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Background. Currently there is a high demand in reliable noninvasive diagnostic technique assessing the physiological
parameters of the lungs. We are exploring the three-dimensional ultrafast MRI sequence as a novel diagnostic modal-
ity allowing the assessment of regional quantitative perfusion parameters in pulmonary tissue.

Aim. To assess regional differences in quantitative pulmonary perfusion parameters in 10 volunteers with no evidence
of interstitial lung disease by computed tomography, clinical, and laboratory data.

Materials and methods. 10 volunteers with no signs of interstitial lung disease were examined by three-dimensional
ultrafast dynamic contrast-enhanced MR imaging using 3D T1-weighted images. The values of pulmonary blood
flow (PBF), mean transit time (MTT), and pulmonary blood volume (PBV) for the targeted regions of interest were
calculated based on the dynamic image series. For calculations, arterial input function (AIF) was used, as well as the
time-intensity curves.

Results. The values of PBF, MTT, and PBV showed statistically significant differences between central and peripheral
sections of lungs. Provided model can be implemented for quantitative assessment of regional pulmonary perfusion
allows it to be used to determine the reliability of PBF, MTT and PBV values.

Conclusions. Three-dimensional ultrafast MRI sequence is a novel diagnostic modality allowing the assessment of re-
gional quantitative pulmonary perfusion parameters in pulmonary tissue, regardless of physiological features of blood
supply mechanisms in different lung regions.

Keywords: lung; magnetic resonance; MR; perfusion; gadolinium; dynamic contrast enhancement.
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AkTyanbHoOCTb. B HacToslLee BpeMs BefeTCcs M3yyeHMe HOBbIX M afanTaums yXxe CyLLecTBYHLWMX METOL0B Ny4YeBOM AMArHO-
CTUKM ANS OLeHKM GU3MONOrnyeckmx napaMeTpoB nerknx. Heobxoanmbl ganbHenwme nccnefoBaHng MeTOAUKU TPEXMEPHOM
CBepXObICTPOM MarHUTHO-pe30HAHCHOM TOMOrpaduu Nerkux B Ka4eCTBe HOBOrO AMArHOCTUMYECKOrO MEeTOoa, MO3BOSHOLLEro
OLEHMBATb pernoHasbHble KOIMYEeCTBEHHbIe MapamMeTpbl Nepdy3nn B NEro4HOM TKaHM.

Lenb uccnepoBaHua — OLEHUTb PerMoHabHble Pa3NnMyuus B KONMYECTBEHHbIX MapaMeTpax neroyHon nepoysum y 10 gobpo-
BOJIbLIEB, HE UMEIOLLMX MPU3HAKOB UHTEPCTULMANBHOIO NMOPAXXEHUS NEerKUX MO AaHHBIM KOMMbIOTEPHOW TOMOrpaduu, a Takxe
KNMHUKO-N1abopaTOPHbIM AAHHbIM.

Marepuanel u metoabl. [poBeaeHo obcnenoBaHne 10 nobpoBonbLEB 6€3 NPU3HAKOB MHTEPCTULMANBHOIO MOPAKEHWUS NErKMUX
C NPUMEHEHWEM TPeXMepHOI CBEPXObICTPON AMHAMUYECKOWM KOHTPACTHOW MarHUMTHO-Pe30HAHCHOM ToMorpadumn Ha 6ase rpagu-
eHTHbIX 3D-T1-B3BeLWweHHbIX n306paxkeHnin. Ha 0OCHOBe AMHAMMUYECKUX cepuit 306paxkeHni nony4veHbl 3Ha4yeHnsa PBF (ckopocTb
KpoBoTOKa), PBV (06bem kpoBoToka) u MTT (cpenHee BpeMsi maccaxa) AN BbibpaHHbIX obnacten uHTepeca. [ns BbluMCIEHUI
MCNONb30BaNM BXOAHYK apTepuanbHyto dyHkumio AlF, a Takxe KpuBble 3aBUCMMOCTM MHTEHCMBHOCTM OT BPEMEHM.
Pesynbratbl. 3HaveHnsa PBF, MTT n PBV nokasanu LOCTOBEpPHbIe Pa3inuns MeXAy LeHTpanbHbIMKU U nepudepuyeckumm oT-
[enaMu neroyHblx fonen. MatemaTnyeckas Moaenb, MCNONb30BaHHAA NPU KOIMYECTBEHHOW OLLEHKe PerrMoHapHOM NeroYHom
nepdysunu, NO3BONSET MCMNOAb30BATb €€ AN onpefeneHns 4OCTOBEPHOCTH 3HayveHuit PBF, MTT u PBV.

