
Journal of Magnetic Resonance 197 (2009) 56–62
Contents lists available at ScienceDirect

Journal of Magnetic Resonance

journal homepage: www.elsevier .com/ locate/ jmr
Resolution enhancement in MRI of laser polarized 3He by control of diffusion

L. Agulles-Pedrós 1, R.H. Acosta 2, P. Blümler *,3, H.W. Spiess
Max Planck-Institute for Polymer Research, Ackermannweg 10, 55128 Mainz, Germany
a r t i c l e i n f o

Article history:
Received 24 September 2008
Revised 3 December 2008
Available online 13 December 2008

Keywords:
Gas MRI
Restricted diffusion
Edge enhancement
Motional averaging
Contrast
Hyperpolarized gases
1090-7807/$ - see front matter � 2008 Elsevier Inc. A
doi:10.1016/j.jmr.2008.12.003

* Corresponding author. Fax: +49 2461 61 2492.
E-mail addresses: p.bluemler@fz-juelich.de (P. Blüm

mpg.de (P. Blümler).
1 Present address: Pontificia Universidad Javeriana

Depto. Física, Cr 7ª # 45 Bogotá, Colombia.
2 Present address: Facultad de Matemática, Astro

Nacional de Córdoba, X5016LAE Córdoba, Argentina.
3 Present address: Institute of the Chemistry and Dy

3: Phytosphere, Forschungszentrum Jülich, 52425 Jülic
a b s t r a c t

Diffusion of atoms or molecules in presence of magnetic field gradients not only attenuates the NMR sig-
nal but also leads to distortions close to restricting boundaries. This phenomenon is most evident in
imaging with laser polarized (LP) noble gases. Diffusion of gases can be manipulated, however, by admix-
ing inert gases of different molecular weight. In this work we analyze the effect of mixing LP-3He with SF6

on the image quality of a phantom consisting of an arrangement of capillaries with different diameters.
Admixing buffer gases of higher molecular weight changes the contrast and offers a means to record
images with high spatial and time resolution. Additionally we demonstrate how distortions due to edge
enhancement can be reduced even for long timed MRI-sequences.

� 2008 Elsevier Inc. All rights reserved.
1. Introduction

NMR studies of laser polarized (LP) gases received considerable
attention in the last decade. Laser polarization circumvents the
low thermal polarization of gases and can yield exceedingly high
magnetizations, especially for 3He and 129Xe. Compared to conven-
tional thermal signal sources LP gases provide magnetization that
is independent of the external magnetic field and does not recover
thermally. For instance, the achievable polarization of LP-3He can
exceed 60% (experimentally obtained maximum: 92% [1]) giving
rise to extremely high magnetization. Thus, even for rf-pulses with
tip angles in the range of 5�, very good signal to noise ratios (SNR)
can be obtained and with a single batch of gas a large number of
acquisitions can be performed in an imaging experiment [2–4]. A
drawback of MRI with LP gases, however, is the very high diffusion
coefficient of gases, up to five orders of magnitude higher than in
liquids. The rapid Brownian motion strongly attenuates the NMR
signal in the presence of static field gradients which severely re-
stricts the achievable spatial resolution [5]. Recently we have
shown that the fast spatial diffusion in LP-3He can even interfere
with the formation of a simple Hahn echo, yielding an echo max-
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s rather than at 2s, where s is the pulse spacing [6].
Moreover, diffusion can mask subtle effects such as the presence
of distant dipolar fields in gases [7,8]. Imaging not only implies
the use of gradients but also that the sample consists of structures
which should be resolved, hence the presence of spatial restric-
tions. Depending on their size, such structures will reduce the
mean free path a molecule can travel during the experimental life-
time giving rise to a much lower apparent diffusion coefficient
(ADC) [9]. This in turn will generate a contrast in MRI which
depends on the cavity sizes. For gases in particular, the determina-
tion of diffusion coefficients in restricted media has been success-
fully employed to probe the microscopic structure and
functionality in lungs [4,10,11] and time dependent diffusion coef-
ficient measurements were shown to give structural information
on porous media [12–15]. The usual experimental approaches ex-
ploit the fact that short and weak gradients maximize the SNR on
bigger cavities, where the ADCs will lead to a stronger attenuation
of the signal.

