Editorial

John R. Mayo, MD
Michael E. Hayden, PhD

Hyperpolarized Helium 3 Diffusion Imaging

of the Lung"

Asthma and chronic obstructive pulmo-
nary disease (COPD) constitute the two
largest categories of airway disease,
which generate an enormous burden of
morbidity and mortality. There is strong
evidence that the worldwide occurrence
of asthma is increasing (1,2). In a recent
review of global illness, COPD ranked
12th as a cause of lost quantity and qual-
ity of life and was projected to rank fifth
by the year 2020 (3). Currently, COPD
affects 4%-6% of adult Europeans (4)
and results in approximately 90,000
deaths per year in the United States (5).
The obstructive airway diseases cause
nonspecific symptoms (cough, shortness
of breath) and may be difficult to diag-
nose clinically. There are no reliable signs
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at physical examination. Thoracic imag-
ing is often used to help determine the
diagnosis and assess the effect of therapy.
Although the obstruction of expiratory
airflow is the hallmark signature of these
diseases, this particular pathophysiologic
abnormality results from both a loss of
lung elastic recoil (emphysema) and air-
way narrowing secondary to inflamma-
tory thickening, scarring, and mucous
plugging. Computed tomography (CT)
and, more recently, thin-section CT have
become the imaging modalities of choice
in the assessment of the extent and pat-
tern of emphysema (6). Two approaches
are possible to examine the airway com-
ponent of these diseases: (a) direct imag-
ing of the airway wall structure, which is
best accomplished with thin-section CT
(7), and (b) a functional estimate of air-
way narrowing assessed on the basis of
the distribution of ventilation, which is
currently studied with nuclear medicine
techniques (8,9).

CT provides excellent anatomic imag-
ing of central, segmental, and proximal
subsegmental airways, which allows esti-
mation of airway diameter and wall
thickness (7). Unfortunately, the spatial
resolution limitations of current CT scan-
ners make direct visualization of more
peripheral airways impossible. CT atten-
uation measurements permit the calcula-
tion of the air-to—soft-tissue ratio within
peripheral lung tissue (10), which in turn
provides indirect evidence of lung dis-
ease. As well, the addition of respiratory
maneuvers (inspiratory or expiratory im-
aging) to CT acquisition protocols was
shown to improve the detection of air
trapping caused by airway disease (11).
However, CT techniques that rely on the
assessment of regional differences in lung
attenuation as an indirect measure of air-
way disease have limited sensitivity to
depict changes associated with mild

COPD and may be inaccurate in the pres-
ence of pulmonary vascular disease (12).

Nuclear medicine images of regional
ventilation can be produced with either
radioactive noble gases (xenon 133, 127 Xe,
or krypton 81) or technetium 99m-labeled
aerosols (13). When these images are ac-
quired by using controlled conditions,
they can be used to help quantify regional
lung ventilation. Nuclear medicine tech-
niques provide a physiologic, rapid, rela-
tively noninvasive assessment of regional
ventilation, but the spatial resolution that
can be achieved is limited.

Although minimally invasive, both CT
and nuclear medicine techniques expose
the patient to ionizing radiation, which
limits their application in longitudinal
studies. Long-term studies would be very
useful in the assessment of the effect of
new drug therapies designed to cure or
reduce the progression of COPD. Labora-
tory pulmonary function testing is non-
invasive, but it cannot help detection of
localized ventilation abnormalities that
are associated with early, potentially re-
versible COPD. For these reasons, there is
great interest in the development and
validation of techniques with no associ-
ated ionizing radiation exposure that are
sensitive to regional changes in the struc-
ture and morphology of distal airways
and alveoli.

Salerno et al, in this issue of Radiology
(14), report a magnetic resonance (MR)
imaging technique that is sensitive to
changes in peripheral lung structure as-
sociated with emphysema. The ventila-
tion imaging technique makes use of a
chemically inert, nonradioactive, gas-
eous MR contrast agent: hyperpolarized
helium 3 (*He). This contrast agent has
been used on an experimental basis for a
number of years to provide both static
and dynamic ventilation maps of inhaled
gases in animals and humans (15-20).



