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MR Imaging of Diffusion of *He Gas in Healthy and

Diseased Lungs

Brian T. Saam,’ Dmitriy A. Yablonskiy,"® Vikram D. Kodibagkar,' Jason C. Leawoods,’
David S. Gierada,® Joel D. Cooper,4 Stephen S. Lefrak,”> and Mark S. Conradi'?"

Hyperpolarized *He gas MRI was used to form maps of the
effective diffusivity of gas in human lungs. Images of diffusion
as well as spin density are presented from a study of 11 healthy
volunteers and 5 patients with severe emphysema. The effec-
tive rate of diffusion, D, of the gas is reduced by the alveolar
walls; tissue destruction in emphysema is hypothesized to re-
sult in larger D,. Indeed, the mean value of D, in the emphyse-
matous lungs is found here to be about 2.5 times that of healthy
lungs, although still smaller than the unrestricted diffusivity of
3He in free air. Histograms of D_ values across coronal slices
are presented. The results are discussed in terms of spatial
variations, variations among individuals, healthy and diseased,
and variations due to changes in lung volume. Magn Reson
Med 44:174-179, 2000. © 2000 Wiley-Liss, Inc.
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The rapid development of hyperpolarized (HP) gas MR
imaging has resulted from combined advances in the phys-
ics of optical pumping, affordable diode laser arrays, and
MRI strategies for optimum use of the nonrenewable spin
magnetization. High spatial resolution HP-gas imaging has
yielded remarkable images, showing many levels of airway
branching (1). In humans, the appearance of healthy and
diseased lungs has been compared (2,3). Our own work
has focused on high temporal resolution to image the
ventilatory function of the lungs (4). All of these studies
have used spin density (spin magnetization) as the imaged
quantity.

The diffusion coefficient D, (also known as rate of dif-
fusion and diffusivity) and local dephasing time T% of HP
%He and '*Xe have been measured recently (5-7) for use
as image contrast parameters. The studies of D, and T%
were also intended to determine how these quantities
might confound spin density imaging and to establish
optimum imaging parameters. Clearly, T7% sets an upper
limit to MR signal time duration using gradient recalled
echoes, and D, results in a minimum voxel linear dimen-
sion for a given time (4). We note that diffusion in the
present context refers to Brownian motion of the gas. He-
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lium is virtually insoluble (8), so dissolution into tissue,
lung fluid, or blood is not involved.

There is also important information in the spatially re-
solved maps of D, and T7. Here we report the results of
spatially resolved measurements of D, in healthy and dis-
eased human lungs; the T% variations are not discussed.
We show that the effective diffusivity D, is substantially
increased in emphysematous lungs.

RESTRICTED DIFFUSION

At 1 atmosphere pressure and room temperature, the rate
of self-diffusion of pure *He is 1.9 cm?/s (9), while the rate
for very dilute He in air (or N,) is about 0.83 cm?/s
(10,11). Dilute *He in N,, is a good approximation to the gas
in lung MR, in that typically 0.5 L. STP of *He is delivered
to a patient with 6 L total lung volume. The rms atomic
displacement (Brownian motion) along a single axis dur-
ing time t is given by AX,,.. = (2Dt)"/2. During a typical
5-ms duration imaging sequence, the rms displacement of
3He through N, will be 0.9 mm. The above estimate is only
appropriate in free (unbounded) gas, or where the bound-
aries are much further separated than 0.9 mm. The alveoli
in healthy lungs may be approximated as spheres of ap-
proximately 0.15 mm radius, indicating that the diffusion
of °He in lung tissue will be substantially impeded by
collisions with alveolar walls. Indeed, our measurements
in humans indicate a diffusivity of about 0.85 cm?/s in the
trachea, compared to about 0.2 cm®/s in healthy lung tis-
sue; similar values occur in guinea pig lungs (5).

