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1N MUKPOIINMPRYJIALIUA
(0630p, yacrs II)

B. B. Mopos, 1. A. PsixkoB

HUU ob6uieit peanumarosoruu umM. B. A. Herosckoro,
Poccus, 107031, r. MockBa, yu. ITetpoBka, . 25, cTp. 2
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B niepBoii wacti 0630pa ObLJIO TIOKAa3aHO, YTO HAPYIIEHUS] CUCTEMHOI TeMOIMHAMUKY 1 MUKDPOI[MPKYJISIIIUK TIPU
OCTPOIi KPOBOIOTEPE BEYT K PA3BUTHIO METAOOIMUYECKIX HAPYIIIEHUI 1 MOBPEKIEHIIO KIeTOK. Bo BTOpoii yactu
00630pa OCBEIEHbI METO/IbI NCCJIEAOBAHIST MUKPOIUPKYJISIIAN U OKCUTeHAInK TKaHeil. OCHOBHOe BHUMAHUE yjieJie-
HO COBPEMECHHBIM BU/IaM 6I/IOMI/IKp0CKOHI/II/I " METO/IaM, OCHOBAHHBIM Ha JIa3€PHBIX TEXHOJIOTUAX. B HYaCTHOCTH, 06‘
CYIKJIAETCSI METOIOJIOTHSI UCTIOJIb30BAHUSI MATEMATUUECKOTO aHaIM3a KoJleOaHil MUKPOKPOBOTOKA ((hrakeMoIiuii)
IS OLIEHKY MEXaHU3MOB PETYJISIIMU MUKPOTeMOIUPKYJISIiini. PaccMOTpeHbl 0COGEHHOCTH PETHOHAPHOTO KPOBOTO-
Ka ¥ MUKPOIUPKYJISIMU B PA3JIMYHBIX COCYAUCTBIX HacCcellHaX OpraHu3Ma P OCTPON KPOBOIIOTEPE, & TAKKE MTPU
nocsenyiomieit penepdysun. Ilokazano, 4To n3MeHEeHHsT HA MUKPOITUPKYJ/ISITOPHOM YPOBHE B TOM HMJIF HHOM OpraHe
B 3HAYUTEJIBHOI CTETEHH OMPEIEIISIOTCS CTPYKTYPHBIME 1 (QYHKIIMOHATBHBIMU OCOGEHHOCTSIMU €T0 KPOBOCHA0 Ke-
HUS, A TaKXKe POJIBIO IAaHHOTO OPraHa B IIATOreHe3e OCTPON KPOBOIOTEPU. DTH M3MEHEHII MOTYT UMeTh KaK ajial-
TUBHOE, TAaK U MATOJIOTUYECKOE 3HAYCHUE B 3aBUCHMOCTH OT CTAJIMU M TSKECTH MATOJIOTHYECKOTO MPOIiecca.

Knrouesoie cnosa: ocmpasi kposonomepsi; penep@y3sus; MUKPOUUPKYIAUUSL; 8A30MOUUU; (IAKCMOUULU; Pezuo-
napmwiil kposomox; JI/D; eudeomuxpockonus

It was shown in the first part of the review that the alterations of systemic hemodynamics and microcircula-
tion in acute blood loss led to the development of metabolic disorders and cell damage. The second part of the
review highlights the methods of microcirculation and tissue oxygenation investigation. The focus is on modern
biomicroscopy varieties and methods based on the laser technology. In particular, we discuss a method based on
the mathematical analysis of microvascular blood flow oscillations (fluxmotion) to evaluate the regulatory mech-
anisms of microcirculation. The features of regional blood flow and microcirculation in different vascular regions
of the body in acute blood loss, as well as during the subsequent reperfusion are considered. It was shown that
microcirculatory alterations in a particular organ are largely determined by the structural and functional features
of its blood supply, as well as by the role of this organ in the pathogenesis of acute blood loss. These changes can
possess both adaptive and pathological significance depending on blood loss stage and severity.

Key words: acute blood loss; reperfusion; microcirculation; vasomotion; fluxmotion; regional blood flow; LDF;
videomicroscopy
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MeTtozbl HCCIeJ0BaHUS Material and Methods
MHMKPOLUHPKYJISIHH
Current approaches to the investigation of
CoBpeMeHHbIEe TOAXOAbI K HccaepoBanuio co- | microcirculation include the following groups of
CTOSIHUST MUKPOIMPKYJISIIIUA BKJIIOYAIOT B cebst cae- | methods: (1) intravital video microscopy modifica-
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mytorie rpynibl MeTozioB: (1) momudukanum mnpu-
JKU3HEHHON BUICOMUKPOCKOTINY TKaHeH (CHHOHUMBI:
OUOMUKPOCKOIINSI, WHTPABUTAJIbHAS MUKPOCKOIIWS,
KaMIIIpocKomus ); (2) psii METOI0B, OCHOBAHHBIX
Ha JTa3€PHBIX TEXHOJOTUSX; (3) METOIBI OIIEHKHT OKCHU-
reHaIlny 1 MeTabOIMYeCKOrO COCTOSTHUS TKaHel (OK-
CUMETPUs, KaTHOMETPUsT, TOHOMETPHS U JIp.), KOTO-
pble KOCBEHHO OTPa’Kal0T YPOBEHb U a/IeKBATHOCTD
niepdysnun ccielyeMoro peruioHa uin oprana. Takke
CYTIECTBYIOT MO/IXOIBI K OIEHKE COCTOSTHUST MUKPOTe-
MOTIMPKYJISIIIIH ITyTeM NCCIE0BAHNS PEOTOTTYECKIX
CBOWCTB KPOBH (TeMOCTa3, arpernpyeMocTtb u seop-
MHUPYEMOCTb SPUTPOIIUTOB U JIP. ), OTMMCAHNE KOTOPHIX
He BXOJAUT B 3a/lauil IAaHHOTO 0630pa.

BuaeoMukpockonuyeckue MeTo/Ibl

BuieoMUKpOCKOIIUST HOTTEBOTO BaJIMKa W KOHb-
FOHKTHUBBI TJIA3HOTO S10JI0KA UCIIOIB3YETCs B KIIMHUYE-
CKUX YCJIOBUSIX JIJIST MOP(MOTOTHYEcKoil XapaKTepuc-
TUKU MHUKPOCOCY/IOB 3TUX PETHOHOB (MJIOTHOCTD,
pasMepbl U U3BUTOCTh MUKPOCOCY/IOB), & TaKyKe JIJIsT
MOJIYKOJTMUECTBEHHON OIEHKU KauecTBa MUKPOKPO-
BOTOKa W GapbepHON (DYHKI[UH COCYAUCTOIl CTEHKH.
W3meneHus B MUKPOIIUPKYJISITOPHOM PYCJIe 9TUX pe-
THOHOB B ONPEJEJEHHO CTEleH! OTpasKatoT obliee
COCTOSTHUE MUKPOTEMOIIMPKYJISIIH B OPTaHU3Me, T10-
ATOMY BUIEOMUKPOCKOTIHS YaCcTO UCTIONIB3YETCS Y Ta-
[[EHTOB ¢ XPOHMIECKIMU 3a00JIEBAHUSIME CEPACUHO-
COCYZIVICTOW CHUCTEMBI (TUTIEPTOHUSI, aTEPOCKIEPO3 U
ap.) [1, 2]. Paznmuynble BapuaHTbl WHTPABUTAIBHON
MUKDPOCKOIIMU UCIIOJIb3YIOTCST JIJIst U3yUYeHMs 0COOEH-
HOCTE MUKPOTIMPKYJISIH B JAPYTHX TKAHSX U Opra-
HaX B 9KCIEPUMEHTAIBHBIX MCCJEIOBAHUSX HA KH-
BOTHBIX, B TOM YHCJIe TIPA OCTPOH KposoroTepe [3].
OJIHAKO MTUPOKOE HCTOJIH30BAHUE ITHX METONOB B
KJIMHUYECKOW TIPAaKTUKE OTPAHUYEHO OTHOCUTEIHHO
GOJIBIIIMMIE pazMepaMu 060PYI0BaHUS, HEOOXOMMOC-
TBHIO WCIIOJIb30BAHUST TIPOXOASINETO CBeTa (TPAHCUJI-
JIIOMUHAINN ) 1 (DIIyopeciieHTHBIX Kpacutesen [2, 4].

Bce 6osibliryto TOMYISIPHOCT B HAYYHBIX HC-
CJIeIOBAHUAX U KIMHUYECKOI MpaKkTuKe mpruobpera-
IOT TaKWe OTHOCUTEIBHO HOBBIE METOIBI HCCJIEI0BA-
HUST MUKPONWMPKYJISIUA KaK OPTOTOHAJbHAs
HOJIIPU3AI[MOHHasT crieKTpocKomnust (aHri. orthogo-
nal polarization spectral (OPS) imaging) u temuo-
nosbHas cnekrpockonus (sidestream dark-field
(SDF) imaging) [5, 6]. Cyro OPS 3zaxmouaercs B
crenytomeM [7]. MccnenyeMblii y4acToK TKaHU 00-
JIydaeTcs MOJISIpPU30BaHHBIM cBeToM. CBeT, JI0CTHTA-
o1l Gostee TIyOOKUX CJIOEB TKAHU JIETIOJSIPU3YeT-
csl W, OTpakasiCh, MPOXOAUT OOpaTHO uepes boJiee
MOBEPXHOCTHBIE CJION TKaHH, 00eCcIieunBast UX BU3ya-
Jmzaryio. OTpakeHHbIe CBETOBBIE JIyYH (JIeTOJspu-
30BaHHbBIE U MMOJISIPU30BAHHBIE) TIOBTOPHO TIPOXO/ST
yepes MoJsipuaytoniue GUabTphl, B pe3yJibraTe 4ero
TOJIBKO JIETIOJIIPU30BAHHBIN CBET IOCTUTAET PETUCT-
pupyiolieil nsobpaskeHue BugeoKaMepbl. VIcmonb3o-

tions  (synonyms: biomicroscopy, intravital
microscopy, capillaroscopy); (2) a number of meth-
ods based on the laser technologies; (3) the methods
for assessing tissue oxygenation and metabolic status
(oximetry, capnometry, tonometry, and others),
which indirectly reflect the level and adequacy of
perfusion in the examined organ. There are also
approaches to microcirculation assessing by studying
the rheological properties of blood (hemostasis, red
blood cells aggregation and deformation, and oth-
ers), the description of which is beyond the scope of
this review.

Videomicroscopy techniques

Nail fold and conjunctiva videomicroscopy is
used in a clinical setting for the morphological
description of microvessels in these regions (density,
size and tortuosity of microvessels), as well as for the
semiquantitative assessment of microvascular blood
flow quality and the barrier function of the vascular
wall. Changes in the microvasculature of these
regions to a certain extent reflect the general state of
microcirculation in the body, so the videomicroscopy
is often used in patients with chronic cardiovascular
diseases (hypertension, atherosclerosis, etc.) [1, 2].
Different versions of intravital microscopy are used
to study the microcirculation in other tissues and
organs in experimental animal studies, including in
acute blood loss [3]. However, widespread use of
these methods in clinical practice is limited due to
relatively large sizes of the equipment and the need
of using transmitted light (transillumination) and
fluorescent dyes [2, 4].

The orthogonal polarization spectral imaging
(OPS) and sidestream dark-field imaging (SDF) are
becoming increasingly popular in the research and
clinical practice as a relatively new microcirculation
research methods [5, 6]. The essence of the OPS
includes the following [7]. Polarized light illumi-
nates the tissue to be examined. Light that pene-
trates the tissue more deeply becomes depolarized
and, after reflection, it passes back through the more
superficial layers of the tissue, ensuring their visual-
ization. The reflected light beams (polarized and
depolarized) pass through the orthogonal polarizer
again resulting in only depolarized light reaches the
video camera that records the image of the illuminat-
ed area. Polarized light with a wavelength of about
530 nm, which is absorbed by hemoglobin, is used to
illuminate the tissue. This allows imaging red blood
cells in microvasculature in the form of gray or black
bodies. SDF imaging was developed taking into
account a number of disadvantages of OPS [8]. In
SDF imaging, the light source is made up of light
emitting diodes surrounding the optics. The light
emitting diodes provide pulsed green light in syn-
chrony with the frame rate of video camera. This
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BaHUe JUIsT OOJIydeHWs] TKaHEH IOJSIPU30BAHHOTO
CBeTa ¢ AINHOM BOJIHBI 0K0J10 530 HM (TTOT/IoIaeTcs
reMOTJIOOMHOM) TI03BOJISIET BU3YATU3UPOBATH OPUT-
POIIUTBI B MIKPOCOCY/IaX B BU/IE€ YEPHBIX WU CEPHIX
tesert. C yuerom psizia HegoctaTkoB OPS 6ol paspa-
6oran merox SDF [8]. B anmapare SDF neckobpko
HMCTOYHUKOB CBETA PACIIOJIOKEHBI 110 Tepuhepun Ofl-
THYeCKOil yacTu npubopa. CBETOAMOABI M3JIyYaroT
MTyJIbCUPYIONTUI 3€€HbIH CBET, CHHXPOHU3UPOBAH-
HBIM € 9acTOTON CMEHBI Ka/IPOB BUIEOKAMEPHI, UTO
[O3BOJISIET TIOJIy4aTh Oojiee 4YeTKUE H300paKeHIs
IBYKYIUXCS OOBEKTOB M CHU3UTH UYBCTBUTE]Ib-
HOCTB K apTedaKTaM OT BHEITHUX ABMKeHw. [1puH-
IIUTT BU3YJIU3AIMH 9PUTPOITUTOB, a CJIEI0BATENBHO
1 MUKPOCOCY/IOB, Takol ke Kak B OPS.

O6e Metopuku OBLIM BaJMIUPOBAHBI OTHOCH-
TeJbHO KJACCUMYeCKOW BupeoMUKpockonuu [9], B
TOM YHCJIe TIPW Pa3JIUYHBIX YPOBHSX I'eMaTOKPHUTA
[10] u B pasubix opranax. Haubosee pactpocTpanes-
HOU 00JIaCThIO MCCJIEOBAHUS SIBJISICTCS CIMBUCTAS
000104Ka TT0T0CTH pTa (MOAbA3BIYHAS 00JIACTB, IIe-
ka) [5]. Oxnako, ¢ momombsio OPS u SDF wuccremno-
BaJIaCh MUKPOIIMPKYJISIINS W B IPYTUX OpraHax, Ha-
npuMmep, xkoxke [11], meuenn [12] u mosre [13]. C ux
MTOMOITIBI0 BO3MOKHO TIOJYKOJIMYECTBEHHO OIEHUTD
TaKKe ToKa3aTen Kak JuaMeTp, TIOTHOCTh MUKPO-
COCYJIOB M CKOPOCTb JIBUKEHUST IPUTPOITUTOB B HUX.
De Backer D u coas. [11] paspaboranu cucremy
GaJIbHOU OIEHKH COCTOSTHUSI MUKPOLUPKYJISAMUA C
WCIIOJTh30BAHUEM CJIEIYIONUX TapaMeTpPOB: TLIOT-
HOCTh MHUKpOcOCYZ0B (00m1ass u mepdysupyeMbix);
MPOIEHT TIep(Py3UPyeMbIX MHUKPOCOCYIOB; WHJIEKC
MUKPOKPOBOTOKA; WH/IEKC TETEPOTEHHOCTH MUKPO-
kpoBoToka (Tab.r. 1).

Cpennt HeIoCTaTKOB BUJIEOMUKPOCKOITMYECKUX
METOJIMK CJIEZYET OTMETUTH BBICOKYIO UYBCTBUTEIh-
HOCTb K apTedakTaM OT JBVKEHUS U J[aBJICHWS Ha
TKaHW; HECIIOCOOHOCTh M3MEPSITh KPOBOTOK TIPH €TI0
BBICOKHX CKOPOCTSIX; HEOOXOAUMOCTD y/Ia/IeHUsI Kall-
CyJIbI BHYTPEHHUX OPTaHOB (TIeYeHb U JIP.) JIJIS PETH-
CTPaIUK OPTAHHOTO MUKPOKPOBOTOKA; aHAJIU3 TIOJTY-
YEHHBIX M300paskeHU Tpedyer J0CTATOYHO MHOTO
Bpemenu [6].

Mertoapl ucciae10BaHus
MHUKPOIUPKYJISIIUA HA OCHOBE
Jla3epPHbIX TE€XHOJIOTHIt

[laHHast Tpymma MeTO0B B HACTOSIIEe BpeMs
MIPE/ICTAaBJIEHA CJIEYIOIUMI BapHaHTaMU: Jia3epHast
nonmeposckas  aoymerpust (JIAD, awen. laser
Doppler flowmetry — LDF), 1azepHast JONILIEPOBCKAst
Busyamisarust (anen. laser Doppler imaging — LDI) u
BU3yaJIM3aIHs HA OCHOBE KOHTPACTA JIA3EPHOTO CIIEKJTA
(anen. laser speckle contrast imaging — LSCI).

Merox JI/IO® uctiosnbayercst Jist U3y4eHus: Mu-
KPOTEMOIIUPKYJISAIUN B AKCIIEPUMEHTATbHBIX W KJTH-
HuYecKux yceaoBustx Haunnas ¢ 1980-x rogos [15, 16].

allows to prevent smearing of moving objects and
reduce the sensitivity to artifacts from external
movements. The principle of red blood cells and
microvessels imaging is the same as in the OPS.

Both methods have been validated by compari-
son versus classical videomicroscopy [9], including
performance at various hematocrit levels [10] and in
different organs. The most common area for research
is the mucosa of mouth (sublingual region, cheek) [5].
However, with the aid of OPS and SDF the imaging
of microcirculation was investigated in other organs,
such as skin [11], liver [12] and brain [13]. These
methods allow to assess semiquantitatively such para-
meters as microvessels' diameter and density, as well
as the velocity of red blood cells therein. De Backer D
et al [11] have developed a scoring system for the eval-
uation of microcirculation using the following para-
meters: microvessel density (total and perfused); pro-
portion of perfused microvessels; microvascular flow
index; flow heterogeneity index (Table 1).

Among the disadvantages of videomicroscopy
techniques, the following should be highlighted: high
sensitivity to movement and pressure artifacts;
inability to measure high blood flow velocities; cap-
sule of some internal organs (liver, etc.) that has to
be removed before measuring of organ microcircula-
tion; analysis of the obtained images requires a lot of
time [6].

Methods for studying microcirculation
using laser technologies

This group of methods is currently represented
by the following options: laser Doppler flowmetry
(LDF), laser Doppler imaging (LDI) and laser
speckle contrast imaging (LSCTI).

LDF has been used to study microhemocircula-
tion in experimental and clinical settings since the
1980s [15, 16]. LDF is a means of optically sensing tis-
sue using a monochromatic laser (generally in the red
or infrared spectrum) and analyzing the reflected
light. Measurement of the velocity of red blood cells in
the microvasculature is based on the registration of a
Doppler shift i.e., the frequency of light backscattered
from moving particles changes relative to the probing
beam frequency. There is no change in the frequency of
light backscattered from fixed tissue structures. The
Doppler shift is the difference in frequency between
the probing light and reflected light. Its magnitude is
proportional to the number of red blood cells in the
probed area and to their velocity. Thus, the amplitude
of a signal detected by an LDF device is formed as a
result of light reflected from an ensemble of red blood
cells, which move at different velocities and are dis-
tributed in arterioles, capillaries, venules and arterio-
lo-venular anastomoses in different ways.

In an LDF device, the received optical signal is
converted into an electrical impulse. As a result of
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Ta6auua 1. IlapameTpsi st 6aabHOI OllEHKM MUKPOIMPKYastuuu [11, 14]
Table 1. Parameters for the evaluation and scoring of the microcirculation [11, 14]

Parameters Information provided Measurement

Microvascular flow index (MFI) The image is divided into four quadrants;

a number is assigned for each quadrant according
to the predominant type of flow (0 = no flow;

1 = intermittent; 2 = sluggish; 3 = continuous).
The MFT results from the averaged values.

Total length of vessels is divided by the total
surface of the analyzed area.

Total length of perfused vessels (sluggish

or continuous) is divided by the total surface

of the analyzed area.

Number of perfused vessels is divided

by the total number of vessels X100.

The difference between the highest MFI

and the lowest MFT is divided by the mean MFL
MFTI is intended as the averaged MFT of each site.

Perfusion quality for small

(up to 20 microns),

medium (20—50 microns),

and large (50—100 microns) vessels.

Total vessel density, mm/mm?* Vessel density (for small, medium,
and large vessels).
Functional vessel density

(for small, medium, and large vessels).

