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Abstract

We report measurements of free diffusivity Dy and relaxation times 77 and 7> for pure C,F¢ and C3Fg and their mixtures with oxygen.
A simplified relaxation theory is presented and used to fit the data. The results enable spatially localized relaxation time measurements to
determine the local gas concentration in lung MR images, so the free diffusivity Dy is then known. Comparison of the measured diffusion
to Dy will express the extent of diffusion restriction and allow the local surface-to-volume ratio to be found.
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1. Introduction

Hyperpolarized *He gas MR imaging has developed
rapidly over the last several years for probing porous mate-
rials, especially lungs [1-4]. Spin density images display the
spatial distribution of the inspired gas and have been used
to understand several lung diseases [5,6]. Maps of *He self-
diffusion in emphysema show large increases in diffusion in
regions of airway expansion and alveolar wall destruction,
allowing the severity of the disease to be imaged [7-9].
Measurements of the microscopic anisotropy of restricted
diffusion allow the average radius of acinar airways to be
determined non-invasively [10]. Tagging of longitudinal
spin magnetization has been used to measure restricted dif-
fusion over longer distances (centimeters) and is believed to
be sensitive to the collateral pathways that become impor-
tant in emphysema [11]. Relaxation of *He spin magnetiza-
tion by paramagnetic oxygen has been exploited to image
the partial pressure of O, throughout the lungs [12]. This
has been developed into a method to image the local ratio
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of ventilation to perfusion (blood flow, which absorbs O,
from the gas) [13].

Despite these successes with hyperpolarized *He, it
remains primarily a research tool without widespread clin-
ical implementation. We believe a major reason for this is
the expense of the laser-based polarizing apparatus and
the skilled personnel to maintain it. Thus, several research
groups are exploring the potential of ordinary (Boltzmann
polarized) ’F MR of perfluorinated gases such as SF,
C,Fg, and C3Fg [14-19]. We note that the first such report
was with CF4 by Lauterbur and colleagues [20] approxi-
mately 20 years ago. These gases gain signal-to-noise
(S/N) by having 4 to 6 equivalent '°F spins per molecule
and a short T; to allow rapid signal averaging. Crucially,
there are essentially no endogenous '°F spins in the body
that could interfere with the gas signals. The perfluorinated
gases can be mixed with 20% oxygen for continuous
breathing with only a 20% decrease in '°F spin density
and similar changes in 7} and 7,. Thus, human lungs can
be filled and imaged with 80% concentration perfluorinated
gas; by comparison most human *He studies are restricted
by gas cost to 0.3-1.0 L of *He in a total lung volume of
approximately 6 L. (A typical *He exam uses two doses
of 0.5L STP *He each; the current price of this gas is
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$135. By comparison, C,F4 costs $0.85/STP liter. A recir-
culating ventilator system and subject might contain
10 L, so $8.50 worth of gas. This recirculating gas could
be used for several measurements: ADC, T and spin den-
sity.) In addition, 20% oxygen reduces 7; of *He to 10s
[21], limiting single bolus measurements to approximately
this time. This time currently limits the fraction of the lung
that can be covered in live humans for images of diffusion
anisotropy [10] and long-range restricted diffusion [11]. The
time limit also prevents any measurements at steady-state
breathing. Thus, MR imaging with '°F has the potential
to become a practical, low-cost replacement for at least
some applications of hyperpolarized *He.

Our group has recently shown that diffusion of C,F¢ and
C;3Fg gases is substantially restricted in excised normal
human donor lungs such that the measured diffusivity is
approximately 50% of the free diffusivity Dy [22-24]. In
excised severely emphysematous lungs, the '°F diffusion is
less restricted (approximately 90% of D,), demonstrating
that perfluorocarbon (PFC) gas imaging can readily distin-
guish healthy and emphysematous lung regions. Clearly,
to assess the extent of restriction to gas diffusion one needs
to know the free diffusivity Dy of the gas, for comparison to
the diffusivity measured in the lung. Because different gas
species have different masses and collision cross sections,
the free self-diffusivity of the PFC gas depends on the gas
concentration. In lungs, where some regions are poorly
ventilated and O, is continuously taken up by the blood
in the alveolar walls, the concentration of the gas and its
YF free diffusivity D, will not be equal to those of the
inspired PFC-oxygen gas mixture and will vary throughout
the lungs [22]. This work addresses the determination of D,
for C,F¢ and C;Fg mixtures with oxygen, from measure-
ments of T} or T,. We believe the relaxation time 7, of
SF¢ is too short to allow measurements of D in the pres-
ent-generation human scanners [22,25], so SFg is not
included in this study. A report of T} for more fluorinated
gases (including C,F¢), pure and mixed with other gases,
has appeared [26].