We consider the lung a porous structure, a network of
interconnected, approximately spherical compartments
(alveoli). At very short times ¢, for which most gas atoms
will not encounter the compartment walls, one expects the
measured diffusivity to be that of free gas. For *He in N,
inside human lungs, this corresponds to time ¢ < 0.13 ms.
For longer times, such as the 5 ms typical of gas MRI pulse
sequences, the atoms will move through the porous struc-
ture with a reduced, effective diffusivity, D, (also known
as apparent diffusion coefficient, ADC). For a statistically
homogeneous porous structure, the value of D, will be
independent of the time duration t, provided that t ex-
ceeds the characteristic value ¢?/2D,, where ¢ is the long-
est characteristic length of the porous structure (12). In the
present context, we associate ¢ with the mean alveolar
diameter. We note that the present measurements use a
diffusion-sensitizing gradient of 7.5 ms duration and are
thus in the long time limit.

In the long time limit relevant to gas MRI, the value of D,
will depend on the sizes of the compartments (alveoli) as
well as the sizes and the connectivity of the pores between
the compartments (13,14). While the increase in mean
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compartment size in emphysema is well known, little is
known about changes in the network of connecting pores
and pathways (e.g., alveolar ducts and pores of Kohn), but
both are equally important to the effective diffusivity of
the gas.

We emphasize that the effective diffusivity (in the limit
of long times, as applies here) depends on the connecting
pores and pathways, and not just the size of the compart-
ments. For example, if the compartments were closed (not
interconnected), the effective diffusivity (X?/2t) would be
zero at large time, because the mean square displacement
would be limited by the square of the compartment size.

A scaling argument also shows that the effective diffu-
sivity depends on more than just the compartment size.
Consider two pieces of lung tissue which are self-similar,
but with B having twice the linear dimension scale of A in
all three directions. Thus, the mean alveolar diameter,
pore diameter, etc., of B is double that of A. Correspond-
ingly, the mean alveolar volume of B is eight times that of
A. Dimensionless quantities are equal in A and B, such as
the fraction of total volume available to the gas. In the long
time limit (for both A and B), the effective diffusivities in
A and B will be equal. This is an immediate result of the
absence of a relevant length scale in the long time limit. A
second view involves the tortuosity, as discussed in Ref.
12. There it is shown that the effective diffusivity at long
times is equal to the diffusion coefficient of the free gas
divided by the tortuosity factor, a dimensionless quantity
expressing the effect of the compartments and pores. Since
tortuosity is dimensionless, it is the same in tissues A and
B, and so is the effective diffusivity. Thus, the effective
diffusivity depends on more than simply the sizes of the
compartments.

The defining characteristic of emphysema is widespread
destruction of alveolar wall tissue. Thus, we hypothesize
that the effective diffusivity D, of *He gas in emphysema-
tous regions of lung will be increased compared to D, in
healthy lung tissue. The results presented here show that
this is indeed the case.

EXPERIMENTS

Helium-3 gas was laser polarized using the technique of
rubidium optical depopulation pumping and spin ex-
change between *He nuclear spins and the polarized Rb
electron spins (15), with equipment constructed in the
research group. Pyrex glass cells at 10 atm pressure
yielded 0.45 L. STP of *He at typically 40% spin polariza-
tion. The cells were transported 4 km to the imager in a 40
G field created by battery-powered Helmholtz coils.

The subjects were imaged using a 1.5 T whole-body MR
scanner (Siemens Vision Magnetom, South Iselin, NJ) with
a Helmholtz rf coil pair (one under the supine subject’s
back and one above the chest). The coils served for imag-
ing both proton nuclei and *He, with retuning accom-
plished without disturbing the subject. Using proton NMR
(63.63 MHz), the magnetic field was shimmed and a full
set of coronal slices obtained at breathhold. Two of the
slices were selected for subsequent diffusion imaging,
with the anterior slice typically capturing the trachea and
the other slice 3 cm posterior.
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The imager and RF coils were then switched to *He. The
polarized gas was released from the glass cell into a flex-
ible polyethylene bag that had been previously purged of
all O, and preloaded with 1.5-2 L of nitrogen. The subject
inhaled the gas from the bag as a single bolus and *He MRI
data acquisition at 48.47 MHz was started about 1 s later.

