyzing not only normal, but also deviant forms

Puc. 7. Koppenozpammbl pasau4Hbix KAemoK Kposu U Ux azpezamos (CM. NosicHeHUs 8 mekcme)
Fig. 7. Correlograms of various blood cells and their aggregates (see explanations in the text)
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Mozenu JloMMesns-3enurepa, MO3BOJISIOT He TOJIBKO
BH3ya/JIM3HUPOBaTh, IPUYEeM B KBA3TPeXMepPHOM
BapHaHTe, KJIeTKH KPOBH, HO U MOP(OTOTHYeCKU
KIaCCHOHUIIMPOBATh UX C HCIIOIb30BAHHMEM BeHBJIET-
HBIX U KoppesorpadUyecKHUX TeXHHUK. B HacTosmiee
BpeMsl HayaTO TeCTHpPOBAaHHe HUX Ha BbIOOpKe IIpe-
[IapaToB C KJIeTKAMH — MHAMKATOPAMH Pa3THYHBIX
MeMOpaHOMIaTHH.

5. BNATOOAPHOCTU

ABTOpEl b6maromapst Poccupickum ¢oHA yHAa-
MeHTa/IbHBIX MCCJIeJOBAHUM 33 IPaHTOBYIO IIOJ-
nepkky. PaboTa BBIIIOJIHEHAa B paMKaX TIpaHTa
PO 16-32-00914\16.
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of blood cells, including membranopathies. Fig. 7a
below shows a normal erythrocyte (with contrast
inversion), and at the top is its correlogram, with
clearly defined details of contrast. In the case of
analyzing an amorphous, from the point of view
of the analyzer chip, agglomerate with sufficient
optical density (Fig. 7b - bottom), the correlogram
looks like a partially ordered structure with a
large fraction of the diffuse "cloud" (Fig. 7b - top).
When red blood cells are detected with a changed
proportion and a clear deviation from the spherical
shape, the correlogram changes in accordance
with the polarity of orientation of this cell in the
image (Fig. 7c). A similar effect is also observed
when several cells that are not normalized in
size (for example, two microspherocytes) stick
together. When a "stack” begins to form in the
region of interest (ROI) of the analyzer (but not
yet a column that can contain more than a dozen
red blood cells), the picture of the correlogram
changes qualitatively, showing the spots created
by the emergence of new structures in the ROI
(Fig. 7d). If the erythrocyte shadow is fixed in
the ROI, then its correlogram has significantly
less pronounced spots-poles while maintaining
the central zone of the same structure as that
of the normal erythrocyte (Fig. 7e). When two or
more erythrocytes are superimposed on the frame
(without additional adhesion/aggregation), it is
possible to detect this by strengthening specific
zones of spots (see Fig. 7f), which are also evident
for a single normal erythrocyte (Fig. 7a). Moreover,
the result of the projection will also be influenced
by the mutual orientation of red blood cells, as well
as their stratification on the frame (underlying
and overlying cell).

4. CONCLUSION

Thus, it is shown that methods of lensless on-chip
hemocytometry, implemented in the framework
of the simplified Russian model of the device and
the alternative Lommel-Seeliger photometric model,
allow not only to visualize blood cells, specifically
in the quasi-three-dimensional version, but also
morphologically classify them wusing wavelet
and correlographic techniques. At present, they
are being tested on the cell samples with various
membranopathies.
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