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Abstract

In healthy lung tissue, pulsed-gradient-spin-echo (PGSE) methods reveal apparent diffusion coefficients (ADC) of the order
0.20 cm2 s�1; for diffusion times of �2 ms. For these short diffusion times the ADC is only sensitive to structures approximately
(2Dt)1/2 � 0.6 mm in size. Recent work, using magnetic tagging of the longitudinal magnetization has revealed much smaller
ADC values for longer length scales. In this work, the in vivo ADC from within the air-spaces, was measured using a new technique.
The signal from a series of images was analyzed from a slice that was repeatedly imaged. Diffusion tends to ‘‘top-up’’ the non-re-
newable polarization within the slice, which leads to a non-exponential decay in image signal. Image data were compared to 1D
finite-difference simulations of diffusion to calculate a long range ADC value. The results yield values of the order 0.034 cm2 s�1,
which are nearly an order of magnitude smaller than those reported by PGSE measurements at shorter diffusion times.
� 2005 Elsevier Inc. All rights reserved.
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1. Introduction

3He gas diffusion measurements have the potential to
enhance our understanding of lung physiology and
monitor the progression of diseases that destroy lung tis-
sue [1,2]. Helium is a fast-diffusing element, which
encounters the alveolar walls many times during a typi-
cal MR repetition time. Consequently, diffusion is re-
stricted and the measured apparent diffusion coefficient
(ADC) is considerably smaller than the self-diffusion
coefficient in room air, since it is sensitive to the alveolar
dimensions and structure [3–5].

In hyper-polarized gas imaging, the ADC is typically
measured using pulsed-gradient-spin-echo (PGSE) tech-
niques, which employ relatively short diffusion times of
2–5 ms. In healthy lung tissue the ADC values are in the
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range 0.1–0.25 cm2 s�1 [3,4,6,7]. The consequence of the
short diffusion time is the ADC is only influenced by
structures that are of the order of

ffiffiffiffiffiffiffiffi
2Dt

p
� 0:6 mm in

length, which is approximately the size of two alveoli.
Hence, the majority of previously reported measure-
ments reveal little about diffusion on longer length scales
such as between neighboring acinar sacs.

The acinar structure comprises hundreds of alveolar
ducts [8], each branching dichotomously to further
ducts. The acinar sac is approximately 7 mm in diame-
ter, and usually there is only one ‘‘entrance.’’ Hence,
in order for gas to diffuse from deep within one acinus
to another it must undergo a ‘‘long’’ and tortuous path.
In certain applications it would be useful to determine a
typical value for the inter-acinar diffusion coefficient.
For example, in the measurement of oxygen partial pres-
sure (pO2), the polarization is monitored over a ‘‘long’’
time-course of typically 10–20 s [9]. Diffusion will tend
to mix regions of differing pO2, however, the rate at
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which this might occur could be greatly over estimated
by the PGSE ADC measurement as discussed in [10].

So far, the only reported measurements in the lungs
using longer diffusion times have been performed using
spatially modulated magnetization (SPAMM) [11–13].
In this method diffusion acts to attenuate the amplitude
of sinusoidal magnetization as a function of time. By
monitoring the evolution of the amplitude, anADC value
can be determined. Owers-Bradley et al. [11] studied
healthy volunteers, while Woods et al. [13] looked at dif-
fusion in healthy and diseased canine models. In both
cases themeasurements revealedADC values of the order
0.01 cm2 s�1, which are an order of magnitude smaller
than that reported by PGSE methods, reported at short
diffusion times. The low value demonstrates that the �dif-
fusive interconnectivity� between acini is much smaller
than restricted diffusion within the alveolar ducts.