The pulse sequence used three 2D gradient echo se-
quences combined together so that each of the three has
the same small-angle RF pulse, the same slice selection,
phase encode, and read-out gradients. Data were collected
in the interleaved manner by collecting the same line in
k-space for all three images prior to stepping to the next
line. This ensures reduced sensitivity to possible motion
artifacts. Also, central reordering was used to reduce the
possible influence of signal decay during acquisition. The
gradient echo formation times TE (measured from each RF
pulse) were 4.2, 11.7, and 11.7 ms; the third image also
incorporated a diffusion-sensitizing gradient waveform,
applied along the phase-encode direction (subject’s left to
right). The diffusivity in the lung has been found to be
isotropic (7). The posterior slice and then the anterior slice
were imaged in 6 s during the initial breathhold; after a 4-s
delay to allow partial exhale, breathhold was resumed and
the same two slices were imaged again. Most of the healthy
volunteers were able to perform the above breathing ma-
neuvers. Some patients could not inhale the full contents
of the gas-filled bag; none of the patients could perform the
second breathhold. Thus, only images at nearly full inspi-
ration are reported here for patients.

The *He images used a slice thickness of 10 mm and the
in-plane resolution was 7 mm X 7 mm (450 mm field of
view with 64 X 64 k-space samples). For smaller subjects,
this was reduced to 6.25 mm X 6.25 mm in-plane resolu-
tion (400 mm field of view). Each of the 64 lines in k-space
used an RF excitation of about 7°, allowing for repeated
acquisition from the same spins.

The diffusion-sensitizing gradient waveform lasted
7.5 ms; the diffusion reported here is proportional to the
mean-squared displacement during approximately that
time. The trapezoidal pulse was crafted to have zero first
moment, so as to be insensitive to constant velocity gas
motions, as might occur from incomplete breathhold. The
gradient waveform is essentially a pair of bipolar pulses
back-to-back with mirror symmetry about the center of the
composite pulse. Thus, the diffusivity measurements are
insensitive to patient and cardiac motions and to convec-
tion of the gas. Further, it is important to note that the
diffusivity of the gas is large (0.1-0.85 cm?/s), so that the
displacement due to diffusion is always much larger than
the displacements arising from the above sources. Com-
pared to measurements of the relatively small diffusivity
of water in tissue, the present measurements are compar-
atively straightforward.

The effective diffusivity D, was determined on a pixel-
by-pixel basis using

M,/M, = exp(—bD,), [1]

where M, and M, are the pixel intensities from the third
and second interleaved images (identical except for diffu-
sion-sensitizing gradient), respectively. Only those pixels
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for which the intensity in the second image exceeded the
maximum noise were so analyzed; all other pixels were
assigned the value of zero and appear as gray in the diffu-
sion images. For the gradient waveform employed, the
value of b was calculated using the approach of Karlicek
and Lowe (16). For most of the healthy volunteers, the
waveform amplitude was chosen so that b = 2.75 s/cm?®.
For most of the patients, the larger diffusion rates dictated
that a smaller value of b = 1.375 s/cm? be used. The noise
in both the second and third images results in noise in the
diffusivity maps. The rms noise from this source varies
from subject to subject, but is approximately 6%. The first
image (TE = 4.2 ms) was used as a spin density map to
reveal nonuniformities in ventilation. The SNR of the spin
density image was generally 50:1. We note that the spin

FIG. 2. Spin density (left) and diffusion (right)
hyperpolarized He coronal images from two
patients with severe emphysema. All images
are posterior slices (far from the trachea) at
nearly full inspiration. The lower panels are from
a 56-year-old woman with FEV,; = 13% of pre-
dicted. The upper panels are from a 53-year-
old male with FEV,; = 34% of predicted. The
color bar represents the scale for D, values.
The regions of high diffusivity result from tissue
destruction characteristic of emphysema. The
dashed outlines in the spin density images are
taken from proton images of the same slices,
revealing regions which do not receive sub-
stantial amounts of *He gas.
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FIG. 1. Spin density (left) and diffusion (right)
hyperpolarized ®He coronal images from a
healthy, 32-year-old male volunteer. The upper
panels are from an anterior slice including the
trachea (appears purple at right); the lower pan-
els are from a posterior slice. All images are at
nearly full inspiration. The very uniform diffusiv-
ity evident here is typical of the healthy volun-
teers.
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density images also reflect the RF field inhomogeneity of
the Helmholtz RF coils.