3aknoueHue. TpexmepHas cBepxbbiCTpas MarHUTHO-Pe30HAHCHAs MOCNef0BaTeNbHOCTb MO3BOJISET KONIMUYECTBEHHO OLLEHM-
BaTb nepdy3nOHHblE NapaMeTpbl AN Nero4yHOM TKaHW BHE 3aBUCMMOCTU OT GPU3MONOrMYeckUx 0cobeHHOCTeN MexaHW3MOB

KpOBOCHaﬁ)KEHMﬂ Pa3NnYHbIX 30H NIETKUX.

KntoueBble cnoBa: nerkoe; MarHuTHbIM pe3oHaHc; MP; nepdy3ns; ragonnHuing AMHaMMYeCcKoe KOHTPAacTHOe yCueHue.

BACKGROUND

In pulmonary diseases, the preservation of blood
flow with a decrease in the level of ventilation,
the so-called perfusion—ventilation mismatch, be-
comes a common phenomenon [11]. Therefore, it
is important to quantify perfusion and ventilation
characteristics, both collectively and individually.
The total values of these parameters are estimated
by single-photon emission computed tomography
combined with computed tomography (SPECT/CT)
using radionuclide-labeled erythrocytes or serum
albumin macroaggregates, Xe 133 and 150-water
[31, 36-38, 43]. However, perfusion can be assessed
using contrast-enhanced dual-energy X-ray CT [45].
The implementation of both methods is associated
with the use of ionizing radiation; in addition, these
methods have a relatively low temporal resolution
associated with the presence of the dead time of
the detector, relatively low spatial resolution, and
different energy resolution of ionizing radiation
detectors.

Currently, several studies are describing the pos-
sibilities of two-dimensional dynamic contrast mag-
netic resonance imaging (MRI) to assess pulmonary
blood flow (PBF) [17, 18, 25]. Compared with ra-
dioisotope studies, two-dimensional (2D) dynamic
contrast-enhanced MR provides higher temporal and
spatial resolution without the use of ionizing radia-
tion. The 2D dynamic MR method represents a set
of series of 2D-T1-weighted images. In this case,
images are obtained continuously in a certain time
interval after contrast agent injection. This method
enables the assessment of the nature of accumula-
tion at different time points. However, given the

requirements for temporal resolution, images have
a low signal-to-noise ratio and low spatial resolu-
tion. In addition to these shortcomings, 2D dynamic
contrast-enhanced MRI for lung examination does
not allow simultaneous assessment of regional pul-
monary perfusion due to field heterogeneity, which
contributed to the further technical development and
improvement of this technique [28].

Currently, new diagnostic capabilities of MRI
are emerging, meet various physiological tasks,
and consequently allow evaluation of many physi-
ological parameters. The use of a dynamic series
of three-dimensional (3D) T1-weighted sequences
based on gradient echo with ultrashort repetition
time (TR) and time to echo (TE) values enables data
acquisition with the necessary temporal and spatial
resolution for making perfusion maps [32, 33].

In the experimental works of several researchers
[22, 29, 44], the concept of the first passage of a
contrast agent was used as a physiological model
for calculations, which has proven itself well for
assessing the state of the central nervous system in
ischemic or volumetric lesions of the brain. These
works are characterized by the fact that the use of
the gamma distribution was not acceptable when
approximating the curve of signal intensity versus
time. Some studies have shown that MR perfusion
of the lungs with the calculation of quantitative
parameters of blood flow is quite effective, which
was confirmed in the porcine pulmonary embolism
model [18, 19, 26].

In the present study, we extended this field-pro-
ven 2D technique to 3D ultrafast dynamic contrast-
enhanced MRI in healthy volunteers.
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This study aimed to quantify regional differences
in pulmonary perfusion parameters in healthy volun-
teers using 3D ultrafast dynamic contrast-enhanced
MRI with the calculation of PBF, mean transit
time (MTT), and pulmonary blood volume (PBV)
values.