Manipulation of the diffusion coefficient of the gas provides an
alternative to control signal intensity and contrast. At first sight
this may seem to be a drawback for experiments in which the var-
iation in ADC can be correlated to a change in local pore size, as in
the case of lung emphysema [4]. The strongly restricted diffusion
in the alveoli will be more difficult to observe when the LP-3He
is in a mixture with a heavy buffer gas. However, an increase in
the SNR could allow a faster determination of the ADC, and become
very useful in clinical MRI schemes. Recently we presented an
experimental protocol which allows the precise determination of
gas mixtures and the control of the diffusion coefficient of 3He
for a wide range of concentrations with different buffer gases [9].
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Gas mixtures were then related to the obtainable signal attenua-
tion and it was shown that for certain conditions an optimum
gas mix can be chosen to obtain maximum NMR signals for unre-
stricted diffusion [16]. Preliminary results have been obtained on a
dried mouse lung [17] where a mixture of LP-129Xe and 3He was
imaged, showing a substantial increase of SNR of the trachea as
compared to an image of pure helium [18]. In another experiment,
the influence of using different buffer gases, such as 4He, N2 and SF6

for diffusion weighted images of 3He in the mixture was demon-
strated in a dead pig’s lung [16].

In order to resolve structures, boundaries must be introduced or
present, and phenomena such as edge enhancement and motional
narrowing must be taken into consideration [19–22]. Diffusion of a
gas mix in restricted geometries becomes more complex as the re-
stricted diffusion is determined by the size of the pore, the gas mix
concentration and the observation time. In this work we analyze
the sensitivity and resolution achievable for restricted gas diffusion
in binary gas mixtures by comparing 2D images of a mixture of
LP-3He with SF6 in a phantom consisting of capillaries with varying
dimensions with pure helium images of the same phantom. We
show how an improvement of the resolution of a 2D image can
be obtained by reducing the diffusion coefficient in gas mixtures.
Additionally, it is shown how the image quality can be improved
by reducing edge enhancement and motional narrowing artifacts.

2. Theoretical background

2.1. Diffusion limited sensitivity and resolution

Due to the very high diffusion coefficients in gases even simple
MR-images are strongly diffusion weighted [16]. In the case of a sim-
ple gradient echo sequence without additional diffusion gradients as
schematized in Fig. 1, the signal attenuation, E, due to diffusion in the
read direction is related to the experimental b-value [23],

ln
SðbÞ
Sð0Þ ¼ ln EðbÞ ¼ �bD with b ¼ c2G2d2 D� d

3

� �
; ð1Þ

where c denotes the magnetogyric ratio, G the gradient strength, d
the duration of a gradient pulse, D a delay between the starting
points of the bipolar gradient pulses and S the NMR signal intensity.
Between excitation and detection in one dimension (along the
direction of the gradient) the mean square displacement of the dif-
fusing spins is hr2i ¼ 2Dðdþ DÞ. As we deal with cylindrical restric-
tions, ~r is a one-dimensional variable that ranges from �~Ri to þ~Ri,
n
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Fig. 1. Sketch of the pulse sequence used for 2D imaging labeled as described in the
text. Top row: timing of rf excitation and detection; middle row: read or frequency
encoding gradient; bottom row: phase encoding gradient.
with ~Ri being the radius of the ith capillary. For the present exper-
iments d = D rendering

hr2i ¼ 4Dd: ð2Þ

In a situation where there are restrictions on the free displacement
of the spins, the time during which the phase of the spins is influ-
enced by free diffusion can be used to define a critical size,
~rc ¼

ffiffiffiffiffiffiffiffiffiffiffi
4D0d
p

, in which no borders are encountered. D0 is the free dif-
fusion coefficient. For a cavity with radius smaller than ~rc the appar-
ent diffusion coefficient (ADC) is determined by the void size and
for all voids with bigger diameters the diffusion is essentially free.
The diffusion coefficient D is then a function of both, the cavity size
and the timing of the sequence. Because this work focuses on the
influence of diffusion in the presence of imaging gradients, only, D
can be expressed as

Dð~r; dÞ ¼
(

ADC ¼ hr2i
4d for r < ~r < ~rc

D0 for ~r > ~rc : ð3Þ

The behavior of D in the presence of restrictions as a function of
time is a well studied problem and generally used to obtain infor-
mation on the surface to volume ratio [15,24,25]. Although, Eq.
(3) presents two limiting cases there is usually only a smooth tran-
sition between them observable.