Perfused vessel density (PVD),
mm,/mm’

Proportion of perfused
vessels (PPV), %
Flow heterogeneity index (FHI)

Perfusion quality (for small, medium,
and large vessels).
Perfusion heterogeneity

IIpumeyanue. Parameters — napamerpoi; Microvascular flow index (MFI) — ungexc mukpokposoroka; Total vessel density, mm/mm?* —
obmtas mroTHoCTh cocynoB, MM/Mm?; Perfused vessel density (PVD) — miotHocTb iepdysupyembix cocynos; Proportion of perfused ves-
sels (PPV) — muporent nepdysupyembix cocynos; Flow heterogeneity index (FHI) — uHIEKC reTepOreHHOCTH MHKPOKPOBOTOKA.
Information provided — npeagocrasasiemas urdopmarmst. Perfusion quality for small (up to 20 microns), medium (20—50 microns), and
large (50—100 microns) vessels — kadecTBo epdysun st cocyoB Masoro (1o 20 Mmrm), cpearero (20—50 Mxm) u 6osbioro (50—100
mrMm) auamerpa. Vessel density (for small, medium, and large vessels) — mmotHoCTb cOCy10B (7151 COCYIOB MAJIOTO, CPEHETO 1 GOJBIIO-
ro aquamerpa). Functional vessel density (for small, medium, and large vessels) — miotHocTb GyHKIMOHUPYIOMUX COCY/IOB (VIS COCYIOB
MaJioro, cpejrero u Gospinoro guamerpa). Perfusion quality (for small, medium, and large vessels) — kadectBo nepdysun (st cocynon
MaJIoro, cpeiHero u Gosbmoro auamerpa). Perfusion heterogeneity — rereporentocts nepdysun. Measurement — mporeaypa usmepe-
nus. The image is divided into 4 quadrants; a number is assigned for each quadrant according to the predominant type of flow (0 = no
flow; 1 = intermittent; 2 = sluggish; 3 = continuous). The MFT results from the averaged values — uzo6paxenue gesmurest Ha 4 kBajpan-
Ta; KaKIOMY KBAJIPAHTY JAaeTCst OallbHas OIIEHKA B COOTBETCTBUHU C IPENMYIIECTBEHHBIM THIIOM KpoBoTOKa (0 — HeT KpoBOTOKa; 1 — 1pe-
PBIBUCTBIN; 2 — 3amMeieHHbIN; 3 — nocrosgnubiil). MFI nosyyaercs B pesyJibrare yepearenus 1o ksagpantam. Total length of vessels is
divided by the total surface of the analyzed area — o6mas amna cocynoB nogeseHHas Ha 06MLYIO MIIOIIA/H AHATUZUPYEMON MOBEPXHOC-
tu. Total length of perfused vessels (sluggish or continuous) is divided by the total surface of the analyzed area — o6mas amina nepdy-
3UPYEMBIX COCYIOB (C 3aMeVIEHHBIM UJIU TIOCTOSTHHBIM KPOBOTOKOM) IMOJEIEHHAsT Ha OOIIYIO MIOIIA/lb aHAIM3UPYEMOIl TOBEPXHOCTH.
Number of perfused vessels is divided by the total number of vessels X100 — unciio nepdysupyembIx cOCy0B MojieIeHHOe Ha 001Iee Yrc-
g0 cocynos X100. The difference between the highest MFT and the lowest MFT is divided by the mean MFI. MFT is intended as the aver-

aged MFTI of each site — pasnuna mexay HanGosbinM 1 HaumerbiuM MFT (B kaxaoM kBaapanTe) nojesnentas Ha cpeanuii MFL

CyTb €ro cocTouT B 06JIyYeHUN TKaHeil MOHOXpOMa-
TUYECKUM JIa3ePHBIM H3JydeHreM (00bIUHO, B Kpac-
HOM Wi WH(pPAKPACHOM CIIEKTPe) M aHaJl3e OTpa-
JKEHHOTO  Uu3JydeHwsi. V3aMmepeHme CKOPOCTH
JIBUZKEHUST 9PUTPOITUTOB B MUKPOCOCY/IaX OCHOBAHO
Ha PErucTpaliy BeJIMYUHbI JJOTIIIIIEPOBCKOTO C/[BUTA:
4aCTOTA CBETA, OTPAKEHHOTO OT MO/IBUKHBIX YaCTHII,
MU3MEHSIETCSI OTHOCUTETHHO 30HIUPYIOIIEro M3JIyde-
Hus. Yacrora cBeTa, OTpaKeHHOTO OT HETIOABUIKHbBIX
CTPYKTYP TKaHeH, ocTaeTcs mpexHel. Beamanaa 10-
[IJIEPOBCKOTO C/IBUTA OTPAYKEHHOIO CBETA IIPOIOPIIH-
OHAJIbHA KOJUYECTBY IPUTPOIUTOB B 30HIUPYEMOI
obsracTu 1 uX cKopocTu. TakuM 06pasoM, aMIUIATY 1A
peructpupyemoro npubopom JIID curHama hopmu-
pyeTcsl B pe3yJibraTe OTPaKEeHUS U3TYYeHUs OT aH-
caM0JIs1 9PUTPOIIUTOB, ABMIKYIIIXCS C PA3HBIMHU CKO-
POCTSIMHU u O-pa3zHOMY KOJIMYECTBEHHO
pacrpeieJIeHHbIX B apTeproJiaX, Kaluispax, BeHy-
JIaX ¥ apTepHOJIO-BEHYISIPHBIX aHacToMo3axX. B pe-
3yJibrate TpaHchOpMaIliy MOJYYeHHOTO OMTHYECKO-
ro CUTHAJa B 3JIEKTPUYECKUN HUMIIYJbC U €Tro
KOMITBIOTEPHON 06paboTKi (hOpMHUPYETCs MoKasza-
tenb Mukpormpkyssaiun (11IM), orpaxkatonmuii ypo-

subsequent computer processing, the dynamic
changes of the impulse are displayed graphically on
the monitor and is referred to as the index of perfu-
sion (IP). This index reflects the tissue perfusion in
the test volume (about 1 mm?®) per unit time [17, 18].
The same indicator of tissue perfusion is also referred
to as blood flux (flow). Regional blood flow cannot
be measured by LDF as an absolute value (for exam-
ple, in ml/min/100 g tissue), therefore, the IP is mea-
sured in relative arbitrary units (AU). Among the
limitations of the method is a small residual blood
flow («biological zero»), recorded by the LDF device
after the cessation of blood supply to an organ, such
as during an occlusive functional test. This phenom-
enon is explained by the Brownian motion of red
blood cells in the microvasculature after afferent
artery occlusion [16]. Other disadvantages are the
high sensitivity to motion artifacts and the low spa-
tial resolution of single-channel LDF, because of the
spatial heterogeneity of organ perfusion, particularly
of the skin. However, LDF allows real-time monitor-
ing of organ perfusion in the investigated region and
evaluation of its dynamics as influenced by various

www.reanimatology.com

GENERAL REANIMATOLOGY, 2016, 12; 5



DOI:10.15360,/1813-9779-2016-5-65-94

O630p

BeHb 1epdy3un UCCIeLyeMoro oobema TKaHu (0OKO0JI0
1 mm®) B enunuity Bpemenu |17, 18]. B anrsiosizpra-
HOH CHeInuasbHON JUTepaType aHAJOTHYHBIN MTOKa-
3aresib epdysun Tkann o6osHavaT Kak blood flux
(flow). C nomouipro JIIMD Hesb3st UBMEPUTH PETHO-
HapHBII KPOBOTOK B aOCOJIIOTHBIX BEJIWYMHAX, Ha-
npumep, B mir/mMut/100r Tkanu, B cBg3u ¢ yem [IM
U3MepSIeTCsT B OTHOCUTETHHBIX Tep(Y3UOHHBIX €IH-
Hutax (1. en.). Cpean orpaHnYeHN METO/IA CIIeTy-
€T OTMETHTh PErucTparuio mpubOpoM HeGOIBIIOTO
OCTaTOYHOTO KPOBOTOKaA (<«OHOJIOTHUECKUH HOJIb> )
ocJjie MpeKpalieHst KPOBOCHAOKEHNsT OpraHa, Ha-
MpuUMep, TPU OKKJIIO3UOHHONW (DYHKIIMOHAJIBHOM
mpobe. DToT (heHOMEH OOBIICHSAETCST OPOYHOBCKUM
NBUZKEHUEM 3JPUTPOIMTOB B MUKPOCOCYJAX TOCTe
OKKJIT03UM IpuHocsieir aprepun [16]. Apyrumu He-
JIOCTATKAMU SIBJISTIOTCS BBICOKAsT UyBCTBUTEIBHOCTD
K JIBUTATEbHBIM apTedakTaM, a TakyKe HU3Kas mpo-
CTPaHCTBEHHAsI Pa3peliaroniast ClocOGHOCTD OJIHOKA-
HasnbHBIX TpuGopos JIJIM, BBULY NpOCTpaHCTBEH-
HOHU TeTeporeHHOCTH Tepdy3un OpraHoB, 0COOEHHO
koxu. Omgaaxo, JIJM mo3BoIsgeT B pesKuMe peanrbHO-
rO BPEMEHU MOHUTOPUPOBATH mepdy3uio ucciemye-
MOTO yYacTKa OpraHa ¥ KOJUYECTBEHHO OIIEHUBAThH
ee TMHAMUKY TIOJI BIAVSHUEM Pa3JIMYHBbIX BO3JEHCT-
BUI (TIaTOJIOTUYECKUH Tporiece, (HYHKINMOHATbHBIE
po0bl, TeKapCTBEHHbIE TIpenapaThl u ap.) [2].

Haubosee wacto JID wucmombsyercs st
OTIEHKN MUKPOIMPKYJISIINM B KOKe, BBUILY €€ JI0-
cTymHoCcTH M HewHBasuBHOCTH [2, 17]. OmHako, B
AKCIIEPUMEHTE Ha KUBOTHBIX WJIM B KJIMHUYECKUX
YCTOBUSAX (9HIOCKOMUYECKH, WHTPAOTIEPAIINOHHO)
ATUM METOJIOM HCCIEAYIOT MUKPOIUPKYJISIUIO U B
IPYTUX OpraHax, HallPUMEP, CAU3UCTHIX 000JI0UYKAX,
MBIIIIAX ¥ MO3T€, B TOM YHCJIE IPU OCTPOIT KPOBOIIO-
tepe [19, 20, 21].

[Tpu nepsuanom ananuse JIJDO-rpammMbr Bbize-
JISTIOT CJIeIYIOITe MOKA3ATEeN: CPEAHION BEJTMUNHY
nepdy3un UCCIelyeMOro yUacTKa TKAaHU B MHTEPBa-
Jie BpeMEHU PETUCTPAINN WK cpeiHeapupMeTniec-
koe 3Hauenue [IM (M, nd. en.); cpennexBampaTny-
HOE OTKJIOHEHWE KoJiebaHu i nephysun
otHOocutesbHo M (o, nd. en.), xapakrepusyioliee
BPEMEHHYIO0 M3MEHYMBOCTb KPOBOTOKA; KO3(hdUIN-
eut Bapuanuu (Kv=0/M,%) [17]. Ucnonb3oBanue
dbyHKIIMOHATBHBIX P00 (OKKIO3UOHHOIL, TEIJIOBOM,
271eKTPOdOpe3 Ba30aKTUBHBIX BEIIECTB 1 JIP.) MO3BO-
JISIET WCCJIEIOBATh U3MEeHEH s 6a3aJbHOr0 KPOBOTO-
Ka IO/ JIEHCTBUEM Pas3JInIHBIX CTAHAAPTHBIX CTUMY-
JIOB U, TEM CaMbIM, OTIEHUTDb PsI/l JOTMTOJHUTETbHBIX
rokasartejiell COCTOSTHUS MUKPOIMPKYJISAINH, Ha-
MIpuMep, pe3epB KaUJLISIPHOTO KPOBOTOKA U aKTUB-
HOCTB aHA0Tennd [2]. OTae bHbIN IMAaTHOCTUYeCKUN
MHTEPEC IMPEACTABJISAET HCCIeI0BaHNEe KoJebaTelb-
HBIX TIPOTIECCOB B MUKPOITUPKYISTOPHOM pyciie (CM.
paszaen «Bazomornnu u paakcMorums ).

ToT ke TPUHIMT JIA3€PHOTO 30HIUPOBAHUS
TKaHell ucnosubsyerca u B rexuosoruu LDI. Jlazep-

factors (pathological process, functional tests, med-
ications, etc.) [2].

LDE as a non-invasive method, is most com-
monly used to assess microcirculation in the skin,
due to the accessibility of this organ [2, 17].
However, in animal studies and in some clinical set-
tings (endoscopy, intraoperative) microcirculation
in other organs (mucosa, muscles and brain) is inves-
tigated with this method, including the case of acute
blood loss [19, 20, 21].

In the initial analysis of LDF records, the fol-
lowing parameters are taken into account: the aver-
age value of tissue region perfusion within the time
range of investigation, i.e. the arithmetic mean of the
IP (M, AU); the standard deviation of perfusion
oscillations about the M (o, AU), which character-
izes the temporal variability of blood flow; the coeffi-
cient of variation (Kv=0/M,%) [17]. Functional
tests (occlusive, thermal, electrophoresis of vasoac-
tive substances and others) allow investigation of
changes in basal blood flow in response to various
standard stimuli also assessment of a number of addi-
tional microcirculation parameters, e.g., capillary
blood flow reserve and the activity of endothelium
[2]. The investigation of oscillatory processes in the
microvasculature is of particular diagnostic value
(see «Vasomotions and fluxmotions» section).

The same principle of laser probing of tissue is
used in LDI technology. The laser beam, reflected by
a computer-controlled mirror, sequentially scans the
surface of the organ studied (usually skin). Detection
and computer processing of the reflected light allows
the investigator to visualize perfusion of the surface
layers of an organ (up to 1—1.5 mm deep) across sev-
eral tens of square centimeters [2, 6]. A color scale is
used to represent perfusion values of different parts of
the study area. The result is akin to microcirculation
map. Considering the heterogeneity of organ perfu-
sion, this feature significantly increases the spatial
resolution of the method compared to single-channel
LDF. At the same time, a relatively lengthy process of
scanning and data processing makes LDI unsuitable
for estimation of dynamic changes in blood flow, for
example, during functional tests.

LSCI is another technique for microcirculation
imaging relatively recently implemented in research
and clinical practice [22]. It is based on the laser
speckle contrast registration. Laser speckle arises as
a result of laser light backscattering from the irregu-
larities in the structure of the tissue, creating dark
and light interference patterns. These patterns can
be detected by a videocamera. The speckle pattern of
tissue changes during blood flow within microves-
sels, creating blurring of the image obtained. Speckle
contrast is a quantification of the blurring at a given
exposure time. Increased blood flow will increase
image blurring in a small square of pixels, thus
reflecting the velocity and concentration of red

OBIJAA PEAHMUMATOAOTIM, 2016, 12; 5

www.reanimatology.com

69



70

Review
[ |

DOI:10.15360,/1813-9779-2016-5-65-94

HBIH JTIy4, OTpakasich OT YIIPaBJISIEMOTO KOMIIbIOTE-
POM 3€epKaJjia, TOCTIe0BATEThHO CKAHUPYET MOBEPX-
HOCTb HCCJIelyeMoro oprata (00bIuHO KokH ). Peruc-
Tpalyst U KOMIIbIOTEPHasE 06paboTKa OTPaKEHHOTO
U3JIYyYeHUST TTO3BOJISIOT BU3yaJIu3upoBaTh Tepdy-
3110 IOBEPXHOCTHBIX CJI0eB opraHa (rayouHoi 10 1—
1,5 MM) Ha TLIOIIA/IH, TOCTUTAIONIEN HECKOJIbKUX JIe-
CATKOB KBaJpPaTHBIX caHTuUMeTpoB [2, 6]. [xa
OTPaKEHUS BEJIMUNHBI 1Tephy3un Pa3HbIX yIacTKOB
HCCJIelyeMoi 001acTH UCTTO/Ib3YeTCsI IIBETOBAs MIKa-
Jla, B pe3yJbTaTe 4ero IOJy4aeTcss CBoeoOpasHast
KapTa MUKPOKPOBOTOKa. C yueToM HepaBHOMEPHOC-
T 1epdy3un OPTaHOB, ATO 3HAUUTETHHO YBEJTNINBA-
€T TPOCTPAHCTBEHHYIO PA3PEIIAOIIYI0 CIIOCOOHOCTh
METO/[a 10 CpaBHeHUIo ¢ ogHoKanaabuoi JIJ[D. B To
JKe BpeMsI, OTHOCUTEIBHO JIJTUTEbHBIH MPOIIECC CKa-
HUPOBaHU 1 00pabOTKH MOJTYUYEHHBIX JAHHBIX JeJIa-
et LDI mempuromHO#l s OIEHKW AUHAMUIECKUX
M3MEeHEHUIT KPOBOTOKA, HATIPUMED TIPH MPOBEJIEHUN
(DYHKIIMOHATBHBIX TIPOD.

LSCI — emte oguu MeTo 1 BU3yaansauu MUK-
POIMPKYJISIINN, OTHOCUTENBHO HEaBHO BHEIPEH-
HBIIl B MCCJIEIOBATEHCKYIO U KJINHUUECKYTO TIPaK-
Tuky [22]. On ocHoBan Ha perucrpanuu
KOHTPACTa, TaK Ha3bIBAEMOTO, JIA3€PHOTO CIIeKJIa
(anen. laser speckle, speckle — ngrubliiko, kpamum-
ka). JlazepHBIl crleKs BO3HUKAET B Pe3yJibTaTe OT-
pakeHUs W paccerBaHUs Jia3ePHBIX Jydeill oT
CTPYKTYPHO HEOZHOPOAHOUN TKaHW, UTO CO3/laeT
MaTTEePH YepeJOBAHUS CBETJIBIX W TEMHBIX ydacT-
KoB (wHTEepdepeHIus ). ITOT MATTEPH JIE€TEKTUPY-
eTcst Bujeokamepoii. [lattepH crieksia nsmeHsiercst
BO BpeMsI JIBUKEHUSI KPOBU 10 MUKPOCOCYaM HC-
cjeyeMoll TKaHU, YTO MPUBOAUT K HEUYETKOCTH
(«pacIIBIBYaTOCTH» ) MOJYYAEMOTO U300PaKEHUSI.
KoHnTpacT creksia — 3TO KOJMUeCTBEHHAsT OIEHKA
CTENMEHU HEYETKOCTU TaKOTO M300pakeHUs 3a Oll-
pe/leJIEHHBINT TTPOMEKYTOK BPeMEeHU. YBeJnueHue
nepdysun TPUBOANUT K YCUJIEHUIO PACILIBIBYATOC-
TH Ha HeGOJIBIIIOM KBaJPAaTHOM ydacTKe U300pake-
HUSI, TEM CaAMBIM OTpaskasi CKOPOCTH JBVKEHUS U
KOHIIEHTPAIIMIO 9PUTPOIMTOB B UCCIEAYEeMOH 06-
gactu [6, 23]. LSCI npakTtuuecku oJHOMOMEHTHO
«KapTupyeTs nepdysuio uccieayemMoro opraHa Ha
JOCTATOUHO GOJIBIION TIOIAAN TOBEPXHOCTH, UTO,
B oTimune oT LDI, mo3Boisger mcmonb30BaTh ee
JUTSL OIIEHKY OBICTPBIX JAUHAMUUYECKUX M3MEHEHUN
KpoBoToKka. OHaKO, UMes. XOPOIIYI0 BOCIIPOU3BO-
nuMocTh pe3yabraToB nadmepennii, LSCI onenunsa-
€T KPOBOTOK JIUIIh B CAMBIX TTIOBEPXHOCTHBIX CJIOSIX
nccienyemoro oprana (10 300 MxM). ITOT MeTOI,
Tak ke Kak U LDI, uyBcTBUTE/NIEH K apTedhakTaM OT
JBUKEHUSI, XapaKTePU3YeTCsl HaJTnuneM «OroJIoru-
YeCcKOro HyJisl» U u3MepsieT nepdysnio B OTHOCH-
TEJbHBIX eIMHUTIAX.

CiretyeT OTMETUTD, YTO BaXKHBIM ITPEUMYIIECT-
BoM LDI n LSCI nepen BumeoMuKpoCKOTMYECKON
TEXHUKOU SIBJISIETCSI OTCYTCTBHE COITPUKOCHOBEHUS C

blood cells in that square [6, 23]. LSCI, unlike LDI,
nearly instantly «maps» the perfusion of examined
organ on a large surface area, that allows using it for
assessing the fast dynamics of blood flow. However,
having a good reproducibility of the measurement
results, LSCI assesses blood flow only in the most
superficial layers of the studied organ (about 300
microns). Like the LDI, this method is sensitive to
movement artifacts, has a biological zero signal and
measures perfusion in the arbitrary units.

An important advantage of LDI and LSCI over
videomicroscopy is the absence of contact with the
surface of studied organ that eliminates artifacts
from the pressure on the tissue.

Vasomotion and fluxmotion

LDF unlike most other methods allows assess-
ing the state and activity of different regulatory
mechanisms of microcirculation when assisted by
mathematical analysis of fluxmotion (flowmotion),
i.e. thythmical oscillations of blood flow in microvas-
culature [16, 24]. «Vasomotion» is another related
term, meaning the rhythmic oscillations in diameter
of microvessels (mostly arterioles) [25]. However,
fluxmotion is a broader concept, which includes the
whole range of blood flow oscillations in the ensem-
ble of microvessels in the tissue region.

When using LDF, the TP is displayed on the
computer monitor in the form of blood flow oscilla-
tions around the average value (Figure 1). Thus, the
LDF-gram represents a complex function, reflecting
changes in the IP over time. The regulatory mecha-
nisms of microcirculation include active and passive
factors [17, 18]. Active blood flow modulation fac-
tors include endothelial, neurogenic and myogenic
(in the narrow sense) mechanisms of vascular lumen
regulation. These factors are released through mus-
cular component of the vascular wall and create
oscillations in the blood flow through vasoconstric-
tion and vasodilation alternation. Passive factors
cause oscillations of blood flow outside the microvas-
culature. These are a pulse wave from the arteries
and the respiratory pump from the veins. They pro-
vide longitudinal flow oscillations.

Using mathematical analysis based on Fourier
transforms, one can identify the harmonic compo-
nents of LDF-gram, which differ in frequency and
amplitude. For this allotment, the wavelet analysis
has been deployed [16]. The spectral decomposition
of LDF-gram provides an opportunity to distinguish
fluxmotion components. Each component is charac-
terized by a particular frequency range (F, Hz) and
maximum amplitude of blood flow oscillation in the
range (A, AU). The frequency of blood flow oscilla-
tions in any given range is determined by the nature
of the particular regulatory mechanism of microcir-
culation, while the maximum amplitude reflects the
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IIpumep JI/IM-rpaMmpl JJOKaJIBHOTO MO3TOBOTO KPOBOTOKA B TEMEHHOIT 061aCTH KPbICHI.
An example of LDF-gram of the local cerebral blood flow in the rat parietal cortex.
IIpumevanue. Time, m, s — Bpems, muH, cek. The local cerebral blood flow, AU — jokanbHbI MO3roBOM KPOBOTOK, TI(h. €/1.

ITOBEPXHOCTBIO N3Yy4a€MOI'0 OpraHa, 4YTO HUBEJIMNPYET
apTe(l)aKTbI OT JaBJICHWA Ha TKaHU.

Basomonuu u prakcMoruu

JIID B orsmune oT GOJIBIIUHCTBA APYTUX METO-
JIOB ITO3BOJISIET OIEHUTD COCTOSTHNE ¥ AKTHBHOCTD Pa3-
JIMYHBIX MEXaHU3MOB PETYJISIINA MUKPOIUPKY TSN
MOCPEZICTBOM MaTeMaTUIeCKOTO aHAJIN3a TaK Ha3bIBa-
embIx (paakemonnit (anzz. fluxmotion, flowmotion) —
PUTMUYECKUX KOJeOaHUI KPOBOTOKA B MUKPOIIUPKY-
sagTopHOM pycae [16, 24]. Bauskum 1o 3HaYeHn o 8-
JIIeTCST TePMUH Ba3oMoIun (aHTJI. vasomotion) —
pUTMUYECKHe KOeOaHUs JruaMeTpa MHUKPOCOCYIOB
(mpexxe Bcero aprepuoin) [25]. Omnako, ¢uakcmo-
K — 3710 6oJIee MIUPOKOe MOHIATHE, BKIOUAOIIee B
cebst BeCh CIIEKTp KosieOaHuiT KPOBOTOKA B COBOKYII-
HOCTU MUKPOCOCY/IOB IAHHOTO PErMOHA TKAHMU.

[Tpu ucrionszoBarmu JI/D, IIM BoiBoauTCS Ha
MOHHUTOPE KOMITbIOTEPA B BUle KOJeOaHUH KPOBOTO-
Ka OKOJIO €T0 cpe/iHel BeJmYnHbI (PUCYHOK). Takum
obpasom, JIIMD-rpamma — CiOXKHAs HeJUHelHas
¢ynaknms, orpaxkaromas namenennst [IM Bo Bpeme-
Hu. Cpenn MeXaHU3MOB MOJIYJISIITAN KPOBOTOKA Pa3-
JIMYAIOT aKTUBHBIE W TaccuBHbIe dakTopsl [17, 18].
AxTuBHBIE (HDAaKTOPBI MOAYJISIINN KPOBOTOKA — 3TO
DHAOTEIUAIBHDBII, HEHPOreHHbII U COOCTBEHHO MHO-
TeHHBIH MeXaHU3MBbI PEryJISIUK TTPOCBETa COCY/IOB.
Itu (GaKTOPhl PeATUu3yIoTCsl 4epe3 TJa[KOMBIIIey-
Hble KJIETKU CTEHKH COCYJa M CO3/AI0T KOJIeOaHIs
KPOBOTOKA TIOCPE/ICTBOM Y€PEIOBAHIS HTTH30/[0B Ba-
30KOHCTPUKITNN ¥ Bazojuiatanuu. [laccuBhbre hak-
TOPBI, BHI3bIBAOLIME KOJIeOAHUST KPOBOTOKA BHE CHC-
TEeMbl MUKPOITUPKYJISAIUN, — JTO TyJIbCOBas BOJIHA

activity of this mechanism during the recording of
LDE The typical frequency ranges of blood flow
oscillations in human skin and the underlying regu-
latory mechanisms are shown in Table 2. For small
laboratory animals (e.g., rats), the analogous micro-
circulatory parameters are shifted toward higher fre-
quency values [26, 27].

The physiological significance of vasomotion and
fluxmotion remains a subject of scientific debate. Some
researchers consider vasomotion as an essential attribute
of the normal microcirculation [1, 28]. On the other
hand, in a number of experimental and clinical studies it
was shown that in most vascular beds vasomotion was
weakly expressed in the normal state of the body, but
considerably enhanced in a number of metabolic disor-
ders (acidosis) and hypotension, including acute blood
loss [29, 30]. Vasomotion is believed to be increased dur-
ing decrease of transmural pressure in the vessel to the
lower limit of blood flow autoregulation [25]. There is
experimental evidence that vasomotion and fluxmotion
activation can lead to the improvement of tissue perfu-
sion and oxygenation in hypoperfusion states that is con-
sidered as a local adaptive response [31, 32].