Another method for exploring diffusion on long
length scales involves ‘‘burning out’’ magnetization with-
in a slice and monitoring the evolution of the slice profile.
This technique was used by Schmidt et al. [14] and Pfeffer
and Lutz [15] to measure 129Xe and 3He diffusion in vitro
at high gas pressures. In this work we used a similar
method to measure the long range ADC in vivo with long
diffusion times (8 s). The technique is conceptually simi-
lar to monitoring the decay of sinusoidal tags; the only
difference is the method used to calculate the ADC.
The same slice can be repeatedly imaged using a standard
gradient echo sequence, so that the continual application
of RF pulses gradually ‘‘burn out’’ the magnetization
within the imaging slice. The polarization for hyper-po-
larized gas is non-renewable, so in the absence of diffu-
sion the in-slice magnetization decays (almost)
exponentially [16]. However, diffusion acts to continually
smear out the ‘‘hard’’ slice profile, which in turn means
the magnetization within the slice profile is ‘‘topped
up’’ at the expense of the out-of-slice magnetization re-
serve. It is possible to model the changing profile of mag-
netization as a result of T1 relaxation, diffusion and RF
excitation using a simple finite-difference method in
1D; and thus calculate the effect on signal intensity for
a time series of images. The simulation method, coupled
with a simple least-squares fitting algorithm, can be used
to calculate the ADC from in vivo data. We have used a
similar numerical method previously to predict inter-
slice diffusion as a source of signal loss in 2D imaging
[17] and to examine the effects of diffusion on in vivo esti-
mates of pO2 that use 2D sequences [10].
2. Methods

2.1. Imaging

Volunteers and in vitro tests were performed at 1.5 T
using a whole-body system (Philips Eclipse, Cleveland,
OH). Gas was polarized to approximately 30% using a
prototype commercial spin exchange system (GE
Health).With local ethical approval a total of five healthy
volunteers were scanned. In vitro measurements were
also undertaken in hollow plastic cylinders (60 ml syrin-
ges), which were 11 cm in length and 2.5 cm in diameter.

To accurately deduce the ADC from the in vivo sig-
nal evolution it was necessary to calibrate the actual
flip-angle in the lungs and the T1 relaxation time. This
necessitated a total of three image data sets to be ac-
quired from each volunteer. These will be referred to
as the ‘‘T1-image,’’ the ‘‘low-flip image,’’ and the
‘‘high-flip image.’’ The three images were all acquired
using a fast-low-angle-shot (FLASH) sequence.

2.1.1. T1-image

To calculate T1 relaxation in a particular region of
interest, we required FLASH parameters that caused
negligible de-polarization and created signal evolutions
that were insensitive to flip-angle variations and diffu-
sion. These requirements were satisfied with an ultra-
low flip-angle and a relatively thick slice. Parameters
were: �0.5� flip-angle, 6 ms repetition time (TR),
2.5 ms time-to-echo (TE), 32.15 kHz bandwidth,
Ny = 20 phase encode steps, 42 cm field of view, and a
60 mm slice thickness. In all, 10 images were acquired
at 1.00 s intervals. The small number of phase encode
steps and the ultra-low flip-angle meant that the effects
of RF de-polarization were negligible when calculating
T1. An adequate signal-to-noise ratio in the images
was achieved with 200 ml of 3He gas polarized to 30%.
The 3He gas was diluted with 600 ml N2 prior to deliv-
ery. Numerical simulations (which are not shown here)
were used to confirm that diffusion over the 600 mm
slice would have little effect on the normalized signal
evolution, hence, allowing the calibration of T1.

MR imaging was performed using a flexible transmit-
receive coil that was in close contact with the subject.
There were large variations in coil loading between sub-
jects and it was necessary to determine the exact flip-an-
gle in the lungs, or provide image data that was less
sensitive to flip-angle when fitting for diffusion. Using
two sequences; one employing a ‘‘low’’ flip-angle and
the other a ‘‘high’’ flip-angle it was possible to simulta-
neously calculate the flip-angle and the long range diffu-
sion coefficient, D. The dose comprised 300 ml of 3He
and 500 ml of N2, which yielded an adequate signal-
to-noise ratio for a region-of-interest analysis.

2.1.2. Low-flip image

A spoiled FLASH sequence with crusher gradients
was used. Parameters were: 5� (nominal) flip-angle,
11 ms repetition time (TR), 8.0 ms time-to-echo (TE),
32.15 kHz bandwidth, 42 cm field of view, Ny = 64
phase encode steps, and a 13.1 mm slice thickness. In
all 10 images were acquired at 0.8 s intervals.
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2.1.3. High-flip image

The same parameters as the ‘‘low-flip image’’ were
used, except the flip-angle was exactly twice as large,
at 10� (nominal).