Following Eq. (1) the influence of diffusion on the signal is usu-
ally minimized by making d and D as short as technical and safety
limits allow. However, the gradient strength is predetermined by
the necessary field of view (FOV) to place n points across the sam-
ple or the required k-space trajectories. From this a spatial resolu-
tion, Dr, can be defined (ignoring influences of the line width and
data post-processing) for the read direction

FOV ¼ 2pn
cGd

and Dr ¼ FOV
n
¼ 2p

cGd
ð4Þ

This puts a very stringent limit on the achievable spatial resolution
for MRI in the gas phase, as it becomes evident when Eqs. (2) and (4)
are substituted into Eq. (1)

ln E ¼ �2
3
c2G2d3D ¼ �2p2hr2i

3ðDrÞ2
ð5Þ

This means that if a spatial resolution, Dr much below this critical
size ðDr2 < hr2i 6 ~r2

c Þ is sought, the signal in Eq. (5) will vanish rap-
idly, i.e. the pore cannot be resolved. A way out of this dilemma is to
change the critical radius or, equivalently D0 by admixing buffer
gases.

On the other hand, in the phase encoding direction the k-space
is traversed by stepping up the gradient Gphase (�G 6 Gphase < G)
while keeping its duration d constant (cf. Fig. 1). The attenuation
due to phase encoding for each signal is then

Aðg;DÞ ¼ exp �1
3
c2G2d3D

� �
: ð6Þ

After Fourier transformation (FT) this corresponds to a convolution
of the image signals with the FT of this attenuation function, with-
out further attenuation of the image intensity. Hence, only for very
high diffusion coefficients or very small structures a blurring with a
Gaussian along this direction will be obtained. This behavior has
been treated in detail in terms of fast and slow exchange limits
and is outlined in the next section.

2.2. Edge enhancement

The influence of borders in gas MRI is usually described in terms
of edge enhancement and motional narrowing, or weak and strong
diffusion regimes [19–22]. The parameter that characterizes these
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regimes, as defined by de Swiet and Sen [20] is the diffusion length
lg ¼

ffiffiffiffiffiffiffiffiffiffiffiffi
D=cG3

p
. The limit when lg is much larger than the dimension

(ls) of the distance defined by the restrictions along the direction
of the gradient is the strong diffusion regime and gives rise to a
motional narrowing. In this case a spin loses the memory of the ini-
tial position giving rise to an averaged frequency and a Lorentzian
line. When lg � ls (weak diffusion regime or edge enhancement) a
stronger signal is observed near the edges where the motion is re-
stricted. In the middle of the sample the attenuation due to diffu-
sion follows Eq. (1).

In the case of phase encoding the strong diffusion regime is de-
fined by lphase

g ¼
ffiffiffiffiffiffi
Dd
p

� ls. In this regime, it has been shown by de
Swiet [21] that, in contrast to the Lorentzian line in the fre-
quency-encoded direction, a Gaussian will be obtained.

3. Materials and methods

Data were acquired in a 4.7 T horizontal, 20 cm bore magnet
(Magnex Scientific Ltd, UK) equipped with actively shielded gradi-
ents (capable of producing gradients up to 0.3 T m�1) from Bruker
(Bruker Biospin GmbH, Germany). The gradients were driven by
amplifiers from Copley (Copley Controls Corp., USA). A birdcage-
coil of 21 mm inner diameter and 37 mm length from Bruker
was used for rf excitation and detection at a frequency of
153 MHz for 3He. The gradients and the rf were controlled from a
Maran DRX console (Oxford Instruments Ltd, Witney, UK) con-
trolled within a Matlab (MathWorks Inc., USA) environment with
homemade software. The 3He polarization was generated with a
home built large scale polarizer at the department of Physics in
the University of Mainz, which can routinely produce up to 70%
of polarization at 3.3 bar l/h and 80% at 1.2 bar l/h [2]. The polari-
zation process is based on the metastable spin exchange method.
Typically transport cells of iron-free glass (Supremax glass, Schott,
Mainz, Germany) with a volume of 1.2 L, were filled with 2.1–
2.7 bars of 60–70% LP-3He. Subsequently, the cells were placed in
a shielded container with a low magnetic field (0.8 mT) produced
by permanent magnets and transported to the MRI Laboratory in
the Max Planck-Institute. The helium was then stored in a very
homogeneous magnetic field of 2.5 mT, generated by five coaxial
coils of 45 cm diameter and 70 cm total length. A gas mixing setup,
similar to the one described in Ref. [9], allowed for a variation of
the helium diffusion coefficient by admixing 3He with a heavier
buffer gas (here SF6).