Some researchers distinguish two main types of
vasomotion/fluxmotion. These are «slow wave» (a
frequency of about 2—3 oscillations,/min, typical for
relatively large arterioles) and «fast wave» (a fre-
quency of 10—25 oscillations/min, typical for termi-
nal arterioles) [19, 33]. However, this approach does
not account for the whole frequency range of blood
flow oscillations, which limits its use for the assess-
ment of the activity of factors modulating blood flow.

Apparently, the oscillatory component of vas-
cular tone (vasomotion/fluxmotion) is regulated to
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Ta6auna 2. YacToTHbIE [HANa30HbI KOJEOAHUI KPOBOTOKAa B MUKPOCOCY/IaX KOKHU YejoBeka [24]
Table 2. The frequency ranges of blood flow oscillations in human skin microvasculature [24]

Frequency ranges

Physiological nature

Hz oscillations/min
0.005—0.0095 0.3—0.6 Endothelial
0.0095—0.02 0.6—1.2 Endothelial NO-dependent
0.02—0.046 1.2—-2.8 Neurogenic sympathetic adrenergic
0.047—0.069 2.8—4.1 Sensory peptidergic
0.07—0.145 4.2—8.7 Intrinsic myogenic (vasomotion)
0.16—0.18 9.6—10.8 Cholinergic parasympathetic
0.2—0.4 12—24 Passive respiratory
0.8—1.6 48—96 Passive cardiac

IIpumeuanue. Frequency ranges, Hz, oscillations/min — xacrorusiit unrepsai, I, Koaebaunii/mun. Physiological nature — dusuouio-
ruueckast npupona; Endothelial — sunorenmanshas; Endothelial NO-dependent — suporenmansuas NO-3asucumast; Neurogenic sympa-
thetic adrenergic — weiiporennas cummaTiyeckas ajgpeneprudeckass; Sensory peptidergic — ceHcopnas menrtuaeprudeckast; Intrinsic
myogenic (vasomotion) — co6cTBerHO MuorenHas (Basomormn); Cholinergic parasympathetic — xonmHeprudeckas, mapacummnaTndec-
Kas; Passive respiratory — naccuBHas abixaresibHas; Passive cardiac — maccuBHast cepieuHast.

CO CTOPOHBI apTepuil W INpucachBaiolee JAeiicTBre
«JIBIXaTeJIbHOTO Hacoca» co cTopoHbl BeH. OHu obec-
MEYMBAIOT IIPOIOJIbHBIE KOJleOaH!sT KPOBOTOKA.

[Tpu cnenmasbHOM MaTeMaTUYECKOM aHAJH3E,
OCHOBaHHOM Ha TipeoOpasoBaHusix Dypbe, MOKHO
BBISIBUTH TapMoHUYecKue cocTasisiomnme JIJdD-
IPaMMBbl, PA3THMYAIOIIAECS TI0 YaCTOTE W aMILIUTY/IE.
Jl1st 5THX 11€J1el UCTIONIb3YeT sl MaTEMAaTUIECK I arl-
napar BeiiBjer-tipeobpasosanus [16]. Takoe crexT-
panbHoe pasnoxkenne JIM-rpaMMbl 1aeT BO3MOK-
HOCTb  BBIJIEJIUTH KOMIIOHEHTBI  (hJIaKCMOIIHH,
KaK/IbIii M3 KOTOPBIX XapaKTePU3YeTCs OTpeiesieH-
HbIM auanazonoM ydactot (F Ir) m makcumanbpHON
aAMILIATY 0N KoJleOaH!st KPOBOTOKA B 9TOM JIHAIA30-
He (A, nd.ex.). Hacrora kKosiebaHUI KPOBOTOKA B TOM
WJIN MHOM JTMATTa30HE OTIPEIENISIeTCS IPUPOION KOH-
KPETHOTO MEeXaHW3Ma PEryJsSIiuy MUKDPOIMPKYJIsi-
MY, & MAKCUMAJIbHAS aMIJIUTY/Ia OTPaXKaeT aKTUB-
HOCTH JTAHHOTO MeXaHu3ma Bo BpeMst JI /I MD-merpun.
TwmyHbIe U1 KOJKU YeJI0BeKa YacTOTHBIE /THATIa30-
HBI KOJIeOaHMiT KPOBOTOKA ¥ JieXKalllie B UX OCHOBE
PEryJIAITOPHbIE MEXaHU3MBI TPUBEJAECHBI B TaOJ. 2.
Jlist MeJIKuX JTabopaTOPHBIX KUBOTHBIX (HAIIPUMEp,
KPbIC) aHAJIOTUYHBIE MTapaMeTPhl MUKPOTEMOITUPKY-
JIIIUM CMEIIEHbI B CTOPOHY 06o0Jiee BBICOKOYACTOT-
HBIX 3HaueHui [26, 27].

Dusuosornyeckoe 3HAYEHNE Ba3OMOIUN U
(rakcmonuii ocraercs IpeaMeTOM Hay4HbIX [HUC-
Kyccuit. HekoTopble rcciieoBaTes i CYUTAIOT Ba3o-
MOI[IH HEOTHEMIIEMbIM aTPUOYTOM HOPMAJIbHO M-
kpormpkyssaimu [1, 28]. C npyroit cTOpoHbBI, B psijie
OKCIIEPUMEHTANBHBIX U KJIUHHYECKUX PaboT ObLIO
MOKa3aHo, YTO B OOJIBIIMHCTBE COCYANCTHIX Gacceii-
HaX Ba3OMOIUH cJ1ab0 BBIPAKEHBI B HOPMAJIBHOM CO-
CTOSTHUM OPraHW3Ma, HO 3HAYUTEIBHO YCUINBAIOTCS
[pU psijie MEeTabONINYECKIX HapyIIeHwii (aluao3) u
TUTIOTEH3UHU, B TOM YHCJIe BBI3BAHHBIX OCTPOI KPOBO-
notepeti [29, 30]. Cunraercst, 4TO BA30OMOIINH YCUJIN-
BAIOTCS TIPU CHIZKEHUN TPAHCMYPATBHOTO JIaBJIECHUS
B COCY/Ie /IO HUKHEH TPaHUIIbl ayTOPETYJISIINI KPO-

some extent regardless of the stationary component,
i.e. vasomotion may grow stronger or fainter both in
vasodilation and vasoconstriction of the vessel [24].

Methods for studying oxygenation
and metabolism of tissues

Among the methods of this group, gastric pHi-
tonometry, sublingual capnometry, tissue reflectance
photometry and near-infrared spectroscopy (NIRS)
are most often used to assess the microcirculation in
blood loss and shock [34, 35].

Gastric tonometry and sublingual capnometry
are based on the determination of pH and pCO, in
the mucosa of the test organ. Reduction of mucosal
perfusion leads to CO, accumulation and pH
decrease in the mucosa. However, when interpreting
the results, it is necessary to take into account the
impact of other factors (systemic acidosis, gastric
acidity, perfusion heterogeneity). Measuring the gas-
tric-arterial pCO, difference (pCO,-gap) is more
informative in this regard.

Microvascular hemoglobin oxygen saturation
(SO,) and tissue hemoglobin concentration (so-
called, «capillary hematocrit») can be measured in a
particular region of skin or mucosa. These parame-
ters are calculated by the spectral analysis of the
light reflected from tissue, which contains informa-
tion about the ratio of oxygenated and reduced
hemoglobin. This method usually detects hemoglo-
bin oxygen saturation in the capillary and venous
blood depending upon the distribution of blood in
the microvasculature.

When wusing NIRS near-infrared light
(700—1000 nm) easily penetrates tissues and is
absorbed by hemoglobin, myoglobin and intracellu-
lar chromophore Aa3. Based on this absorption, the
average hemoglobin oxygen saturation in tissue
(tHbO, or tSO,) is calculated. This method is most
frequently used for non-invasive evaluation and
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BoTOKa [25]. EcTb 9KcIepuMeHTAIbHBIE JAHHDIE, YTO
AKTUBAIMST Ba30MOIMH 1 (hJIAKCMOIIMH MOXKET TTpH-
BOAWUTH K YJIYUIIEHUIO Tepdy3uu M OKCUTEHAIUH
TKaHel B YCJOBUSX TUNONepdy3nu, 4To MO3BOJISET
paccMaTpuBaTh UX KaK MECTHYIO aJIallTUBHYIO Peak-
o |31, 32].

HexkoTtopbie wcciieoBaTes i BBIZEJSIOT /[Ba OC-
HOBHBIX THUTIa Ba30MOINI/DIAKCMOIHNI: «MeIJIeH-
HO-BOJTHOBBIE» (4acToTOll OKojo 2—3 koseba-
HUI/MWH, XapaKTEPHBI JIJIT OTHOCUTETHHO KPYTTHBIX
aprepuos) u «ObICTPO-BOIHOBBIE» (yacToToi 10—25
KosleGaHWil/MUH, XapaKTePHBI [/ TEePMUHAIbHBIX
aprepuoa) [19, 33]. Onnako, Tpu 3TOM He yUUTHIBA-
€TCsT BeCh aMILIUTYIHO-YaCTOTHBII CIIEKTp KoJseba-
HUI KPOBOTOKA, UTO OTPAHUYMBAET MCIIOJH30BAHME
JAHHOTO TOJAXO/S JIJIsl OIEHKN aKTUBHOCTU (haKTo-
POB MOJYJISITIAN KPOBOTOKA.

ITo-BuamMoMy, KosiebaTeTbHBII KOMITOHEHT CO-
CYIUCTOTO TOHYca (Ba30MOITNH /(PIaKkCcMOITNN ) pery-
JIUPYETCST B OIPENeJIEHHON CTeleH HEe3aBUCUMO OT
€T0 CTAIMOHAPHOTO KOMIIOHEHTA, T.€. BA3OMOITUU MO-
I'yT YCUJIUBATHCS U ocabeBaTh Kak Ha (hOHE Ba3O/IH-
JlaTalluy, Tak U Ba30KOHCTPUKIMU cocyza [24].

MeToabl HCCIeJOBAHUS OKCHTeHAIINHI
U MeTa0oJM3Ma TKaHeil

Cpenyt METOIOB TAHHOW TPYTIIIBI, /IS OIEHKH
COCTOSTHUSI MUKPOIIUPKYJISAIIUNA TTPU KPOBOIIOTEPE U
[IOKe HanGOJIBIIYIO MOIMYJISPHOCTD HOJYUNIIN JKETy-
nmouHas ToHoMmeTpust (anen. gastric pHi-tonometry),
cyOJIMHTBAJIbHAST KAITHOMETPHSI, OTITHYECKast TKaHe-
Basg okcumerpus (awzn. tissue reflectance photome-
try) n oxkoJionH(ppaKkpacHas CIeKTPOCKONUs (aHTJI.
Near-infrared spectroscopy, NIRS) [34, 35].

Kesypoutast TOHOMETPUS 1 CYOIMHIBaIbHAS
KalTHOMETPUSI OCHOBaHbI Ha ompeneseHnn pH u
pCO, B cusucTOil 060I0UKE HCCTELYEMOTO OPraHa.
CHuskenre nepysur CIU3UCTON 060JOUKH TIPUBO-
muT K Hakoreruio B Helt CO, u camkenuio pH. Ox-
HAKO, MIPU WHTEPIPeTAliN MOJyYeHHBIX pPe3yJsbTa-
TOB CJIEJ[yeT YYWTBIBATHh BJWSHUE U JIPYTHUX
(hakTOpOB (CHCTEMHBIN alU/I03, KUCIOTHOCTD JKeJTy-
JIOUHOTO COKa, reTeporeHHOCTh repdysun). bomee
WHGOPMATUBHBIM B 9TOM aCII€KTe CUMTAETCS U3Me-
penue pazHoct pCO, MeXKILy CAU3NUCTON KeTyKa 1
aprepuanbHoil KpoBbio (PCO,-gap).

C moMoIIbi0 ONTHYECKON TKAaHEBOW OKCHUMET-
PHUM M3MEPSIOT caTypaluio reMOTJIO0MHa KHCJIOPO-
JIOM B MUKPOTIPKYIATOpHOM pycJie (SO,) u Tax Ha-
3bIBAE€MBII KaluIsIPHBIA ~ TeMaTOKPHUT B
OIPEIETIEHHOM YUYACTKe KOXKM WM CJM3UCTOH 060-
JIOuKH. /laHHbIe TIOKa3aTen PacCIYMTHIBAIOTCS B pe-
3yJIbTaTe CIEKTPATHHOTO aHAIN3a OTPAKEHHOTO OT
TKaHell CBeTa, cojiepsKaniero MHMHOPMaIUo O COOT-
HOTIIEHUN OKCUTEHUPOBAHHOTO M BOCCTAHOBJIEHHOTO
reMOTrJIO0MHA. DTUM METOJIOM, KaK [IPABHUJIO, PEIUCT-
pUpyeTcst caTypaliust TeMOrJIoOMHA KaIlIIIPHO-Be-

monitoring of brain and muscle oxygenation, but like
the previous methods has disadvantages (sensitivity
to artifacts, unknown tissue penetration depth and
bad spatial resolution).

Comparative aspects of regional blood
flow regulation in acute blood loss

In the first part of the review [36] the com-
pensatory and adaptive reactions of body to acute
blood loss were described in detail. One of these
basic reactions aimed at maintaining the blood flow
to vital organs is the centralization of circulation. It
is based on opposite changes in vascular tone in dif-
ferent vascular regions of the body, which leads to a
redistribution of blood flow during hypovolemia.

The relative role of a particular mechanism in
the regulation of vascular tone (myogenic, metabol-
ic, neurogenic, etc.) differs in different organs. In
terms of regional blood flow regulation, it is possible
to distinguish two groups of organs. In the first
group of organs (brain, heart, and, to some extent,
skeletal muscle), local metabolic mechanisms domi-
nate. In the second group (skin, kidneys, organs of
the abdominal cavity), the neurogenic sympathetic
influence prevails [37].

In the organs of the first group, the basal tone
of arterioles is usually high, and the blood flow at
rest only slightly higher than the minimum value
required to meet the metabolic needs of these
organs. Changes in the impulse activity of sympa-
thetic nerves have little effect on the blood flow in
these organs as compared to the effects caused by
changes in their metabolic activity. For example,
the increased sympathetic nerves activity is not
able to cause pronounced vasoconstriction since
this effect is leveled by vasodilating metabolites
accumulated in the tissues. On the contrary, an
increase in metabolic rate and the concentration of
vasodilating substances in tissue can cause a signif-
icant increase in blood flow by reducing the arteri-
olar tone. Well-developed metabolic and myogenic
regulation of vascular tone in cerebral and coronary
vessels determines the pronounced ability of the
brain and heart to blood flow autoregulation, i.e.,
keeping the blood flow relatively constant over a
wide range of changes in perfusion pressure [34].
During functional stress the blood flow rate in the
heart and skeletal muscles can be increased by sev-
eral times (active hyperemia).

In the organs of the second group, blood flow at
rest significantly exceeds small metabolic needs of
these organs. The arterioles of skin and abdominal
organs have a small basal tone. Therefore, the blood
flow in these organs increases almost to the maxi-
mum in the absence of sympathetic nerves effects.
On the other hand, the activation of the sympathoa-
drenal system leads to a significant blood flow reduc-
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HO3HOU KPOBH, UTO OTIPEEISETCS pacipeiesieHueM
KPOBU B MUKPOIIUPKYJISITOPHOM PYCJIE.

[Ipu ncnonp3oBarnu NIRS cBeT okosonabpa-
kpacrHoro auarnazona (700—1000 um) jerko mpoHu-
KaeT B TKaHU U IMOIJIOIIAETCS TeMOTIO0MHOM, MUOT-
JIOOMHOM W BHYTPUKJIETOYHBIM XpoModopom Aa3.
Ha ocHoBe 2TOT0 paccUnMThIBAETCS CPEMHSS carypa-
1Usl KUCJIOpoAoM remoriobuna B Tkanax (tHbO,
i tSO,). Haubosiee 4acTo aTOT METO/ UCIIOJIb3YET-
CsT ISt HEWHBA3UBHON OIEHKU 1 MOHUTOPUHTA OKCH-
TeHAI[MN MBIIII] U TOJIOBHOTO MO3Ta, OJHAKO, KaK U
MIPEBIYIITIEe METO/bI, UMEeT HEeJOCTATKU (UYBCTBU-
TEJIBHOCTh K apredakraM, HeW3BecTHasl TJIyOWHA
MIPOHUKHOBEHUS B TKAHU U TLIOXast IPOCTPAHCTBEH-
Hasl paspelnaniias criocoOOHOCTD).

CpaBHHTEIbHBIE ACTIEKTHI PeryJIsIIHH
PerioHapHOro KPOBOTOKA
IIPU OCTPOil KPOBOIIOTEPE

B nepBoii wactu ganHoro o63opa [36] 6bL1n 1mo-
JIPOGHO OIMUCAHBI KOMITEHCATOPHO-TIPHCIOCOOUTE -
Hble PEaKIMi OpraHu3Ma Ha OCTPYI0 KPOBOIIOTEPIO.
O/1HOIT M3 OCHOBHBIX TAKUX PEAKITHH, HAITPABIEHHbBIX
Ha TOJ/IepskaHre KPOBOTOKA B JKU3HEHHO BaKHBIX
opraHax, SBJIeTCs TEHTpaIn3aIus KpoBooOparie-
HUs. B ocHOBe ee JIe)KUT pasHOHATIPABIEHHOE U3Me-
HEHUE COCYIMCTOTO TOHYCA B Pa3HbIX COCYIUCTHIX
GacceifHax OpraHnW3Ma, YTO W MPUBOAUT K Iepepac-
MIpeJIeIeHNI0 TIOTOKA KPOBH BO BPEMSI THTIOBOJIEMU.

OrHocuTembHAS POJIb KOHKPETHOTO MEXaHU3Ma
peryJisiiiy COCyAAUCTOro Tonyca (MUOreHHbIH, MeTa-
6OIMYeCKUi, HEUPOTEHHBIN U JIP.) OTJIMYAETCI B Pas-
HBIX opranax. C TOUKM 3peHUs PETYJISAIUN PETHOHAP-
HOTO KPOBOTOKa MO’KHO YCJOBHO BbigeanTh (1)
TPyTILy OPTaHOB (TOJIOBHOM MO3T, CEP/IIIE U, B HEKOTO-
POl CTETIeHH, CKeJIETHBIE MBIIITIIBI ), B KOTOPBIX JIOMH-
HUpPYIOIlee 3HAUEHKE MMEIOT JIOKaIbHble MeTaboJIu-
yecKue MeXaHn3Mbl, 1 (2) opraubl (KOXKa, TOUKU, P
OPraHoB OPIOIITHOI TI0JIOCTH ), B KOTOPBIX TIpeodJiaga-
10T HellpoTeHHble cuMIIaTuYecKue BIusTHus [37].

B opranax mepBoil Tpymnibl Oa3aibHBI TOHYC
apTeprosl OOBIYHO BBICOKHH, a KPOBOTOK B IOKOE
JIUIITb HE3HAYUTEJNBbHO TPEBBINTAET MUHUMAJbHbIE
3HaueHUsT, HeOOXOAUMBIE [IJIsT YAOBJIETBOPEHMS MeTa-
6oJIMUeCcKUX MOTpeOHOCTEN 9THX OpraHoB. V3MmeHe-
HUSI UMITYJIbCHOM aKTHBHOCTH CUMITATUYECKUX HEP-
BOB OKAa3bIBAIOT HE3HAYMTEJbHBIE BO3/EHCTBUS Ha
KPOBOTOK B JIAHHBIX OpPTaHax MO CPaBHEHWIO C BO3-
JeHCTBUSAMI, 00YCIOBIEHHBIMI U3MEHEHHEM X Me-
Tabonmueckoil akTuBHOCTH. HampuMep, MoBbIIIeHIe
AKTUBHOCTH CHMIATHYECKUX HEPBOB HE CIOCOOHO
BBI3BATH BBIPAKEHHYIO BA30KOHCTPUKIIHIO, TOCKOJTh-
Ky WX JIeifiCTBUE HUBEJMPYETCST HAKAIJIMBAIOIIUMUCS
B TKaHIAX COCYAOPACHIMPSIONIMIMIA MeTaboJUTaMHu.
Hanporus, yBeinueHre WHTEHCUBHOCTH MeTaboJIu-
YeCKUX TPOIECCOB U TIOBBINIEHUE KOHIEHTPAIINN B
TKaHSX COCYOPACHIMPSIONINX BEIIECTB MOKET BbI-

tion in the organs, playing an important role in the
centralization of circulation during acute hemor-
rhage. Even reduced thereby blood flow is sufficient
to ensure minimal metabolic needs, and transient
interruptions in the perfusion and oxygenation of
these tissues have no significant clinical value [37].

The influence of neurogenic and hormonal fac-
tors on organ blood flow is largely dependent on the
types, density and distribution of receptors in the
vascular system [34]. For example, hemorrhage,
being a potent stress factor, can greatly reduce perfu-
sion of the skin and skeletal muscles due to the high
density of a-adrenoreceptors and V1-arginine vaso-
pressin receptors in the arterioles.

Among the organs relating to both the first and
second groups, there are significant differences in sus-
ceptibility to hypoxia. For example, skeletal muscle is
much more resistant to ischemia than the brain, and
the skin is more resistant compared to the kidneys.

Given the above, it seems appropriate to con-
sider changes in the microcirculation during acute
blood loss on the basis of organ belonging to the
group of «vital» or «sacrificed» organs. However, it
should be emphasized that this classification is con-
ditional, since severe acute blood loss and hemor-
rhagic shock are accompanied by a decrease in perfu-
sion and oxygenation of almost all organs, with the
possible exception of coronary blood flow [38].

Regional blood flow and microcirculation in
the skin, mucous membranes, skeletal muscles and
abdominal organs in acute blood loss.

Skin and oral mucosa are the most accessible
regions for the non-invasive investigation of micro-
circulation in clinical practice. Cold pale skin and
acrocyanosis are the classic signs of hemorrhagic
shock. However, when interpreting the results of the
investigation one should take into account a number
of features of cutaneous blood flow [17, 37].
Cutaneous blood flow at rest is greatly vareable
depending on the body part, skin temperature and
physiological state of the body (rest, stress, and oth-
ers). Changing the cutaneous blood flow is the pri-
mary mechanism for maintaining the temperature
homeostasis. Skin vessels in the distal parts of the
body (hands, feet and earlobes) are abundantly
innervated by the sympathetic adrenergic vasocon-
strictor fibers. This leads to a marked influence of the
autonomic status of the body on the blood flow in
these sites. The subpapillar venous plexus of the skin
contains approximately 1500 ml of blood, which can
be mobilized during the centralization of circulation
by means of neurogenic venous tone increasing [39].
Spatial heterogeneity of skin perfusion is caused by
the uneven distribution of microvessels in the skin
resulting in several arteriolar and venular plexuses,
as well as areas with good and bad vascularization
[40]. Clinically it is manifested as «marble» skin in
shock and other critical states.
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3BaTh 3HAYMTEIHHOE MOBBIIIEHNE KPOBOTOKA 32 CUET
YMEHBIIIEHWS] TOHYCAa apTephoJ. XOpOIIO pa3BUTast
MeTaboJmIecKast i MUOTEHHAs! PETYJISIHsI TOHYCa 1ie-
peOpaIbHBIX U KOPOHAPHBIX COCY/IOB OIPE/IEISET BbI-
PaKeHHYIO CITOCOOHOCTH MO3Ta U CePIla K ayTOPETy-
JISTIMY KPOBOTOKA B HUX, T.e. TOAJEPKUBATH €r0 Ha
OTHOCHUTEJTHHO TIOCTOSTHHOM YPOBHE B IITUPOKOM J[Ha-
Ma3oHe M3MeHeHul 1ep@y3noHHoro gaBieHus [34].
[Tpu dhyHKIIMOHATBHOIT HATPy3Ke CKOPOCTh KPOBOTO-
Ka B CepIle W CKEJETHBIX MBIIIIAX MOKET YBEJIUIH-
BaThCs B HECKOJIBKO Pa3 (aKTUBHAS TUTIEPEMMUST ).