MATERIALS AND METHODS
OF RESEARCH

3D dynamic contrast-enhanced MRI [24] was
performed on 10 healthy volunteers without a his-
tory of viral (COVID-19) pneumonia, and with-
out chronic lung disease at the time of the study.
The age of the patients at disease onset ranged from
24 to 58 (mean age, 38.5 + 13.3) years. In all cases,
the study started with a routine MRI of the lungs
and then proceeded to the study using a gadolinium-
containing contrast agent (Gadoteridol) [41].

Perfusion MRI was performed in the dynam-
ic susceptibility contrast (DSC) mode, named
4D LUNG_PERFUSION, representing a set of se-
ries of T1-weighted 3D sequences built on the basis
of gradient-echo sequences oriented in the oblique—
coronal plane (scans were oriented parallel to the
sternum, taking into account the variants of the tho-
racic spine structure); the sequence parameters are
presented in Table 1. The study area included all

Technical parameters of the dynamic contrast susceptibility (DSC)

scanner

parts of the lungs, namely, upper and lower on both
sides, middle lobe of the right lung, and lingular
lobes of the left lung.

By using the Medrad automatic injector, gad-
olinium-containing contrast agent gadoteriol at a
concentration of 273.3 mg/mL and dose of 1.0 mL
was injected to patients intravenously through an
intravenous catheter 18 located in the antecubital
fossa, with a constant injection rate of 3.5 mL/s and
followed by the injection of 40 mL of isotonic so-
dium chloride solution at the same rate. During the
first passage of the contrast agent bolus through the
vascular system, images were repeatedly recorded
at 40 different levels, with seven dynamic images
obtained at each level. Images of the first passage
were obtained before injection of a contrast agent to
determine the baseline intensity of the MR signal.
From the moment of contrast medium injection, the
perfusion study took 18 s.

The following assumptions were used to estimate
perfusion:

1) The selected region of interest (ROI) has one
source and one drain for the contrast agent.

2) A large feeding vessel can be isolated, which
enables the acquisition of the intensity—time de-
pendence graph to obtain the corresponding input
data.

Table 1 / Tabnuya 1
MRI sequences on the Ingenia Philips 1.5 Tesla MR

XapakTepucTMka napaMeTpoB MeTOAMKM NepPy3MOHHON MAarHUTHO-PE30OHAHCHOM TOMOrpadun B pexmme AMHAMU-
4yeckoM BOCNPMUMYMBOCTM KOHTpaAcTa Ha Tomorpade Ingenia Philips 1,5 Tecna

Parameters / [TapameTpsl

4D LUNG PERFUSION

Orientation of slices / OpuenTanus cpe3oB

Coronal / KoponanbHas

Pulse sequence / UMmynbcHast MOCIEA0BATEIBHOCTD

TFE

TR/TE, ms / TR/TE, mc

3.5/1.57

Matrix / Matpuia

132 x 117 x 40

Voxel size, mm (sag x tra X vert) / Pazmep Bokcessi, MM (CArUTT X MOTEP X BEPT)

3.03 x2.99 x 8.00

Slice thickness, mm / TonmuHa cpeza, MM 4
NSA 1
Full scan time, sec / [TonHOE BpeMsi CKaHHPOBaHHUS, C 18
Total number of series in the set / O0uiee Koau4ecTBO cepuil B Habope 22
Time of the control scan with full filling of the k-space, sec /

BpeMsi KOHTPOJIBHOTO CKaHa € MOJIHBIM 3aII0JIHCHHEM K-POCTPAHCTBA, C 2.5
Temporary resolution, sec / BpemeHnHoe pa3pemuieHue, ¢ 0.6

Note. In the physiological model for evaluating perfusion it is assumed that there is no “dead space” in the regions of interest [9],
as well as arterial-venous shunts [7]. The contribution of intensity due to trophic blood flow (via bronchial arteries) [39] in this work

is considered negligible and is not taken into account.