The diffusion coefficient in vitro was measured using
two acquisitions, each consisting of 10 images, all ac-
quired at position z = 0. The parameters for each image
were: flip-angle 5.1�; number of k-space lines Ny = 100;
TR = 11 ms; delay between images TD = 150 ms. The
first set of images were acquired with no slice selection,
while the second set of images were acquired with a
13.1 mm slice.

2.2. Simulating ‘‘slice washout’’

In an ideal experiment, where the RF excitation pulse
creates a perfect, ‘‘hard’’ slice selection, the evolution of
the magnetization could be calculated analytically from
the diffusion equation [14,15,17]. However, since slice
profiles are usually non-uniform (e.g., sinc-gaussian),
the pursuit of analytical methods could be problematic.
As an alternative, finite-difference methods [18–22] offer
a simple, but effective method for calculating the profile
evolution in one-dimension.

We simulated the evolution of Mz along the slice
direction (z-axis), and its effect of on the MR signal
for a gradient spoiled, centric-reordered FLASH se-
quence. The sequence consisted of N images acquired
from the same location. Each image block comprised
Ny phase steps, each of duration, TR. There was also
a short delay of TD between successive image blocks.
The magnetization was represented by Nz sequential ele-
ments, spaced evenly by an amount Dz. The entire sim-
ulation process can be broken into the following steps:

Step 1: each magnetization element was initialized to
unity, since prior to imaging, the longitudinal magneti-
zation was assumed to be uniform.

Step 2: at the start of each image block, the nor-
malized pixel signal intensity was calculated. Given
that the signal-to-noise ratio in a centric-reordered
FLASH image is proportional to the central line in
k-space [16], the SNR could be obtained by the fol-
lowing summation

SNR ¼ k expð�bD0Þ
XNz

i¼0

Mi sin ai; ð1Þ

whereMi is the magnetization of the ith element; ai is the
flip-angle at ith position; D 0 is the ADC as measured by
PGSE; and b is the ‘‘b-value’’ that characterizes the atten-
uation associated with the readout, phase, and slice-select
gradients. The term, exp(�bD 0), could be eliminated by
normalizing the signal against the SNR from the first im-
age. Hence the normalized signal, S, becomes

S ¼
PNZ

i¼0Mi sin aiPNZ
i¼0 sin ai

ð2Þ
which is independent of the effect that diffusion has on
the transverse magnetization.

Step 3: for each line of k-space, the application of the
RF pulse was simulated by applying the multiplication
factor cos (ai) to each element Mi. The effect of diffusion
during the RF pulse was assumed to be adequately de-
scribed by the term exp(�bD 0) given above, and could
hence be ignored.

Step 4: the time difference between successive RF
excitations was TR, during which the longitudinal mag-
netization decays through T1 relaxation and is dispersed
by diffusion. Here, a 1D finite-difference method was
used to simulate diffusion over the duration TR. There-
after, the effect of T1 relaxation was incorporated by
applying the factor exp(�TR/T1) to each element; this
implied a fixed T1 over the duration of the breath-hold.
Diffusion was simulated in 1D with the following first-
order equations [19]:

M 0
i ¼ Mn

i þ D
Dt
Dz2

ðMn
i�1 �Mn

i Þ; ð3Þ

Mnþ1
i ¼ M 0

i þ D
Dt
Dz2

ðMn
iþ1 �Mn

i Þ; ð4Þ

where the superscript n denotes the nth time step, i.e.,
t = nDt; M 0

i is an intermediate quantity; and D is the
apparent, long-range diffusion coefficient. For our
purposes sufficient accuracy was obtained with param-
eters Dz = 0.5 mm, Dt = 1 ms, and Nz = 220. For sim-
plicity, Eq. (3) was not applied to the first (leftmost)
element, and Eq. (4) was not applied to the last
(rightmost) element. This was equivalent to placing
impenetrable barriers at i = 0 and i = Nz + 1, which
can lead to edge effect problems, however, in this
application the associated effect on the magnetization
profile was found to be negligible and could be
ignored.

