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urpose. To obtain the information about lung function in humans with octafluorocyclobu-

tane (C4Fs, OFCB) using 9F MRI at 1.5 T.

Materials and methods. We carried out this work on a laboratory bench with a 1.5 T mag-

net and open source software. The resonant frequency of the conventional 1H RF coils
(~63.8 MHz) has been retuned to the resonant frequency of 1°F (~60 MHz). To minimize the consump-
tion of fluorinated gas, a gas mixture installation was designed and tested on one healthy volunteer.
Two methods for assessing pulmonary function were implemented: wash-in/wash-out dynamics and
single-breath imaging. The wash-in/wash-out dynamics technique was implemented using short
breaths of the gas mixture (70% OFCB and 30% 0O2) and then air, respectively. The single-breath
imaging was realized on one prolonged inhalation and exhalation of the gas mixture.

Results. The maps (effective time maps) and FV-maps (fractional ventilation maps) of the
lungs were constructed. The FV values of the lungs were calculated: FVyash-in= 0.30 + 0.06 and FViusp
= 0.34 = 0.06 (for the wash-in and single-breath method, respectively); FVwash-out = 0.35 + 0.04 and
FVexp = 0.45 £ 0.06 (for the wash-out and single-breath method, respectively).

Discussion. This work builds on our previous work that assessed lung function with OFCB us-
ing 19F MRI at 0.5 T. In this paper, we implemented the 1°F MRI studies for the assessment of pul-
monary function on a 1.5 T MRI scanner. We solved the problem of retuning the RF coils to the 19F
resonant frequency and developed a gas delivery system that can be used repeatedly for different pa-
tients — just replace the nozzle to inhale/exhale the gas mixture. We showed that the FV values cal-
culated for a healthy volunteer are standard and were obtained previously using another fluorinated
gas perfluoropropane.

Conclusion. We conclude that the use of OFCB provides informative 19F MR images for the as-
sessment of pulmonary function at 1.5 T.
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esb. [loaydeHre HaHHBIX O (PYHKIIMOHAABHOM COCTOSHHHM AETKHX YeAOBeKa C IIOMOIIBIO OK-

Tadropuuraodyrana (C4Fg, OPLIE) meromom °F MPT B marautHOM 11oae 1.5 Ta.

Marepuanel u wmeronbl. PaboTa mpoBeneHa Ha AabopaTopHoM cteHzae 1.5 Ta MP-

ToMorpacdga C OTKPBITBIM IIPOTPaMMHBIM ofecredeHreM. Pe3oHaHCHas 4yacToTa CTaHAAPT-
HBIX ((pHPMEHHBIX) PagHOYaCTOTHBIX KaTyIIeK, paboTalolux Ha pe3oHaHCHOM yactrore sanxep 1H
(~63,8 MTI'm), nmepeHacTpoeHa Ha pe30HAHCHYIO0 dacTotry saep 19F (~60 MrIn). Jag MUHMMH3AIIUN 10-
TpebAeHUS (PTOPHUPOBAHHOIO ra3a CIPOEKTUPOBAHA U HCIILITAHA YCTAHOBKA I'a30BOM CMECH Ha OJHOM
310poBOM H0OpOBOABIle. Peaan30BaHbI ABA METOAA OLIEHKU (PYHKIIMOHAALHOTO COCTOSIHHUS AETKUX, OC-
HOBaHHBIE Ha HoAydeHuu cepuii 19F MPT n3zobpazkeHuil, KOTOpble OTPaXKaIOT HAKOIACHUE U BHIMBIBA-
HHe (PTOPUPOBAHHOTO raza IpH cBobomHoM anixaHuu (wash-in um wash-out mporieccbl COOTBETCTBEH-
HO), a TakKe IIPH OAMHOYHOM [bIXaHWUHU ra3oBoii cMecHu (MeTomuka single-breath). Meroguka wash-
in/wash-out peasn3oBaHa C HMCI0AB30BAaHHEM KOPOTKUX BIOXOB raszoBoi cmecu (70% OPLE u 30%
02), a 3aTeM Bo3ayxa, COOTBeTCTBEHHO. MeTonuka single-breath ocyiiecrBaeHa Ha OMHOM IIPOAOAKM-
TEABHOM BJIOX€ U BbIOXE I'a30BOY CMECH.

Peaynsrartel. IlocTpoeHbl ~KapThl (KapThl 3pheKTUBHOTO BpeMeHU) u FV-kapThl (KapThl 4a-
CTUYHOM BEHTHALIINM) AETKHX. PaccumTaHbl 3HAYEHHUS YACTUYHOM BEHTHUAAIIUM AETKUX: FVyash-in =
0.30 £ 0.06 and FVinsp = 0.34 £ 0.06 (nas meroma wash-in u single-breath coorBercTBeHHO); FVwash-out
= 0.35% 0.04 u FVeyp = 0.45 £ 0.06 (mag meTonma wash-out u single-breath coorBeTcTBeHHO).