A phantom consisting of a distribution of long capillaries
sketched in Fig. 2 was used in all the experiments. Single capillaries
of radius ~Ri = (0.25, 0.375, 0.7, 1.2, 1.6) mm (i = 1–5) were placed
well apart in order to assure defined spatial resolution, while other
capillaries with radius ~R2 are grouped for purposes not relevant for
this work. All capillaries were sealed at one end and placed inside a
rubber tube of 6.4 mm radius. The space between the external part
epoxy
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Fig. 2. Sketch of the phantom used, consisting of a set of parallel capillaries whose
long axis is set parallel to the B0 direction (z). The radii of the capillaries are
~Ri = (0.25, 0.375, 0.7, 1.2, 1.6) mm (i = 1–5). Details on the construction of the
phantom are given in the text.
of the capillaries and the rubber tube was filled with epoxy and left
to dry. After the rubber tube is removed, the set of capillaries was
cut to a length of 40 mm, which is longer than the rf coil used, and
placed inside a glass tube of 6.5 mm radius and 150 mm length,
provided with a valve at one end and sealed at the other. This glass
container was fitted tightly into the rf coil by a Teflon spacer with
its axis aligned parallel to the direction (z) of the static magnetic
field (B0) and with the valve-end attached to the gas handling sys-
tem described in [9]. The glass container fulfills the dual function
of connecting the phantom to the gas handling system while acting
as a reservoir of LP-gas mixtures; the latter is due to the large
amount of gas that is not affected by the rf-pulses [9,26–28].

2D images were acquired using a gradient echo FLASH Cartesian
sampling of k-space. Fig. 1 shows a sketch of the pulse sequence
and the timings used through the present work. The read gradient
was set along the x direction in all experiments while the phase
gradient was along the y direction. Tip angles of �3� were achieved
by means of a 5 ls rf-pulse. For the diffusion weighted experi-
ments described below in Section 4.1 a read gradient of 87.6
mT/m was used. The signals were acquired with a spectral width
of 50 kHz in a 32 � 32 matrix and zero filled to 128 � 128 points
prior to FT. For the experiments of resolution enhancement de-
scribed below in Section 4.2, gradients of 175.2 mT/m and a spec-
tral width of 100 kHz were used. The 32 � 32 and 64 � 64 images
were zero filled to four times their dimension before FT. In each
experiment an FID was acquired immediately before each image
acquisition and the data were normalized to the corresponding
FID intensity before FT in order to take depolarization by rf excita-
tion into account [9,26–28]. All images were acquired at essentially
the same partial pressure for pure 3He and are displayed normal-
ized to their individual maxima.
4. Results