Step 5: this step was identical to step 3, except the
duration was TD, which is the short delay between the
end of the last image and start of the next image.

Steps 3 and 4 were repeated Ny times for each line
of k-space. Steps 2 and 5 were repeated N times, once
for each image block. The slice flip-angle distribution,
ai was calculated by Fourier transform of the RF
pulse, which was considered a valid approximation
for the small flip-angles being used [23]. The slice thick-
ness was defined as the full width at half the maximum
slice ‘‘height’’ (FWHM). This approach fully encom-
passed the change in slice profile that is caused by
polarization depletion, which has been described previ-
ously [16].

Gradient crushers were used to null any transverse
magnetization before the commencement of the next
RF excitation; therefore, no transient or steady state ef-
fects needed to be taken into account. This was reason-
able since gradient crushers were employed. T �
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Table 1
The average ‘‘long range’’ ADC value found for each volunteer

Gender Age Average ADC (cm2 s�1)
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relaxation could also be ignored in the analysis since its
effect was absorbed into the constant k, which factors
out of the normalized signal intensity equation, Eq. (2).

2.3. Analysis of data

Calculation of the long range in vivo diffusion coeffi-
cient, D, was achieved by fitting the image data using a
least-squares Nelder–Mead simplex search [24]. First,
regions of interest were selected in the lung, and the
mean signal intensity was calculated from the low-flip
and high-flip images, ILn and IHn, respectively, where n

is the nth image. These were normalized such that IL1
was unity. The diffusion simulation was performed for
parameters that were chosen by the Nelder–Mead sim-
plex algorithm, which produced two normalized signals,
SL and SH, corresponding to the low-flip image param-
eters and the high-flip image parameters, respectively.
The fitting error was calculated as

error ¼
XN

n¼1

ðSLn � ILnÞ2 þ ðSHn � IHnÞ2: ð5Þ

The simulations made the assumption that the ratio of
flip-angles in the images was exactly 2. Stability tests
on the output of our RF amplifier at very low flip-angles
have previously shown that this assumption is valid [10].
By fitting two image data sets simultaneously, the accu-
racy of the fit was greatly improved.
F 27 0.033 ± 0.008
M 33 0.035 ± 0.008
M 35 0.036 ± 0.008
M 28 0.033 ± 0.008
F 52 0.033 ± 0.008

M=Male, F=Female.
3. Results

The results of the in vitro test are shown in Fig. 1.
Experimental data versus theory is plotted, along with
Fig. 1. In vitro results against theory for a hollow cylindrical sample. (A) Th
finite-difference method (Nz = 220, and Dz = 0.5 mm). The flip-angle profile, a
flip = 5.1�, images acquired at 1.25 s intervals. (B) The signal intensity resul
gray line is the amplitude of each FID. The data are in excellent agreement
the simulated profile of the magnetization at the com-
mencement of each imaging block. The experimental
data for the thick (300 mm) slice was used to accurately
determine the flip-angle of the sequence, since diffusion
had little (or no) effect on the signal evolution. Using
this flip-angle, and ignoring T1 relaxation, the data for
the thin (13.1 mm) slice were fitted using the diffusion
simulation by a least-squares Nelder–Mead search.
The numerical results yielded a diffusion coefficient of
1.95 cm2 s�1, which was in good agreement with pub-
lished and theoretical values [25]. In addition, the simu-
lation data were an excellent fit to the experimental data,
and were taken as a validation of the method.

The in vivo results are summarized in Table 1. The
average ADC for the healthy volunteers was found to
be 0.034 cm2 s�1. Data from one volunteer are shown in
Fig. 2. Here the T1 relaxation time was measured to be
25 s using data from the T1-image series. The low-flip
and high-flip image data were fitted against simulations,
where the flip-angle and ADC were determined using a
Nelder–Mead least-squares search. Again, the simulation
results were in good agreement with all the experimental
data. To demonstrate that the small ADC (0.033 cm2 s�1)
does cause a significant perturbation to the signal inten-
e magnetization profile at the start of each image, as calculated by the
, is also shown as a dotted line. MRI sequence: Ny = 100, TR = 11 ms,
ts from in vitro displayed against theory, with D0 = 1.95 cm2 s�1. The
with the simulation results.