Ipumeuanue. Tlpu mocTpoeHNH (PU3NOIOTHYECKOIT MOJEIH sl OUCHKH NMepdy3uH CYUTAETCS, YTO B UCCIENYyeMOi 001acTH OTCYT-
CTBYET «MEPTBOE NMPOCTPAHCTBO» [9], a Takke apTepHanbHO-BEHO3HbIE MIYHTHI [7]. BKilag HHTEHCUBHOCTH 3a CYET TPOPHUECKOTO
KpoBoTOKa [39] B naHHOI paboTe cunTaeTcs MPeHeOPEKMUMO MaIBIM U HE YUUTHIBACTCS.
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Fig. 1. Axial reconstructions of image with dynamic contrast
enhancement. a - Selection of ROl in the area of the
pulmonary trunk and ascending aorta for a qualitative
assessment of the suitability of the data; b, ¢ - Selec-
tion of areas of interest in the left lung: peripheral and
central sections of the apical-posterior segment of the
left lung at different levels are demonstrated; d - the
same for the right lung with separate examination in the
upper lobe of the apical and posterior segments. These
are mirror images of classic-oriented CT/MRI projections

Puc. 1. AKcuanbHble  pPeKOHCTPYKUMM cepuit  M306pakeHui
C AMHAaMUYECKUM KOHTPACTHbIM ycuneHneM. a — Bbibop
ROI B o6nactn neroyHoro cTBONA U BOCXOASLLEFO OT-
Aena aopTbl ANs KayecTBEHHOW OLLEHKU MPUrOAHOCTH
AaHHbIX; b, ¢ — BbIGOp 30H MHTEpeca B IEBOM JIEFKOM:
NpoAEMOHCTPUPOBaHbI Nepudepuyeckue U LeHTpanbHbie
oTAenNbl BEpXyLIEYHO-3aAHEro CErMeHTa JIEBOro NIErkoro
Ha pasHbIX YPOBHAX; d — TO Xe AnS NpaBoOro Jerkoro
C OTAENbHbIM PacCMOTPEHUEM B BEepXHei Aone Bepxy-
LIEeYHOro M 3agHero cermeHToB. UleayeT 06paTUTb BHU-
MaHue, YTO AaHHble U306paKeHUs ABNAIOTCA 3epKasibHO
OTPa)XEHHbIMMU OTHOCUTENIBHO KJIaCCUUECKOI OpUEHTALIUK
KOMMNbHOTEPHbIX U MarHUTHO-PE30HAHCHBIX U306paKeHU

-
=
-

—
ry

7

e
N

Fig. 2. Coronal reconstructions of image with dynamic contrast
enhancement. a - The choice of ROl for AIF. When
selecting this area of interest, MPR reconstructions
should be used to exclude pulmonary arteries from
the area of interest; b - selection of areas of interest
in the coronal plane for comparison with the pub-
lished data

KopoHanbHble PEKOHCTPYKUMM Cepuii  M306paXKeHui
C AMHAaMMYECKMM KOHTPACTHbIM ycuneHueM. a — Bbl-
6op ROl pna onpenenenuns cdyHkuum AlF. Mpu BbIGO-
pe AaHHOM 06nacTM MHTEpeca c/iedyeT UCNONb30BaTb
MPR-peKOHCTPYKLMM ANS UCK/THOYEHUS U3 30HbI MHTEepeca
JIeroyHbiX apTepuii; b — BbI6op obnacreit UHTepeca B Ko-
POHaNbHOI NNOCKOCTU AN CPAaBHEHUS C NPUBEAEHHBIMU
B /IMTepaType AaHHbIMU

Puc. 2.

3) The resulting dependence graph should have
sections of increase and decrease, and the intensity
values at the zero and end points should be approxi-
mately equal, which would indicate the absence of
the contrast agent accumulation.

To analyze the data obtained during the survey,
two approaches were used, namely, qualitative ap-
proach that was based on numerical data on the
dependence of intensity on time in the selected area
of interest and semiquantitative approach with post-
processing in the Firevoxel program, with subse-
quent data processing based on the MATLAB pack-
age [8] and its built-in functions.

The analysis was performed for the corresponding
ROIs which were selected in two planes (Figs. 1, 2).
The ROI was chosen while considering the blood
supply to the apexes of the lungs, whereas segments
of the apexes of the lungs were considered with a
separate study of the central and peripheral zones.