B opranax BTOpOI rpyniel KPOBOTOK B MTOKOE
CYIIECTBEHHO MTPEBBIIIAET HX MUHUMAIbHBIE METab0-
JIMYECKHEe TMOTPEOHOCTH. APTEPUOJIbI KOKU U Opra-
HOB OPIOITHO# TT0/10CcTH 06J1aat0T HeOGOMbIITNM Oa-
3aJbHBIM TOHYCOM, I09TOMY KPOBOTOK B HHX
YBEJTUYUBAETCS TOYTH JI0 MAKCUMyMa TIPA OTCYTCT-
BUU BO3/IEHCTBUI cuMIaTnYecKnx HepBoB. C pyroit
CTOPOHBI, AaKTUBAIINST CUMIIATO-aIPEHAJIOBON CUCTe-
MBI BEJIET K CYNECTBEHHOMY CHUKEHHUIO KDOBOTOKA B
JAHHBIX OPraHax, YToO UTPAET BasKHYIO POJIb B Peasu-
3alliK [[EHTPaIM3auN KPOBOOOPAIIEHIS TTPH OCT-
poii kposoniotepe. [Ipu aTom maske peylImpoOBaHHBIN
TakUM 06Pa3oM KPOBOTOK JIOCTATOUEH JIJIsT obectede-
HUSI MUHUMaJIbHBIX METAa00INIEeCKUX MOTPEGHOCTEN,
a mpexojsIue nepebou B epdysun U OKCUTeHAIIUT
ATUX TKaHEeH He MMEIOT CYIIEeCTBEHHOTO KJIMHIYEC-
Koro 3HaueHwus [37].

Bimstae HeHPOTeHHBIX U TOPMOHAJIBHBIX (hak-
TOPOB Ha OPTaHHBIN KPOBOTOK B 3HAUNTEIHHON CTe-
MIEHU 3aBUCHT OT THUIIA PEIENTOPOB, UX IVIOTHOCTH W
paciipezenienys B cocyaucroil cucreme [34]. Hanpu-
Mep, KPOBOTEUEHUE, SIBJISSICh MOIITHBIM CTPECCUPYIO-
M (hakTOPOM, MOKET 3HAYUTENbHO CHU3UTH TEp-
(y3uio KoKW W CKeJeTHBIX MBI M3-32 BBICOKOI
TJIOTHOCTU @-ajipeHoperienTopos u V1 Bazompeccu-
HOBBIX PEIENTOPOB B aPTEPUOJIAX.

CieyeT TaksKe OTMETUTD, YTO CPEW OPraHOB,
OTHOCSIIITUXCST KaK K MEPBOI, TaK U KO BTOPOH IPyTI-
raM, UMEIOTCST CyIeCTBEHHbIE PA3JTUYUs B YYBCTBH-
TEJTHHOCTH K TUTIOKCUU. TaK, CKeJIeTHbIE MBITITITHI Ha-
MHOTO 0o0Jjiee YCTOWYMBBI K HINEMUH, YeM MO3T, a
KO’Ka — T10 CPAaBHEHUIO C TIOYKaAMU.

YuuTbiBasi BBINIECKa3aHHOE, IPEICTABIISIETCS
11eJ1eCO00PasHBIM PACCMOTPETh M3MEHEHUST MUKPO-
IUPKYJSAIUA TIPU OCTPOH KPOBOTIOTEPE C YYETOM
MPUHAJJIEKHOCTH OPTaHOB K TPYIIE <KU3HEHHO
BRKHBIX»> WJU «IIPUHOCUMBIX B KepTBY». O/HAKO,
cJIe/lyeT ellie pa3 Mo9epKHYTh, UYTO 3TO /leJieHue yc-
JIOBHO, IIOCKOJIbKY TsKeJlasi OCTpast KpOBOIIOTepsl U
reMOpparndecKuil MoK COMPOBOK/AAIOTCS CHUKEHU-
eM 1epy3nn U OKCUTEHAITUH TIPAKTHYECKN BCEX OP-
TaHOB, 32 BO3MOXHBIM HMCKJIIOUEHUEM KOPOHAPHOTO
KpoBoToKa [38].

Peruonapuslii KPOBOTOK H MUKPOIUPKYJISIUS
B KO’K€, CJIM3UCTBIX 000JI0YKAX, CKEJIETHbIX MBbIII-
1aX U OpraHax OpIOIHOM HOJOCTH IPH OCTPOI KPO-
BoIOTEpE.

In animal experiments it was shown that the
vasoconstriction of skin vessels is sustained in hemor-
rhagic shock. The authors concluded that cutaneous
vasoconstriction in these conditions is due primarily to
an increased level of catecholamines in the blood and
increased neurogenic output plays a lesser role [41].

During the development of hemorrhagic shock,
larger arterioles and venules of the skin and underly-
ing tissues are exposed to severe vasoconstriction,
whereas the small terminal arterioles tend to dilata-
tion [42]. During prolonged hypovolemia, cutaneous
blood flow is not restored to the baseline values even
after fluid resuscitation with autologous blood or
other fluids. This is a result of sustained vasocon-
striction [43].

Kerger H. et al. [44] in experiments on ham-
sters used the 4-h hemorrhagic shock model followed
by autologous whole blood resuscitation. Perfusion
and oxygenation of skeletal skin muscle and subcuta-
neous connective tissue in a dorsal skinfold were
investigated by videomicroscopy and phosphores-
cence decay. Animals did not survived 24-h after
resuscitation (nonsurvivors), were different from
survivors by more severe hypotension, hyperventila-
tion and metabolic acidosis. Nonsurvivors have also
had lower values of microvascular blood flow, func-
tional capillary density and oxygen tension in stud-
ied tissues. The differences in the microcirculatory
parameters were manifested both in the period of
hemorrhagic shock, and after resuscitation.
Moreover, the authors found the expressed distur-
bances of tissue perfusion and oxygenation in ani-
mals that survived day after resuscitation, but were
in poor condition. Whole blood resuscitation of
blood loss in most cases did not restore the studied
microcirculatory parameters in the skin fold to the
baseline values, and the severity of microcirculatory
disturbances was a predictor of the outcome in this
experimental hemorrhagic shock model.

Using LDI it was revealed that decreasing of
skin perfusion, as opposed to changes in systemic
hemodynamic (blood pressure and heart rate),
occurs in the first minutes of hemorrhage [45]. In
another experimental study the most sensitive para-
meters, responding to blood loss of 5—10% of the
CBYV, were changes in the pulse pressure and mean
arterial pressure as well as in hemodynamics of the
pulmonary circulation. In this study, the cutaneous
pO, was starting to decrease only at a blood loss
achieving 40% of the CBV. According to the authors,
such delayed decline in cutaneous oxygenation could
be attributed to the low metabolic needs of the skin,
which in the earlier stages of blood loss were met,
despite the decrease in oxygen delivery [46].

According to modern concepts, vasomotion and
fluxmotion increase at the development (or at risk of
development) of tissue hypoxia. Its activation is
aimed at optimizing the perfusion and oxygenation
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KoskHBbIil TOKPOB U cJU3ucTas 060J0YKa MOJI0C-
TH pTa — HarboJee JOCTYIHbIE 00JACTH JIJIsI HeMHBA-
3UBHOTO UCCJIEOBAHUS MUKPOITUPKYJISIINN B KIUHU-
yecKoW mpakTuke. KiaccuuecknMu TNpu3HAKaAMU
reMOPPArnyecKOro IMOKa SIBJISIOTCS XOJOAHBIN, OJ1e/-
HBIN KOXKHBIM TIOKPOB, a Takke akpornurano3. OpHaKko
[IPY MHTEPIIPETAIUN PE3YIBTaTOB UCCIEIOBAHUS He-
06XOIMMO YYUTBIBATH PSIZT 0OCOOGEHHOCTEN KPOBOCHAG-
sxeHus Koxu [ 17, 37]. KoskHbII KPOBOTOK B TIOKOE Xa-
PaKTEpU3YETCsl 3HAYMTENbHBIMU KOJEOAHUSIMU B
3aBUCUMOCTH OT y4acTKa TeJa, TeMIIEPATyPhl KOKHO-
rO MOKPOBa M (PUBMOJOTUIECKOTO COCTOSTHUS Opra-
Hu3Ma (TMOKOMH, cTpecc U 1p.). V3aMeHeHme KOKHOTO
KPOBOTOKA SIBJISIETCS OCHOBHBIM MEXaHU3MOM TOJI-
JiepKaHus TeMIiepatypHoro romeocrtasa. Cocybl Ko-
KU aKPAJTBHBIX YUACTKOB Tesia (KHCTH, CTOIBbI, MOYKH
yireit) 60rato HHHEPBUPOBAHBI CUMIATHYECKUMIE I~
PEHEPTUYECKUMU COCYIOCY;KMBAIONTUME BOJIOKHAMHU,
YTO TIPUBOJIUT K BBIPA)KEHHOMY BJIMSTHUIO BEreTaTHB-
HOTO CTaTyca OpraHu3Ma Ha KPOBOTOK B 3TUX y4YacT-
Kax. B T0/ICOCOYKOBOM BEHO3HOM CILIETCHUH KOKU
cozepxuTCss 0Koso 1500 M1 KpoBH, KOTOpast MOKET
ObITH MOOMIM30BAHA TIPU LIEHTPAIU3ALUU KPOBOOO-
paleHus 3a c4eT HEHPOTEHHOTO TOBBIIEHHST TOHYCa
Ben [39]. IIpocrpancrBennas reTeporeHHOCTb Iep-
(dysuu Koku 00yCII0BIEHAa HEPABHOMEPHBIM PacIpe-
JleJIeHreM MUKPOCOCY/IOB B Hell ¢ (hopMUpOBaHWEM
HECKOJIBKMX apTEPUOJISIPHBIX U BEHYJISIPHBIX CIIIETe-
HUI, a TaKXKe XOPOIO U TIJIOXO BaCKYJISIPU3UPOBAH-
nplx yuyacTkoB [40]. Kiunuuecku ato npossiisiercs
«MPaMOPHOCTBIO» KOKHOTO TIOKpOBa TIPU IIOKE U
JIPYTUX KPUTUIECKUX COCTOSTHUSIX.

B aKkcrieprMeHTaIbHBIX YCIOBUSIX OBLIO MOKa-
3aHO, YTO Ba30KOHCTPUKITUS KOKHBIX COCY/IOB TIPU
reMOpparnyeckoM IMOKe HOCUT CTONKWIT XapakTep.
ABTODPBI IPUTIJIN K 3aKJIIOUEHUIO, YTO KOXKHAST Ba30-
KOHCTPHUKIIUS B THX YCJIOBHUSAX OOYCIOBJIEHA TIpe-
MMYIIECTBEHHO TTOBBIIIEHHBIM YPOBHEM KaTexoJa-
MWHOB B KDOBH, a He TIOBBINIEHHON HEHPOTEHHOMN
nMIyabcanuent [41].

B xome pasBuTHS TEMOPPAruvyeckoro IIoKa
KPYITHBIE apTEPUOJIBI U BEHYJIBI KOKH U MOJJTEXKATINX
TKaHEel MOJ[BEPraioTCcsl BHIPAKEHHON Ba30KOHCTPUK-
MU, B TO BPeMs KaK MeJIKHe TepMUHAJIbHbBIE apTe-
pHOJIbL UMEIOT TenjeHuuio Kk aunatauuu [42]. Ilpu
JUTUTETHHON TUITOBOJIEMUH BCJIEACTBUE COXPAHSIO-
HIelicst BA3OKOHCTPUKIMK KOKHBIN KPOBOTOK HE BOC-
CTAHABJIUBAETCS /IO UCXO/IHBIX 3HAUEHUT /laske TIOCTIe
BOCIIOJTHEHUST KPOBOTIOTEPU ayTOJOTUIHON KPOBBIO
WM APYTUMU NH(PY3UOHHBIMU pacTBopamu [43].

Kerger H. ¢ coaBr. [44] B 9kcliepuMenTe Ha X0-
MsTKaxX HMCIIOJIb30BAIA MOJIENTh YETHIPEXUACOBOTO Te-
MOPParmvecKoro 1mokKa ¢ noceaymoiieil penHdysneit
aytosiornuyHoii kposu. llepdysusa m okcurenamms
MBITIIBI U TMOAKOXKHOW COEIMHUTENBHON TKAaHU B
KOXKHOW CKJIaJIKe UCCTIEeJOBAIUCH METOIAMU BUJIEO-
MUKPOCKOTINY 1 yracarotiei (pochopeciientun. Ku-
BOTHbIE, HE BBIKUBIITHIE B TeUeHNE 24 9 TIoCIeyTone-

of tissues under the conditions of redused oxygen
delivery [25, 33]. On the other hand, Colantuoni A et
al. observed rhythmic oscillations of arteriolar diam-
eter in the hamster skin at the initial state without
anesthesia. During hemorrhagic shock, the rhythmic
activity of microvessels disappeared and was
restored only after blood reinfusion [42]. In all prob-
ability, the difference in the results of the authors is
due to different methodological approaches to the
study oscillatory processes at the level of microcircu-
lation, as well as the experimental conditions (anes-
thesia, animal species, etc.).

In experiments on rats, fluxmotion dynamics in
the skin of ear was studied during acute blood loss
and after reinfusion of autologous blood using LDF
with wavelet analysis [47]. The animals were divided
into two groups depending on the amount of blood
loss needed to achieve blood pressure of about 50
mmHg. In both groups, the period of hemorrhagic
hypotension (60 minutes) was characterized by a
decrease in cutaneous blood flow and increase in
fluxmotion amplitude in the neurogenic frequency
range (An). At the end of this period the intergroup
differences consisted in a higher value of An in the
group of animals with smaller volume of blood loss.
These results indicate that the degree of fluxmotion
amplitude increase in the skin during hemorrhagic
hypotension is associated with the compensatory
ability to maintain blood pressure. The results of
reinfusion also indicated the poor tolerance of bleed-
ing in these animals. After blood reinfusion, in the
same group of animals the An was higher, while skin
blood flow and blood pressure were lower than in the
group with greater blood loss, which was needed to
reduce blood pressure to 50 mm Hg.

The same authors, but using a fixed volume
blood loss model (30% of the CBV), investigated the
effect of perftoran administration at a dose of 3 mL/kg
on the dynamics of cutaneous microcirculation [48].
In the first minutes after blood withdraw there was a
decrease in blood pressure, cutaneous blood flow and
an increase in the An. Perftoran administration com-
pared to normal saline resulted in a greater increase in
blood pressure and cutaneous blood flow. The An
remained above the baseline values in both groups. In
addition, perftoran administration caused an increase
in fluxmotion amplitude in the endothelial frequency
range (Ae). The Ae was remaining increased through-
out the period of hemorrhagic hypotension. This may
indicate a stimulatory effect of perftoran on the
endothelium associated fluxmotion mechanisms in the
skin during acute blood loss.

The features of cutaneous microcirculation in
patients with severe trauma and blood loss were
studied using LDF [49]. On the first day after ICU
admission, this category of patients was character-
ized by a decrease in cardiac index, the index of per-
fusion and fluxmotion amplitudes in myogenic and
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ro HaGJIIOIEHHUS, OTJHUYAINCH OT BBIKUBIINX 0COOEi
GoJiee BBIPaKEHHBIMU apTEPUATbHON IMITOTEH3MEH,
TUIIEPBEHTUIISIIINEH U MEeTabOMYECKIM allHI030M, a
TaKKe MEHBIIMMU 3HAYEHUSIMU CKOPOCTH KPOBOTOKA
B MHKPOCOCY/IaX, TJIOTHOCTU (DYHKITMOHUPYIONTUX
KaWJISIPOB M HATIPSIKEHUST KUCJIOPO/Ia B UCCJieye-
MBIX TKaHSX. Pa3imuus mo mapameTpaM MUKPOIUP-
KYJISIIMY TTPOSIBIISIIINCH KaK B IIEPHOJIE TeMOpparnye-
CKOTO MIOKA, TaKk ¥ IIOCJe  BOCIOJHEHUS
KkpoBomnorepu. Bosree TOro, aBTOpbI 0GHAPY KN BbI-
paskeHHbIe PACCTPOICTBA TKaHEeBON nepdy3un 1 OK-
CUTEHAINN Y KUBOTHBIX, KOTOPbI€ BBIKUJIU Yepe3
CYTKU 11ocJie perH(pY3UH, HO HAXOIUJTUCH B TSKEJIOM
cocrostarn. Takum 06pasoM, BOCIIOJIHEHIE KPOBOTIO-
TEpPH ayTOJIOTMYHON KPOBbBIO B GOJIBITIMHCTBE CTyda-
€B He BOCCTAHABJIMBAJIO WCCJELyeMble TTOKa3aTesn
MUKPOIUPKYJISIIAN B KOKHOI CKJIAJIKE /10 UCXOTHBIX
3HAYEHUH, a BBIPAKEHHOCTh MUKPOIMPKYJISTOPHBIX
HapyIIeHUI SBJISIACh TPOTHOCTUYECKUM (haKTOPOM
HCXO0/Ia TEMOPPArnYecKOro MoKa B JAHHOW 9KCIIEPH-
MEHTaJbHON MOJIEJTH.

Metonom LDI 6110 BBIABJIEHO, UTO CHIDKEHUE
nepdy3un KOKH, B OTJIMYNE OT U3MEHEHUs TTOKa3a-
teseit cucteMuoit remoguaamMuku (Al m HCC), mpo-
HCXOAUT C IEPBBIX MHUHYT KpoBoTeuenus [45]. B
JIPYTOM 9KCHEPUMEHTATbHOM HCCIIeI0BaHUN Hanbo-
Jiee YyBCTBUTEJbHBIMY ITApaMeTPaMHy, Pearnpyronu-
Mmu Ha Kposororepio B 5—10% ot OLIK, okazamuch
M3MeHeHNUs TyJIbcOBOTO U cpesinero A/l a Takske mo-
KaszaTeJd TeMOIMHAMUKU MaJIoro Kpyra KpoBooOpa-
menus. B njannom uccnenoBanuu pO, B KOKe HAUYH-
HAJIO CHUKATHCS TOJIBKO TIpU KPoBotioTepe B 40% oT
OILK. [To MmEeHMIO aBTOPOB TaKOe OTCPOYEHHOE CHU-
JKEHHe OKCUTEHAIH KOKH MOKeT ObITh OOBSICHEHO
HUBKUMHU MeTabOoIIMYeCKUME TOTPEOHOCTMU KOKH,
KOTOpble Ha OoJjiee PaHHUX dTalax KPOBOMOTEPU
VZIOBJIETBOPSINCh, HECMOTPST HA CHUKEHHE JIOCTaB-
KU Kucygoposa [46].

CorJyiacHO COBPEMEHHBIM MPEJICTaBIEHMSIM, Ba-
30MOTIMH W (hJIAKCMOIIMK YCUTTMBAIOTCS TIPU Pa3BU-
T (MW PUCKe Pa3BUTHsA) TUIOKCUU TKaHeil. Vx
aKTUBAITUS HATIPaBJieHa HA ONTUMU3AINIO Tephy3nn
U OKCUTEHAIUW TKAaHEH B YCJIOBUSIX OTPaHUYEHHOM
noctaBku kucjaopozaa [25, 33]. C mpyroit cTropoHb,
Colantuoni A. ¢ coaBT. HAOMIOAAT PUTMUYECKUE KO-
JieOaHusT InaMeTpa apTepProJl B KOKE XOMSIKOB B HC-
XOJ[HOM COCTOSTHUU Oe3 aHecTe3nu. B mepuo remMop-
parnyecKoro IoKa 9Ta PUTMUYECKasT aKTUBHOCTD
MHUKPOCOCY/ZIOB HcYe3aja U BOCCTAHABJIMBAJIACDH
TOJIBKO TIocie penHGysnn kposu [42]. ITo Bceii Bepo-
SITHOCTH, Pas3JInuie B pe3yJibraTax 00yCIOBIEeHO pas-
HBIMM METOJIOJIOTHYECKUMU TIOJIXO/IaMU aBTOPOB K
HCCJIEIOBAHUIO KOJIeOaTeIbHBIX MTPOIIECCOB HA YPOB-
He MUKDOIMPKYJISINN, a TAKKe YCIOBUSIMU dKCIIE-
puMeHTa (aHecTe3ust, BUJ JKUBOTHOTO U T.II.).

B skcniepumenTax na kpbicax MetozgoMm JIJD ¢
BelBIIET-aHATM30M U3yJaiach IMHAMUKA (DITAKCMOTTHIA
B KOKe yXa TIPH OCTPOI KPOBOTIOTEPE U PenH(pY3UH ay-

neurogenic frequency ranges. A direct correlation
was found between the parameters of systemic hemo-
dynamics and local cutaneous blood flow, i.e. correc-
tion of hypovolemia and normalization of systemic
hemodynamics were accompanied by improving
microcirculation in the skin. This correlation was not
typical for patients with peritonitis.

Many researchers use the skeletal muscle as
an object for study of microcirculatory changes in
acute blood loss in an experiment, especially when
studying vasomotion. This is due, apparently, to a
good and homogeneous vascularization of muscles.
Muscle blood flow is significantly reduced in hemor-
rhagic shock, despite the well-developed metabolic
blood flow autoregulation during exercise. The arte-
rioles and precapillary sphincters constrict. The
amount of plasmatic capillaries increases due to the
impossibility of red blood cells passage through the
constricted microvessels [50]. There is an assump-
tion that shock decompensation in the muscles
(vasodilatation) is caused by the inhibitory effect of
prostaglandins accumulating in the tissues on the
vascular sympathetic nervous system [41]. As it was
shown in an experimental study in rats, restoring of
microcirculatory blood flow in muscles after blood
reinfusion was a marker of survivability of animals
exposed to hemorrhagic shock. The survivors also
demonstrated progressive microcirculatory distur-
bances and microvascular insensitivity to norepi-
nephrine infusion [51].

Severe isovolemic anemia is accompanied by a
significant decrease in pO, in the muscle tissue. The
fact that pO, in venous blood flowing from the mus-
cles exceeds the value of this parameter in the tissue
indicates impairment of oxygen diffusion from the
microvasculature to cells [52]. However, one of the
local compensatory reactions in response to muscle
hypoxia is an increase in perfused capillary density,
aimed at increasing the exchange surface area and
minimizing the distance for oxygen transport from
microvessels to cells [53]. Presumably, this response
is realized under the conditions of mild centraliza-
tion of circulation.

In an experiment, arterial hypotension and
ischemia were accompanied by the dilatation of the
transverse and terminal arterioles in skeletal muscle.
In the course of perfusion pressure reducing, the ter-
minal arterioles exhibited alternation of periods of
regular vasomotion and absence of vascular activity.
Vasomotion ceased when blood pressure had
dropped to 30—50 mm Hg and resumed only during
reactive hyperemia [54]. However, other studies
have shown that regular <«slow wave»
vasomotion/fluxmotion are not characteristic for
normal muscle microcirculation, but appear with a
decrease in blood pressure below a certain level.
Borgstrom P. et al. [19] using LDF studied blood
flow dynamics in the rabbit skeletal muscle in a
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TOJIOTUYHON KpoBH [47]. JKuBOTHBIE OBLIH pasiiesieHbI
Ha JIB€ IPYIIIBI B 3aBUCHMOCTH OT 00beMa KPOBOIIOTe-
pH, HeOOXOAUMOTO ISt I0CTI KeHUsT Al CpeIHEro OKo-
Ji0 50 MM PT. 1. B 06enx rpymiax i nepuoaa reMop-
paruyeckoil TunoTeHsnu (60 MUHYT) OBLIO XapaKTEPHO
CHIKEHUE KOYKHOTO KPOBOTOKA U TIOBBIIIIEHUE aMILIH-
TYZIbI (hTAKCMOITHIA B HEHPOTEHHOM YaCTOTHOM J[Haria-
3oHe (An). K KoHIly TaHHOTO TIeprozia MeKTPYIITIOBbIe
PasIMYUs 3aKI0YINCh B GOJIbIEM 3HAYECHUU AH B
IPYIIIE JKUBOTHBIX ¢ MEHBIITM 0GHEMOM KPOBOIIOTEPH.
ITH pe3yJIbTaThl YKa3bIBAIOT, YTO CTEIIEHD YBETMIEHUS
aMITUTYIb (hJTAKCMOITUE B KOXKe TIPU reMopparnJec-
KOU THITOTEH3UHU COTPSIKEHA CO CIIOCOOHOCTBIO K KOM-
neHcatopHomy Tozzep:kannio A/l cpemrero. Ha mmo-
XyI0 MEPEHOCUMOCTb TIEPHO/Ia KPOBOTIOTEPH ATUMU
JKUBOTHBIMU YKA3bIBATM TAKKe PE3yJIBTaThl perHdy-
3un. [locse penHdy3nn KpoBU y KUBOTHBIX 3TON Ke
IPYIIBI AH OCTaJIach BBIIIE, a 3HAYEHUST KOKHOTO KPO-
BoToKa U AJl cpeirero ObLIM HUKE, YeM B TPYIIIE €
GoJIbIIEN KPOBOIIOTEPEii, HOTPeOOBABIIENCs It CHU-
xennst AJl cpenmero 10 50 MM prT. CT.