OGcy:xnenue. [lanHaga paboTa oCHOBaHA Ha pe3yAbTaTax HalleM Impeaplaylnei paboTwl, B KO-
TOPOH OIlIEHUBAAOCH (PYHKIIMOHAABHOE COCTOSHHE AETKHUX deaoBeKa MerozmoMm 19F MPT B marHuTHOM
noae 0.5 Ta ¢ momonrbio oropupoBaHHoro raza OPLE. B sTo#t crarbe MBI IpoBean 1°F MPT uccaeno-
BaHU4 [Ad OIeHKH (PYHKIIMH AerkuxX Ha MP Tomorpadpe ¢ BeAndnHOM MarHuTHOTO moad 1.5 Ta. Mur
peminau npobaemy nepectpoiiku 1H PY katyiek Ha paboty Ha pe3doHaHCHOH dactote gnaep °F u pas-
paboTasnu cucTeMy IoAAaYU ra30BOM CMECH, KOTOPYIO MOXKHO HCIIOAB30BAaTh HEOTHOKPATHO AT Pa3HBIX
[anueHTOB — JOCTATOYHO 3aMEHHUTh HAaCanKy OAd Baoxa/Bblmoxa. MbI IIOKa3asW, YTO 3HAYEHUH dYa-
CTUYHOH BeHTHASIUHU AeTkux (FV), paccunTaHHbIe Oag 3M0POBOro JOOPOBOABIIA, SIBASIOTCS THUIIOBBIMU
U OBIAW ITOAYYEHBI paHee C HCIIOAb30BaHUEM APYroro (bTOpUPOBAHHOIO ra3a nepdgTopliponaHa.

3akmaouenue. [Ipumenenue raza OPLB no3Boaser moaydaTrs mHpopMmaTuBHble 19F MPT- u306-
paskeHUd AETKHUX IAS OIEHKH UX (DYHKIIMOHAABHOTO COCTOSIHHSI B MarHUTHOM 1moae 1.5 Ta.

KarwoueBrie caoBa: 19F MPT, aerkue, oKTaTOPIIMKAOOYTaH, HAKOIIAEHUE, BBIMBIBAHUE, OUHOY-
HOe JIbIXaHUe.
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he effectiveness of pulmonary diagnos-

tics in magnetic resonance imaging

(MRI) can be improved by inhaling inert

fluorinated gases [1,2]. In this case,

MRI study is performed at the Larmor
frequency of fluorine-19 nuclei (19F), which is
not a standard function for clinical MR scan-
ners. This feature significantly narrows the ca-
pabilities of the 19F MRI method, however, it
can be realized on different MRI scanners due to
the following statements.

The gyromagnetic ratio y for the 19F nu-
cleus is 40.05 MHz/T, which is only 6.3% less
than y for the 1H nucleus (42.57 MHz/T). This
causes a slight difference in the resonance fre-
quencies for 19F and 1H nuclei on clinical MR
scanners [3]. So, for example, in a magnetic
field of 1.5 T, the difference in frequencies for
19F and 1H nuclei is only ~3.78 MHz. Thus, the
standard radiofrequency (RF) coils, originally
produced to operate at the resonant frequency
of 1H, can be used for 19F MRI. Only minor
modifications to their oscillating circuit are re-
quired, for example by changing the capacitor
values (usually by increasing the capacitance)
and then adjusting the reflection coefficient S11
and transmission coefficient S21. Additionally,
it is preferable to have a broadband transmitter,
as well as the ability to change the operating
frequency in the software.

The gases initially used in 19F MRI of the
lungs were originally utilized in the treatment of
retinal detachment. In 1969, Norton E. pio-
neered the intravitreal injection of an expanding
gas, sulfur hexafluoride (SF6), for prolonged ad-
aptation at the edge of a retinal tear [4]. Subse-
quently, perfluorinated gases such as perfluo-
romethane (CF4), perfluoroethane (C2F6), per-
fluoropropane (C3F8), perfluorobutane (C4F10),
and octafluorocyclobutane (C4F8) were incorpo-
rated into ophthalmic practice [5]. These gases
are colorless, odorless and chemically inert,
rendering them invaluable in vitreoretinal sur-
gery, as endorsed by the Ministry of Health of
the Russian Federation through Order No. 902n
dated November 12, 2012.