First, the level of the pulmonary trunk and as-
cending aorta was examined to assess the reference
function (Fig. 1, a, b). The criterion for selecting
images was the absence of a peak in the curves
of the dependence of the signal intensity on time,
for example, in cases of earlier contrast enhance-
ment or manifestation of individual physiological
characteristics. Similarly, data obtained from four
participants were excluded, and data of 10 volun-
teers were recognized as suitable for further analysis
(14 volunteers examined in total).

Further, the zones of interest were selected in the
apical segments from the level of the aortic arch
and above with an interval of 1.5-2 cm, depend-
ing on the anthropometric parameters of the patient.
In total, four levels were assessed, namely, the first
at the level of the aortic arch, the last at the apex
of the lung, without isolating the peripheral section.

Such a choice of the zone of interest is logically
justified by the fact that the peripheral parts have
less blood supply and should have a longer average
passage time.

During subsequent postprocessing, relative and
normalized values were obtained, as well as graphs
of the dependence of the relative intensity.

In addition to the selection of the zone of inter-
est described above, ROIs oriented in the coronal
plane were considered. Such a choice of the area
of interest reflects to a lesser extent the physiologi-
cal characteristics of the blood supply to the lungs;
therefore, this projection was used only to calculate
the arterial input function (AIF).

The sufficiently large area of the ROI was due to
the subsequent mathematical calculations required
for function smoothness [20], and such an ROI en-
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ables the smoothing of the curves of the intensity—
time dependence by averaging the intensity over a
large number of voxels.

Regional differences in mean PBF, PBYV, and
MTT values were assessed using classical statis-
tical analysis methods with the use of Student’s
coefficient for the corresponding confidence level.

RESULTS

MR perfusion data of 10 volunteers are presented
in Tables 2—4. The passage time at the pulmonary
trunk was lower than that of the lung parenchyma,
since the pulmonary trunk is characterized by an
almost constant volume, that is, blood flow is due
only to hydrostatic pressure which value decreases

in the course of blood flow [3]. The passage times in
the central and peripheral parts were approximately
equal, the experimental data ranges overlapped, and
the values obtained were somewhat higher than for
the pulmonary trunk. The data obtained indicate that
the capacitive characteristics of the vessels of the
central and peripheral lobes of the lungs are ap-
proximately the same.

The PBF and PBV values (Tables 3 and 4) are
lower in the peripheral regions, which, considering
the data in Table 2, indicates that a decrease in PBF
is due to a decrease in PBV and is graphically pre-
sented as a smaller range of intensity changes in the
peripheral regions. This may be due to the involve-
ment of large arterioles in the blood supply to the

Table 2 / Tabnuya 2

The obtained values of the average passage time of the contrast agent (MTT) in the selected areas of interest
lMonyyeHHble 3HAaYEHUSI CpeLHErO BPEMEHM Nacca)a KOHTpacTHoro npenapata (MTT) B BbiIBpaHHbIX 30HAaX UHTEpeca

Area of interest / Average value, sec / Error rate, sec / Confidence probability /
3oHa uHTEpeca Cpennee 3HauCHHE, C IMorpemraocTs, ¢ JloBepuTenabHAast BEPOSITHOCTH
MTT total / MTT obuiee 7.15 1.20 0.68
MTT pulmonary trurik / 598 0.40 0.68
MTT cTBON NErOYHON apTepun
MTT of central regions of pulmonilry lobes / 791 123 0.68
MTT neHTpaibHBIX OTIEIOB JOJIEH JIETKOIO
MTT of peripheral regions of pulmonary lobes /
N 7.15 1.28 0.68
MTT nepudeprdeckux OTAEIOB JIOJIEH JIETKOTo

Table 3 / Tabauya 3

The obtained values of pulmonary tissue perfusion (PBF) in the selected areas of interest
MonyyeHHble 3HaYeHUs nepdysun nerouyHon TkaHu (PBF) B BbiIBpaHHbIX 30HaX MHTepeca