Mitra et al. [27] have shown that the restricted diffusivity
D(t) measured over time duration ¢ can be used to deter-
mine the (local) surface area to gas volume ratio, S/V.
For sufficiently short times, where only a small fraction
of gas molecules strike the walls in time 7, /Dot < (S/V)",

%gl—A Doté, (1)
Dy V

where the dimensionless constant A is different for narrow
gradient pulses and for wide pulses (e.g., static gradients)
[28]. Here the walls are assumed to be perfectly reflective,
a good approximation for these non-water-soluble PFC
gases. For C,F¢ and C5Fg, the low free diffusivity Dy makes
Eq. (1) valid for practical diffusion times ¢ [25], approxi-
mately 5-10 ms. A spatially resolved measurement of lung
S/V would be very useful to understanding emphysema in
general and in individual patients. In emphysema, acinar
airway expansion and tissue destruction result in larger

airspaces, increased diffusion (less restriction), and de-
creased S/V ratio [29,30] (currently measured by light
microscopy after tissue fixation and staining). Restricted
diffusion measurements by MR could follow the progres-
sion of emphysema non-invasively. One simple implemen-
tation of Eq. (1) to obtain S/V would involve
measurement of D(¢) at a single time ¢ and knowledge of
D, by determination of the gas concentration. Use of Eq.
(1) with two very different values of diffusion time ¢ may
be impractical, with the available gradient strength limiting
the shortest ¢ values and 7 limiting the longest values of .

Whether for a simple qualitative assessment of the
extent of restriction to diffusion or a quantitative measure
of S/V, one must know D, in each imaging voxel. Most
of the background gases in living lungs are O,, N,, CO,
and H,O. In the in vivo experiments we envision, one will
provide the subject a mixture of PFC gas and O,. Any N,
present initially will be washed out over time with steady
state breathing. The partial pressure of CO, released in a
human lung is about 40 mm Hg [31], only 5% of the total
gas pressure. The saturated H,O pressure at 37 C is
47mm Hg [32], about 6% of the total pressure. Thus
CO, and H,O will make up at most 11% of all the gas in
the lung. In addition, their effects on Dy, 7}, and T, of
PFC gases will be of the same magnitude as the effects of
the similarly sized O, molecules (in PFC gases, the direct
effect of the paramagnetic moment of O, is small compared
to the effect through collisions on the molecular angular
momentum lifetime 7; of the PFC molecules). Thus, it suf-
fices to know the dependences of Dy, T}, and T> on the con-
centration of the PFC gas in mixtures with oxygen; the
effects of other gases (CO, and H,O) have been neglected
in our study. We note that the mean free path of the
PFC gases is much, much smaller than the mean distance
between walls, so 77 and T, are negligibly sensitive to col-
lisions with walls. Measurement of 7} or 7T, thus deter-
mines the gas concentration and the free diffusivity Dj.
We believe this approach to be superior to determining
the gas concentration from the amplitude of the spin signal
in each voxel, because of inhomogeneity of the rf field and
sensitivity of the rf coil and because of variations in the
fraction of each imaging voxel which is gas space, not
tissue.

We report here measurements of 7'y, 7>, and D, for C,F¢
and C;Fg at various pressures and for mixtures of each
PFC gas with O, at constant pressure. The measurements
at two field strengths permit the data to be fitted to analyt-
ical expressions for 7T and 75 that are valid over the range
of pressures and concentrations useful for lung imaging
and for typical imaging field strengths.

2. Methods

Gas pressures were measured using an absolute pressure
transducer (Kavlico, P650-30A-BIA) with the range from 0
to 2 atm. The pressure transducer was calibrated at vacu-
um (less than 20 mtorr) and at 75.25 cm Hg, as determined
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by a barometer. The gauge output was assumed to be linear
with pressure, as specified by the manufacturer.