Unlike many previous applications of the
technique, which were primarily sensi-
tive to the density of the inhaled gas
within the lung, the current study probes
the ease with which 3He gas was able to
move about within the gas spaces of the
lung during a breath hold. This was ac-
complished by adding additional mag-
netic field gradients (bipolar, pulsed) to
the MR imaging sequence. These gradi-
ents sensitize the image to the apparent
diffusion coefficient (ADC) of the He at-
oms, which in turn reflects the geometry
of the structures that compartmentalize
the gas within the lung. Regions in which
the diffusive motion of the gas is rela-
tively unimpeded (eg, trachea, emphyse-
matous bulla) during the measurement
are characterized by a large ADC, whereas
regions in which the motion of 3He at-
oms is severely restricted by physical bar-
riers (eg, alveolar ducts) are characterized
by a smaller ADC. This type of measure-
ment provides a unique noninvasive
method to probe small lung structures. It
is hoped that this type of measurement
might be more sensitive than CT to air-
space changes caused by COPD. In this
editorial, we briefly describe the diffu-
sion-imaging technique with hyperpolar-
ized *He MR and discuss its potential ap-
plication to airway and emphysema
imaging.

Conventional MR images are derived
from hydrogen atoms associated with
water molecules in body tissues. An equi-
librium polarization of the nuclei of
these hydrogen atoms is established in
vivo by applying a large, static external
magnetic field. In general, the larger the
external magnetic field, the greater the
induced polarization and the better the
signal-to-noise ratio of the detected MR
signals. Conventional MR imagers with
field strengths of a few Tesla typically
give rise to thermal equilibrium nuclear
polarizations that are on the order of a
few parts per million. The improvement
in signal-to-noise ratio with increased
field strength leads to an enhancement of
image quality in all parts of the body
except air-inflated lung tissue. This ex-
ception is a consequence of the heteroge-
neous nature of the air—soft-tissue matrix
in inflated lungs.

The relative difference between the
magnetic susceptibility of the alveolar
wall and that of the gas within the alve-
olar space is large (21). The effective mag-
netic field gradients that result from the
spatial variation of the magnetic suscep-
tibility can be enormous compared with
typical applied imaging gradients: At 1.5
T, they can approach 1 T/m near the al-
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veolar wall. These susceptibility-induced
gradients markedly degrade the quality
of MR images in air-inflated lungs. Since
the magnitude of these gradients scales
linearly with the applied magnetic field,
some improvement in the quality of air-
inflated lung images can be achieved by
using lower magnetic field strengths.

In the presence of diffusion and per-
fusion, susceptibility-induced gradients
cause a nonrecoverable dephasing of the
signal from water molecules. This nonre-
coverable dephasing is the origin of the
very short T2* and T2 that are observed
in the soft tissue of air-inflated lungs. Ad-
ditionally, the density of water vapor
within ventilating lung gases is very low;
thus, negligible conventional hydrogen
MR signal is obtained from gas spaces. In
experimental animal studies, investiga-
tors have administered a nebulized mix-
ture of mannitol, surface-active deter-
gent, and gadolinium chelates to increase
the signal intensity from the airspace
(22). This ventilation mixture has been
shown to produce a detectable signal
within the alveolar airspace. However,
this line of investigation has not been
extended to studies in human subjects.

A radically different approach to ven-
tilation imaging with MR was developed
during the past 7 years by using the spin-
Y noble gases *He and '*?Xe as MR con-
trast agents (15,19,23). These gases are
inhaled as a bolus and imaged with con-
ventional MR imagers tuned to the ap-
propriate resonance (Larmor) frequency.
The critical distinction between this
technique and conventional MR tech-
niques lies in the manner in which the
nuclear polarization of the gaseous con-
trast agent is established. A laser is used
to induce an extremely large nonequilib-
rium nuclear polarization in the noble
gas atoms before they are administered to
the subject. This hyperpolarized state can
be maintained for hours when the gas is
stored appropriately. The level of nuclear
polarization that can be achieved with
this nonequilibrium technique is more
than 100,000 times the typical level of
polarization that is produced with con-
ventional equilibrium techniques. The
resulting increase in signal strength is
more than enough to compensate for the
low density of the gas and allows direct
visualization of the gas and its distribu-
tion in the lung (ventilation) by using
MR techniques (24).