Toti xe rpynIOl aBTOPOB, HO HA MOJIEJIN OCTPOI
(bukcupoBarnHOil 10 00beMy Kposomorepu (30% ot
OIIK) uccrenosanocs BausHue nHbY3nn mepdropa-
Ha B /103€ 3 MJI/KT Ha IMHAMUKY KOKHOW MUKPOIUP-
KyJisiigun [48]. B mepBbie MUHYTBI TIOCIE 3a60pa Kpo-
BH TPOUCXOANIO cHIDKeHne A/l cpemHero, KOKHOTO
KPOBOTOKA 1 yBesnmueHne AH. BBenenue nmepdropana
o cpastenuio ¢ 0,9% pacrsopom NaCl npusoamio K
GoJiee BBIpaskeHHOMY yBeamueHuto AJl cpemasero u
KOKHOTO KPOBOTOKA. AH OCTaBajiach TOBBIIIEHHOM
OTHOCHUTEIBHO MCXO/a B 00eux rpyimax. Beeaerue
nepTopaHa BbI3BIBAJIO TAKKe YBEJIUIEHNE aMILTATY-
JIbl (prakcMOIIUil B 9HAOTETUATBHOM YaCTOTHOM JIHa-
nazoHe (A3). As ocTaBanach yBeJIMUEeHHON Ha MTPOTSI-
JKEHWU BCETO TIePUOJIa FeMOPParndecKoi THIIOTeH3NH.
ITO MOXKET YKa3bIBaTh HA CTUMYJIMPYIOIIee IefcTBIE
nepdTopaHa Ha SHAOTEJNN 3aBUCUMbBIE MEXaHU3MBI
dmakcMoInii B Koske TPU OCTPOH KPOBOIIOTEPE.

Merozmom JIJID uzyuasrch 0COGEHHOCTH MUK-
POIUPKYJISIIUA B KOKe Yy TAIUEHTOB C TSUKEJOi
TpaBMOIi n kpoBomnoTepeii [49]. B mepBbie cyTku mo-
cae mocrymiennst B OPUT nannas xareropus nanu-
€HTOB XapaKTepPU30BaJIach CHUKEHUEM CEPAEYHOTO
nnnekca, [IM n amnnuTtyn aakemMonnii B HeliporeH-
HOM U MUOT€HHOM YaCTOTHBIX JMara3oHax. Boissie-
Ha TIPSMasi KOPPEJISIUs MEXK/IY MOKA3aTeNSIMUA CUC-
TEMHOW TeMOJUHAMUKU U JIOKAJIBHBIM KOKHBIM
KPOBOTOKOM, T.€. KOPPEKINS TUITIOBOJIEMUN 1 HOPMa-
JIN3AIMST CUCTEMHON TEeMOIMHAMWKN COIPOBOK/IA-
JIUCD YJIy4IlleHuEeM MUKPOIMPKYJISINHN B Koxke. [1o-
noOHas Koppessiust Oblla He XapakTepHa st
MAIUEHTOB C TIEPUTOHUTOM.

MHorue wcciieoBaTesId UCIONb3YIOT CKeJIeT-
HbIE MBIIIIBI B KauecTBe 00bEKTa JIJIS U3YUEHUST U3-
MEHEHWH MUKPOIUPKYJISIIUU TPU OCTPOIl KPOBOIIO-
Tepe B IKCIEPUMEHTe, 0COOEHHO, MPU HM3YYEHUU
BaszoMoIuil. O6YCJIOBIEHO 9TO, O-BUIUMOMY, XOPO-

model of acute fixed volume blood loss (30% of
CBV). At the baseline, fluxmotion was not regis-
tered. After blood loss completing, the blood pres-
sure was an average of 35 mm Hg, and over the fol-
lowing 30 minutes, almost all of the animals
exhibited «slow wave» fluxmotion. The same
research group has demonstrated the modulating
influence of neurogenic and humoral factors on local-
ly controlled vasomotion. Denervation of the muscle
on the background of its hypoperfusion led to the
disappearance of regular vasomotion while vaso-
pressin infusion under these conditions induced
reappearance of the vasomotion [55].

According to the M. Intaglietta's concepts the
activation of vasomotion in hemorrhagic shock
simultaneously enables maintaining tissue perfusion
and mobilizing interstitial fluid into the blood-
stream. Increased sympathetic activity causes pro-
nounced vasoconstriction in most organs of the sec-
ond group (see above). The diameter of the terminal
arterioles may be reduced to the values at which red
blood cells can no longer pass through them into the
capillaries. Under these conditions, vasomotion can
provide intermittent perfusion despite the fact that
an average diameter of the arterioles would be signif-
icantly smaller than the diameter of the red blood
cells [33]. This mechanism is particularly relevant
under the conditions of impaired red blood cells
deformability and aggregation during shock.

In experiments on rats, arteriolar vasomotion
and corresponding fluxmotion were induced in mus-
cle tissue by the hind limb hypoperfusion. Under
these conditions, the perfused capillary density did
not change despite slowing of capillary blood flow.
Abrogation of vasomotion by a calcium channel
blocker resulted in a decrease in the perfused capil-
lary density. Based on these data, the authors con-
cluded that in the context of critical hypoperfusion,
vasomotion and fluxmotion in skeletal muscle pre-
served nutritive blood flow [56].

Hemorrhage is accompanied by a decrease in
perfusion of the oral mucosa and wall of the gas-
trointestinal tract [57, 58]. Vasoconstriction of the
mesenteric arterioles and decreasing of blood flow in
the microvasculature occur [59]. Using videomi-
croscopy it was revealed that blood flow was slowing
down and arteriolar spasm in the intestinal wall pre-
served even after reinfusion [60]. Increased adhesion
and extravasation of neutrophils are the additional
factors of ischemic and reperfusion injury under
these conditions [61].

Dubin A. et al. using videomicroscopy investi-
gated microcirculatory changes in the sublingual
region, serous and mucous membranes of sheep small
intestine during progressive acute blood loss. In this
study, it was noteworthy that the microvascular flow
indexes and red blood cell velocities in capillaries
progressively decreased in all three region from the
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el 1 paBHOMEPHOH BacKyJsipu3armeir Mol [Ipn
TeMOPPAarnIecKOM TITOKe KPOBOCHAGKEHNE MBITIII
3HAYNTETIBHO CHIKAETCS, HECMOTPST HA XOPOIIIO Pas-
BUTYIO METAOOIMUECKYIO Ay TOPETYJISIIINIO KPOBOTOKA
npn ($uU3NUecKoil Harpyske. ApTepuoJsibl W TpeKa-
MUJIIpHBbIE CPUHKTEPHI cykafoTcs. V3-3a HeBO3-
MOKHOCTH TIPOXO’KIEHUSI IPUTPOIUTOB dYepe3 Cy-
’KeHHBbIe MUKPOCOCYZBI YBETMINBAETCS KOTITIECTBO
magmMarnyeckux kammsipos [50]. Ects npemmosro-
JKeHWe, YTO B MBINIIAxX (daza JeKOMIIEHCAIUN MI0Ka
(BasoauaTanus) 00yCJOBIEHA HHIHOUPYIOUIUM
JeHCTBUEM HAKAIJTMBAIOIIUXCS B TKaHSX IPOCTar-
JIAHJIMHOB HA CUMITATHYECKYI0 MHHEPBAIIUIO COCY/U-
croil crerku [41]. Kak mokaszano akcriepruMeHTaIb-
HOe FccjeoBaHME Ha KPBICAX, BOCCTAHOBJIEHIE
MUKPOITUPKYJISITOPHOTO KPOBOTOKA B MBITIITIAX 1TOCIE
penH(dy3Un KPOBHU CIYKIIO MApPKEPOM BbIKBAEMO-
CTH JKUBOTHBIX ITOCJIE TIEPEHECEHHOTO TeMOopparmyec-
Koro moka. [1pu 9ToM y HEBBIKUBIINX KUBOTHBIX OT-
MeYajnch  IMpOTpeccUpyiolie  PaccTpoiicTBa
MUKDPOIUPKYJISIUN U HETYBCTBUTETHHOCTH MUKPO-
cocyzioB K uHby3uu Hopaapenaanaa [51].

Tsxenas m3oBoJeMIYECKass aHEMUS COTIPO-
BOJK/IAETCSI 3HAYMTEJNbHBIM CHUKeHreM pO, B MbI-
meunoit Tkauu. Tot ¢akt, yto pO, B OTTEKAIOIIEN OT
MBI BEHO3HOW KPOBU TIPEBBIIIAET 3HAUEHUS 9TOTO
IoKasaTesss B TKaHSX, YKa3blBaeT HA HapylleHHe
mubdy3nn KUCI0posa M3 MHUKPOIUPKYJISTOPHOTO
pycia k kierkam [52]. Tem He Mmenee, 0HON U3 JIO-
KaJbHBIX KOMITEHCATOPHBIX PEAKIUil B OTBET Ha I'M-
MTOKCHIO B MBITIIIAX SBJISIETCS YBEIUIeHNe KOJTUIeCT-
Ba nepdy3upyeMbIX KalWJISPOB, YTO HAIPABJIEHO
Ha yBeJMYeHUe TIOMAAn OOMEHHON OBEPXHOCTH U
MUHUMH3AINIO PACCTOSHUS [T TPAHCTIOPTA KNCJIO-
pozia 0T MEKPOCOCYZOB K KieTkaMm [53]. TTo-Bumammo-
MY, TOZTOOHBIN OTBET PeaTN3yeTCsT B yCIOBUAX C1ab0
BBIPAKEHHON MEHTPATU3ANNT KPOBOOOPATIEH .

AprepuasbHas TUTIOTEH3USI W UIIEMUS B 9KCITe-
PUMEHTE COTIPOBOK/IATMCH JMJIATAIell TOTEPETHBIX
U TEPMUHAJBHBIX apTEPHOJ CKeJIeTHBIX MbIL. 1o
Mepe TMPOTPECCUBHOTO CHUZKEHUS Tepdy3uOHHOTO
JIABJIEHUS, B TEPMUHATBHBIX apTEPUOJIaX OTMEYATIOChH
yepeloBaHe PETYJSPHBIX Ba3OMOIUN W TIEPUOJIOB
OTCYTCTBUSL COCYAUCTON akTtuBHOCTU. IIpm chuske-
HUU CPEIHET0 apTepuaibHOro aasienus g0 30—50
MM PT. CT. Ba30MOIIHH TPEKPAITATICH U BO30OHOBIIS-
JINCH TOJIBKO B MEPUOJ] PEAKTUBHOM ruriepeMun [S4].
OnHako, pe3ysbTaThl IPYTUX MCCIAENOBAHUN YKa3bl-
BaIOT, YTO PETYJISIPHBIE «MEJJIEHHO BOJTHOBbIE» BA30-
MOIHH,/(hJIAKCMOITNN He XapaKTePHBI /IS MbITIIEUHOM
MUKPOIMPKYJISAINNA B HOPME, HO TIOSIBJISIIOTCS TIPH
cHIKeHnu cpesinero A/l HUKe oTIpeziesieHHOTO YPOB-
mst. Tax, Borgstrom P. ¢ coasr. [19] ¢ momorbio JIJD
MU3YYIN TUHAMUKY KPOBOTOKA B CKEJIETHOH MBIIIIIE
KPOJIMKA B MOJIENTH OCTPOH (DUKCHPOBAHHON O 06be-
my kposomotepu (30% ot OLIK). B ucxoxtom cocro-
auun akcMonuu He peructpupoBasuch. [locre
OKOHYAHUS KPOBOIIOTEPU YPOBeHb cpemxHero A/l co-

early stages of blood loss. These microcirculatory
disturbances were accompanied by a decrease in the
cardiac output, systemic and «intestinal> oxygen
delivery and an increase in lactate levels in the arte-
rial blood. However, hypotension, metabolic acidosis
and acidosis within the intestinal wall (increase in
pCO,-gap) developed in a significant degree only in
the last stage of blood loss [58].

Some studies indicate that microcirculatory
disturbances in the intestinal mucosa during hemor-
rhagic hypovolemia are less pronounced than in sep-
sis. In experiments on rats against a background of
approximately the same levels of arterial hypoten-
sion, the hemorrhagic shock was accompanied by a
less pronounced decrease in perfused capillary densi-
ty than in the group of septic shock, and the capillary
red blood cell velocities were preserved in most
cases. Nevertheless, the identified microcirculatory
alterations in hemorrhagic shock were correlated
with mortality of the laboratory animals in this
experimental model [62].

Torres Filho I. P. et al. in the experiments on
rats studied vasomotion in the mesentery of the
small intestine in acute blood loss using videomi-
croscopy. At the baseline vasomotion was not detect-
ed. When blood pressure reduced to 50 mm Hg, 42%
of the animals were exhibiting arteriolar vasomotion,
which was presented both slow oscillations (an aver-
age of 1.7 oscillations per minute) with relatively
high amplitude and rapid oscillations (an average of
7 oscillations per minute) with low amplitude [59].
Similar results were obtained in a study of vasomo-
tion in a rat pancreas. Hemorrhagic hypotension
caused a decrease in perfused capillary density, inter-
mittent capillary perfusion and vasomotion enhance-
ment. The frequency of vasomotion (an average of
4.7 oscillations per minute) coincided with the fre-
quency of intermittent capillary perfusion [63].

In an experiment, changes in vascular tone in
the skin, muscle and mesenteric vascular beds were
compared under the conditions of compensated and
decompensated hemorrhagic shock [64]. Initially
neurogenic vasoconstriction was observed in all vas-
cular beds. However, in the skeletal muscle and
intestine, in contrast to the skin, blood flow autoreg-
ulation was maintained for a while during blood
pressure reducing to a level of 40—60 mmHg, and
delayed vasodilation was noted as well. During the
development of hemorrhagic shock, the vessels of
studied areas had different norepinephrine sensitivi-
ty, which was changing over time.

In the aforementioned experimental study [46],
the authors, along with an assessment of systemic
hemodynamics, studied pO, changes in the liver,
small and large intestines, as well as microcirculation
(using LDF) in the muscular and mucous mem-
branes of the small intestine. The fixed volume blood
loss model was used. Blood was withdrawn 5-10% of
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CTaBWJI, B CPEAHEM 35 MM PT. CT., ¥ Ha TIPOTSKEHIH
nocseylomux 30 MUH IIPaKTUYECKU Y BCEX JKUBOT-
HBIX PETUCTPUPOBAINCH <«MEJIJIEHHO-BOJTHOBBIES
(naxkemoruu.  ITON Ke MCCIeI0BATETBCKON TPYTI-
ol Gbljla TIPOJEMOHCTPUPOBAHA MOLYJIUPYIONIAst
POJIb HEHPOTEHHOTO M I'yMOPAJbHOTO (haKTOPOB Ha
JIOKAQJTIbHO KOHTPOJIUpyeMble BazoMmornuu. /lenepsa-
IIUs WCCTIelyeMOil MBITIITBI Ha (hoHe ee rumonepdy-
3UW TIPUBO/INJIA K NCYE3HOBEHUIO PETYJISPHBIX Ba30-
MoInii, a nH(Y3US Ba30IPECCUHA B 3TUX YCJIOBUSIX
MHZYIMPOBAJIA UX MOBTOPHOE MOsiBIeHwME [55].

CoryacHo nipencrasiaenusm Intaglietta M. ak-
TUBAIUS Ba3OMOIME TIPU TeMOPPArHuecKOM IIOKe
MO3BOJISIET OJIHOBPEMEHHO TIO/IIEP;KIBATH TIePMy3HT0
TKaHel U MOGUJIM30BATh TOCTYILIEHHE WHTEPCTUIIM-
AJTBHON JKUIKOCTU B COCYAMCTOE PYCJIO. YBETMUeH-
Hasi CUMTIaTHYeCcKasi UMITYJIbCAIMS BbI3bIBAET BbIpPa-
JKEHHYO BA30OKOHCTPUKIIUIO B OOJIBIIMHCTBE OPraHOB
BTOpOI Tpymmbl (cM. Bbilie). /luameTp TepMUHAIH-
HBIX apTepUOJ MOKET YMEHBITUTHCS 0 3HAUYEHUH,
[IPU KOTOPBIX 9PUTPOIUTHI GOJIBIIIE HE CMOTYT IIPOXO-
JIUTH Yepe3 HUX B KalWJULSIPhL. B aTHX ycioBUsX, Ba-
30MOIIMU MOTYT OGECHEUYHTh MPEPBIBUCTYIO mepdy-
3110 HECMOTPST HA TO, YTO CPETHII TaMETP apTEePUOJT
OylleT 3HAUYUTEJIBHO MEHBIIE JUAMETPA IPUTPOIIUTA
[33]. DTOT MexaHM3M TTpUOGPETAET 0COGYIO AKTyaTh-
HOCTB B YCJIOBUSIX HAPYIIEHHON e OPMUPYEMOCTH U
arperupyeMocTy SPUTPOITUTOB TIPU TTTOKE.

B skcriepuMeHTax Ha KpbICaX apTepUOJIIPHbIE
BA30MOIIMM M COOTBETCTBYIMOIINE WM (hIaKCMOIUiA
WHYIIUPOBAINCH B MBIIIEYHON TKAHU C TOMOIIBIO
runonepdysnn 3aHell KOHEYHOCTH >KMBOTHOTO. B
ATUX YCJOBUSX, HECMOTPS Ha 3aMe/JIeHUe KaIluJ-
JISPHOTO KPOBOTOKA, TIOTHOCTH Tep(hy3upyeMbIx
KaIJJIIPOB He U3MeHsIach. «BoIkimoyenne» Ba3o-
MOIIHIT ¢ TOMOIIIBI0 GJIOKATOPOB KAJIbIIMEBbIX KaHa-
JIOB COIPOBOK/IAJIOCH YMEHbBIIEHUEM <IIJIOTHOCTU»
nepdy3upyeMbix KanusipoB. Ha ocHoBanum aTux
JIAHHBIX aBTOPBI CHEJAJIN BBIBO/, YTO B YCJOBHSIX
KpUTHYeCcKoi runornepdysnn BazoMoruu n ¢Jiakc-
MOIIMY B MBINIEYHON TKAaHU MOJIEPKUBAIOT HYTPH-
TUBHBIN KPOBOTOK [56].

KpoBormoTepsi cONMpoBOKIAETCS CHUMKEHUEM
nepdy3un Kak CIU3UCTON TOJOCTH PTA, TAK U CTEHKU
JKeJIyZ0YHO-KUIIedHoro TpakTa [57, 58]. Ormeuaer-
5T BA3OKOHCTPUKITUST ME3EHTEPUATBHBIX apTePUoJI U
CHW)KEHUE KPOBOTOKA B MUKPOITUPKYJISTOPHOM PYyC-
Jie [59]. C moMoIipio BUACOMUKPOCKOIINN 00HAPYsKe-
HO, UTO 3aMejlJIeHre KPOBOTOKA M CITa3M apTepPHoJ B
CTEHKe KUIITKUA COXPAHSIOTCS JIaXke TI0cse peuHpy3nn
[60]. HomomanTenbHBIM (HaKTOPOM PAa3BUTHS WIIe-
MUYECKHUX U penep(y3uOHHBIX TTOBPEKIEHNUN B 9TUX
YCJIOBUSIX SIBJISIETCST YCUJIEHHE aJITe3UHN U 9KCTpaBas3a-
MU HeUTPODUITBHBIX JeHKoIuTOB [61].

Dubin A. ¢ coaBT. ¢ TOMOIIBIO BUIECOMUKPOCKO-
[TAU WCCIIEIOBATM U3MEHEHUST MUKPOIIMPKYJISIINH B
HOAbA3BIYHON 06J1aCTH, CEPO3HON U CAUUCTON 000-
JIOUKAX TOHKOW KUIIKU OBEI] B XOJIe TIPOTPECCUPYIO-

the CBV at an interval of 10 minutes. The oxygena-
tion of studied internal organs started to decrease
after reaching the blood loss of 20% of CBV. It is
noteworthy that in this study, in contrast to most
others, the microvascular blood flow in small intes-
tine mucosa did not decrease even when a blood loss
volume reached 40% of CBV. The authors attributed
this fact with good mesenteric blood flow autoregu-
lation. But features of the experimental model
should also be taken into account.

At the microcirculatory level, liver ischemia is
manifested as a decrease in perfused sinusoids densi-
ty, which develops due to endothelial edema and the
blockade of capillary blood flow. In experimental set-
tings, systemic blood pressure normalization did not
provide restoration of microcirculation in the liver.
The prevalence of hepatocyte necrosis during reper-
fusion is well correlated with the number of not per-
fused sinusoids [65].

Legrand M et al. showed in an experimental
study [66] that hemorrhagic shock was associated
with reducing of the renal blood flow, regional oxy-
gen delivery and consumption, as well as with a
decrease in pO, in the renal microvasculature. It was
noteworthy that the fluid resuscitation strategy tar-
geting mean blood pressure >80 mm Hg did not lead
to higher renal microvascular pO, compared with
fluid resuscitation targeted to mean blood pressure >
80 mm Hg. Moreover, the deterioration of renal tis-
sue oxygenation persisted even after blood auto-
transfusion and renal blood flow restoration.

Using LSCI Wu C. Y. et al. investigated
changes in microcirculation and oxygenation simul-
taneously in several rat organs (intestine, liver, kid-
ney, skeletal muscle) during hemorrhagic shock.
Microcirculatory blood flow decreased to the great-
est extent in the intestinal mucosa and kidneys.
Tissue oxygenation decreased almost equally in all
investigated internal organs. Microcirculatory alter-
ations after reperfusion were most pronounced in the
small intestine [67].

So, the severity of microcirculatory and meta-
bolic alterations in organs during acute blood loss
depends both on the severity of the blood loss (vol-
ume, duration of hypovolemia, reperfusion injury)
and the functional features of the organs. During
vasoconstriction, the activation of vasomotion can
provide intermittent organ perfusion despite the fact
that an average diameter of the arterioles would be
significantly smaller than the diameter of the red
blood cells, and red blood cells deformability
decreased as well.

Regional blood flow and microcirculation in
the myocardium and central nervous system.

During hemorrhage, the blood supply of the
myocardium and brain is maintained both by redis-
tribution of blood from other organs and by a pro-
nounced ability of the coronary and cerebral vessels
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el OCTPOl KPOBOTIOTEPH. B TaHHOM McCIe10BaHNN
MIPUMeYaTebHBIM OKA3aJI0Ch TO, YTO WH/IEKCHI MUK-
POKPOBOTOKA U JINHEHHBIE CKOPOCTH IPUTPOITUTOB B
KamWJISIPax MPOrPecCUBHO CHUIKATMCH BO BCEX TPEX
00J1aCcTAX € TEPBBIX ITAMOB KPOBOIOTEPU. YKazaH-
Hble HapyIIeHUsST MUKPOIUPKYJISIUA COIPOBOKIA-
JIUCh CHUZKEHUEM CEPAEeYHOTO BEIOPOCA, CUCTEMHOI U
<KHIIEYHOI» TOCTAaBKU KUCJIOPO/A W TIOBBIIIEHUEM
YPOBHS JIaKTaTa apTepuaibHoil KpoBu. OHAKO, ap-
TeprabHast TUITIOTEH3HST, METabOTNYECK Il allu103 U
anuno3 BHYTpu cteHkn kuimkn (poct pCO,-gap) B
CYIIECTBEHHOU CTENEeHN Pa3BUBAJINCH TOJIBKO HA MO-
cJIeiHeM JTarie Kposororepu [S8].