. Average value / Confidence probability / | Minimum value / | Maximum value /
Area of interest / Error rate /
Cpennee JloBepurenbHas MuHuMallbHOE MakcumalbHOe
3oHa uHTEpECca IMorpeurHocTsb
3HA4YCHHUEC BEPOATHOCTD 3HA4YCHHUEC 3HA4YCHHUC
PBF in peripheral regions /
PBF B nepudepuuecknx ot- 55.4 10.20 0.046 42.4 70.2
Jenax
PBI in central regions / 102.61 11.81 0.046 74.3 166
PBF B neHTpanbHbIX oTHEIaX
PBF with ROI in coronal plane /
PBF ¢ ROI B kopoHasbHOM 1po- 78.21 12.2 0.046 50 90
eKIMH

Table 4 / Tabauya 4

The obtained values of blood flow volume per 100 ml of lung tissue (PBV) in the central and peripheral regions of lungs
MonyyeHHble 3HaYeHUsa obbemMa kpoBoToka Ha 100 mn neroyHoit TkaHu (PBV) B LeHTpanbHbiX U nepudepuryeckmnx

oTaoenax nerkux

. PBV, ml/100 ml of lung Relative error /
Lung regions / . Absolute error /
tissue / PBV, mu/100 mi OTHOCUTENLHAS
OTaensl JETKUX " AOGCONIOTHAS TIOTPEIIHOCTH
JIETOYHOU TKaHH MOT'PEUTHOCTh
Central regions / LlenTpanbHBIE OTAETE 12.33 0.21 2.54
Peripheral regions / Ilepudepuueckue oTnenst 6.60 0.31 2.04
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Intensity / MHTeHCMBHOCTD

Time, s / Bpems, ¢

Fig. 3. Time-intensity curves in the area of interest. The signal
received for ROl in the area of the pulmonary trunk
is depicted as the dashed line. Other lines are the ar-
eas of interest selected in the pulmonary parenchyma.
The image obtained with integrated FireVoxel tools
KpuBble 3aBUCMMOCTU UHTEHCMBHOCTU CUTHaNA OT Bpeme-
HM B 30He uHTepeca. [TyHKTUpHOI NIMHKel oToGpaxaeTca
curHan, nonyveHHbiii ans ROl B o6nactu neroyHoro cTBo-
na. OctanbHble NMHUK — 06N1aCTU UHTepeca, BbiIGpaHHbIe
B IeroyHoit napeHxume. U3o6paxxeHne nony4eHo BCTpo-
eHHbIMU cpeacTBamm FireVoxel

Puc. 3.

peripheral lobes, in the central parts of the lungs,
but which, nevertheless, cannot be excluded from
the examination zone because of their small caliber.
Thus, the results obtained demonstrate the feasi-
bility of using 3D ultrafast dynamic contrast MRI
to assess the difference in blood flow parameters
in healthy lung tissues. Figures 3 and 4 present
contrast curves (signal intensity versus time) and
graphs of the relative level of the contrast agent in
the area of interest. Figure 4 demonstrates that the
use of semiquantitative methods with the calculation
of relative contrast is somewhat incorrect, as the
relative change in signal intensity for areas of the
lung parenchyma may exceed that for the pulmonary
trunk because of the heterogeneity of the lung tissue
due to the presence of air cavities. In this case, the
following approximation should be used:

C(t) « S(1)— S(0),

where C is the contrast agent concentration, S is
the signal intensity, and ¢ is the transit time of the
contrast agent. Since the hematocrit level may differ
for the pulmonary trunk, arteries, and arterioles of
the lungs, this should be taken into account when
calculating the relative concentration [13, 19].

DISCUSSION

Physiological foundations for constructing
a mathematical model of lung perfusion

The pulmonary circulation contains the entire
volume of cardiac output both at rest and under
tension. At rest, the blood flow of the lungs is het-
erogeneous and directed to the lower zones; under
tension, expansion occurs and previously unused

Intensity / MHTeHCMBHOCTD

Time, s / Bpems, ¢

Fig. 4. Graphs of the dependence of the relative con-
tent of the contrast agent in the area of inter-
est. The dashed line corresponds to the pulmo-
nary trunk. Other lines reflect signal intensity
in different ROl in pulmonary parenchyma
lpacduku 3aBUCMMOCTM OTHOCUTENBHOIO COAEPIKA-
HUSA KOHTPACTHOrO Mpenaparta B 30He UHTepeca.
MyHKTUPHO NMHMel 0603HaYeHa 30Ha UHTepeca
B 06/1aCTU IEFOYHOrO CTBOJIA, OCTa/IbHbIE JIMHUMN —
30Hbl MHTEpeca, BbIGpaHHbIE B JIEFOYHONM NapeH-
Xxume