4.1. Diffusion weighted images

Fig. 3 shows a series of 2D images acquired as a function of the
diffusion time, D = d, for two different gas mixtures. The upper row
corresponds to pure LP-3He at 1 bar (Fig. 3a), with a free diffusion
coefficient of DHe = 1.8 � 10�4 m2s�1, while the lower row corre-
sponds to a binary mixture of 30% LP-3He and 70% SF6 (Fig. 3b)
at 4 bars, with DHe=SF6 = 1.7 � 10�5 m2s�1 [9] to allow for very sim-
ilar partial pressures of 3He. The diffusion times have a range of
0.32–2.32 ms and are detailed in the figure with increasing values
from left to right. Around the phantom an exterior ring is visible
due to gas which occupies the volume between the epoxy cylinder
and the glass container. For short diffusion times all capillaries are
clearly resolved. Even for the shortest diffusion time used, the
effect of admixing a buffer gas should be appreciated from the con-
trast between different capillaries. In fact, the signal relations ap-
pear inverted, that is, bigger voids initially exhibit higher
intensities than the smaller ones due to the lower 3He diffusion.
As D = d increases a smooth transition from a well resolved to a
smeared image along the read direction is observed for capillaries
~R3 to ~R5, while the signal intensity of ~R1 and ~R2 remains almost con-
stant. The effect is of course more noticeable when imaging pure
3He. As the diffusion time increases, the same happens to the crit-
ical radius, while the distance, Dr, between spatially resolved
structures decreases. When ~rc becomes larger than the image res-
olution, a helium molecule will diffuse a distance larger than the
pixel size during the acquisition time. This behavior is explained
in Fig. 4, where Dr and ~rc are plotted as a function of the diffusion
time for both diffusion coefficients. The transition from well re-
solved to smeared image can be expected when the curve for Dr
crosses the ones for ~rc. This occurs for D = d � 0.5 ms and



Fig. 3. 2D images as a function of D for pure 3He (a) and for a 30% mixture of 3He in SF6 (b). From left to right the correspondent diffusion times are D = d = 0.32, 0.57, 0.82,
1.07, 1.32, 1.82 and 2.32 ms using a read gradient of 87.6 mT/m. The exterior ring corresponds to free gas between the epoxy cylinder and the glass container. See text for
details.
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Fig. 4. Critical radius (~rc) for pure 3He (closed symbols) and for the gas mixture
(open symbols) as a function of d (d = D). Spatial resolution (Dr) is represented by
small open square symbols connected by a line which serves as a guide for the eye.
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D = d � 1 ms for pure helium and the gas mixture, respectively.
These observations are also in accord with the smearing observed
on the images shown in Fig. 3.

Another effect than can be observed is a transition from mo-
tional averaging to edge enhancement. Edge enhancement in a
square slab containing 3He has been reported in detail by Saam
et al. [22]. Here we provide a descriptive analysis of the influence
of sequence timing when imaging gases with different diffusion
coefficients. Fig. 5 shows the profiles across the centers of ~R2 to
~R5 along the read direction for three values of D = d. The behavior
of ~R1 is similar to that of ~R2 and has been omitted from the figure
for the sake of clarity. For this void size, the profile is essentially
not altered, except for a decrease in amplitude due to diffusive
attenuation. For pure 3He a transition from a single resonance line
for ~R3, to a profile with pronounced edge enhancement takes place.
As the diameter of the capillaries increases (~R4 and ~R5) edge
enhancement is always present. The decay of the amplitude in
the center of each void is faster than on the edges due to diffusive
attenuation. Notice that the third peak to the right of ~R4 corre-
sponds to gas in the gap between phantom and container (outer
ring in the images). In the case of the gas mixture, diffusive effects
are not significant enough to change the ratio of the signals from
the edges and the center of each capillary, and an essentially static
image is obtained. With increasing D = d the intensity decays due
to diffusion, and for ~R4 and ~R5 a change in the intensities of the
edges and the centers of the capillaries becomes more evident.

Theoretical predictions by de Swiet [21] estimate a ratio of
ls=lg ¼ 20 for pure edge enhancement and ls=lg ¼ 2 as the onset
for the fast exchange or motional narrowing regime. For the exper-
imental conditions presented in this work the ratios of ls=lg (with
lg = 399 lm for pure 3He and lg = 182 lm for the mixture) for the
different capillaries are ðls=lgÞ

3He
i = (1.3, 1.9, 3.5, 6.0, 8.0) and

ðls=lgÞmix
i = (2.8, 4.2, 7.7, 13.2, 17.6) for i = 1–5, showing that the

smaller and larger capillaries cover a broad range between strong
to weak diffusion and should therefore show a distinct behavior.
As D = d increases, the shape of the profiles indicate motional nar-
rowing for ~R2 even for the larger value of D. ~R4 and ~R5 present
strong edge enhancement, and with increasing D the center of
the image decays more rapidly than the borders due to diffusion.
The same effect has also been observed in MRI-experiments with
1H [19] and LP-129Xe [29].