Ectb sanHble, 4TO MUKPOIUPKYJISTOPHbBIE HAPY-
IIEHUS B CJIMBUCTON 0O0IOUKE KUIIEYHIKA [IPK FeMOP-
parmyecKoi THTIOBOJIEMUN BBIPAKEHBI B MEHBIIIEH CTe-
MeHN, 4eM Tpu cericuce. Tak, B 9KCIlepUMEHTE Ha
KpbIcax Ha (hoHEe TPUOJUBUTETBHO OANHAKOBOTO YPOB-
HsI apTepUabHON TUTIOTEH3UN TeMOPPArnIecKuit MoK
COTIPOBOK/AJICSI MeHee BBIPAKEHHBIM CHUKEHUEM
<IJIOTHOCTUY TIep(y3UPYEMBIX KaWJIJISIPOB, YeM B
IpyIIlie CENTUYECKOTO MIOKA, & CKOPOCTH JIBUKEHUS
SPUTPOIIUTOB B KAIIMJUISIPaX B GOJIBIIMHCTBE CJAyYacB
coxpaHnsiyiach. Ml TeM He MeHee, BbISIBJIEHHBIE HApYIIle-
HUST MUKPOIIUPKYJISIIUN TIPU TEMOPPATUUECKOM IIOKe
COOTHOCHJIUCH € JIETAJIBHOCTBIO JTaGOPATOPHBIX JKH-
BOTHBIX B TAaHHON 9KCIIEPUMEHTATbHON Moiesn [62].

Torres Filho I. P. ¢ coaBT. B 9KCIIepUMEHTE Ha KPbI-
Cax ¢ MOMOIIBIO BIJICOMUKPOCKOITUY U3y4YaJsiil Ba30MO-
11K B OpbIKEIKe TOHKOIM KUIIKK IIPU OCTPOIL KPOBOIIO-
Tepe. B HCXOIHOM COCTOSHMM Ba3OMOIUU He
BBIABJISLTHCH. [Ipu cHISKeHM YpoBHS cpenero A/l o
50 MM PT. CT. y 42% SKUBOTHBIX BBISBJISLINCH APTEPUO-
JIIPHBIE Ba30OMOIIMH, KOTOPbIe OBLIM MPEACTABICHBI
MeIJIeHHBIMU KosteOarusimu (B cpereM 1,7 konebannii
B MIFH) C OTHOCUTEJIBHO BBICOKOU aMILTUTYION 1 OBICT-
pbiME KoJieGaHusAMU (B cpeiHeM 7 KoJieGaHuii/MIH) ¢
HUBKOI amruuTyioi [59]. TToxosxue pesy/israTsl ObLIH
TIOJIy9I€HBI TTPY UCCIEIOBAHNT Ba30OMOIIHIA B TIO/IKETY-
JIOYHON >Kesre3e KpbIC. leMopparnyeckast TUIOTEH3HS
BBI3bIBAJIA CHIDKEHNE TVIOTHOCTH TIEP(Y3UPYEMbIX Ka-
MTUJISIPOB, TPEPBIBUCTOCTH KPOBOTOKA B HUX M AKTHBH-
3aIMI0 Ba30MOITNH, 4acToTa KOTOPHIX (B cpeHeM 4,7
KoJieGaHui1/MIH) COBITajia/ia ¢ YaCTOTOI IPEPBIBUCTOMN
nepdy3un Kanmssipos [63].

B akcrepuMenTe cpaBHUBAINCH U3MEHEHMS CO-
CYIUCTOTO TOHYCA B KOKHBIX, MBIIIIEYHBIX U ME3EHTE-
PHAJIbHBIX COCYANCTHIX GacceiiHaX B YCJIOBUSAX KOM-
MIEHCUPOBAHHOTO u JIEKOMTIEHCUPOBAHHOTO
reMopparudeckoro moka [64]. Crauana Bo Bcex co-
CYAMCTHIX GacceifHaX OTMeYasiach HeHporeHHast Ba-
30KOHCTpUKITN. OHAKO, B OTJIUYKE OT KOXKH, B CKe-
JIETHBIX MBIIIIAX U KUNIEYHUKE HEKOTOPOE BPEMS
COXPAHSJIACh AyTOPETYJISAINS KPOBOTOKA IPU CHHU-
sxennu cpemrero A/l no yposust 40—60 mwm pT. cT., a
TaK)Ke OTMedYajach OTCPOYEHHasl Ba3oauiaraius. B
XOJI€ Pa3BUTHS T€EMOPPArHIECKOTO MOKa COCYIbI UC-
ciretyeMbIx obJstacTeil MesTn pasHblii (M MEHSTIOIIii-

to autoregulate the blood flow during perfusion pres-
sure decreasing [57]. Changes in vascular tone in
these organs are caused not only by the typical meta-
bolic and myogenic factors (acidosis, hypoxemia,
Bayliss effect), but also by a number of more specific
regulatory mechanisms. For example, in coronary
vessels the neuropeptide Y and ATP serve as
cotransmitters modulating effects of sympathetic
innervation [68]. In experiments on isolated coro-
nary arterioles, it was shown that the resulting vas-
cular tone is determined by a close interaction of
endothelium (flow dependent vasodilation) and
intrinsic myogenic response with pressure and flow
velocity changing in the vessel [69].

Hypoxia and elevated concentration of epi-
nephrine in blood increase the number of perfused
capillaries in the myocardium [70]. This adaptive
response is aimed at increasing of exchange surface
area of capillaries and decreasing oxygen diffusion
distance from the microvasculature to the cells.
Despite the well-developed adaptive mechanisms,
perfusion and contractile function of myocardium
are reduced in severe blood loss and hemorrhagic
shock. Reduced oxygen delivery to the myocardium
can not be compensated by increasing the rate of
oxygen extraction from the blood due to high values
of this parameter in normal state [71, 72].

Hemorrhagic shock is accompanied by a deple-
tion of endothelium-dependent mechanisms of
vasodilation in coronary vessels, while the
prostaglandin F, and K" -dependent vasoconstric-
tion mechanisms are not substantially changed [73].
In an experimental model of hemorrhagic shock (BP
40 mmHg) application of NO-synthase inhibitors
resulted in an increase in coronary and systemic vas-
cular resistance, as well as the blood concentration of
catecholamines. This was accompanied by increasing
of myocardial ischemia [74]. Some experimental
studies showed a decrease in the basal level of NO in
the body at an early stage of severe blood loss.
Exogenous sources of NO in these conditions con-
tributed to the improvement of cardiac function and
maintaining perfusion of other organs [75, 76].

Horton J. W. et al. studied the coronary blood
flow distribution and myocardial ischemic injuries
during hemorrhagic shock in dogs. At the baseline,
the subendocardial heart regions were perfused bet-
ter than epicardial, and the heterogeneity of left ven-
tricle wall perfusion was noted as well. In the initial
stage of blood loss the heterogeneity of myocardial
perfusion remained. However, 2 hours after severe
hemorrhagic hypotension (blood pressure of 30 mm
Hg) a total myocardial hypoperfusion developed.
Ischemic injuries were most pronounced in the
subendocardial regions of myocardium [77].
Coronary artery stenosis aggravates alterations of
regional blood flow distribution in the myocardium,
which occur in hemorrhagic shock [78].
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CsI CO BPeMeHeM) YPOBEHb YYBCTBUTEIBHOCTH K HO-
pasipeHaJINHY.

B yriomsinyTOM paHee 9KCIIEPUMEHTATBbHOM HC-
caenoBannm [46] aBTOPBI, HApPSAAY C OIEHKOU CHC-
TEMHOW TeMOJMHAMWKHU, n3yvyanu usmenenus pO, B
MeYeHN, TOHKOW U TOJICTOH KHUIIKaX, & TAKKe MUKPO-
upkyJsiiuio (Merogom JIJIMD) B MbiiedHol 1 ciiu-
3UCTOI 000I0YKAX TOHKOW KUITKHU. VICII0/Ib30BaIaCh
MoziesTb (DPUKCUPOBAHHOM 10 00beMY KPOBOMOTEPH:
KpoBb 3abupanach 110 5—10% or OIIK ¢ unrepsaiom
B 10 MuH. OKCUTEHAIUS UCCIETYEeMbIX BHYTPEHHUX
OPraHoOB HauMHAJIA CHUKATHCS TOCJE JTOCTUKEHUS
kposonotepn 20% ot OILK. IIpumeuarenbHo, 4TO B
9TOM WCCJIIOBAHUM, B OTJIHYME OT OOJBIIMHCTBA
IPYTUX, MUKPOKPOBOTOK B CJIM3UCTOH 0060JI0UKe
TOHKOW KHUIIKK He CHUYKAJICS Jaxe TP 00beMe Kpo-
Borotepu 40% ot OILK. ABTOpBI CBSI3BIBAIOT 3TOT
(hakT ¢ XOpOIIO Pa3BUTON ayTOPETYJIAINeN Me3eHTe-
pUATBHOTO KpPOBOTOKA. Ho ciemyer Takke y4uTbI-
BaTh 0COGEHHOCTH 9KCIIEPUMEHTAILHOM MOZIEH.

Ha MuKpoIupKyIsTOpHOM YPOBHE UIIEMUS Tie-
YEeHU TIPOSIBJISIETCST CHUKEHMEM TIJIOTHOCTH 1iepgy3u-
PYEMBIX CHHYCOUJIOB, B TOM YHCJIE 32 CUET PA3BUTHS
OTeKa PHAOTE M 1 OJIOKaAbl KPOBOTOKA B KATIMJLIsI-
pax. B akcriepuMeHTaIbHBIX YCJIOBHUSIX HOPMAaJn3a-
[[UsI CHCTEMHOTO apTePUAIBHOTO JIaBJIeHHUs He obec-
MeYnBajia BOCCTAHOBJIEHUS MUKPOIMPKYJISINU B
[eYeHH, a OOIIUPHOCTh HEKPO3a TellaTOIUTOB B IIEPH-
oq1 periepdy3nun XOPOIIO KOPPETMPOBAIA C KOJUIECT-
BOM Helep(y3upyeMbIx CHHYCOHI0B [63].

B akcrmepuMeHTANIBbHOM  HCCJIENOBAHUU
Legrand M. ¢ coast. [66] Gbu1o MokasaHo, 4To re-
MOPparuyecKuii MoK COMPOBOKIAAETCS CHUKEHUEM
MMOYEYHOTO KPOBOTOKA, PETMOHAPHON [OCTAaBKU WU
noTpebJIeHUsT KUCIOPO/Ia, a Takke cHiskeHreM pO,
B MUKPOIIMPKYJISATOPHOM pycie modek. [Ipumeva-
TEJTbHO, UTO CTpaTerust MHOY3UOHHON Teparuu, Ha-
npaBJieHHAas Ha MHojjep:KaHue 06ojiee BBICOKOIO
YPOBHSI CHUCTEMHOTO apTEePUATbHOTO JIaBJIEHUS
(cpemnee A/I>80 mm pT. cT.) He yBesmunBana pO, B
MUKPOIUPKYJISATOPHOM pycCJie, TI0 CPaBHEHUIO CO
cTparerneil moanep:kanus cpeanero AJ/[>40 MM pT.
ct. BoJtee Toro, HApyIIeHNUs] OKCUTEHAITUY TIOY€YHOM
TKaHW COXPAHSIUCH JasKe TIoCIe ayToreMoTpancdy-
3U1 ¥ BOCCTAHOBJIEHUS TIOYEYHOTO KPOBOTOKA.

Wu C. Y. ¢ coasr. ¢ momomnisio LSCI uccnenosa-
JIN U3MEHEHUSI MUKPOIMPKYJSAIUN U OKCUTECHAINN
IIPU TEMOPPAarmyeckoM IIOKe OJHOBPEMEHHO B He-
CKOJIBKUX OPraHax KPbIChl (KUIIEYHUK, TIeYeHb, M0Y-
KI, CKeJIeTHast MbIIIIA). MUKPOKPOBOTOK B HAUGOJIb-
el CTeneHW CHU3WJICS B CIAM3UCTOH 000J0YKe
TOHKOW KHUIIKU U B MOYKaX. YPOBEHb OKCUTEHAINN
TKaHell CHU3WJICS BO BCEX MCCJIElyeMbIX BHYTPEHHUX
opraHax MPHOJU3UTEIBHO OAMHAKOBO. Perepdysu-
OHHbIE HapyIIeHUs MUKPOLUPKYJISIIUN B HauGOJIb-
1ieii crernenn ObLIN BBIPaKEHbI B TOHKOH KuIike [67].

Takum 06pasoM, BHIPAKEHHOCTh MUKPOITPKY-
JISTOPHBIX ¥ METabOJINYECKIX HAPYIIEHNI B OpraHax

Myocardial hypoperfusion during hemorrhagic
shock causes rough metabolic disturbances, increas-
ing serum levels of cardiac enzymes and contractile
dysfunction, which may persist and progress after
resuscitation [79].

The blood supply to the brain is regulated most-
ly by the local metabolic and myogenic mechanisms
[80, 81]. However, it is not clear what is the relative
role of these components in the cerebral autoregula-
tion under normal and pathological conditions.
Cerebral vascular tone largely depends on pCO, and
pH of cerebrospinal fluid and to a lesser extent, on
pO,. Furthermore, the cerebral vessels innervated by
both sympathetic vasoconstrictor and parasympa-
thetic vasodilator nerves, but in the normal state the
cerebral blood flow changes very slightly under the
influence of these factors [37]. An average rate of
cerebral blood flow in humans is about 750 ml/min
(13% of the cardiac output) and is characterized by
constancy, because the whole brain exhibits almost
constantly high level of metabolic activity. However,
the activity of certain parts of the brain changes with
time, whereby the blood flow in these parts changes
as well. At the same time, the total cerebral blood
flow changes insignificantly [39].

Experimental studies of Kovdch AG showed
that under the conditions of prolonged hypovolemic
shock, limited ischemia areas occurred in the brain.
Their regional distribution determined not only by
the presence of boundary zones between the distrib-
ution fields of major cerebral arteries, but also by
metabolism increasing (for example, in some areas of
the thalamus and hypothalamus) under the influence
of increased afferent impulsation (irritation of the
sciatic nerve). The ischemic lesions identified during
hypovolemia persisted after reperfusion [82]. These
results are consistent with another study in which
the cerebral blood flow (total and local) was studied
in rats on the pressure controlled blood loss model
using autoradiography. During blood pressure reduc-
ing to 40 mm Hg, the authors recorded an increase in
the spatial heterogeneity of cerebral blood flow. In
some brain structures, the local blood flow remained
at control values, while severe hypoperfusion
occurred in other structures [83]. In another study,
the authors, using the method of labeled micros-
pheres, showed no significant differences between
blood flow in different parts of the dog's brain in
hemorrhagic shock. The total cerebral blood flow
significantly decreased compared to the control at
the end of hypovolemia and the beginning of reper-
fusion, but exceeded the control values 8 hours after
reperfusion [84]. However, this study has some
methodological limitations that may explain the dif-
ference of the obtained results from the majority of
other studies.

The dilation of small cerebral arteries and arte-
rioles is the main adaptive response, which ensures
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TIPU OCTPOI KPOBOIIOTEPE 3aBUCHUT KaK OT TSKECTH
KkpoBomnorepu (00beM, ITUTEIBHOCTh THITOBOJEMUH,
peniepdy3MOHHbBIE TIOBPEXKAEHNS ), TaK U OT (DYHKITH-
OHAJIBHBIX OCOOGEHHOCTEN caMHUX OpPTraHoB. B ycioBu-
sIX Ba30KOHCTPUKIIMN aKTUBU3AINS BAa30MOIUI MO-
JKeT 06eCIeyrTh TPEPBIBUCTYIO TIeP(Y31I0 OPraHoB
HECMOTPST Ha TO, YTO CPEHUHN aMeTp apTepuoJ Oy-
JIeT 3HAUNTEJSbHO MEHBIIe [raMeTpa 3PUTPOIUTA, a
neopMUpPyeMOCTb CAaMUX 3PUTPOIIUTOB CHUIKAETCS.

Peruonapuslii KPOBOTOK H MUKPOIUPKYJISIUS
B muokapze u ITHC.

KpoBocHabskeHre MUOKap/ia U MO3Ta MpH Kpo-
BOIIOTEpe HO/IePKUBACTCS KakK 3a cUeT lepepaclipe-
JleJIeHNsT KPOBU OT JPYTHUX OPraHOB, TaK M 3a CYET
BBIPasKEHHOU CHOCOOHOCTH KOPOHAPHBIX U I1eped-
PaAJbHBIX COCY/IOB K ayTOPETYJISINN KPOBOTOKA TTPH
cHmkenun mepdysnonnoro aasiaenus [57]. Mame-
HEHUsI COCYAMCTOTO TOHyCa B 3THX OpraHax oOyc-
JIOBJIEHBI HE TOJIBKO TUITUYHBIME MeTab0JTUYECKIMU
1 MUOTeHHBIMU (pakTOpaMu (amumao3, TUTIOKCEMUS,
s dexr Beitnmca), Ho u pagom Oosee crenuduyec-
KUX MeXaHu3MoB peryisinuu. Hanmpumep, B Kopo-
napubix cocyzax AT® u weiiponenrtug Y ciysKat
KaK KOTPAaHCMUTTEPbI, Moxayaupyionime 3¢ @eKTs
cuMmaTH4Yeckoit muHepBammu [68]. B akcriepumenTe
Ha M30JUPOBAHHBIX KOPOHAPHBIX apTEPHOJIax ObLIO
MTOKA3aHO, YTO Pe3YJIBTUPYIONINHI COCYNCTHIN TOHYC
ompeiesiIeTcsl TeCHBIM B3aWMOJIEHICTBUEM 3H/IO0Te-
sust (MOTOK 3aBUCHMAs BasoAWJaTallusl) u cobeT-
BEHHO MUOTEHHBIX PEAKIIMI ITPY M3MEHEHUN JaBJie-
HUST 1 CKOPOCTU KPOBOTOKA B cocye [69].

lumokcust U MOBBINIIEHHbBIE KOHIIEHTPAITUH ajipe-
HaJIMHA B KPOBY YBEJIUYUBAIOT KOJTMUECTBO Tiephy3u-
pyeMbIX KanmisspoB B Muokapze [70]. [lannas agarn-
TUBHASI peaknus HalpaBjeHa Ha yBeJIudyeHue
IO OOMEHHOI MOBEPXHOCTH KANUJISIPOB U
yMeHbIIIeHne paccTossHus nuddysnn Kucaopoaa m3
MUKpococyioB K kierkaMm. Hecmorps na xopoiuo
PasBHUTBIE aJANTUBHbIE MEXaHU3MbI, KPOBOCHAOKE-
HUE W COKpaTtuTesbHas (GByHKIUS MUOKap/a CHUXa-
IOTCSI TIPU TSKEJION KPOBOIIOTEpe M reMopparudec-
KoM 11oKe. [Ipr aToM cHUKEeHMe TO0CTaBKY KUCJI0PO/Ia
K MUOKap/Ly He MOKeT ObITh KOMIICHCHPOBAHO YBEJIH-
yeHueM Koa(h@uIlmeHTa sKCTPaKIUU KUCIOPOoIa 13
KPOBH, M3-32 BBICOKMX 3HAYEHWI 3TOTO TIOKA3aTeJs
Jlake B HOPMaJIbHBIX ycsoBusx [71, 72].

lemopparmdeckuii MoK COMPOBOKIAAETCS UCTO-
IMeHneM dHJI0TeNN-3aBUCUMBIX MEXaHU3MOB Ba30-
JIAJIATAINA KOPOHAPHBIX COCY/IOB, B TO BpPeMsI Kak
npocraraanani F, u K™ 3aBucumble MexaHn3Mbl Ba-
30KOHCTPUKIINM HE TIPEeTeprieBaioT CYNEeCTBEHHBIX
usMenenuii [73]. B akcriepumenTanbHOl MO/EIN Te-
Mopparmdeckoro 1moka (A/l cpegnee 40 MM pT. cT.)
npumeHerre HruOuTOpoB NO-CHHTa3hl IPUBOANIIO
K MTOBBITIIEHWIO KOPOHAPHOTO W CUCTEMHOTO COCY/IVC-
TOTO COTIPOTUBJIEHMS, & TAK)Ke TTOBBIIEHUI0 KOHIIeH-
TpaIun KaTexoJaMIHOB B KPOBU. JTO COIPOBOXKIA-
JIOCh yCUJIEHUEM CTelleH! WIeMun Muokapmaa [74].

the maintenance of cerebral blood flow during perfu-
sion pressure decreasing [80]. It was shown that the
vasodilation of pial arterioles in acute blood loss
occurs in parallel with the vasodilation of arterioles
in the brain parenchyma and reflects the state of
total cerebral blood flow [85]. Therefore, pial vessels
can be used to assess microcirculation in the brain
cortex. Wan Z. et al. used OPS and SDF to study
microcirculation in the pial vessels of rats in the
model of acute fixed volume blood loss. Blood with-
draw in the amount of 35% of the CBV led to a
decrease in cardiac output and blood pressure to 60
mm Hg. Under these conditions, the perfused capil-
lary density and microvascular flow indices in pial
vessels were not different from baseline values,
whereas severe hypoperfusion developed in the buc-
cal mucosa. Based on these data the authors con-
cluded that the cerebral microcirculation was pre-
served in acute blood loss despite the alterations of
systemic hemodynamics and the hypoperfusion of
other organs [57].

Discussing the preservation of cerebral micro-
circulation during acute blood loss one should take
into account a number of factors and, mainly, the
state of cerebral autoregulation mechanisms. Both in
animals and humans, the range of change in mean BP
in which cerebral blood flow is constant, ranging
from 60 to 140 mm Hg [81, 86]. However, these lim-
its can be considerably shifted according to the age
and state of the body. Changes in hormonal status,
traumatic brain injury, stroke and brain tumors can
greatly deteriorate the autoregulation and worsen
cerebral ischemia in hemorrhagic hypotension,
which is of great clinical significance [81]. The type
of anesthesia affects the limits of cerebral autoregu-
lation. For example, inhalational agents increase the
lower limit of autoregulation up to 70 mmHg [86,
87]. In rats under chloralhydrate anesthesia, the
autoregulation threshold is about 50 mmHg [88].
Interestingly, the use of barbiturates in an experi-
mental model of acute blood loss shifted the lower
limit of autoregulation to 40 mmHg, i.e. improved
cerebral blood flow resistance to hypotension [89].
In addition, it is necessary to take into account indi-
vidual and typological features of the body's reac-
tions to the blood loss and reinfusion [21].

As discussed above, it is not known exactly
which of the mechanisms of cerebrovascular tone
regulation is crucial in maintaining cerebral blood
flow, in particular during the development of hem-
orrhagic hypotension. Some authors believe that
the intrinsic myogenic response plays a leading
role in this process due to the myocytes aimed to
maintain the constancy of vascular wall tension
during blood pressure changing [88]. The myo-
genic response is caused by Ca2*-dependent mech-
anisms of vascular wall myocytes contraction [90].
In other studies the important role of NO home-
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Psin axcniepuMeHTaTbHBIX UCCTIE/IOBAHNIT YKa3bIBAET
Ha cHKeHHue GasajbHOro yposHst NO B opraHusme
y;Ke B paHHUE CPOKHU Pa3BUTHS TSIKETION KPOBOIIOTE-
pu. Ix3orennple ucrouHuku NO B 9TUX YCIOBUIX
CIIOCOOCTBOBAJIM  YJIYUIIEHUI0 (DYHKIIMK Cepiia u
noJiiepKanuio mepdysun Ipyrux opratos |75, 76].