Puc. 4.

vessels are involved in the circulation [2]. Currently,
each vessel is characterized by resistance and capac-
ity. Pulmonary vascular resistance is defined as the
ratio of the pressure difference in the pulmonary
artery and the left atrium and the PBF velocity.
However, PBF cannot be considered laminar, and
pulmonary vessels are more likely to be capaci-
tive than resistive [3]. Thus, the vascular resistance
value will not be constant, which enables us to
consider perfusion in terms of the theory of signal
processing, considering the tissue characteristics as
a transfer function.

Four zones of the lungs are usually distinguished,
namely, West’s functional zones that consider the
presence of pressure as the cause of blood flow [42].
Accordingly, alveolar, pulmonary arterial, and pulmo-
nary venous pressures are distinguished [4, 15, 16].

The size of West’s zones has a close relation-
ship with the body position and depth of inhalation.
Figure 5 shows a schematic representation of West’s
zones, while zone 4 (areas of the lungs with reduced
blood flow, where resistance to blood flow is created
by extra-alveolar vessels) is not marked, as it disap-
pears with deep inhalation [4]. In addition, in the
prone position, most areas of the lungs correspond to
zone 3; zone 1 is absent, and zone 2 is located in the
anterior lung [5]; therefore, for the analysis of blood
flow in healthy volunteers in this study (the study
was conducted with the participants inhaling and ly-
ing on the back) the apex of the lungs was selected,
where the pressure in the pulmonary artery is greater
than the pulmonary venous pressure and, in turn,
higher than the alveolar one. Thus, in this zone, the
blood flow is determined by the difference between
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Fig. 5. Schematical representation of functional zones in the supine and standing positions [14]. P, - alveolar pressure;
Ppa — pulmonary arterial pressure; va — pulmonary venus pressure
Puc. 5. Cxematuueckoe usobpaxeHue QyHKUMOHANbHBIX 30H B MONOXKEHMM niexa u ctos [14]. P, — anbBeonsipHoe AaBneHue;

Ppa — AaBJieHUe siero4yHoe aptepuaszibHoe; va — AaBJ/ieHue

the pressure in the pulmonary arteries and pulmo-
nary veins, which justifies the usual calculations of
pulmonary vascular resistance, previously discussed
in detail by Axel [12]. An increase or decrease in
blood flow in this area leads to the expansion of the
already open capillaries [4]. Therefore, the zone of
interest should be chosen while taking into account
these aspects, and the most significant choice will
be the choice of the zone of interest below the lung
apex by 1-2 cm vertically.

The lung is an organ with a dual circulatory sys-
tem. It has two arterial inputs: the first input, which
functions in gas exchange, is through the system of
pulmonary arteries and pulmonary veins, whereas the
trophism of the organ is attributed to the bronchial
arteries and veins. The bronchial arteries receive oxy-
genated blood from the systemic circulation, and the
caliber of these vessels is rather small; therefore,
the contribution of trophic blood flow is negligible
because of small blood volumes and time delay [39].

By definition, perfusion is a physical nonmeasur-
able quantity that represents the volume of blood
passing through 100 mL of the parenchyma of a
particular tissue per minute. When analyzing CT
and MRI data [12], the following parameters are
usually used:

* PBYV as PBF volume is the volume of blood pass-
ing through the selected area of interest during the
monitoring period.

« MTT is the average time required for a contrast
molecule or blood particles to reach the ROI.

* PBF as a value proportional to perfusion is the vo-
lume of blood that passes through the selected ROI
per unit of time, normalized to its volume. This
value is relative, as to calculate the exact values,
hematological parameters of the blood should be
measured, which can vary over a rather wide range
and cannot be determined immediately before the
examination.