Figs. 3–5 show that contrasts can be optimized not only by
adjusting the pulse sequence to the diffusion time but also by con-
trolling the diffusion coefficient of 3He by the admixture of buffer
gases. With reduced diffusion coefficient the distortions of the
images are much smaller, and even the larger capillaries are clearly
represented. Moreover, particularly for the larger capillaries, the
enhanced sensitivity can lead to a resolution enhancement as de-
scribed in the next section.

Finally the effect of the diffusion coefficient on the phase encod-
ing direction is addressed. In the case of liquids with very low dif-
fusion coefficients, the weak diffusion regime condition is
generally fulfilled, giving rise to barely observable edge enhance-
ment [19,21]. As discussed previously, for large diffusion coeffi-
cients the image will be a convolution with Gaussian function.
For the intermediate values of D presented in Fig. 3 the effect of
changing diffusion will be that of introducing different apodization
functions to the data along the phase encoding direction. The
experimental data in Fig. 3 behave accordingly.

4.2. Resolution enhancement

As previously discussed, admixing LP-3He with buffer gases
can greatly change the diffusion coefficient resulting in a sensi-
tivity gain in unrestricted geometries [18]. Fig. 6 shows a set
of images acquired with two different gas mixtures at two differ-
ent spatial resolutions. For pure 3He a 32 � 32 matrix recorded
with a diffusion time of d = D = 320 ls is shown in Fig. 6a, while
the resulting image for a 64 � 64 matrix acquired with a diffu-
sion time 2d = 640 ls is shown in Fig. 6b. The longer diffusion
time results in almost complete loss of signal from capillaries
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Fig. 6. Images showing resolution enhancement due to the reduction of the diffusion coefficient. Gradient intensity for read and phase direction G = 175.2 mT/m and spectral
width 100 kHz. For pure 3He: (a) 32 � 32 matrix, d = 320 ls (b) 64 � 64, d = 640 ls; and for the binary gas mixture (c) 32 � 32, d = 320 ls and (d) 64 � 64, d = 640 ls.
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~R3 to ~R5. A similar behavior is obtained if the timings are kept
constant and the spectral width is doubled, requiring a factor
2 in gradient strength in order to keep same the FOV. The corre-
sponding images for the binary gas mixture in Fig. 6c and 6d,
demonstrate a remarkable gain in sensitivity for the larger cap-
illaries. As already discussed in Eq. (3), the different void dimen-
sions define a different ADC for each mixture, thus the signal
attenuation due to diffusion in Eq. (5) for the different resolution
can be written as (see Appendix)
S64

S32
¼

exp � 1
2 c2G2d2~r2

� �
for ~r < ~rc

exp � 2
3 c2G2d37D0

� �
for ~r > ~rc

8><
>: ð7Þ
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with d for the 64 � 64 image being twice the value of the 32 � 32
image. The signal will be more attenuated as the radius of the cavity
increases. For capillaries with a radius greater than ~rc the attenuation
becomes constant. The mean attenuation ratio for the images shown
in Fig. 6 is plotted in Fig. 7 as a function of the restriction dimension
for both gas mixtures; the solid line corresponds to a Gaussian fit

S64

S32
ð~rÞ ¼ exp �

~r2ðcGdÞ2

2

 !
þ exp �2

3
c2G2d37D0

� �
: ð8Þ

The width of the Gaussian fit for both mixtures is the same and
matches the theoretical value within 10% accuracy. Again, the diffu-
sion coefficient extracted from the fit of the baseline (second term
in Eq. (8)) agrees with the theoretical values within 10% for the
gas mixture and within 30% for pure 3He. It should be noted that
the description given by Eq. (8) is only a coarse approximation to
the cylindrical shape of the capillaries and only applies for one gra-
dient direction. A detailed description of the attenuation due to dif-
fusion in cylindrical geometries is out of the scope of this paper and
has been reported elsewhere [16]. Pure helium images show a slight
attenuation for ~R1 and the signal intensities rapidly decay to zero as
the radius increases, whereas for the gas mixture, only a slight
increase in sensitivity is observed for the smaller capillary and the
attenuation stabilizes at a value of 0.5 with respect to the less re-
solved image.