The most commonly used fluorinated gas-
es in 19F MRI of the lungs are sulfur hexafluo-
ride (SF6) and perfluoropropane (C3F8, PFP).
Using these gases, the functional properties of
the lungs are determined by calculating the per-
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centage of ventilation defects, assessing regional
ventilation, constructing fractional ventilation
maps (FV-maps), ventilation/perfusion maps
(V/Q-maps), effective time maps (maps) of gas
accumulation (wash-in) and its removal from
the lungs (wash-out) [6-11]. The studied param-
eters were assessed both in healthy volunteers
and in patients with COPD, asthma, cystic fi-
brosis, etc [12-14]. Significant differences in the
studied parameters were shown for healthy
lungs and lungs with pathologies.

Our previous studies of the lungs in mag-
netic fields of 0.5 T (in humans) and 7 T (in la-
boratory rats) showed that octafluorocyclobu-
tane (C4F8, OFCB, Russian Freon R318C) is a
promising fluorinated gas for 19F pulmonary
MRI [15,16]. Being domestically produced in
Kirovo-Chepetsk, OFCB turns out to be more
convenient to use than SF6 and C3F8. In addi-
tion, the favorable relaxation times (T1 = T2 =
50 ms) are well suited to the 19F MRI tech-
nique, thereby reducing the requirements for
gradient system and pulse sequences. Safety
information regarding OFCB can be accessed in
a research paper from 1960 [17]. In our previ-
ous work, we demonstrated the great potential
of using OFCB gas for assessment of lung func-
tion in humans at 0.5 T [18].

In this paper, we report the usage of
OFCB gas in 19F MRI of human lungs at 1.5 T.
The main tasks that are solved in this work is
the retuning of the operating frequency of the
transmit-receive path of the MR scanner; the
development and production of a specialized
system for delivering respiratory mixture (OFCB
and O2) to the human lungs; the construction
of r=maps and FV-maps of the lungs of a
healthy volunteer.

Materials and methods.

MRI system. The work was carried out at
«S.P. HELPIC» LTD (Moscow, Russia), where the
laboratory stand of the MR scanner XGY Su-
perScan 1.5 T (Ningbo Xingaoyi Magnetism Cor-
poration Ltd., China) is located. The MR scan-
ner is equipped with an MSM-TN-150AM-D 1.5T
magnet (Mitsubishi Electric Corp., Japan), an
EVO spectrometer (MR Solutions Ltd., UK) and
a QDCM-800 gradient amplifier (Performance
Control Inc., USA) with a maximum gradient
amplitude of 30 mT/m. The MR scanner is op-
erated using open software, which is controlled
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with a software shell created by the employees
of «S.P. HELPIC» LTD.

RF coils. For 19F pulmonary studies, two
RF coils were used. One RF coil is a whole-body
transmitter, inserted into the bore of the mag-
net. Another RF coil is a body receiver that sur-
rounds the chest.

The transmitter RF coil is a high-pass
quadrature birdcage coil with an internal diam-
eter of 60 cm. It has 16 strings and, according-
ly, 16 capacitors on upper and lower rings.
These capacitors determine the resonant fre-
quency of the transmitter RF coil. For 1H (~63.8
MHz), the value of each capacitor is 78 pF (two
capacitors of 39 pF connected in parallel). The
frequency tuning of the transmitter RF coil to
~60.0 MHz was carried inside the RF copper
screen (for imitation the RF screen located in
the magnet) with the help of vector network
analyzer Rohde&Schwarz ZNB4 (Germany). As a
result, 15 pF was added for each capacitor, so
that the total capacitance was 93 pF (two capac-
itors of 39 pF and one capacitor of 15 pF con-
nected in parallel). For a precise adjusting of the
coefficients S11 and S21, pieces of non-
magnetic coaxial cable were used as additional
capacitors. This solution has sufficient flexibility
in the choice of capacitor values and sufficient
dielectric strength. At 19F resonant frequency
(~60.0 MHz), S11 was better than -15 dB. De-
coupling between the ports of the tuned RF coil
was more than 30 dB.

The power divider (90° hybrid coupler) was
rebuilt by changing the values of inductances.
As a result, at 19F resonant frequency the de-
coupling between the ports was more than 30
dB, S11 and S22 were better than -20 dB, am-
plitude imbalance was less than 0.1 dB.

The receiver RF coil is a 4-channel Rx coil.
The frequency tuning was carried out under the
load, which was a plastic container filled with
~10 L water. The impedances of the ports at
~60.0 MHz were measured with the help of the
Rohde&Schwarz ZNB4 and new matching RF
circuits were calculated and then changed. The
decoupling between the channels in the coil’s
design is frequency-independent — therefore, it
did not have to be changed.

