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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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Актуальность. В настоящее время ведется изучение новых и адаптация уже существующих методов лучевой диагно-
стики для оценки физиологических параметров легких. Необходимы дальнейшие исследования методики трехмерной 
сверхбыстрой магнитно-резонансной томографии легких в качестве нового диагностического метода, позволяющего 
оценивать региональные количественные параметры перфузии в легочной ткани. 
Цель исследования — оценить региональные различия в количественных параметрах легочной перфузии у 10 добро-
вольцев, не имеющих признаков интерстициального поражения легких по данным компьютерной томографии, а также 
клинико-лабораторным данным.
Материалы и методы. Проведено обследование 10 добровольцев без признаков интерстициального поражения легких 
с применением трехмерной сверхбыстрой динамической контрастной магнитно-резонансной томографии на базе гради-
ентных 3D-Т1-взвешенных изображений. На основе динамических серий изображений получены значения PBF (скорость 
кровотока), PBV (объем кровотока) и MTT (среднее время пассажа) для выбранных областей интереса. Для вычислений 
использовали входную артериальную функцию AIF, а также кривые зависимости интенсивности от времени. 
Результаты. Значения PBF, MTT и PBV показали достоверные различия между центральными и периферическими от-
делами легочных долей. Математическая модель, использованная при количественной оценке регионарной легочной 
перфузии, позволяет использовать ее для определения достоверности значений PBF, MTT и PBV.
Заключение. Трехмерная сверхбыстрая магнитно-резонансная последовательность позволяет количественно оцени-
вать перфузионные параметры для легочной ткани вне зависимости от физиологических особенностей механизмов 
кровоснабжения различных зон легких.
Ключевые слова: легкое; магнитный резонанс; МР; перфузия; гадолиний; динамическое контрастное усиление.

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 15O-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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Table 1 / Таблица 1
Technical parameters of the dynamic contrast susceptibility (DSC)  MRI sequences on the Ingenia Philips 1.5 Tesla MR 
scanner
Характеристика параметров методики перфузионной магнитно-резонансной томографии в режиме динами-
ческой восприимчивости контраста на томографе Ingenia Philips 1,5 Тесла 

Parameters / Параметры 4D_LUNG_PERFUSION
Orientation of slices / Ориентация срезов Coronal / Корональная
Pulse sequence / Импульсная последовательность TFE
TR/TE, ms / TR/TE, мс 3.5/1.57
Matrix / Матрица 132 × 117 × 40
Voxel size, mm (sag × tra × vert) / Размер вокселя, мм (сагитт × попер × верт) 3.03 × 2.99 × 8.00
Slice thickness, mm / Толщина среза, мм 4
NSA 1
Full scan time, sec / Полное время сканирования, с 18
Total number of series in the set / Общее количество серий в наборе 22
Time of the control scan with full filling of the κ-space, sec / 
Время контрольного скана с полным заполнением κ-пространства, с 2.5
Temporary resolution, sec / Временное разрешение, с 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.
Примечание. При построении физиологической модели для оценки перфузии считается, что в исследуемой области отсут-
ствует «мертвое пространство» [9], а также артериально-венозные шунты [7]. Вклад интенсивности за счет трофического 
кровотока [39] в данной работе считается пренебрежимо малым и не учитывается.

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 

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.
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Fig. 1. Axial reconstructions of image with dynamic contrast 
enhancement. а  – Selection of ROI in the area of the 
pulmonary trunk and ascending aorta for a qualitative 
assessment of the suitability of the data; b, c – 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

 Рис. 1. Аксиальные реконструкции серий изображений 
с динамическим контрастным усилением. а — Выбор 
ROI в  области легочного ствола и восходящего от-
дела аорты для качественной оценки пригодности 
данных; b, c — выбор зон интереса в левом легком: 
продемонстрированы периферические и центральные 
отделы верхушечно-заднего сегмента левого легкого 
на разных уровнях; d — то же для правого легкого 
с отдельным рассмотрением в верхней доле верху-
шечного и заднего сегментов. Следует обратить вни-
мание, что данные изображения являются зеркально 
отраженными относительно классической ориентации 
компьютерных и магнитно-резонансных изображений

Fig. 2. Coronal reconstructions of image with dynamic contrast 
enhancement. а  – The choice of ROI 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