5. Conclusions

In this work we have extended the use of buffer gases in LP-3He
MRI as a contrast agent for probing different sizes of spatial restric-
tion. Mixing helium with a heavier buffer gas can be used to signif-
icantly reduce signal attenuation due to diffusion when sequences
with long timings are required. A considerable gain in the SNR is
obtained for large structures when the spatial resolution is in-
creased, while sensitivity for smaller structures is not affected.
Moreover, it should be noted that even though the discussion
was centered on MRI, our results can also be applied to enhance
sensitivity in any experiment that involves field gradients, such
as probing restricted diffusion (q-space imaging) and flow in por-
ous materials.

The implications of these findings for lung imaging are espe-
cially important, as this is by far the most extensive use of hyper-
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Fig. 7. Mean attenuation ratios for pure 3He (closed circles) and for the gas mixture
(open circles) images with different resolution shown in Fig. 6. Solid lines
correspond to fits of Eq. (8) to the data.
polarized gas MRI at the moment. Measurements of restricted
diffusion in lungs involve mainly studies of lung emphysema. In
this disease the alveolar walls become porous, leading to an in-
crease of the ADC. An excellent review on the topic was recently
provided by Conradi et al. [4,30]. In healthy human lungs each
alveoli is an open vessel of approximately 300 lm in diameter.
The diffusion coefficient of the mixture of 3He at infinite dilution
in N2 has been measured to be around 0.8 cm2/s. [9,31] and can
be taken as the diffusion coefficient in the lung, as the helium con-
centration delivered to the patient is usually around 7% and prob-
ably close to infinite dilution when reaching the terminal
structures. The typical duration of the gradient pulses used in clin-
ical imaging are about 2 ms, giving rise to a root mean square dis-
placement, in one dimension, of 0.6 mm. As this distance is much
larger than the alveolar size, restricted diffusion will be present
in healthy tissue, and will vary for a diseased lung. For example,
in a study carried out on a number of healthy volunteers and pa-
tients with severe emphysema, the mean ADC was found to be
around 0.2 cm2/s and around 0.6 cm2/s for healthy and for diseased
lungs, respectively, [4]. If the diffusion coefficient of helium is de-
creased by admixture of a heavier buffer gas, it is not a priori clear
whether LP-3He imaging will still be useful to clearly distinguish
between healthy and damaged tissue. The diffusion coefficient of
3He in infinite dilution with SF6 is 0.48 cm2/s [9] giving rise to a
root mean square displacement in one dimension of 0.4 mm for
the same timings as before. This value still exceeds the average
dimension of healthy alveoli. On the other hand, Conradi et al. have
also shown that the distributions of ADCs using the much heavier
perfluorinated gas C3F6 on excised healthy and diseased lungs dis-
plays clearly separated histograms with peaks on 0.017 cm2/s for
normal lungs and 0.032 cm2/s for those with emphysema.

Hence it can be envisioned that the presented idea of admixing
heavier buffer gases can become useful in clinical applications to
increase spatial and/or temporal resolution without diminishing
the diagnostic contrast as recently demonstrated in 3He transport
in rodent airways [32].
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Appendix

Derivation of equation (7)

The signal for D = d is given by Eq. (1) as SðbÞ ¼ Sð0Þexp

� 2
3 c2G2d3D

h i
. The duration d of the read gradients for the image

with 64 points is twice the one for 32 points d64 ¼ 2d32

Hence for ~r < ~rc: The diffusion coefficient is given by Eq. (3) as
D ¼ ~r2

4d and

S64

S32
¼

Sð0Þexp � 2
3 c2G2d3

64
~r2

4d64

h i
Sð0Þexp � 2

3 c2G2d3
32

r2

4d32

h i ¼ exp �1
2
c2G2d2

32~r2
� �

While for ~r > ~rc: Eq. (3) defines D ¼ D0 and
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S64

S32
¼

Sð0Þexp � 2
3 c2G2d3

64D0

h i
Sð0Þexp � 2

3 c2G2d3
32D0

h i ¼ exp �2
3
c2G2d3

327D0

� �

Finally d32 was replaced by d.
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