In vitro 19F MRI. The operation of all RF
communication elements (transmit-receive path,
amplifier) and RF coils (transceiver, receiver) at
~60.0 MHz was tested on a phantom, which was
an inflatable balloon of ~7L filled with OFCB
gas. The 19F MR images of the balloon were ob-
tained using 2D spoiled gradient echo (RF-
spoiled GRE) pulse sequence with the following
scan parameters: TR: 15 ms, TE: 5.4 ms, FA:
40°, number of slices: 1, slice thickness: 35 cm,
FOV: 50 cm x 50 cm, matrix: 200 x 200, spatial
resolution: 0.25 cm x 0.25 cm, number of repe-
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titions: 4, bandwidth: 25 kHz , scan time: 12 s.
19F MR images of the phantom were obtained
in axial, coronal and sagittal projections.

Gas delivery system. To minimize the con-
sumption of OFCB, as well as to avoid excessive
emissions of fluorinated gas into the atmos-
phere (the gas is a greenhouse gas), a special-
ized system for delivering respiratory mixture to
the human lungs has been developed and pro-
duced. The block diagram of a system for deliv-
ering respiratory mixture (70% OFCB and 30%
02) to the human lungs is presented in Fig. 1.

It is a closed breathing circuit and con-
sists of the following blocks connected in series:
an oxygen concentrator, a fluorinated gas cylin-
der, an oxygen gas analyzer, a gas mixture res-
ervoir, breathing tubes, a moisture collector, a
carbon dioxide absorbent, control shut-off
valves and inhalation/exhalation valves, and a
breathing mask. Oxygen was produced using a
JAY-10 concentrator (Longfian Scitech Co, Ltd,
China) with a purity of 95%. OFCB (refrigerant
R318C) with a purity of 99.99% was purchased
from «Fire Safety Center LLC» (Russia).

Oxygen concentrator and the cylinder with
OFCB are connected through flexible tubes to a
gas mixture reservoir — oxygen pillow (142 L
(Matwave, USA). Control shut-off valves are in-
stalled at the outlet of the oxygen concentrator
and the OFCB cylinder. Mixing of gases occurs
under the control of the oxygen gas analyzer
PKG-4 N-K-P (JSC Eksis, Russia), which
measures the concentration of O2 in the gas
mixture reservoir. Adjustment of inhalation
from the reservoir is carried out using manual
control, implemented by a flexible tube at the
end of which there is a syringe with a volume of
20 ml. This design allows, by moving the piston
up/down in the syringe, to open the flow of the
gas mixture during inhalation and close it dur-
ing exhalation, respectively. After the manual
control valve, there is one of the flexible tubes
(inspiratory tube) of the breathing circuit (inter-
nal diameter 22 mm), connected to the Y-
shaped connector of the inspiratory and expira-
tory tubing. The output of the Y-connector is
connected to a non-vented nasal mask JOYCE
clinic FF (Lowenstein Medical, Germany) of a
specific size (S, M, L) depending on the volun-
teer being studied. The exhalation tube is con-
nected to a moisture collector and to the con-
tainer with soda lime absorbent (Alba
Healthcare, USA) to absorb exhaled CO2, after
which it is connected to the gas mixture reser-
voir. During the 19F pulmonary MRI, the oxy-
gen content in the gas mixture reservoir is con-
stantly measured (using the oxygen gas analyz-
er PKG-4 N-K-P). If the oxygen content in the
gas mixture drops, then for the next experiment
the oxygen is added through the oxygen concen
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Fig. 1. Diagram.
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Block diagram of a system for delivering respiratory mixture to the human lungs.

CprKTypHaﬂ cXeMa CUCTEMbI JOCTaBKH AbIXaTEABHOM CMECU B AETKHUE YEAOBEKA.

trator to 30% in the gas mixture.

In vivo 19F MRI. In vivo 19F MRI studies
were conducted on one healthy volunteer — a
19-year-old man, without bad habits and
acute/chronic lung diseases. Before conducting
19F MRI of the lungs, his written informed con-
sent was obtained regarding voluntary partici-
pation in the experiment. In all other respects,
we were guided by the principles of the World
Medical Association Declaration of Helsinki from
1964: ethical principles for medical research
involving human subjects.

Two methods were implemented to assess
the lung function, based on obtaining a series of
19F MR images of the lungs: wash-in/wash-out
dynamics and single-breath imaging. For both
techniques, the 19F MR images were acquired
in the coronal projection using RF-spoiled GRE
with the following scan parameters: TR: 6 ms,
TE: 2.0 ms, FA: 30°, number of slices: 1, slice
thickness: 35 cm, FOV: 35 cm x 35 cm, matrix:
60 x 60, spatial resolution: 0.58 cm % 0.58 cm,
number of repetitions: 14, bandwidth: 25 kHz,
scan time: 5 s.