Horton J. W. ¢ coaBt. nay4anu pacripesesieHue
KOPOHApHOTO KPOBOTOKA U MIIIEeMUYECKHUE TTOBPEK/Ie-
HUSI MUOKap/a IIPU TeMOPParn4ecKoM IIOKe Y COOaK.
B 1CXOMHOM COCTOSIHUM KPOBOCHAGKeHME CyOaH/I0-
KapMaJbHbIX OTJEJOB OBLIO JIydllle SIUKapIralib-
HBIX, a TAKXKe OTMEYAJIach TeTePOTeHHOCTD Tiephy3nn
CTEHOK JIEBOTO KeJIy/I0uKa. B panHeMm mepuojie Kpo-
BOTIOTEPU T'eTEPOTEHHOCTH Tepdy3nr MUOKapia co-
xpafstach. OnHaKo, gepe3 2 gaca TSKeJIol reMoppa-
rudeckoii runotensun (A/l cpenrnee 30 MM pT. CT.)
pasBUBAJIACH TOTAJIbHAs TUTIONEPhY3UsT MHUOKap/a.
ITpu aTOM HIIEMITYECKHE MOBPEKACHNS B HAOOIb-
el crereHn GbLIM BBIPAKEHBI B CYyOIHIOKAPINIIb-
HBIX oTnesax Muokapzaa [77]. CTeHo3 KOpOHApHBIX
aprepuil ycyryOJisieT BO3HUKAIOIIIeE [IPU TeMOppark-
YeCKOM IIOKe HapyIIeHUsT PETHOHATIBHOTO pacipejie-
JIEHUsI KPOBOTOKA B MUoOKape [78].

lTumontepdy3us muokapia mpu remopparmndec-
KOM IIIOKE BbI3bIBaeT rpyObie MeTabonvyecKrie Ha-
PYIIEHUs, MTOBbIIIEHNE CLIBOPOTOYHOM KOHIIEHTPA-
nnn  Kapauocnernududeckux  GepMeHTOB U
COKpATUTEIbHYTO AUC(HYHKITNIO, KOTOPBIE MOTYT CO-
XPaHATBCS U MPOTPECCUPOBATH B MOCTPEAHUMAIIH-
OHHOM Tiepuoze [79].

KpoBocHabskeHre TOJIOBHOTO MO3Ta PEryJiupy-
€TCsl IPEUMYIIECTBEHHO MECTHBIMI METa00INMIeCKI-
Mu 1 MuoreHHbIMU Mexanuamamu [80, 81]. Oxnako,
HE COBCEM SICHO, KAaKOBA OTHOCUTEJIbHAS POJIb ITUX
KOMIIOHEHTOB B ayTOPETYJISIIUA MO3TOBOTO KPOBOTO-
Ka B HOPMAJIbHBIX W TATOJOTUYECKUX yCJIOBUSX. To-
HyC 1[epeOpaibHBIX COCY/IOB B 3HAYNUTEIBHON CTere-
uu 3aBucut ot pCO, u pH sukBopa U, B MeHbIIEH
crenent, ot pO,. Kpome Toro, riepebpajibHbie COCY bl
MOJIyJaroT KaK CUMIATHYECKYIO COCYIOCYKUBATO-
NIyI0, TAK U MapacUMIATHUECKYI0 COCYI0PACITUPSIO-
NIyI0 WHHEPBAIIMIO, HO B HOPME MO3TOBOI KPOBOTOK
MEHSIETCST OueHb €1abo 10/ ACHCTBIEM 9THX (haKTO-
poB [37]. CpenHsist cKOpocTh MO3TOBOTO KPOBOTOKA Y
YyesoBeKa cocTaBsteT nmpumepHo 750 mu/mMuH (13%
OT CEPAEYHOro BHIOPOCA) M OTJMYAETCS MOCTOSTHCT-
BOM, ITOCKOJIbKY B TI€JIOM MO3T€ CYIIECTBYET MOYTH
TMOCTOSTHHO BBLICOKHUIT YPOBEHb MeTabOIMIeCKON aK-
TuBHOCTH. OIHAKO, AKTUBHOCTH OIPEEJICHHBIX OT/Ie-
JIOB MO3Ta U3MEHSIETCSI BO BPEMEHU, BCJIEJICTBUE YETO
KPOBOTOK B HUX TaKJKE M3MEHSIETCsI, [IPU 9TOM 00N
MO3TOBOI KPOBOTOK MEHSIETCSI He3HAUNTebHO [39].

IKcrepuMenTaibble ucciaegoBanus Kovach
A. G. mokazanu, 4To B yCJOBUSIX JIJTUTETbHOTO THIIO-
BOJIEMUYECKOTO ITOKA B TOJIOBHOM MO3T€ MOSIBJISIOT-
CsT OTPaHWUYEHHbBIE YIACTKY UiieMuH. VIX permoHasb-
HOE PACIOJIOKEHNWE OIPEEeNSIOCh He CTOJbKO
HaJIMYMeM [OTPAHMYHBIX 30H KPOBOCHAOKEHUS

ostasis disorders (endothelium-dependent mecha-
nisms) has been demonstrated in the deterioration
of cerebral autoregulation. For example, NO syn-
thesis inhibition in rat cerebral cortex was accom-
panied by increasing the lower limit of the autoreg-
ulation to 90 mm Hg [87]. On the other hand, an
excessive increase in the concentration of NO in
the brain compared to the basal level also worsened
cerebral blood flow autoregulation during inhala-
tional anesthesia with sevoflurane [86].
Sympathetic denervation of a carotid artery signif-
icantly reduced perfusion of the cerebral cortex in
acute blood loss as compared to the intact animals
in the experiment [91]. Presumably, as in the coro-
nary arteries, the adaptive capacity of cerebral ves-
sels during blood loss and shock are determined by
a complex integration of multiple regulatory fac-
tors of vascular tone.

Time is another important factor determining
organ blood flow and the outcome of acute blood
loss. In the model of pressure controlled blood loss
(blood pressure 40 mm Hg) reduction in cerebral
perfusion was noted only after 90 minutes of hemor-
rhagic hypotension and was been associated with
increased plasma and tissue concentration of
endothelin-1 [92]. On the other hand, 30 minutes
uncontrolled hemorrhage (liver injury) was accom-
panied by a decrease in brain tissue pO, in the exper-
iment. In the group of animals, in which the infusion
of vasopressors could rapidly increase cerebral perfu-
sion pressure and oxygenation, there was a signifi-
cant reduction in mortality [93].

In the experiment, brain oxygenation (tSO,)
was evaluated during progressive bleeding using
NIRS. tSO, index began to decline at the average
blood pressure level of about 78 mm Hg, i.e. at the
blood pressure greater than the expected limit of
blood flow autoregulation. Reducing the tSO,
delayed by a few minutes relative to the reduction of
blood pressure and mixed venous oxygen saturation,
though the tSO, well correlated with these parame-
ters [94]. Using a multimodal optical imaging of the
brain in the experiment showed that the 4-hour hem-
orrhagic shock caused not only a reduction in cere-
bral perfusion but also mitochondrial dysfunction. In
the same study, after blood reinfusion there was
delayed cerebral hypoperfusion [95].

Vasomotion and fluxmotion are presented in
the brain, as in most other vascular beds. The pattern
of vasomotion and fluxmotion changes with the
development of acute blood loss [21, 96]. Blood pres-
sure and metabolic status are the key factors influ-
encing the frequency and amplitude of fluxmotion in
the brain. In one of the earliest experimental studies
on the topic, the dependence of the local cerebral
blood flow and fluxmotion from changes in systemic
blood pressure and arterial blood pCO, was studied
using the LDFE The cerebral blood flow started to
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Mesky OacceilHaMU OCHOBHBIX IlepeOpasibHBIX apTe-
PHii, CKOJIBKO YCHJIEHHEM MeTabO0IMIeCKUX MPOIiec-
coB (Hampumep, B psizie objacteil TajaMyca W THITO-
TaJaMmyca) Mo/l  BJUSHUEM  TIOBBIIIEHHOM
addepentrolt mMmyabcaun (pasapaxkeHue ceja-
JIUIITHOTO HepBa). BhIsiBieHHbIE B TIEPUO/I TUTIOBOJIE-
MUU UIIEeMUYECKUEe 04arh MEePCUCTUPOBAIN U B pe-
nepdysnorHom Tnepuoge [82]. IDTu maHHBIE
COTJIACYIOTCS € Pe3yJibTaTaMu JPYToro HCCJeoBa-
HUSA, B KOTOPOM MO3TOBOI KPOBOTOK (00LIMiI 1 JI0-
KaJIbHBIN ) M3ydasicsi METOJIOM ayTopaauorpaduu Ha
MO/JIEJT KOHTPOJIUPYEMOIA 110 JIABJICHUIO KPOBOTIOTE-
pu y xpsoic. [To mepe camzxenus cpegnero A/l 1o 40
MM PT. CT. aBTOPBI PETHCTPUPOBAIN YCUIIEHUE CTeTie-
HU TIPOCTPAHCTBEHHON TETEPOTEHHOCTH MO3TOBOTO
KPOBOTOKA: B OJTHUX CTPYKTYPax MO3Ta JIOKAJbHBI
KPOBOTOK OCTaBAJICS HA YPOBHE KOHTPOJHHBIX 3Ha-
YEeHWH, B TO BpeMS KaK B JI[PYTUX CTPYKTypax oTMeya-
Jlach BbIpaskeHHast rurnonepdysus [83]. Eme B on-
HOM WCCJIEJIOBAHUM aBTOPBI, HUCIOJb3ys METO]
MEYEHHBIX MUKpOcdep, He BBISIBUIN 3HAYUMBIX Pa3-
JIMIUH MEKYy KPOBOTOKOM B Pa3HBIX OT/IEJIaX MO3Ta
cobaku mpu reMopparuyeckom moke. OOIuii Mo3ro-
BOIl KPOBOTOK CYIIECTBEHHO CHIKAJICS TIO CpaBHe-
HUIO C KOHTPOJIEM B KOHIIE TIEPUO/IA TUTIOBOJIEMUH 1
B Hauaje perepdysn, HO MPEBBIIAT KOHTPOJbHbIE
3HaueHusT yepe3 8 vacoB mocie pernepdysun [84].
OpHaxo, maHHast paboTa MMeeT Psiji METOAUYECKIX
OrpaHUYEHMIA, YTO, BO3MOKHO, OOBSICHSIET OTINYKE
[OJIyYEHHBIX B HEH PEe3yJbraToB OT OOJIBIIMHCTBA
IPYTux paor.

Pacrpenne MeKux apTepuil U apTepruos Mo3ra
SIBJISIETCSI TJIABHOW aJIalTMBHO peakifueii, obecreun-
Balollell MoJIepsKaHie MO3TOBOTO KPOBOTOKA IIPH
cHmxennn niepdysnornoro nasienns [80]. Bouto mo-
Ka3aHO, YTO Ba30/IUJIATAIINS MUATTBHBIX aPTEPHUOJT TIPH
OCTPOIT KPOBOIIOTEPE TIPOUCXOIUT TTAPAJIIEBHO C Ba-
30/IUJIaTaIell apTeProJI TAaPEHXMMbI MO3Ta U OTPasKa-
€T COCTOsTHHUE OOIIEero MO3roBoro kposoroka [85]. TTo-
ATOMY MTUAIBHBIE COCYIBI MOTYT MCIIOJB30BATHCS JIJIST
OIIEHKN MUKPOIUPKYJISIUN B KOPE TOJIOBHOTO MO3Ta.
Wan Z. ¢ coaBT. HCHOJH30BATA BUIECOMIUKPOCKOITHIO
(OPS u SDF) mia nsyueHns: MUKPOIUPKYJISAIUN B
MTUATBHBIX COCY/IaX KPBICHI HA MOJIEJIN OCTPOI (PUKCH-
POBaHHOHU 1O 0GBEMY KPOBOIOTEPH. 3a60P KPOBU B
obwbeMe 35% ot OITK npuBoANI K CHUKEHNIO ceped-
Horo BoiGpoca u cpeanero AJl 1o 60 Mmm pr. cr. B atx
YCJIOBUSIX TWIOTHOCTD TIepy3UPYEMbIX KaMJLISIPOB 1
WH/IEKCBI MUKPOKPOBOTOKA B MUAJBHBIX COCY/laX He
OTJIMYAJIACH OT UCXOHBIX 3HAYEHNUT, B TO BPEMSI KaK B
CJTUBUCTOI 000JIOUKE IEKU Pa3sBUBAJIACH BHIPAKEHHAS
runoriepdysus. Ha ocHOBaHUY MTOJTYYeHHBIX JAHHBIX
ABTOPBI C/IETAIN 3aKII0UYEHIE, YTO TIPU OCTPOU KPOBO-
rorepe MUKPOIMPKYJISIIAS B MO3Te COXPaHSIeTCs, He-
CMOTPSI Ha HAPYIIEHUS] CHCTEMHON TeMOJNHAMUKY W
runonepdysuio IPyrux opraos [57].

ToBopst 0 COXPaAaHHOCTU MUKPOITUPKYJISITUU B
MO3T€e TIPU OCTPOI KPOBOTIOTEPE, CIIEYET YUUTHIBATD

decrease with blood pressure reducing below 50—60
mmHg (i.e., the lower limit of the autoregulation). It
was shown that on the background of progressive
hemorrhagic hypotension fluxmotion frequency
decreased, while its amplitude showed a reversed U-
shaped curve with a peak at 60—80 mm Hg.
Hypercapnia reduced and hypocapnia increased
fluxmotion amplitude [97]. Subsequently, the same
authors showed that NO-synthase blockade led to a
reduction in fluxmotion frequency and an increase in
fluxmotion amplitude in the brain whereas the sym-
pathetic and parasympathetic denervation did not
influence significantly on them [91, 98].

However, the investigation of cerebral blood
flow using LDF and wavelet analysis showed that
hemorrhagic hypotension was accompanied by an
increase in fluxmotion amplitude primarily in neu-
rogenic frequency range [21, 99]. Noteworthy that
increasing of fluxmotion amplitude at an early
stage of acute blood loss was associated with the
ability of a group of animals to maintain higher
levels of blood pressure within the followed 60
minutes of hemorrhagic hypotension. These blood
pressure «compensated» animals are also better
tolerated the recovery period (after blood reinfu-
sion) in comparison with «decompensated» ani-
mals [21]. The same group of authors, but using
the model of acute fixed volume blood loss (30% of
CBV) investigated the effect of perftoran adminis-
tration at a dose of 3 ml/kg on the dynamics of
microcirculation in the pial vessels. Compared
with saline, perftoran administration at the 10th
minute of hypovolemia led to a decrease in flux-
motion amplitude in the neurogenic range.
Further, between the groups there were no signifi-
cant differences in the level of blood pressure or
local cerebral blood flow values. It was concluded
that perftoran led to a decrease in stress activation
of compensatory mechanisms in the regulation of
cerebral blood flow during hypovolemia [99]. It
should be noted that in another independent
study, hemorrhagic hypotension was accompanied
by increasing of fluxmotion amplitude not only in
the neurogenic range but also in the endothelial
one. Moreover, while decreasing blood pressure
below the limit of autoregulation an increase in
fluxmotion amplitude in the myogenic range was
noted as well [96].

At the end of this section, the results of compar-
ative studies of organ blood flow during acute blood
loss are presented. Considering the brain and heart
belong to one group of organs with similar functional
characteristics of blood supply, it was expected that in
the experiment similar dynamics of blood flow reduc-
tion was observed in this organs during decompensat-
ed hemorrhagic shock [92]. Wan J. J. et al. observed a
simultaneous decrease in perfusion and oxygenation
in the brain and skeletal muscles during haemorrhage.
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PSI 0OCTOSATENBCTB U, TIPEKIIE BCETO, COCTOSTHITE Me-
XaHNU3MOB ayTOPETYJSAINN MO3TOBOTO KPOBOTOKA.
Kak y *KMBOTHBIX, TaK 1 y 4eJI0BeKa, ANAMA30H N3Me-
HeHn# cpeHero A/l, Tpr KOTOPOM MO3TOBOI KPOBOTOK
OCTaeTCs MMOCTOSTHHBIM, cocTaBsteT oT 60 1o 140 MM pT.
ct. [81, 86]. OnHaxo 9Ty rpaHulibl MOTYT CYIIIECTBEH-
HO C/IBUTAThCST B 3aBICUMOCTH OT BO3PacTa U COCTO-
SHUS opraHmaMa. VI3MeHeHWsI TOPMOHAJIBHOTO CTa-
Tyca, 4YepermHO-MO3TOBas TpaBMa, WHCYJIBT W
obbeMHble 00pa30BaHKs IOJOBHOTO MO3ra MOTYT B
3HAYUTETHHON CTENEHU HAPYIIUThH ayTOPETYJISIIIIO
U yCcyryOuTh WIEMHUI0 MO3Ta TIPH TeMOPParnv4ecKoi
TUTIOTEH3WH, YTO UMeET HOJBIIOE KIMHIIECKOE 3HA-
yenue [81]. Bux anecreauu oxaszblBaeT BAMSAHUE Ha
TPaHMIIBI Ay TOPETYJIAIIII MO3TOBOTO KPOBOTOKA. Tak
WHTJISITUOHHbIE AHECTETHKU TIOBBIIAIOT HUKHIOIO
rpanuily ayroperyJssiuu 10 70 mm pt. ct. [86, 87]. Y
KPBIC MDY WCHOJIB30BAHNN XJIOPAITHIPATHOTO HAp-
KO3 II0POT ay TOPETYJISIIIUU COCTABJISIET OKOJIO0 50 MM
pT. cT. [88]. MluTepecHo OTMETUTD, YTO UCIIOJIb30BaA-
Hre 6apOUTYypPaTOB B IKCIEPUMEHTATHHON MOJEIH
OCTPOIl KPOBOTIOTEPH CMEINAT0 HIKHIOW TPAHUILY
aytoperyssaiuu 10 40 MM PT. CT., T.e. OBBINIAJIO yC-
TOWYMBOCTh MO3TOBOTO KPOBOTOKA K TUIIOTEH3WH
[89]. Kpome TOr0, HEOOGXOAUMO YUUTHIBATH WH/B-
NIyaTbHO-TUTIOJOTHYECKIE OCOOEHHOCTH PeaKnit
opraHmsMa Ha KPOBOTIOTepio U penHpy3mio [21].

Kak yske 06cyKIamoch BbIllle, TOYHO He U3BECT-
HO, KaKOW U3 MEXaHW3MOB PETYJLSIIINHT TOHyca 1eped-
PAJBHBIX COCY/IOB SIBJISIETCS KITIOUEBBIM B TOZIEPsKa-
HAU MO3TOBOTO KPOBOTOKA, B YAaCTHOCTH WpH
Pa3BUTUU TeMOPParudeckoii rumnoreHsnn. Hekotopoie
ABTOPbBI CYUTAIOT, YTO COOCTBEHHO MUOTEHHbBIE PeaK-
IIUH UTPAIOT BEAYIILYIO POJIb B 3TOM IIpOIiecce 3a CUeT
CTPEMJIEHUST MUOIIUTOB COXPAHUTH TTOCTOSTHCTBO Ha-
TSDKEHUST COCY/IUCTON CTEHKU B YCIOBHSIX MEHSIOINE-
rocst Al cpennero [88]. B ocHOBe Taknx MUOTEHHBIX
peaknuii nesxat Ca2* 3aBUCHMbIE MEXaHU3MbI COKPa-
nienus MuonuToB cocyauctoit crenku [90]. B xpyrux
paboTax ObITa MPOAEMOHCTPUPOBAHA BAsKHASI POJIH
Hapymieanit romeoctaza NO (9H10TENNH 3aBUCUMBbIE
MeXaHW3Mbl) B YXY/IIIEHIH ayTOPETYJISIINNA MO3TOBO-
ro kpoBoToKa. Tak, marn6uposanue cuareza NO B Ko-
pe TOJIOBHOTO MO3Ta KPBIC COITPOBOKIAIOCH TIOBBIITIE-
HUEM HUKHEN TPaHUIIBI ayToperyJisiinm 10 90 MM pr.
ct. [87]. C npyroii cTOPOHBI, Ype3MepHOe MTOBBITIIeHIe
komrenTpar NO B MO3Te OTHOCHTETBHO Ha3aIbHO-
TO YPOBHS TaK’Ke YXYAIIAT0 ayTOPEryJISINi0 MO3TO-
BOTO KPOBOTOKA IIPY MHTAJAIMOHHON aHeCTe3N! ce-
Borypanom [86]. Cummarwdeckas JeHepBaIlus
OJTHOU M3 COHHBIX apTepuil B AKCIIEPUMEHTE CYIIeCT-
BEHHO CHIDKala IMepdy3nio KOPBI TOJOBHOTO MO3Ta
IIPY OCTPOIT KPOBOTIOTEPE TI0 CPABHEHHIO C MHTAKTHBI-
mu sxuBoTHbIMU [91]. ITo-BuauMoMmy, Takke Kak U B
KOPOHAPHOM pycJie, a/lallTHBHBIE BO3MOKHOCTH Tiepe-
GpaTBHBIX COCYIOB ITPH KPOBOTIOTEPE U TIOKE OTPeIe-
JITIOTCST CJIOKHON WHTerpalneil HeCKOJIBKIUX (haKTo-
POB PETYJISIINN COCYANCTOTO TOHYCA.

However, the infusion of vasopressors under these
conditions improved the blood supply to the brain,
but reduced muscle blood flow [100].

Pulmonary blood flow and microcirculation.

Changes in blood flow and microcirculation in
the lungs during acute hemorrhage deserve special
consideration because the pulmonary circulation has
a number of significant features [101]:

1. The whole cardiac output of the right ven-
tricle is pumped through the pulmonary vasculature,
and the nourishment of pulmonary tissue itself is
performed through the bronchial vessels from sys-
temic circulation.

2. Pulmonary circulation compared with the
systemic one is a low pressure system with little
resistance to the blood flow.

3. Arteries and arterioles are thin-walled and
elastic; their smooth muscles are poorly developed
and richly innervated by the adrenergic vasocon-
strictor fibers.

4. Pulmonary arteries and veins have virtually
no collaterals.

5. Due to the high extensibility of pulmonary
vessels, hydrostatic factors (body position, airway
pressure, and others) greatly affect the regional dif-
ferences in lung perfusion.

6. Increased heterogeneity of pulmonary ven-
tilation and perfusion in a number of pathological
conditions can significantly impair pulmonary gas
exchange, primarily in the form of hypoxemia.

7. Capillary pressure increase (in acute left
ventricular failure), or alveolar-capillary membrane
damage can disrupt the balance of Starling forces and
lead to severe pulmonary edema.

In addition to the physical and structural fea-
tures of the pulmonary circulation, pulmonary ves-
sels have a unique response to local metabolic and
humoral factors circulating in the blood. A typical
example is the hypoxic vasoconstriction of pul-
monary arterioles with a decrease in alveolar pO,
(Euler-Liljestrand mechanism). This reaction is
aimed at restoring ventilation/perfusion ratio in
lungs, for example, in bronchial obstruction. This
reduces the severity of hypoxia. Hypovolaemia in
acute blood loss leads not only to the active con-
striction of pulmonary arterioles, but also to the
passive elastic recoil of the veins due to reducing of
hydrostatic pressure. As a result, the blood mobi-
lized from the pulmonary circulation, serves as a
reserve to fill the left heart [101]. The blood supply
to lung tissue by the bronchial vessels is also
reduced, that allows to consider lung as an organ,
«sacrificed» in conditions of the centralization of
circulation [102].