The nonequilibrium nature of hyper-
polarized MR contrast agents imposes a
unique set of constraints on the imaging
environment. In particular, since the
gases must be polarized ex vivo, there is a

finite (ie, nonrenewable) nuclear magne-
tization associated with each bolus of gas
that is introduced. Every MR tipping
pulse consumes a fraction of this magne-
tization. At the same time, T1 relaxation
processes (induced primarily by interac-
tions with oxygen, which is a strongly
paramagnetic molecule [25]) lead to a
further depletion of the magnetization.
Gradient-echo images are usually acquired
by using low-flip-angle tipping pulses
that make judicious use of the available
magnetization. This produces serial im-
ages of regional ventilation with millime-
ter spatial resolution. Dynamic ventila-
tion images of hyperpolarized *He gas
have been produced in animals (26) and
human subjects (15,16,18,27). By modi-
fying the MR pulse sequence used to ac-
quire the 3He signal, however, additional
unique and potentially clinically relevant
parameters can be measured. Two such
parameters that have recently received
considerable attention are the ADC of the
polarized gas within the lungs and the re-
sidual alveolar oxygen distribution.

The individual atoms or molecules of
which a liquid or gas is composed are in
constant random (ie, thermally excited)
motion. Over time, it becomes less and
less likely that a given atom or molecule
will be found close to the location in
space that it occupied at the start of any
observation period. Conversely, the longer
the observation period, the further the
average distance traveled by the atom or
molecule. This process of random dis-
placement is known as translational dif-
fusion and is characterized by a parame-
ter referred to as a diffusion coefficient.
The diffusion coefficient of a liquid or a
gas can be measured with MR techniques
by adding a pulsed field gradient to the
MR pulse sequence. This procedure adds
a “magnetic label” to each atom or mol-
ecule that effectively identifies its initial
position in space. Later, during the read-
out phase of the MR sequence, the extent
to which the atoms or molecules have
moved influences the detected signal
(28-30).

In a restricted geometry where the dif-
fusive motion of atoms or molecules is
impeded by physical boundaries (eg, al-
veolar and airway walls), the measured
effective or apparent diffusion coefficient
is suppressed relative to the free diffusion
coefficient. The magnitude of the ADC
that is measured depends on the time
interval during which the molecules are
allowed to diffuse (31). Detailed studies
of time-dependent gas diffusion coeffi-
cients have been used to probe the mi-
crostructural properties of nonbiologic

Hyperpolarized Helium 3 Diffusion Imaging of the Lung - 9



porous media, including random packs
of glass beads and oil reservoir rocks (32).
In model systems, these studies can yield
information ranging from surface area-
to-volume ratios to quantitative mea-
sures of the long-distance heterogeneity
(pore connectivity) of the medium (33).
The study of Salerno et al (14) is one of a
number of recent attempts to apply these
sophisticated MR techniques to the study
of human lungs (34,35).
Diffusion-weighted or sensitized MR
sequences of varying degrees of complex-
ity have been developed (36,37). Gener-
ally, these sequences can be broken down
into three distinct components. Initially,
a combination of pulsed field gradients
and radio-frequency pulses is used to en-
code the nuclei with a spatially depen-
dent phase. The nuclear spins are then
allowed to evolve freely in their local en-
vironment for the duration of a storage
interval. Finally, a decoding or read se-
quence of pulsed field gradients and ra-
dio-frequency pulses is used to generate
and detect a spin echo. Translational dif-
fusion of the spins during the storage
period results in an incomplete refocus-
ing of the spins or attenuation of the
signal that is measured during the read
phase. This attenuation depends expo-
nentially on the product of the ADC and
a gradient factor (often referred to as a b
value) that depends in a nontrivial man-
ner on the details of the particular imag-
ing sequence. By adjusting the gradient
strength, one can measure the signal in-
tensity as a function of the gradient fac-
tor and extract a direct measurement of
the ADC. More elaborate pulse sequences
can be used to mitigate the effects of un-
wanted signal attenuation such as that
caused by the diffusion of spins in sus-
ceptibility-induced field gradients (38) or
to account for the nonrenewable magne-
tization characteristic of hyperpolarized
gas applications (38,39).
Diffusion-weighted imaging was previ-
ously applied to conventional MR imag-
ing sequences in the brain where it was
shown to outline areas of acute ischemic
injury in exquisite detail (40). The
change in membrane permeability that
accompanies acute brain ischemia can be
probed by using MR sequences sensitive
to water diffusion. In a similar fashion,
Salerno et al (14) measured the ADC of
hyperpolarized He gas in the gas spaces
of the lungs in healthy volunteers and
patients with emphysema. In their study,
they produced coronal ADC images in
the lung by adding diffusion-encoding
gradients in the readout superior-inferior
direction of a fast low-angle shot, or
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FLASH, MR pulse sequence. Each ADC
image was derived from two or more base
images that were generated by using dif-
ferent gradient factors and were acquired
during one breath hold. Four different
gradient factors were used for 12 subjects,
whereas two gradient factors (the mini-
mum required) were used for the remain-
ing 17 subjects, to permit greater ana-
tomic coverage during the (limited)
breath hold.