Wash-in/wash-out = dynamics. @ Wash-
in/wash-out dynamics reflects the accumula-
tion of the fluorinated gas in the lungs during
free breathing of the gas mixture and its remov-
al from the lungs during free breathing of air. To
implement the wash-in/wash-out technique,
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during the first scan (~5 s) the volunteer took a
normal breath of the gas mixture and held his
breath; during the next scan (~5 s) he exhaled
slowly. In total, the volunteer took seven inhala-
tions and exhalations of the gas mixture. As a
result, fourteen 19F MR images of inhala-
tions/exhalations were obtained to evaluate the
wash-in process. After, the volunteer took nine
inhalations and exhalations from the air. In this
case, eighteen 19F MR images were obtained to
evaluate the wash-out process. The total scan
time was 2 min 40 s.

Single-breath imaging. The single-breath
technique was proposed by us in our paper on
the use of OFCB at 0.5 T [18]. It is carried out
in one respiratory cycle without holding the
breath, while the subject takes the deepest and
longest possible breath of the gas mixture, after
which he makes the same deep and long expira-
tion. The total time of this study depends on the
subject, in our case it was 1 min 20 s (1140 s for
inhalation and ~40 s for exhalation), during
which a series of sixteen 19F MR images was
obtained.

Image Processing and Analysis. The anal-
ysis of the obtained data was carried out in Py-
thon 3.8. To evaluate the wash-in/wash-out
dynamics, only the 19F MR images obtained
during inhalation of the gas mixture/air were
used. For single-breath imaging, the entire se-

DOI: 10.21569/2222-7415-2024-14-2-57-68 61


http://www.rejr.ru/

RUSSIAN ELECTRONIC JOURNAL OF RADIOLOGY

ries of 19F MR images was applied.

First, the effective time maps reflecting the
effective time of accumulation of the 19F NMR
signal in the lungs (zwash-in-maps and znsp-maps)
and its washout from the lungs (zwash-out-maps
and zxp-maps) were calculated. Then, the frac-
tional vantilation maps were built: FVyash-in-
maps and FViggp-maps (FVwash-our-maps and
FVexp-maps) reflecting the amount of gas in-
haled (exhaled) to a unit volume of lungs per
unit of time.

A description of the methodology for cal-
culating =maps and FV-maps has been pre-
sented previously in several papers [8,12,18,19]
and is presented in a short form here.

To analyze the obtained data, the entire
series of 19F MR images was divided into two
series corresponding to the wash-in or single-
breath inspiration process and wash-out or sin-
gle-breath expiration process, after which the
signal was approximated using the following
functions:

Sin = S(}(l - exp(_ t/fin)) + Snoi.s'e

Saut = SO exp(_ t/Tout) + Snoise
(1),
where Sin and Sou are the signal intensity dur-
ing wash-in or single-breath inspiration process
and wash-out or single-breath expiration pro-
cess, respectively; SO and Snise are approxima-
tion constants corresponding to the maximum
intensity of the fluorinated signal in the lungs
and the noise signal, respectively; @, and zut are
the effective time of accumulation of the fluori-
nated signal in the lungs (wash-in or single-
breath inspiration process) and its wash-out (or
single-breath expiration process) from the
lungs, respectively.
The signal intensity in a series of MR im-
ages can also be described using the following
system of equations:

{Sin = Sﬂ(l - (1 - FVin)nin) + Snoise
Sout = S[] (1 o FVout)nom + Snaise )

where FVi, and FVq. are the fractional ventila-
tion parameters corresponding to the ratio of
the amount of <new» gas entering a voxel at each
breath during the wash-in or single-breath in-
spiration process and during the wash-out or
single-breath expiration process, respectively, to
the total amount of gas in each voxel; nin and
nout are the number of breaths during the
wash-in or single-breath inspiration process
and wash-out or single-breath expiration pro-
cess, respectively.

As the first MR images (during first inspi-
ration) were obtained after 5 s, using formulas
(S2) we can obtain the following equation:
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Piose = 1= )

The SNR values in the 19F MR images
were estimated in the ImageJ 1.51j8 software
[20] according to the following formula:

SNR(i,]) = —fs(lu;) Snoise)
noise (4),
where S(i,j) — is the signal intensity in the
measured voxel (i,j), Snoise — is the value of noise
measured in the background region, o-noise — is
the standard deviation of the noise in the given
background region.

Results.

Fig. 2a shows a photo of a phantom locat-
ed inside the receiver RF coil in the MR scanner.
In Fig. 2b-2d, the 19F MR images obtained from
the phantom are presented in three orthogonal
projections. The images were obtained without
visible distortions and artifacts with a maxi-
mum SNR = 120 (Fig. 2e¢). The 19F NMR signal
registration area corresponds to the internal
dimensions of the receiver RF coil and is suffi-
cient to scan human lungs. According to the
reference data [21,22], the average dimensions
of a human lung are: 180-210 mm (height) x
100-123 mm (width) x 127-180 mm (depth).