Histograms of the effective diffusion values D, across
each coronal slice were prepared using the Microcal Ori-
gin program on an Intel Pentium-based computer. Statis-
tical analysis included calculation of the mean diffusivity
D,, the rms width of the diffusivity distribution AD,, and
the fractional width AD,_/D,. The rms width is defined by

AD,=[(D, — D))" [2]

We note that all averages here give equal weighting to
equal volume elements (except the discarded, poorly ven-
tilated ones).
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FIG. 3. Histograms of diffusivity D, taken from the posterior coronal
slice. The subject’s sex and age are given. At left, the D, of six
healthy volunteers at nearly full inspiration (black) and at partial
exhalation (gray, for two volunteers). At right, D, histograms of five
patients with severe emphysema. Note the substantially larger val-
ues of D, for the patients than for the healthy volunteers. The
complete results for healthy and diseased subjects are presented in
Table 1.

Of the 11 healthy volunteers, nine were from 19 to 32
years old, four female. Two older male volunteers also
participated, a 55-year-old who had smoked % pack of
cigarettes per day in college and a 48-year-old nonsmoker.
The five patients all suffered from severe emphysema and
were part of the WU lung volume reduction surgery
(LVRS) program. They were imaged typically 5 days prior
to scheduled surgery. The patients were age 53—71 years
and had FEV, (forced expiratory volume in the first sec-
ond) values from 13-34% of predicted. All required addi-
tional O, upon exercise and three of five did so even at
rest. None of the patients had «,-antitrypsin deficiency
(17). X-ray CT images and perfusion scintigraphy indi-
cated for all five that the disease was most severe in the
upper lobes, typical of smoking-related emphysema. For
LVRS, a relatively heterogeneous distribution of emphy-
sema is preferred (18).

All procedures were performed with careful regard for
subject safety. The procedures were approved by the WU
IRB; informed consent was obtained from all subjects prior
to all experiments.

RESULTS AND DISCUSSION

Diffusion maps and spin density images are presented in
Figs. 1 and 2 for a healthy volunteer and two emphysema
patients, respectively. Figure 1 displays both coronal
slices of a healthy 32-year-old male volunteer. While there
are differences among images of the healthy individuals,
the data in Fig. 1 are typical. The diffusivity in the trachea
(appears purple in the anterior slice) is 0.85 cm?/s; the
color scale of Fig. 1 is slightly saturated at this high value
of diffusivity. This is close to the value for dilute *He in
free air or N, verifying the present methodology of diffu-
sivity measurement. We note that the trachea is obvious in
the diffusivity map, while it is not prominent in the spin
density image, being obscured by nearby gas.
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The histograms in Fig. 3 provide an easily accessible
summary of the data, albeit with all spatial information
suppressed. The data from six volunteers appear in Fig. 3
left, including the 32-year-old male of Fig. 1. The follow-
ing features are evident from Table 1 and the diffusivity
histograms. 1) For all of the voxels, D, is less than that of
free gas. This is also evident from the diffusion maps and
demonstrates the reduction of diffusivity by the partial
confinement of the gas by the alveoli. 2) The mean diffu-
sivity values D, run from 0.17 to 0.25 cm?/s, approxi-
mately a factor of 4 smaller than D, in free gas. 3) The
distributions of diffusivity are narrow (for example, note
the flat yellow appearance of the lower right panel of Fig.
1). A dimensionless measure of the peak width is the
fractional width, AD_/D, (rms width divided by mean
value). For the healthy volunteers, the fractional width
runs from 0.20 to 0.37. The narrowest distributions ap-
peared in two females with small frames, ages 24 and 30;
this may reflect that these subjects reached the highest
level of inspiration from the fixed quantity of delivered gas
and thus achieved greater uniformity of inflation. Neither
of the older male volunteers was exceptional, as is evident
from the summary of the diffusivity results in Table 1.