Рис. 2. Корональные реконструкции серий изображений 
с  динамическим контрастным усилением. а  — Вы-
бор ROI для определения функции AIF. При выбо-
ре данной области интереса следует использовать 
MPR-реконструкции для исключения из зоны интереса 
легочных артерий; b — выбор областей интереса в ко-
рональной плоскости для сравнения с приведенными 
в литературе данными

a b

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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Table 2 / Таблица 2
The obtained values of the average passage time of the contrast agent (MTT) in the selected areas of interest
Полученные значения среднего времени пассажа контрастного препарата (MTT) в выбранных зонах интереса

Area of interest / 
Зона интереса

Average value, sec / 
Среднее значение, с 

Error rate, sec / 
Погрешность, с

Confidence probability / 
Доверительная вероятность

MTT total / MTT общее 7.15 1.20 0.68
MTT pulmonary trunk / 
MTT ствол легочной артерии 5.28 0.40 0.68

MTT of central regions of pulmonary lobes /  
MTT центральных отделов долей легкого 7.21 1.23 0.68

MTT of peripheral regions of pulmonary lobes / 
MTT периферических отделов долей легкого 7.15 1.28 0.68

Table 3 / Таблица 3
The obtained values of pulmonary tissue perfusion (PBF) in the selected areas of interest
Полученные значения перфузии легочной ткани (PBF) в выбранных зонах интереса

Area of interest / 
Зона интереса

Average value / 
Среднее 
значение 

Error rate / 
Погрешность

Confidence probability / 
Доверительная 

вероятность

Minimum value / 
Минимальное 

значение

Maximum value / 
Максимальное 

значение

PBF in peripheral regions /  
PBF в периферических от-
делах

55.4 10.20 0.046 42.4 70.2

PBF in central regions / 
PBF в центральных отделах 102.61 11.81 0.046 74.3 166

PBF with ROI in coronal plane / 
PBF с ROI в корональной про-
екции

78.21 12.2 0.046 50 90

Table 4 / Таблица 4
The obtained values of blood flow volume per 100 ml of lung tissue (PBV) in the central and peripheral regions of lungs
Полученные значения объема кровотока на 100 мл легочной ткани (PBV) в центральных и периферических 
отделах легких

Lung regions / 
Отделы легких

PBV, ml/100 ml of lung 
tissue / PBV, мл/100 мл 

легочной ткани

Relative error / 
Относительная 
погрешность

Absolute error / 
Абсолютная погрешность

Central regions / Центральные отделы 12.33 0.21 2.54
Peripheral regions / Периферические отделы 6.60 0.31 2.04

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, PBV, 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 
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Fig. 3. Time-intensity curves in the area of interest. The signal 
received for ROI 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

Рис. 3. Кривые зависимости интенсивности сигнала от време-
ни в зоне интереса. Пунктирной линией отображается 
сигнал, полученный для ROI в области легочного ство-
ла. Остальные линии — области интереса, выбранные 
в легочной паренхиме. Изображение получено встро-
енными средствами FireVoxel

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 ROI in pulmonary parenchyma

Рис. 4. Графики зависимости относительного содержа-
ния контрастного препарата в зоне интереса. 
Пунктирной линией обозначена зона интереса 
в области легочного ствола, остальные линии — 
зоны интереса, выбранные в легочной парен-
химе
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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 t S( ) ( ) ( ),∝ − 0

where C is the contrast agent concentration, S is 
the signal intensity, and t 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 

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]. Palv – alveolar pressure; 
Ppa — pulmonary arterial pressure; Ppv — pulmonary venus pressure

Рис. 5. Схематическое изображение функциональных зон в положении лежа и стоя [14]. Palv  — альвеолярное давление; 
Ppa — давление легочное артериальное; Ppv — давление легочное венозное

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:
• PBV 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.

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.

C t C t h t C h t dROI AIF AIF

t

( ) ( ) ( ) ( ) ( ) ,= ⊗ = ⋅ −∫ τ τ τ
0

where C is the concentration of the contrast agent, 
t is the monitoring period from the beginning of 
the contrast agent injection, h is the function cor-
responding to the distribution density of the time 
that particles pass to the study area over time, τ 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 h(t) 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 t h d
t

( ) ( )= − ∫1
0

τ τ

where R is the residual function, t is the monito-
ring period from the start of the injection of the 
contrast agent, h is the function corresponding to 
the distribution density of the particle transit time 
to the study area in time, τ 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 A and vector c 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 A 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:

C t S t
S

( ) ( )
( )

,∝ −
0

1

where C is the contrast agent concentration, S is 
the signal intensity, and t 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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