Fig. 3a and Fig. 4a show the 19F MR im-
ages of the lungs of a healthy volunteer ob-
tained during the implementation of the wash-
in/wash-out and single-breath techniques, re-
spectively. The graphs of the relative intensity of
the 19F NMR signal in a time series of 19F MR
images are shown in Fig. 3b and 3c for the
wash-in and wash-out processes, respecively, as
well as in Fig. 4b and 4c — for the one deep in-
spiration and expiration phases of the single-
breath imaging technique, respectively.

The t-maps of the effective time of the ac-
cumulation/excretion of the OFCB gas in the
lungs of a healthy volunteer were constructed,
the results are presented in Fig. 5a. In Fig. Sb,
the FV-maps are shown. Density distribution
histograms of the FV values in the lungs are
presented in Fig. 6. Table Nel shows the calcu-
lated mean and median FV values obtained for
the wash-in/wash-out dynamics experiment
and for single-breath imaging technique.

Discussion.

This work builds on previous studies that
proposed assessing lung function using 19F
MRI. The technique consists of breathing a gas
mixture (fluorinated gas and 0O2) at certain
points in time, simultaneously with MR scan-
ning of the lungs. This requires a multinuclear
MR scanner, a specialized fluorinated gas and a
system for delivering respiratory mixture.

Fluorine-19 nucleus has a huge ad-
vantage over other MR active nuclei because it
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Fig. 3.  The results of in vitro 19F MRI studies.

ToMorpade.

CTBEHHO.

a — Photo of a phantom — an inflatable ballon filled with OFCB and located in the MR scanner.
b-d — 19F MR images of the phantom in axial, coronal and sagittal slices, respectively.

e — Scale of the SNR values in 19F MR images of the phantom.

Puc. 3. Pe3yabTaTbl in vitro 19F MPT nuccae AOBAHMIA.

a — @ororpacdusa paHTOMA — HAAYBHOM 0aAAOH, 3amoAHEHHBIH razom O®IB u pacnosoxkeHHBIH B MP-

6-r — 19F MPT-n3obpaxkeHusa daHTOMa B aKCHAABHOM, KOPOHAABHOH M CATHTTAABHOM ITAOCKOCTSX, COOTBET-

n — llTkasa 3Hagenuit SNR Ha 19F MPT-u3o0pakeHuax aHToMa.

resonates at a frequency that is only 6% lower
than that of 1H nuclei. Therefore, if the MR
scanner is not a multinuclear (as in our case),
the following problems arise. It is necessary to
find out whether the transmitter can emit at the
resonant frequency of 19F and determine
whether it is possible to change the operating
frequency of the MR scanner? These capabilities
were present for our device. The next point is
the presence of RF coils operating at the reso-
nant frequency of 19F. The manufacturers of
the MR scanners usually offer such coils, but if
it is not possible to purchase them, then the
conventional 1H RF coils can be used for these
purposes. It is enough to make minor changes
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to the RF elements of the oscillating circuits of
the RF coils, as well as additional RF compo-
nents, in our case it was the power divider.

The choice of the fluorinated gas is the
next important issue for pulmonary 19F MRIL
Sulfur hexafluoride (SF6) and perfluoropropane
(C3F8, PFP) are the most common gases used
for this purpose [1,13,23]. Recently, another
fluorinated gas was used for 19F MRI of lungs —
octafluorocyclobutane (C4F8, OFCB). Our works
at 0.5 Tand 7 T [15,18,24] and a work by other
authors at 3 T [25] have shown great potential
for its application not only for lung imaging, but
also for assessing pulmonary function. In this
paper, we report on the use of OFCB gas in a
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(first seven images) and air (subsequent nine images).

in and wash-out processes, respectively.

Fig. 3. The results of the wash-in/wash-out experiment - accumulation of the OFCB gas in the lungs
during free breathing of the gas mixture and its removal from the lungs during free breathing of air.

a — A series of 19F MR images of the OFCB gas within the lungs obtained during short breaths of gas mixture
b,c — Graphs of the relative intensity of the 19F NMR signal in one of the pixels versus time during the wash-

Puc. 3. PesyAabTaTthl 3kcnepumernTa wash-in/wash-out - HakonaeHune rasza OPLB B Aerkux npu cso-
60AHOM AbIXOHUU FA30BOM CMECHIO U BbiBeAeHMe raza OPLLB us Aerkux npu AbIXQHWUMU BO3AYXOM.

a — Cepua 19F MPT-u3o6pazxkenuii raza OPLB B A€rKHX, IIOAYYEHHBIX BO BPeMHI KOPOTKHX BIIOXOB I'a30BOM
CMeCH (IIepBble CEMb N300paskeHUH) U BO3AyXa (IOCAEAYIONIME AEBATH N300 pasKeHUH).