The color display of the diffusivity maps allows small
changes in D, to be detected. For four of our 11 healthy
volunteers (but not that of Fig. 1) a trend is evident, with
D, increasing slightly towards the apices. Because the
subject is supine, this is not a gravitational effect. This also
implies that the distributions of D, values in smaller re-
gions of the lung may be even narrower than the overall
distributions presented in the histograms here. No consis-
tent anterior—posterior difference was observed, possibly
because of the small 3 cm distance between the two slices.

The left side of Fig. 3 allows comparison of the distri-
bution of D, at nearly full inspiration (black curves) and
after partial exhalation to approximately FRC (functional
residual capacity, gray curves) for two of the healthy male
volunteers. In both cases, the mean value of D, decreases
about 10%. Furthermore, the fractional width is substan-
tially larger, increasing about 40% (see Fig. 3).

Table 1
Diffusivity Results From Posterior Coronal Slice
Sex, Healthy (H)/ FEV, D, AD, AD/D
age emphysema (E) (%) (cm?%s) (cm?/s) e
M 23 H 0.185 0.060 0.32
F 30 H 0.247 0.050 0.20
F 19 H 0.185 0.048 0.26
F 26 H 0.235 0.075 0.32
M 24 H 0.205 0.063 0.31
M 23 H 0.179 0.061 0.34
F 24 H 0.208 0.046 0.22
M 55 H 0.238 0.066 0.28
M 48 H 0.182 0.059 0.32
M 32 H 0.202 0.074 0.37
M 27 H 0.172 0.051 0.30
F 71 E 28 0.477 0.166 0.35
F 67 E 19 0.483 0.159 0.33
F 56 E 13 0.521 0.175 0.36
M 53 E 29 0.387 0.212 0.55
M 63 E 34 0.630 0.180 0.29
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In the absence of a model for the porous structure of the
lungs, we make a very coarse estimate of the magnitude of
change expected in D, upon exhalation, based on the
change in mean alveolar size. We assume that D, is simply
proportional to R?, where R is the average radius of the
alveoli; this view neglects important aspects of the prob-
lem, such as connectivity (see discussion in Restricted
Diffusion, above). The number of alveoli is constant, so the
simplest assumption of equal radii for all alveoli leads to
R?® « V, the lung volume. Thus, for a lung initially inflated
to 6.0 L with subsequent exhalation to 4.0 L, the radius
changes by a factor of 0.87, giving a factor of 0.76 for the
reduction in R*. The observed changes were never this
large. Still, the calculation demonstrates that the expected
change in average alveolar size is not large. A realistic
calculation would need to incorporate the changes in the
alveolar size and changes in the connectivity (specifically,
tortuosity factor).

The posterior slices of diffusion maps and spin density
images are presented in Fig. 2 for two patients with em-
physema. The lower panels are from a 56-year-old female
with FEV, = 13% of predicted (prior to administration of
inhaled bronchodilator medication); the upper panels
present a 53-year-old male with FEV, = 34% of predicted
(prior) and with qualitatively less dyspnea. The spin den-
sity images demonstrate that the inspired *He was distrib-
uted very nonuniformly through the lungs. This is empha-
sized by the dashed outlines of the lungs, taken from
proton scout scans of the same slices. In particular, there is
essentially no gas reaching the apical regions; this is espe-
cially prominent in the lower panel and is typical of LVRS
patients. The diffusivity D, can only be determined in
regions with sufficient *He signal.