All samples were flame-sealed in standard-wall Pyrex
tubes of 1 cm ID. Sample tubes were all necked in advance
to make sealing easier and faster. For pure samples of C,F
(99.9% purity) and CsFg (99% purity), both from Scott
Specialty Gases, we filled the sample tube to various
desired pressures directly from the gas bottle after evacuat-
ing the tube. For mixed samples we first mixed C,Fg4 or
C;Fg with O, (Matheson, 99.9% purity) in a stainless steel
gas cylinder of 75 cc or 150 cc, with beads inside. Then the
cylinder was removed and shaken for one minute to better
mix the gases. The sample tube was filled with the mixed
gas from the cylinder at 0.94 atm at 22 C for all mixtures
for easy flame-sealing, as the narrow neck collapses under
outside atmosphere pressure when heated with a torch.

All relaxation measurements were performed in an
Oxford superconducting 4.4 T solenoid or a Varian elec-
tromagnet at 1.5 T, the latter of which is similar to the
field of many human MRI scanners. The frequencies of
F at these fields are 175.59 and 59.88 MHz, respective-
ly. Room temperature shims were used in both magnets
to provide a more uniform field at the sample location.
Data were taken using a laboratory-built spectrometer,
which includes a 25W transmitter power amplifier
(ENI). A typical 90° pulse is 35 us at 44T and 5 pus at
1.5T. Both rf coils are about 1.5cm in diameter and
3 cm in length.

Laboratory-written software was used to acquire and
analyze data. Data analysis was done in the time domain.

T: was measured with an inversion-recovery sequence.
The rf phase of the inversion pulse was alternated
(x, —x) to cancel the small FID resulting from the imper-
fect = pulse. The signal S as a function of the delay time
t between the two rf pulses is

S(t) = Ss(1 — Be M), (2)

The value of B is 2 for complete inversion of the spin
magnetization; here B was typically 1.86. S is the fully
recovered signal strength and was typically obtained at
t =300 ms, which is 15 times the longest measured 7.
Seven or eight different delay values were used. S(f)
was obtained by integrating the FID in the real channel
after baseline and phase correction. For CsiFg, T
reported here refers to the six CF; fluorine atoms,
which were put on exact resonance. The other two F
atoms are shifted by 48 ppm [22]; their off-resonance
signal does not contribute to the time integral used
for data analysis.

We used the standard 7 — © — n spin—echo sequence for
the 7, measurements. The following 4-step phase cycling
scheme was used to eliminate signals other than the spin
echo: 7 pulse: x, —x, x, —x; 7 pulse: x, x, y, y; receiver:

+, —, —, +. The echo amplitude S(27), taken as the magni-
tude of the echo, decays with pulse spacing t as
S(27) = See >/, (3)

Diffusion of the gases was measured with a constant
field gradient in the 4.4 T magnet. Constant gradients yield
a very precise and easily measured value of the gradient
amplitude G without eddy-current, rise-time or undershoot
compensation issues. However, since only the dependence
of echo amplitude upon 7 is available (varying G causes
additional echo-amplitude changes from changes in the
spin-signal bandwidth), the data must be corrected for 7,
decay. Diffusion data were taken using the same spin—echo
pulse sequence as in 75 experiments, with 7 values from 0.5
to 7.0 ms. Here the echo amplitude S(27) is

S(z‘f) _ SOC—ZI/TZC—29'202D13/3. (4)

A plot of (In(S(21)) +21/T>) vs. ©° yields a slope of
—2y2G’D, from which D is calculated. 7> values for cor-
recting the echo-amplitudes were obtained by measure-
ments of spin echoes in the absence of a gradient.