Lungs act as a filter for toxic metabolites, and
inflammatory mediators released by cells during
hemorrhagic shock, and also for the bacteria and
their toxins during the translocation of intestinal
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Bpewmst — npyroii BaskHbIH (hakTOp, ONIpeessio-
MW COCTOSTHIE OPTaHHOTO KPOBOTOKA M, B IIEJIOM,
HCXOJI OCTPOIi KpoBOTIOTEpHU. Tak, B MO/I€/ TN KOHTPO-
JupyeMoii o fnasieHnio kposornotepu (Al cpemnee
40 MM pT. cT.) cHUXKeHMe Tepdy3un Mo3ra OTMeva-
JIoch TOJbKO depe3 90 MUHYT reMOpparnieckoil ru-
MOTEH3UN 1 OBLIO ACCOIMUPOBAHO C IOBBIIIEHHEM
MJIA3MEHHOM W TKAaHEBOI KOHIIEHTPAITMH SH/IOTEJTH-
na-1[92]. C ngpyroii cTOpoHbl, HEKOHTPOJIUpYeMas B
tTeyerre 30 MUHYT KpoBomoTeps (TpaBMa TeueHn) B
9KCIepUMeHTe COTPOBOKIANAch cHIDKeHneM pO, B
TKaHW MO3Ta. B TpyIiTie JKUBOTHBIX, KOTOPBIM C TTIOMO-
b0 UHQY3UKU Ba3OMPECCOPOB YAABAIOCh OBICTPO
VBEJUUUTD Tiepebpaibioe mepdysnoHHOE JaBJIeHIe
U OKCHUTEHAIIWIO, OTMEeYaIOCh 3HAUNTEThHOE CHUXKE-
Hue jeTaigbHOCTH [93].

C nomomipio NIRS B akcnepnmenTe oreHnBa-
Jach okcureHarus mosra (tSO,) B xoze mporpeccu-
pytomiero kpoBotedenusi. [Tokazarens tSO, HaumHan
CHIZKATBhCS TIpu ypoBHe cpennero A/l okono 78 mMm
pT. cT., T.e. ipu A/l, IpeBbITIafonieM OXuaeMblii 10-
por ayroperyJssanuu kposoroka. Cumxenue tSO, 3a-
Ta3/[bIBAJIO HA HECKOJIBKO MUHYT OTHOCUTEJILHO CHHU-
skenug cpeanero AJl M caTypauuu cMellaHHON
BEHO3HOI KPOBHM, XOTSI M XOPOIIO KOPPEIHPOBAJIO C
9TUMMU 1ToKazaresamu [94]. Mcnonb3oBanue MyJIbTH-
MOJIATBHOM ONITUYECKOM BU3yaIU3aIli MO3Ta B 9KC-
MEePUMEHTE TIOKA3aJI0, YTO 4-X YaCOBOM reMopparmye-
CKWUIT TIOK BBI3BIBAJI HE TOJBKO CHIKEHUE Tiepdy3nn
MO3Ta, HO U AUC(hYHKITNI0 MUTOXOHIpUH. B aTom ke
WCCJIEIOBAHUY TIOCTIEe PenH(Y3UU KPOBU OTMEYAIAChH
orcpodenHas runonepdysust moara [95].

B Mosre, Kak ¥ B GOJIBITIMHCTBE APYTUX COCYAU-
cThIX OGacceflHaX, MpeACTaBJEHbl Ba3sOMOLMH U
(hmakemonmu, xapakTep KOTOPBIX MEHSeTCs TIpH
pazButuu octpoil kKposomnorepu [21, 96]. Yposenn
AJl 1 MeTaGoJIMYECKHIi cTaryc — KJIo4YeBbie (haKkTo-
PbI, BJIUSIONIAE HA aMIJIUTYHO-9aCTOTHBIE XapakK-
TEPUCTUKU (hJIaKCMOIUii B Mo3Te. B oHOIT U3 mnep-
BBIX DKCIEPUMEHTAJIbHBIX PadOT MO 3TOH TeMe ¢
momotipio JI/IM m3yyanmach 3aBUCUMOCTD JIOKAJIb-
HOTO MO3TOBOTO KPOBOTOKA 1 (hJIAKCMOITHIT OT M3Me-
neauit cuctemaoro A/l u pCO, B aprepmaiabHOUI
KpoBU. MO3TOBOU KPOBOTOK HAUMHAJ CHUKATHCS
npu cavskernn cpeanero A/l aiske 50—60 MM pT. cT.
(T.e., HLJKHETO TIOpOTa ayToperyssiuu). berto mo-
Ka3aHo, 4To Ha (hOHE TTPOTPECCUpyIoTIeli reMoppari-
YECKOUW TUIMOTEH3UN 4YacToTa (DIAKCMOIUI CHUXKA-
Jlach, a rpauk M3MEHEHUS WX aMILIUTYIbl UMeJ
[T-o6pasuyio $HopMy ¢ TTHKOM Ha YPOBHE CPETHETO
AJl 60—80 MM pr. cr. [mnepkanuns ymeHsbInamia, a
TUTIOKATTHUS YBEJUINBAJIA aMILJIUTY Y (DITaKCMOIINIA
[97]. B nanbmeiitmem TeMu e aBTOpaMU OBLIO TTOKa-
3aHo, uTo Ostokaza NO-CHHTa3bl MIPUBOAUIA K CHIU-
JKEHUIO YACTOTHI M MOBBITIIEHUIO aMILIATYIbI (hJiakc-
MOTIMI B MO3Te, B TO BPeMs KaK CUMIIATHUYeCKast U
mapacuMIaTndeckas JeHepBalis He OKa3blBasia Ha
HUX cylnecTBeHHOro BiustHusA [91, 98].

microflora into the bloodstream. Blood loss as an
indirect aggressive factor leads to lung damage
and, in particular, structures of the air-blood barri-
er (the endothelium, alveolar epithelium and their
basal membranes). In turn, the alteration of cellu-
lar and extracellular structures is accompanied by
increased vascular permeability of hemomicrocir-
culatory bed that leads to the development of non-
cardiogenic pulmonary edema (interstitial, alveo-
lar), which is a central element in the pathogenesis
of acute respiratory distress syndrome (ARDS)
[103]. ARDS develops, usually on the 1—3 days
after severe trauma and may require prolonged res-
piratory support in these patients [104]. One of the
factors of lung injury during blood loss is a distur-
bance of blood flow distribution at the level of the
of alveoli microvasculature [105].

In experiments on rats, the morphological
changes of pulmonary arteries were studied in the
long-term posthemorrhagic period. The authors
observed significant morphological changes compara-
ble to the age-related changes of vessels in old age rats.
This effect was manifested primarily in the reorganiza-
tion of connective tissue component of vascular wall
(increased amount of collagen fibers, destruction and
deformation of the elastic membranes in media) and by
the changes in morphometric parameters of the vessels
at all levels investigated. The intraorganic arteries
were characterized by a decrease in throughput [106].

Conclusion

Current approaches to the investigation of
microcirculation include intravital video microscopy
modifications, a number of methods based on the
laser technologies and the methods for assessing tis-
sue oxygenation and metabolic status. A relatively
new approach is using mathematical analysis of oscil-
lations in microcirculation (fluxmotion) to evaluate
the regulatory mechanisms of microcirculation.
Changes in regional blood flow and microcirculation
diring acute blood loss in a particular organ are
largely determined by structural and functional fea-
tures of organ's blood supply, as well as by the role of
the organ in the pathogenesis of acute blood loss. In
particular, the two groups of organs can be distin-
guished conditionally, depending on the direction of
blood flow changes in them during centralization of
circulation. These are «vital> and <«sacrificed»
organs. Changes in regional blood flow and microcir-
culation may have both adaptive and pathological
significance depending on the stage and severity of
the pathological process.
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O/HaKO WCCTe0OBAHISI MO3TOBOTO KPOBOTOKA C
nomortpio JIIM u BeiiBier-aHain3a IIOKa3ajl, YyToO
reMopparnveckasi THIOTEH3UsI COTPOBOKIAETCS yBe-
JINYEHUEM aMILTUTY/IbI (DJIAKCMOITUH, TTPEKe BCETO,
HeliporenHoro jauanasona [21, 99]. [Ipumeuarensro,
YTO CTETIeHDb TMOBBIEHNS aMILUIUTYIbl TaKuX (Jiakc-
MoTIH (y>Ke Ha HauaJbHOM 3Tarie OCTPOH KPOBOTIOTe-
pu) Obliia CONMpsZKEHa CO CIIOCOOHOCTBIO TPYIIITbL JKH-
BOTHBIX B janbHelimeM (B Teduernne 60 wMuH
reMOpParnvecKoil TUIOTEH3N ) MOAIEPKUBATD GoJiee
BBICOKHIT ypoBeHb A/l cpesHero. i ke «KOMIEeHCH-
poBaHHbBIe» 10 YPOBHIO A/l cpesiHero KUBOTHbBIE JIyd-
11e TIePEeHOCUJIN ¥ BOCCTAHOBUTEJbHBIN TIepuoj (T1o-
cie peundy3un KpPOBM) 10 CPaBHEHUIO C
<«[IeKOMIIeHCUPOBaHHbIMU» skuBOTHBIMU [21]. Toil ke
TPYTIION aBTOPOB, HO HA MOJIEIN OCTPOH, (PUKCHPO-
BaHHOI 110 06beMmy, kposomorepr (30% ot OIIK) uc-
CJIEZIOBATIOCH BIMsTHIE MH(Y3UH TiepdTopana B 103€ 3
MJI/KT Ha TMHAMUKY MUKPOITUPKYJISIINN B TTHAIBbHBIX
cocynax. ITo cpashenuto ¢ pacrsopom NaCl 0,9% mep-
(¢ropan, BBenennubii Ha 10-11 MUHYTE TUTIOBOJIEMUH,
MPUBOJWJI K CHIZKEHUIO aMIITUTYIBI (HJIaKCMOIIMIA
HEHPOTeHHOTo Ainana3zona. Mexy rpynmnamMu B J1ajib-
HellleM He HAOJIIOIAI0Ch CYIIECTBEHHBIX PasInInil
o ypoBHIO A/l cpemHero m BesnYMHE JOKAJIBHOTO
MO3TOBOTO KPOBOTOKA. BT clieial BBIBOJI, UTO Tiepd-
TOPaH MPUBOMJI K CHIKEHUIO HANTPSDKEHUS] KOMITEH-
CaTOPHBIX MEXaHU3MOB B PETYJISIIUN MO3TOBOTO KPO-
BoTOKa BO Bpemsa rtunoBosemun [99]. Cremyer
OTMETHTD, YTO B IPYTOM HE3aBUCUMOM UCCJIEI0OBAHUN
reMopparnieckasi TUIIOTEH3UsT COMTPOBOXK/IATACH YBe-
JINYEHNEM aMILTUTYbI (DIakCMOIUii He TOJIbKO HEl-
POTEHHOTO, HO U 9HJIOTEJINATIBHOTO inana3ona. boiee
Toro, pn cHIKeHnu A/l cpesHero HIKe Topora ayTo-
PETrYJISIIT OTMEYATIOCHh TAKKE YBETIMUEHUE aMILTATY-
bl (hTakCMOIIE MUOTEHHOTO Ainarna3oHa [96].

B zakurioueHny aHHOTO pasiesia MPUBEIEM pe-
3YJIBTaThl CPABHUTETBHBIX MCCJEOBAHUI OPraHHOTO
KPOBOTOKA TIPH OCTPOH KPOBOTIOTEPE. YUUTHIBAS TTPH-
HA/IJIEXKHOCTD MO3Ta U Cep/Ilia K OIHOM IPyTITie OPraHOB
M0 (DYHKIMOHATBHBIM OCOOEHHOCTSIM KPOBOCHAOKE-
HIIsI, BITOJIHE OJKUIAEMO, UTO B KCIIEPUMEHTE HAOJIIO-
JIaJIach CXOJKasl IMHAMIKA CHUKEHUST KPOBOTOKA B HUX
TIpU ZIEKOMIIEHCAINN TeMOpparnyeckoro Immoka [92].
Wan JJ ¢ coaBr. mpu KpoBomoTepe HabJIo[all OIHO-
BpPEMEHHOe CHIKeHue Tiepdy3un U OKCUTEHAIUH B
CKeJIETHBIX MbIIIIax 1 Mo3re. OHako nHMY3Us Ba3o-
[IPECCOPOB B 3TUX YCJIOBUSAX YJIydIliaga KpOBOCHAOKe-
HUe MO3Ta, HO CHIKaJla MbITIeuHbI KpoBoTok [100].

Peruonapuslii KPOBOTOK H MUKPOIUPKYJISIIUS
B JIETKUX.

M3MeHeHsT KpOBOTOKA U MUKPOIMPKYJISIINN B
JIETKUX TIPU OCTPOI KPOBOIOTEPE 3aCTYKUBAIOT OT-
JIETBHOTO PACCMOTPEHUs, TIOCKOJBKY MAaJIbIH KPYT
KPOBOOOPAIIECHUST UMEET Psifl CYLIECTBEHHBIX 0CO-
6ennocreii [101]:

1. Bech cepeuHbiil BBIOPOC U3 TIPABOTO KETY-
JI0YKa cep/iila HaTHETAeTCs Yepe3 COCYIUCTYIO CEeTh

JIETKUX, TPU HTOM TTUTAHWE CaMOW JIETOYHON TKaHU
OCYIIECTBJISIETCS OPOHXMAJIBHBIMU COCYAAMU OOJIb-
IIOTO KPyTra KPOBOOOPAIIEHHS.

2. Masbiii Kpyr KpoBoOOpallleH sl 10 CpaBHe-
HUIO ¢ OOJIBIINM SIBJISIETCSI CUCTEMOW HUBKOTO JIaBJie-
HUSI C HE3HAYUTEIbHBIM COITPOTUBJICHHEM KPOBOTOKY.

3. ApTepum u apTepUOJBI JETKUX TOHKOCTEH-
HBI U 9JIACTUYHBI; UX TJIAJKOMBIIIEYHbBIE AJIEMEHTBI
PasBUTHI €1ab0 U OOUIBHO HHHEPBUPOBAHbI COCYI0-
CY’KUBAIONTMU aJIPEHEPTUYECKUMU BOJIOKHAMHU.

4. JlerouHble apTepU¥ U BEHBI TPAKTUYECKH HE
UMEIOT KOoJIJIaTepaeil.

5. B cBsi3u ¢ BBICOKON PaCTsIZKMMOCTBIO JIETOY-
HBIX COCY/IOB THipocTaTndeckue GakTopel (TI0J105Ke-
HUeE TeJa, JaBJeHe B [bIXaTeJbHbIX IyTSX U JIP.) B
3HAUUTELHOW CTENEeHW BJUSIOT HAa PETHOHAPHBIE
pasynyust B iepy3un JEerkux.

6. Ycusenne HepaBHOMEPHOCTH BEHTUJLIS-
uu-nepdysnun JIETKUX MPU Psifie TTATOJTOTUIECKUX
COCTOSTHUI MOKET CYNIECTBEHHO HApyIIaTh razoo0-
MEHHYIO (DYHKIIHIO, TPEK/IE BCETO B BUJIE PAa3BUTHS
TUTTOKCEMUN.

7. lloBwbienne KanuspHOTO fAaBjieHus (pu
OCTPOH JIEBOKEJTYZI0UKOBON HEJOCTATOYHOCTH) WJIN
MOBPEsKAECHUE aThbBEOJIO-KAMISIPHON MeMOpaHbl
MOKeT HapymTh Gananc cu CrapirHra 1 mpuBec-
TH K TSDKETIOMY OTEKY JIETKUX.

[Tomrmo yKazaHHBIX (PU3UYECKUX U CTPYKTYP-
HBIX 0COOEHHOCTEH JIETOYHOTO KPOBOOOPAIIIEHUS, JIe-
TOYHBIM COCY/IaM CBOHCTBEHHA COBEPIIEHHO CBOEOO-
pasHas peakiys Ha MeCTHble MeTaGoJUYecKue u
[UPKYJIUPYIONIHE B KPOBU TyMOPaJIbHbIE (haKTOPHI.
XapakTepHbIM MPUMEPOM SIBJISETCS THITOKCUYECKAST
Ba30KOHCTPUKITUS JIETOUHBIX apTEPUOJI TIPU CHUXKe-
Huu asibBeosisipioro pO, (apdext ditnepa — JInib-
ecTpanzia). /lanHas peakiys HalpaBjeHa Ha BOCCTa-
HOBJIEHWE COOTHOIIEHUS MEXAY BEHTUJISIUEH u
nepdysueil JerouHoil TKaHK, HalpuMmep, Ipu 06CT-
pyKiuu GpoHXa. JTO YMEHBIIAET BBIPAKEHHOCTH
Pa3BUBAIOTIEHCS TUTTOKCEMUH.

[umoBoIeMusT TIpu OCTPOIT KpoOBOIIOTEPE TPH-
BOJIUT HE TOJBKO K aKTHBHOMY COKPAIlEHWIO apTe-
PHOJI JIETKUX, HO U K TTACCUBHO 3JIaCTUYECKOI OT/Ia-
ye (CHaZeHuIo0) BEHO3HBIX COCY/IOB BCJEACTBUE
CHWJKEHUS] THPOCTATUYECKOTO JaBJeHus B HUX. B
pesyJibraTe, MOOUIM30BaHHAS U3 MaJIOTO Kpyra Kpo-
BOOOPAIIEHNS, KPOBb CIYYUT PE3EPBOM JIJIST 3aII0JI-
HeHust JieBbIx kKamep cepaia [101]. KpoBocHabskenue
JIETOYHOH TKaHW 110 cucTeMe GPOHXHMabHBIX COCY-
JIOB TaKKe CHUIKAETCS, YTO MO3BOJISIET PacCMaTpH-
BaTh JIETKUE KaK OPTraH, <IPUHOCUMBIH B JKEPTBY» B
VCIOBUSX TIeHTpaTH3aIy KpoBoobparenvst [102].

Jlerkue BBICTYIAOT CBOCOGPA3SHBIM (DUIIBTPOM
JUIS TOKCUYECKUX MeTabOJMTOB U BOCIAJUTEIBHBIX
MEZIMATOPOB, BEICBOOOKIAEMbBIX KJIETKAMI TTPU FeMOP-
ParuyecKoOM IIOKe, a TaKsKe JJIst GAaKTepHil 1 MX TOKCH-
HOB P TPAHCTIOKAITN MUKPOMIIOPBI M3 KUTIIEYHUKA
B KPOBOTOK. KpoBoroTepst Kak HENPsMOii (hakTop ar-
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peccr BeJleT K TIOBPEKICHUIO JIETKUX U, B YaCTHOCTH,
CTPYKTYP asporeMaTtrudyeckoro Oapbepa (9HIOTEHS,
AJIbBEOJISIPHOTO JIHTENIHsT, UX GasabHBIX MeMOpaH ). B
CBOIO OYEPE/Ib aJBTEPAINsT KIETOUYHBIX W BHEKJIETOU-
HBIX CTPYKTYP COMPOBOK/IAETCS TIOBBIIIIEHUEM TTPOHU-
I[AEMOCTH COCY/IOB TEMOMUKPOIIUPKYJISTOPHOTO PyC-
JIa, YTO IPUBOJIUT K PA3BUTHUIO HEKAPIMOTEHHOTO OTEKA
JIETKUX (MHTEPCTUINATBHOTO, ATbBEOJIIPHOTO), SIBJISI-
IOIETOCST TIEHTPATIbHBIM 3BEHOM B TIATOT€HE3€ OCTPOTO
pecrimparopaoro auctpecc-cunzpoma (OPIC) [103].
OPI/IC pasBuBaeTtcs, Kak 1MpaBuiIo, Ha 2—3 CYTKH TIO-
CJIe TSIKEJIOM TPaBMbI U MOJKET MOTPe6oBaTh [JIUTE b
HOW PECTMPaTOPHON TTOIEPKKN Y TAKUX TTAIMEHTOB
[104]. Omaum 13 hakTOpOB MOBPEsKIAEHNS JETKUX TIPU
KPOBOTIOTEPE SIBJISIETCS] HapyIleHue paciipeiesieHust
KPOBOTOKA Ha YPOBHE MUKPOIMPKYJISITOPHOTO PyCa
asmeodt [105].

B skcneprMeHTax Ha KpbicaX U3YYJINCh MOP-
(hbosornueckre M3MEHEHUST apTepuii MaJoro Kpyra
KpPOBOOOPAIIEHUS B OTAAJICHHOM IIOCTIeMOPparniec-
KOM Tiepuojie. ABTOPbI HaOJIOMAIN 3HAUYNTEIbHBIE
MOpPGhOJIOTHUECKNEe W3MEHEHUs], COIMOCTABUMBIE C
BO3PACTHBIME TPEOOPAa3OBAHUSIMU COCYIOB Y KPBIC
CTapuecKoro BO3pacTa. IJTO TIPOSBIAIOCH, TPEXKIE
BCEr0, B PEOPraHM3AIUN COETUHUTETHBHOTKAHHOTO
KOMITOHEHTA CTEHKHU COCY/I0B (yBeJTUY€EHNE CoepKa-
HUS KOJIJTATEHOBBIX BOJIOKOH, JAECTPYKIHS U jedop-
MaIlyst 9JIaCTHUECKUX MEMOPaH ME/IN ) U H3MEHEH-
eM MOP(hOMETPUYECKUX TIApaMeTPOB COCYNOB Ha
BCEX MCCJE0OBAHHBIX YPOBHAX. /Ly BHyTpHOpran-
HBIX apTepuil ObLJIO XapaKTePHO yYMEHbIIEHIE MPO-
MycKHOU crioco6HocTH [106].
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3akiaouyeHue

CoBpeMeHHbIe TIOJXO0/Ibl K MCCJIEI0BAHUIO CO-
CTOSTHUSI MUKPOIIMPKYJISIIIUN BKJIIOYAIOT B ce0sT MO-
quduKauy TPUKU3HEHHONH BUIEOMUKPOCKOITHH,
PSLL METOJIOB, OCHOBAHHBIX Ha JIa3€PHBIX TEXHOJIOTH-
SIX; METOJIbl OLIEHKK OKCUI€HAIMK U METa00IMUECKO-
TO cocTogHUS TKaHel. OTHOCUTENTHHO HOBBIM TTO/IXO-
JIOM SIBJISIETCSI MCIIOJIb30BaHUE MaTeMaTHYeCKOro
aHajMza KojebaHui MUKPOKPOBOTOKa ((urakemo-
W) JIJTST OIEHKHW MEXaHU3MOB PETYJISIIUA MUKPOTe-
MOTIMPKYJISIW. VI3MeHeHrusT pernoHapHOTO KPOBO-
TOKA U MUKPOITUPKYJISIIIAN TIPU OCTPOIT KPOBOIIOTEPE
B TOM WJIK MHOM OpraHe B 3HAQYMUTEJbHOH CTEleHU
OTIPEAIEIISTIOTCST CTPYKTYPHBIMU U (DYHKITMOHAJbHbI-
MU OCOOEHHOCTSIMU €r0 KPOBOCHAOKEHMUs, a TaKKe
POJIBIO JJAHHOTO OpraHa B IaTOreHe3e OCTPOil KPOBO-
norepu. B 4acTHOCTH, YCIOBHO MOKHO BBIIEJTUTD JIBE
IPYTIIIBl OPTaHOB, B 3aBUCUMOCTH OT HAIIPaBJIEHHOC-
TH U3MEHEHUl KPOBOTOKA B HMUX IIPH IE€HTpaIn3a-
LUK KPOBOOOPAIEHUS: <KU3HEHHO Ba)KHBIE» WJIK
«IIPUHOCUMBIE B JKePTBY». VI3MeHeHNsT pernoHapHO-
rO KPOBOTOKA U MUKPOIMPKYJSIIMA MOTYT UMETh
KaK alallTUBHOE, TaK ¥ MATOJOIMYeCKoe 3HaYeHHe B
3aBUCUMOCTH OT CTAIUK U TSKECTU I1aTOJIOTUYECKO-
ro Ipoiiecca.

BaarogapHoctb: ABTOpPbI MCKpeHHE NpH3HA-
TesbHbl 1.0.H. 3ap:kenkomy FO.B. u 1.M.H., pod.
IMucapesy B.M. 3a nomouib B HanmucaHuu 0030pa u
c/eJIaHHbIE IleHHbIE 3aMeYaHusl.
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