Fig. 2. (A) In vivo data, each image was acquired at 1.25 s intervals. The data were analyzed using a T1 value of 25 s. Despite the ADC being small,
its effect on the data is clearly evident when compared to the gray-dashed line, plotted for D = 0. (B and C) The simulated profiles of the
magnetization, plotted at the commencement of each image block, for D = 0 and D = 0.033 cm2 s�1, respectively. The flip-angle was 5.5�.
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sity, simulations for D = 0 are also plotted for
comparison.
4. Discussion and conclusions

We have demonstrated that the slice-washout method
can be used to determine the long range diffusion coeffi-
cient in vivo. Finite-difference simulations were used to
model the evolution of the slice profile, which allowed
great flexibility in the choice of RF pulses used to excite
the slices. On average, the long-range ADC in vivo was
found to be 0.034 cm2 s�1, which was almost an order of
magnitude smaller than that measured by PGSE meth-
ods, which have typically used short diffusion times.
The low ADC value suggests that gas diffuses slowly be-
tween neighboring acini, which is reasonable when we
consider the structure of the acinar sac. As mentioned
above the acini comprise a labyrinth of alveolar ducts
which are organized in a branching pattern. An ideal
acinus has only one ‘‘entrance/exit,’’ hence, to travel a
distance of a few centimeters the 3He gas must diffuse
via a highly tortuous path. In effect the acinar sac acts
like an Oubliette—‘‘a prison which it is extremely diffi-
cult to escape from,’’ which, accounts for the small,
long-range, diffusion coefficient.

Woods et al. and Owers-Bradley et al. also found low
ADC values, which were of the order 0.01 cm2 s�1 in
healthy humans and animals. Their values were lower
than the values found here, which is likely due to exper-
imental differences. For example, in the reported tagging
experiments, wavelengths of the order of a few centime-
ters were used to measure diffusion. Here, diffusion was
measured using a slice thickness of 13 mm, which is a
much shorter length scale.

A drawback of this methodology is it requires a high
signal-to-noise ratio in order to make an accurate mea-
surement. It should be possible to create a 2D map of
the ADC on a pixel-by-pixel basis, however, a larger
amount of polarized gas would be required. In addition,
only one slice through the lungs can be assessed,
whereas with a standard PGSE sequence the entire lung
volume can be covered. A further problem with the
method presented is the use of three images to calculate
the ADC. However, it later became evident that it was
not necessary to calibrate the T1 relaxation rate in the
lungs, as the flip-angle and T1 are not independent
parameters in the fitting procedure. Hence, T1 need
not be measured and could instead be assumed infinite.
Thereafter, fitting the data yields exactly the same ADC
value but reveals an adjusted value for flip-angle which
‘‘absorbs’’ the effect of T1 relaxation. Since we are not
interested in measuring the actual flip-angle or T1 this
is perfectly acceptable, hence we do not need to perform
the first image set (‘‘T1-image’’).

It was also unnecessary to acquire the ‘‘high-flip im-
age,’’ since it was possible to find the ADC adequately
from fitting just the ‘‘low-flip image.’’ However, the re-
sults were less prone to error if ‘‘low-flip image’’ and
‘‘high-flip image’’ were fitted together.

There is a marked difference between the method pre-
sented here and the methods found in [14,15]. In
Schmidt�s and Pfeffer�s methods the entire profile of
the magnetization in the z-direction was monitored as
a function of time. In this method only the time-course
of a given pixel signal intensity was analyzed. This
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potentially allows the ADC to be calculated on a pixel-
by-pixel basis throughout the image slice.

In conclusion, slice-washout techniques are useful for
measuring diffusion in vivo. We used finite-difference
methods to simulate the process, bypassing the need for
a complicated analytical analysis of the diffusion process.
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