The gradient coil was a Maxwell pair of AWG-22 enam-
elled copper wire on the aluminum can of the probe with
8.0cm OD. It has 40 turns on each half, the centers of
which are spaced 6.8 cm apart. The calculated gradient is
2.05 Gauss/cm/Amp, from the coil geometry and the
Biot-Savart formula. The gradient amplitude was calibrat-
ed using a spherical bulb (Wilmad) filled with water. We
determined the inner radius r of the bulb by weighing the
water inside to determine the volume of the bulb. In the
presence of a constant gradient G, the Fourier transform
of the echo signal is a resonance of full width Af (measured
at the baseline),

Af = u(2r)G/2m. (5)

We used several values of current up to 1 Amp and plotted
linewidths as a function of the current. The best linear fit is
2.08 Gauss/cm/Amp, and this value was used for all diffu-
sion measurements. During the experiments the current
was monitored by reading the voltage across a precision
0.01 Q resistor. The typical current we used for diffusion
measurements was 0.4 Amp, which caused negligible heat-
ing of the probe and sample.

To study the temperature dependence of the relaxation
and diffusion over a narrow temperature range, selected
samples were also measured at 37 C (physiological temper-
ature) and 48 C in the 4.4 T magnet. For these experiments
a heater-resistor together with a temperature controller was
used to blow warm air across the sample. The sample tem-
perature was independently monitored by a type T thermo-
couple. For the 22 C measurements at 4.4 T, ambient air
was blown across the sample.

3. Theory of relaxation and diffusion

For gases with F nuclear spins, the dominant interac-
tion for spin relaxation is the spin-rotation interaction,
coupling the nuclear spins to local magnetic fields produced
by rotation of the molecule. The ""F-'°F dipolar interac-
tions are weak by comparison, which may be inferred by
comparing the relaxation times of (say) CHy and CFy:
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despite the dipolar interactions between '°F spins being
slightly smaller than those in the smaller molecule CHy,
the relaxation time 7 at a given density is much smaller
for CF, [33,34].

For C,Fg, there are two modes of overall dumbell
molecular rotation; in addition, the CF; groups can
rotate about the C—C bond. The situation is even more
complicated for the nonlinear molecule C;Fg. A correct
description of these systems involves using separate
spin—rotation coupling constants and correlation times
7 for the physically distinct modes of rotation. However,
our intention is not a first-principles analysis; rather, we
seek to characterize T and T, over the range of pres-
sures and NMR frequencies relevant to MR imaging
with these gases.

Thus, we make the simplification that a single spin-rota-
tion interaction with a single correlation time t describes
these systems. This results in a manageable set of parame-
ters to describe the data; a more exact treatment is not war-
ranted by the data, which are mainly (but not entirely) in
the wt < 1 limit. Following the theory for linear molecules
[35,36],

1 2t
Tl_ 21+0)2T2’

(6)

where o is the spin precession angular frequency. The
molecular Zeeman frequency w; is generally small com-
pared to the spin frequency and has been neglected here.
The second moment M, expresses the squared strength of
the spin-rotation coupling and is expected to vary linearly
with absolute temperature according to the equipartition
theorem [35]. With the same restrictions, the transverse
relaxation rate is

1 T
— =M — . 7
T2 2<T+1+w212) ()

For wt <« 1, T} and T, are thus equal.

At a given temperature, the rate 1/t of angular momen-
tum-changing collisions will be linear in the gas density or
pressure P, as these gases are well-approximated as ideal
gases. In general, in a gas PFC-oxygen mixture with partial
pressures Pr and Pq for the PFC and oxygen components,
respectively,

1
- = KgPr + KoPo. (8)
Here Kr and Ko are constants reflecting the sizes and re-

duced masses of the binary FF and OF systems. Combin-
ing Egs. (6)—(8) we obtain

1+ 0*/(KePr + KoPo)’

T, = 0, (K¢Pr + KoPo), 9)
and

KgPr + KoP
T, — FUF + Kolo ' (10)

M2(1+%)

1402/ (KpPp+KoPo)?

In the fast collision limit, w’*t> < 1, so T and T, can be
approximated by a single expression

KgPr + KoPo
_— 11
M, (11)

For a fixed total pressure P, Po = P — Pg, and introducing
x as the concentration of PFC, x = Pg/P, Eq. (11) becomes

P
T'=T,=—((Kg—K Ko). 12
1=T, 2M2(( r — Ko)x + Ko) (12)
Thus, at low frequency, a linear variation of 7 and 75 with
concentration x is predicted.
For pure gases where x = 1, the general results (9) and
(10) become

KF P (,l)2 1

T\=T,=

T=—tpyr 2 13
YToMm,T T 2MLKe P (13)
and
KgP
T, = — (14)
M2<l + 1+w2/<1<kp>2)