The histograms of Fig. 3 right summarize the data from
the five patients. The larger diffusivities encountered here
dictate the use of histogram bins twice as large as for the
healthy volunteers. The following features are apparent
from the histograms: 1) Essentially all of the pixels have a
smaller D, than the free gas value of 0.83 cm?/s. 2) The
average diffusivity D, runs from 0.48 to 0.63 cm?/s (except
for the 53-year-old male of the upper panels in Fig. 2),
values approximately 2.5 times as large as in the healthy
volunteers. This is the most important finding of the
present work and confirms our hypothesis. 3) The widths
AD, of the distributions in the patients are substantially
larger than for the healthy volunteers. On the other hand,
the fractional widths AD_/D,_ of the distributions of the
patients are approximately 0.34 (again, excepting the 53-
year-old male patient), not much larger than in the healthy
lungs. Thus, the increased widths evident in Fig. 3 right
(compare to healthy volunteers at left) primarily reflect the
larger mean values; histograms of log D, would have
nearly the same widths for patients and healthy volun-
teers.

The diffusivity maps and corresponding spin density
images have been examined for correlations. However, any
correlations are subtle, at best. For example, in the upper
right panel of Fig. 2 a region of high diffusivity appears as
a vertical blue and purple stripe in the right lung. Com-
parison of the spin density and diffusivity maps reveals a
region near the mediastinum which receives gas, despite
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the high diffusivity (and apparent destruction of the tissue
there).

As one ascends the lungs toward the apices, a trend is
evident in the lower panels of Fig. 2: the diffusivity D,
increases while the spin density decreases. Eventually the
spin density becomes too small for calculation of D,; these
regions appear gray in the D, map. This trend upon ascent
toward the apices appears to varying extent in three of the
five patients.

Diffusivity measurements have been reported recently,
comparing control rats to rats with elastase-induced lung
disease, a rat model of emphysema (19). Relatively small
differences in the diffusivity are found between the two
groups, with an approximately 20% increase in D, for the
diseased lungs. Interestingly, the changes in rat D, are only
apparent at end expiratory volume and are insignificant at
full inspiration. The changes reported here are much
larger, possibly due to disease severity, and suggest that
diffusion measurements of *He in lungs may have diag-
nostic value.

It would be very helpful to compare *He diffusivity
maps to *He MRI images of ventilatory function (4) and
X-ray CT images. Because CT images are most directly
obtained as axial (transverse) slices and because the rapid
EPI sequence suffers the least artifacts when performed on
axial slices, we plan to acquire axial diffusivity maps in
the future. In addition, as most of the patients show no *He
in the apices, a restricted set of axial slices will more
efficiently sample the ventilated regions of the lung. We
also note that use of an ultrafast FLASH sequence could
allow mapping of the entire lung in about 6 s, as opposed
to the 2 slices obtained here (20).

CONCLUSIONS

In all cases the effective diffusivity D, of HP *He gas in
lung tissue is reduced by the alveolar walls below the
value for dilute *He in free air or N,,. In healthy volunteers,
including the 48- and 55-year-old males, the distribution
of D, is narrow, with fractional width AD_/D_, = 0.3.
Small but real differences between the healthy volunteers
appear, including variation of the mean diffusivity D,
between 0.17 and 0.25 cm?/s. The smallest relative width
distributions occurred in two females of small stature. The
diffusion maps of some healthy volunteers reveal that D,, is
a slowly varying function of location within the lung. As
the present technique determines D, from a ratio of im-
ages, this spatial variation cannot be an artifact from inho-
mogeneous RF field, but must be physiological in origin.
Upon partial exhalation, D, decreases slightly and the
fractional width of the D, distribution increases.

Five patients with severe emphysema were studied. The
mean diffusivity D, in the patients is approximately 2.5
times that of the healthy volunteers. This is the most
important result, confirming our hypothesis. Most of the
patients display diffusivity histograms which are substan-
tially broader than those of the healthy volunteers. How-
ever, the relative widths, AD_/D,, are similar in the two
groups. The histograms do not, however, include regions
of the lung which are the most poorly ventilated (such as
the apices), so the histograms do not represent all lung
volume elements. For the patients, some regions of high D,
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do not appear different in the spin density images from
nearby regions of lower D,. On the other hand, many
patients show a correlated trend toward higher D, and
lower spin density as one ascends towards the apices.

Thus, imaging of *He effective diffusivity has the poten-
tial to identify regions of emphysematous tissue. In partic-
ular, one can characterize the status of lung regions before
the disease has so advanced that these regions are not
ventilated.
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