6, B — I'pacdhuku orHOCHTEeABLHOH mHTeHCUBHOCTH 19F curnasa SIMP B omHOM H3 IHUKCEAEH B 3aBHCHMOCTH OT
BpEMEHU JAS MeToAUKH wash-in u wash-out, cooTBeTCTBEHHO.

magnetic field of 1.5 T.

Note that the fluorinated gases are inert
and safe for the living organism. However, they
are greenhouse gases, and therefore it is advis-
able to limit their release into the environment.
In this regard, in this work, a system for deliver-
ing a gas mixture (70% OFCB and 30% O2) to
the human lungs was designed and produced. It
operates on the principle of a closed breathing
circuit, used in particular during artificial venti-
lation of the lungs, thereby minimizing the con-
sumption of fluorinated gas. The gas delivery
system is practical and can be used for different
patients — just replace the nozzle to in-
hale/exhale the gas mixture, which is in direct
contact with the patient's mouth.

The supply of the respiratory mixture to
the lungs is controlled manually by moving the
piston up/down in the syringe. The advantage
of this design is that the volunteer controls the
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gas mixture supply and inhales as much gas
mixture as he can inhale. The disadvantage is
the lack of synchronization with the supplied
pulse sequence. With synchronization, the pro-
cess of obtaining the 19F MR images is greatly
simplified, and the results of the study are more
rigorous. Without the synchronization, the pa-
tient must be additionally explained at what
point in time he should inhale and exhale the
gas mixture.

To assess pulmonary function, we used
one of the well-known wash-in/wash-out dy-
namics method [11] and proposed by us single-
breath imaging technique [18]. In wash-
in/wash-out experiment, the volonteer took
short inhalations and exhalations of the gas
mixture, followed by short inhalations and ex-
halations of the same duration with air. In our
case, the 19F MR scanning was carried out
within 10 s for one respiratory cycle (S s toin
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Fig. 4.

The results of the single-breath imaging experiment - accumulation of the OFCB gas in the

lungs during one prolonged inhalation of the gas mixture and its removal from the lungs during one
prolonged exhalation.

a — A series of 19F MR images of the OFCB gas within the lungs obtained during short breaths of gas mixture
(first seven images) and air (subsequent nine images).

b,c — Graphs of the relative intensity of the 19F NMR signal in one of the pixels versus time during the wash-
in and wash-out processes, respectively.

Puc. 4. PesyAbTaTbl 3KCNepumMeHTa single-breath — HakonAeHue rasa OPLB B Aerkux HaO OAHOM
NPOAOAXMTEABHOM BAOXE ra3oBoi CMecu U BbiBeAeHue rasa OPLB M3 Aerkux Ha OAHOM NPOAOA-
XUTEAbHOM BbIAOXE FA30BOM CMECMU.

a — Cepua 19F MPT-u3obpazkenuti raza OPLB B A€TKUX, ITIOAYYEHHBIX Ha OOHOM I'AyOOKOM BIOX€ ra30BOH cCMe-
cH (IepBble BOCEMBb M300pasKeHU) U Ha OJHOM TAyOOKOM BBIZOXE I'a30BOM CMECH (IOCAEAYIOIIHNE BOCEMB HM300-
pazkeHuH).

6, B — I'pacdhuku orHOCHTEeALHO# mHTeHCUBHOCTH 19F curnasa SIMP B omHOM K3 IHUKCEAEH B 3aBHCHMOCTH OT

BPEMEHH BO BPEMsI OIHOI'0 TAYyDOKOT0o B0OXa M OAHOTO FAYOOKOro BBIAOXA, COOTBETCTBEHHO.

hale and 5 s to exhale, respectively). In single-
breath experiment, the volonteer took one long
and deep inhalation and then one long and deep
exhalation. It took him 1 min 20 s (40 s to in-
hale and 40 s to exhale, respectively). According
to the feelings and perceptions of the volunteer,
the single-breath technique is easier to imple-
ment, since although it requires stretching the
inhalation/exhalation phases, it allows to avoid
holding breath, of which there are quite a lot,
despite their short duration.

Note the comparable FVwash-in and
FVinsp values calculated for the wash-in/wash-
out dynamics and single-breath imaging tech-
niques, respectively, as well as higher FVexp
values for the single-breath imaging technique.
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The latter is likely due to a deeper and longer
exhalation compared to the wash-in/wash-out
method, in which inhalation and exhalation
with air are short and alternating. At the same
time, the density distribution of the FV values
for both methods looks comparable — one mode
is observed, and the distribution of the FV val-
ues is close to normal. The FV values calculated
for a healthy volunteer are standard and were
obtained previously using PFP gas [26,27].