For self-diffusion of the PFC component in a binary gas mix-
ture with oxygen, the reciprocal of the self-diffusion coeffi-
cient D varies linearly with the partial pressures as [37]
1 Pr  Po
—Fr, -9 15

D(X, P) DF Do ’ ( )
where Dr is the value of D for pure PFC at P =1 atm and
Do is the value of D for PFC at infinite dilution in oxygen
at P =1 atm. The units of Dr and Do are atm cm?/s. In
terms of the fractional concentration x of PFC and total
pressure P,

L—ﬁ_kw— x L_L +L (]6)
D(X,P) B DF DO B DF DO Do '

Thus, a linear variation with concentration x is expected
for 1/D of PFC at a constant total pressure. For pure

PFC at different pressures, Eq. (16) can be simplified by set-
ting x =1,

- (17)

3.1. Temperature dependence

The temperature dependence of the parameters
(M;,Kg,Ko,Dr and Do) will give us a full description of
how relaxation and diffusion change with temperature. Here
we are interested in only the narrow range from 22 Cto 37 C
(physiological temperature). As stated above, M, is expected
to be linear with the absolute temperature, thus

The temperature dependence of Ky and Ko can be

derived from the experimental data. Our variable-tempera-
ture experiments were carried out at a constant density
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(with sealed samples), where pressure is proportional to
temperature and the relaxation is approximately in the fast
collision regime. We find that

T) x T, (19)

where o = — 1.4 (see Section 4). Then from Egs. (12) and
(18) we obtain

KF;KO 0.8 T°. (20)

The variable-temperature diffusion measurements were
performed similarly at constant density, so P is again pro-
portional to 7. We find that all the data are in satisfactory
agreement with

Do TF, (21)

with # =0.8 (see Section 4). Referring to Eq. (15), this
yields the temperature dependence of parameters Dy and
DO)

Dk, Do o TF. (22)

4. Results and discussion

All Ty and diffusion data at 22 C are plotted in Figs. 1-4
(7, data are available graphically and all data are tabulated
in the supplementary material). We fit all the 7, and T,
data using the appropriate formulas presented in the above
section with 3 parameters for each gas: M», Ky and Ko; Dg
and Dy were chosen to fit the diffusion data. These param-
eters are listed in Table 1 for data at 22 C and Table 2 for
data at 37 C.

Fig. 1 shows T of the pure PFC gases at 22 C as a func-
tion of pressure at two measurement-frequencies. The

oure PFC at 22 C

176 MHz

T, (ms)

1

0/ Of4 0.8
P (atm)

Fig. 1. T for pure CsFg (solid symbols) and C,F (open symbols) gases at
22 C. Data are presented for 60 MHz (squares) and 176 MHz (circles).
The solid curves are fits to the data using Eq. (13) with the parameters M,
and K listed in Table 1. The dashed lines are the predictions for zero
frequency.

T T

Total P=0.94 atm, 22 C
C;Fg:0,

16

12

T, (ms)

1

0 0.4 0.8
x, PFC conc

Fig. 2. T, of C3Fg and C,F4 gas mixtures with oxygen at 22 C and a total
pressure of 0.94 atm as a function of PFC concentration x. Data are
shown for 60 MHz (squares) and 176 MHz (circles). The curves are fits
using Eq. (9) with the parameters in Table 1. The present data are used to
determine Ko, using M, and Ky values previously determined from the
pure gas data, as in Fig. 1. The 60 MHz data are nearly linear in x.

50 T T
Pure PFC at 22 C, x=1
40 | -
C3Fg
30 F “
€
(&)
)
Q
— 20 } 4
CoFg
10 } 4
0 1 1
0 0.4 0.8
P (atm)

Fig. 3. Reciprocal of the diffusivity for pure C3Fg and C,Fg4 gases at 22 C
as a function of pressure P. The lines are best fits of Eq. (17) to the data,
forced to pass through the origin; these determine the parameters Dg in
Table 1. The larger and more massive C;Fg molecule has a lower
diffusivity at a given pressure.