Nnero4yHoe BeHO3Hoe

The existing concept of the indicator dilution
theory [28] uses the volume and velocity of blood
flow per 100 mL of organ tissue to assess tissue
perfusion, with minute as the unit of time; however,
the average passage time is expressed in seconds.

Cror (1) =C e () ® h(2) = j.CAIF (v)- At —v)dr,

where C is the concentration of the contrast agent,
¢t is the monitoring period from the beginning of
the contrast agent injection, /4 is the function cor-
responding to the distribution density of the time
that particles pass to the study area over time, T is
the variable over which the integration is performed
(the monitoring time from the beginning of the con-
trast agent injection), and d is the differential.

Several studies have proposed practical approach-
es for solving this equation and obtaining physi-
ological parameters of interest from it [27, 33, 34]
and are currently quite widespread when working
with the central nervous system.

In addition, semiquantitative approaches can be
used, as they consider function /(¢) as the probabi-
lity for a particle to pass the ROI in time t and, ac-
cordingly, calculate the average passage time as the
first moment of this function. Studies [28, 34, 35]
have indicated that for further calculations, it is con-
venient to construct a transfer function as follows:

R()=1- j h(t)dt

where R is the residual function, ¢ is the monito-
ring period from the start of the injection of the
contrast agent, / is the function corresponding to
the distribution density of the particle transit time
to the study area in time, t is the variable over
which the integration is performed (the monitoring
time from the start of contrast agent injection), d is
the differential, which can be performed both with
and without the use of models [21, 30].
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In calculations without using models, the matrix
equation should be calculated [10]:

A-b=c,

where matrix 4 and vector ¢ are created from the
input data, and vector b contains the transfer func-
tion and the value for blood flow velocity. To solve
this equation, an algebraic approach with a singular
value decomposition of the matrix 4 is used.

To obtain a graph of the dependence of the con-
trast agent concentration, we took into account the
fact that, at its low concentrations, the concentration
is directly proportional to the signal intensity [40].
To present the experimental data as desired, the
following equation can be used:

S(0)
where C is the contrast agent concentration, S is
the signal intensity, and ¢ is the transit time of the
contrast agent.

In the present study, we analyzed the dependence
of signal intensity on time in the pulmonary artery
and evaluated the dependence of signal intensity in
the apexes of the lungs with the inclusion of gravity-
dependent zones of the lungs. With this approach, the
curve of dependence of the signal intensity in the
selected area of interest on time is not approximated
by any special function [1], for example, the AIF
for the pulmonary trunk or the gamma function by
analogy with the central nervous system.

When using a semiquantitative approach, the
relative values of volume and blood flow are cal-
culated using numerical integration methods; thus
it is possible to determine the relative value of the
blood volume, which is calculated as the area of
the subgraph of the studied curve of the depen-
dence of intensity on time obtained by the trapezoid
method [6]. In this model, relative (i.e., in condi-
tional) values of blood flow volume and velocity
are obtained as results; however, the average transit
time of the contrast agent is absolute.

In addition to the semiquantitative model, we
used the method of calculating the blood flow ve-
locity using the inverse convolution function and
singular value decomposition of the matrix con-
structed from the intensity—time dependence plot
for the pulmonary trunk, as demonstrated in [30],
except for the fact that the concentration—intensity
dependence was used to plot the curves for T1 im-
ages with a low concentration of contrast agent and
was adjusted for hematocrit levels in large (pul-
monary trunk) and small vessels (pulmonary artery
branches, arterioles, etc.).

>

The forequoted findings of Hatabu et al. [18]
were confirmed in the present study by numeri-
cal calculations. Table 3 presents PBF values that
are consistent with previously obtained data from
the world literature for coronal ROI selection [20].
The values obtained are within the experimental
range.

The discrepancies in the data is possibly due to
the possible introduction of a threshold value for the
singular diagonal matrix in the calculations, which
is used in the calculations [30]. In addition, some
discrepancies in the reproducibility of results were
demonstrated for this method [26]. In addition, by
analogy with the central nervous system, with cor-
rection for the so-called contrast agent leakage [23],
the model can be used for patients with interstitial
lung diseases, which will be performed in further
studies.

CONCLUSION

Thus, the model used has demonstrated its effi-
ciency, and it can potentially be applied to patients
with interstitial changes in the lungs.
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