It is of interest to compare the results ob-
tained by using wash-in/wash-out dynamics
method and single-breath imaging technique in
magnetic fields of 0.5 T [18] and 1.5 T. Note
higher SNR values in 19F MR images of the
lungs at 1.5 T — more than 3 times, as well as
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Fig. 5. Parameiric maps of pulmonary function for a healthy volunteer.

a — t-maps of the effective time of the accumulation of the OFCB gas within the lungs (top row) and its excre-
tion from the lungs (bottom row), constructed for the wash-in/wash-out dynamics experiment (left) and for
single-breath imaging technique (right).

b — FV-maps of the accumulation of the OFCB gas within the lungs (top row) and its excretion from the lungs
(bottom row), constructed for the wash-in/wash-out dynamics experiment (left) and for single-breath imaging
technique (right).

Puc. 5. MapameTpuyeckue KapTbl PYHKLMU AETKUX 3A0POBOro AOGPOBOAbLLA.

a — T-KapThl 3PEKTUBHOTO BpeMeHH HakomnaeHud raza OPDIIB B Aerkux (BepxXHHI psix) U €ro BBIBEAECHUT U3
AETKUX (HHXKHUH pPSMI), IOCTPOEHHbBIE AT MeTOAUKU wash-in/wash-out (caeBa) u single-breath (cripaBa), cooT-
BETCTBEHHO.

6 — FV-kapTel HakonaeHud rasza OPLE B Aerkux (BepxXHUH psa) U €ro BBIBEAEHHS U3 ACTKUX (HMXKHHUH psan),
IIOCTPOEHHBIE 1Ad MeToauKu wash-in/wash-out (caeBa) u single-breath (cmmpaBa), COOTBETCTBEHHO.
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Fig. 6.  Statistical data on measurements of FV values.

Density distribution histograms of the FV values within the lungs for wash-in/wash-out dynamics experi-
ment (left) and single-breath imaging technique (right), respectively.

Puc. 6.
(FV)..

CTtaTucTu4eckne AAHHbIe no U3MepeHHbIM 3HAYEeHUSAM YACTUYHOM BEHTUAALLUM AETKUX

TucrorpaMMbl pacmpezieAeHus IAOTHOCTH 3HadeHuE FV B aerkmx masg meromuku wash-in/wash-out (caeBa) u
single-breath (cmpaBa), cooTBeTCTBEHHO.

| www.rejr.ru | REJR. 2024; 14 (2):57-68 DOI: 10.21569/2222-7415-2024-14-2-57-68 66


http://www.rejr.ru/

RUSSIAN ELECTRONIC JOURNAL OF RADIOLOGY

the absence of the need to carry out additional
processing of the obtained images (apodization
of data) in order to increase the SNR values. The
FVwash-in values at 0.5 T and 1.5 T are compa-
rable, in contrast to the FVwash-out values,
which are underestimated at 0.5 T. We believe
that this may be due to the fact that when

visible distortions and artifacts using a devel-
oped system for delivering a respiratory gas
mixture to the human lungs. 19F MRI studies of
human lungs were carried out using wash-
in/wash-out dynamics method (with free
breathing of a gas mixture/air) and single-
breath imaging technique (with deep breathing

Table Nel.
ment and single-breath imaging technique.

The FV values in the FV-maps for wash-in/wash-out dynamics experi-

wash-in/wash-out

single-breath

Process phase

u+o Me (g1-g3) u+o Me (g1-g3)
FVuash-in (FVinsp) 0.30 £ 0.06 0.31(0.26-0.34) 0.34+0.06 0.34 (0.30-0.38)
FVuwash-out (FVexp) 0.35+0.04 0.35(0.33-0.38) 0.45+0.06 0.44 (0.40-0.48)

of the distribution of the FV values.

Abbreviation: x« and §, mean and standard deviation, respectively; Me, median values; q1-g3, first and third quantiles

breathing air at 0.5 T, the 19F NMR signal in
the lungs decreases faster, since initially the
SNR values in them are low and after several
breaths of air the signal decreases faster in the
lungs and becomes comparable to noise, which
leads to an underestimation of the FVwash-out
values. For the single-breath imaging technique
in a magnetic field of 0.5 T, the FV values were
not calculated and are presented only in this
work.

Conclusion.

19F MR images of human lungs were ob-
tained and lung function was assessed in a
healthy volunteer using C4F8 fluorinated gas at
1.5 T. 19F MR images were obtained without
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