dashed lines are the expected linear 7'} behaviors when
the external field is zero (w — 0 limit), from Eq. (13). We
note that 77 of Cs;Fg is almost twice as long as 77 of
C,Fg at each pressure. Otherwise, the 77’s of these two gas-
es vary quite similarly: at 60 MHz they are both linear
functions of pressure until P <0.2 atm, where they
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50 T T

Total P=0.94 atm, 22 C

40

1/D (s/em 2)

0 1 1

0 0.4
x, PFC conc

0.8

Fig. 4. Reciprocal diffusivity of C3Fg and C,F¢ gas mixtures with oxygen
at 22C and a total pressure of 0.94atm as a function of PFC
concentration x. The lines are linear fits to the data according to Eq.
(16) with the parameters in Table 1. The present data are used to
determine Do, using the previously determined values of Dy, as in Fig. 3.

noticeably deviate from the straight line and reach minima
at about 0.07 atm. At 176 MHz the minima occur at a
higher pressure, about 0.2 atm, in accordance with Eq.
(13). For pressures near 0.6-1.0 atm, the frequency depen-
dence of T is small but not negligible, demonstrating that
w1 <1 here. The parameters M, and Kr in Table 1 were
determined for each pure gas from least-squares fits of
Eq. (13) to the data of Fig. 1.

Fig. 2 presents T, of PFC—oxygen mixtures at 22 C and
a constant total pressure (0.94 atm) as a function of con-
centration x of the PFC component. Clearly T} decreases
with decreasing x and increasing oxygen concentration.
According to Eq. (12), this shows that Ko < KF, as expect-
ed for the smaller scattering cross-section of oxygen—PFC
encounters compared to PFC-PFC encounters. At
60 MHz, T, varies nearly linearly with concentration, even
when x is small, so Eq. (12) is a very good approximation
in this case. The fractional variation of T between 60 and
176 MHz is larger at low x where T} is smaller, as expected

Y. V. Chang, M.S. Conradi | Journal of Magnetic Resonance 181 (2006) 191-198

from Eq. (9). The parameters Ko in Table 1 were taken
from least-squares fits of Eq. (9) to the T} data of Fig. 2.

Fig. 3 shows the linear dependence of 1/D upon pressure
for pure PFC’s at 22 C, as predicted by Eq. (17). Both lines
have been forced to pass through the origin, implying infi-
nite diffusivities at zero pressure, as expected. At a given
pressure, C;Fg always has a lower D than C,F4 because
it is a larger and heavier molecule. Least-squares linear fits
to Eq. (17) were used to determine the values of Dg in
Table 1. Fig. 4 displays linear variations of 1/D with
PFC concentration x at 22 C and a constant total pressure
P of 0.94 atm, as predicted by Eq. (16). Because O, is a
smaller and lighter molecule with a smaller scattering
cross-section, we have Do > Dg, implying that 1/D should
be an increasing function of x, in agreement with the mea-
sured data. The parameters Do in Table 1 were obtained by
least-squares fits of Eq. (16) to the data of Fig. 4.

Four samples of each gas, three mixed with oxygen,
were measured again at both 37 C and 48 C. A log-log plot
(not presented) of all 7' versus temperature data shows an
average o of —1.4 £+ 0.3 (see Eq. (19)). This result agrees
closely with previous studies of the similar molecules SFg
and CF,4 [34,38], where o is —1.5. We thus estimated K
and Ko at 37 C in Table 2 according to Eq. (20) using
o= — 1.5, from the 22 C values in Table 1. We have plot-
ted the 77 data at 37 C of pure PFC samples and PFC-O,
mixtures together with the predictions of Egs. (9) and (13)
with the parameters of Table 2. The agreement between
data and calculation (not shown) is as good as in Figs. 1
and 2 (at 22 C).

The same procedure for diffusion yields f = 0.8 + 0.2 in
Eq. (22). The approximation of constant scattering cross-
section would yield f of 0.5 [39]. We obtained Dr and
Do at 37 C using = 0.8 in Eq. (22); these values appear
in Table 2. The 37 C diffusion data and the curves calculat-
ed from Eq. (15) with the Table 2 parameters show the
same level of agreement as in Figs. 3 and 4 (at 22 C).