Salerno et al (14) observed that the
mean ADC was significantly larger (P <
.002) in patients with emphysema than
in healthy volunteers, which is consis-
tent with the enlargement of peripheral
airspaces in these patients. Likewise, the
SD of the ADCs was significantly larger
(P < .002) in emphysema patients than
in the volunteers, which suggests a
greater regional variation of airspace sizes
associated with the underlying disease.
Patients with suspected centrilobular em-
physema had significantly larger (P <
.002) ADC:s in the upper lung zone than
in the lower lung zone. In contrast, the
one patient in their study who had em-
physema related to a-1-antitrypsin defi-
ciency showed increased ADCs in the
lower lung relative to those in the upper
lung. The authors found good inverse
correlation between the ADCs for all sub-
jects and the corresponding indexes of
pulmonary function, including both the
percentage predicted forced expiratory
volume in 1 second, or FEV,, (r =
—0.797, P < .001) and the ratio of forced
expiratory volume in 1 second to forced
vital capacity, or FEV,/FVC, (r = —0.930,
P < .001).

These data are encouraging in that
they suggest that ADC measurements re-
flect the extent of airspace enlargement
and wall destruction by emphysema.
Moreover, the distribution of ADCs in
the lung appears to be consistent with
well-known patterns characteristic of the
regional variation in emphysema: The
extent of structural changes is greater in
the upper lung zones.

Ultimately, there will be limitations on
the information that can be derived from
ADC measurements in human lungs. A
full characterization of lung morphology
based solely on gas diffusion data re-
quires that the ADC is measured during a
broad range of diffusion length scales.
Constraints imposed by the maximum
field gradients and gas pressures that can
be safely applied in humans, as well as
the limited duration of any breath-hold
maneuver, will necessarily restrict the
range of parameters that can be explored
in vivo. Further complications are intro-

duced by the simple fact that the rate at
which gases diffuse within the lung is so
rapid that individual atoms can move
distances equivalent to several alveolar
diameters even during the time interval
when one MR gradient pulse is applied
(33,41). It is clear that a broad range of
research and validation efforts (35,42,43)
are needed before quantitative interpre-
tations of ADC data in terms of the un-
derlying geometric structure of the hu-
man lung are possible.

ADC measurements such as those de-
scribed by Salerno et al (14) represent
only one of several emerging technolo-
gies with polarized noble gases that
promise to yield important clinical infor-
mation. For example, it was noted earlier
that interactions between *He atoms and
oxygen molecules represent an impor-
tant mechanism for the destruction of
the polarization of the 3He gas (25). In
fact, it is possible to correlate measure-
ments of the rate at which the polariza-
tion of the gas is destroyed (T1 relax-
ation) with regional in vivo oxygen
concentrations (44). This effect was ex-
ploited to provide noninvasive measure-
ments of the intrapulmonary oxygen con-
centration in experimental animals (45,46)
and humans (47). Ultimately, the measure-
ment of other parameters of hyperpolar-
ized noble gas, such as T2*, may yield ad-
ditional probes of lung disease (48,49).

In summary, the use of hyperpolarized
3He as an MR contrast agent shows prom-
ise for the quantification of at least three
aspects of lung ventilation that cannot be
assessed with conventional techniques.
First, it provides a means of visualizing
bulk ventilation in the lungs, which may
be useful in the assessment of COPD. Sec-
ond, on the basis of the ADC of polarized
gases within the lung, it appears to be
sensitive to changes in peripheral lung
morphology. This enables noninvasive
measurement of parameters that were
previously unobtainable in vivo and may
prove useful in the assessment of early
emphysema. An additional advantage of
this new technique over CT is the lack of
exposure to ionizing radiation. In turn,
this makes it possible to pursue longitu-
dinal follow-up studies in patients. This
may provide improved assessment of
new therapies for COPD. Finally, on the
basis of the relaxation rate (1/T1) of po-
larized gases within the lung, this tech-
nology can provide a measure of local
alveolar oxygen concentrations. In con-
junction with local perfusion informa-
tion, these types of measurements may
yield important information relative to
the local ventilation perfusion relation-
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ships within the lung. We believe that
these and related techniques offer great
potential to further our understanding of
the structure and dynamic function of
the lung.
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