In practice, our goal is to use restricted PFC diffusion to
study lungs and lung disease. Thus it is necessary to pro-
vide the imaging subjects a PFC-oxygen mixture. The
dependence of 77 upon PFC concentration at a known
total pressure, as given by Eq. (9) and the parameters listed
in Table 1 or 2, will allow the PFC concentration to be

Table 1

Fitting parameters at 22 C

Gas M, (10" s72) Kg (10° atm™!s7h Ko (10° atm™'s™!) Dg (atm cm?/s) Do (atm cm?/s)
C,F¢ 3.10 0.05 54+0.1 2.04+0.1 0.0321 £ 0.0005 0.101 £ 0.005
C;Fg 1.6 £0.1 6.0+0.1 1.94+0.1 0.0216 £ 0.0004 0.071 £+ 0.002
Table 2

Fitting parameters at 37 C

Gas M, (10" s72) Kr (10° atm™'s7!) Ko (10° atm™'s7h Dg (atm cm?/s) Do (atm cm?/s)
C,Fq 3.3+0.1 5.0+0.1 1.9+0.1 0.0351 £ 0.0005 0.110 £ 0.006
C;Fg 1.7+0.1 5.6 +0.1 1.8 +0.1 0.0235 £ 0.0001 0.077 £+ 0.001
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determined in each pixel, from spatially revolved 7', mea-
surements. The concentration will, in turn, allow the free
diffusivity to be determined from Eq. (16) and Table 1 or 2.

Comparing C,F¢ with CsFg, we notice that under the
same condition the latter always has a longer 7). The mea-
sured 7T values are close (90% or more) to the 7 values for
pressures above 0.6 atm for pure PFC or any concentration
x of PFC-oxygen mixtures at a total pressure of 0.94 atm.
In most available 1.5 T human scanners the echo time (ze)
may need to be as long as 10 ms for diffusion measurements
due to the limited available gradient strength. Thus, at
(say) 60% concentration x, the C,Fg signal would be
strongly attenuated by its 75, of about 6 ms. By compari-
son, the 12ms 7, of C;Fg at the same concentration is
longer so that less signal attenuation will result.

The diffusion coefficients of the two PFC gases studied
here are much smaller than that of *He, which is
0.88 cm?/s in air. Using /g, = V2Dt, the characteristic
diffusion length at a diffusion time ¢ of 2ms (typical
for *He) is 0.6 mm. This is greater than the average aci-
nar airway radius r (about 0.35 mm) of human lung [40],
meaning that the *He diffusion in human lung is strongly
restricted. On the other hand, for PFC, the characteristic
diffusion length /& will be smaller. For C3Fg at concen-
tration x =0.7 in a C3Fg-O, mixture at 0.94 atm total
pressure, D, will be 0.028 cm?/s so /z will be 0.17 mm
for a diffusion time of 5 ms (typical for '°F work). Thus,
the diffusion of C;Fg in this mixture will be less restrict-
ed. With the free diffusion coefficient of this mixture
from Fig. 4 or Eq. (16) with the parameters of Table 1
or 2, the measured restricted diffusion will allow the lung
S/V to be determined, since the small diffusivity of this
gas places it in the lightly restricted regime (Eq. (1)).
Moreover the free diffusion can be adjusted by varying
the gas concentration according to Fig. 4 at the expense
of S/N. Adjustment of the gas mixture to increase the
free diffusivity may be applied to S/V measurements of
lungs with severe emphysema, as the very small S/V
would otherwise yield a nearly unrestricted diffusivity.

5. Conclusion

Perfluorinated gases show promise for replacement of
hyperpolarized *He in some of its applications, especially
diffusion MR imaging of the lungs. A simplified theory of
spin—rotation relaxation with 3 parameters has been
employed to model 7 and 7, data for C,F¢ and CsFg gases
and their mixtures with oxygen. The variation of free diffu-
sivity Dy has been measured and used to determine 2
parameters for a simple kinetic theory model. Thus, the
measurements and parameters presented here will allow
spatially resolved measurements of 77 or 7, to determine
the local gas concentration. In turn, they will yield the free
diffusion of the gas in the lung, which is crucial for quanti-
tative assessment of the extent of restriction to diffusion
and for determination of a local surface-area-to-volume
ratio. Such measurements should provide a clear descrip-

tion of the extent of lung airway expansion and tissue
destruction in emphysema.
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