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Abstract

Hyperpolarized noble gases are a new class of MR contrast agent. Since the first hyperpolarized gas MR images of the lung
were reported, there has been considerable interest in using hyperpolarized gas to obtain high spatial and temporal resolution
images of the air spaces of the lung. In addition to static images of lung ventilation, new techniques are being developed using
hyperpolarized gas to obtain dynamic, diffusion and oxygen concentration images of the lung. In this article, we review the
potential clinical applications of pulmonary hyperpolarized gas MRI and discuss the preliminary findings in a variety of lung
diseases. Hyperpolarized gas MRI has the potential to provide a comprehensive morphologic and functional assessment of the
lung. © 2001 Elsevier Science Ireland Ltd. All rights reserved.
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1. Introduction

The recent emergence of the ‘hyperpolarized’ noble
gases helium-3 (3He) and xenon-129 (129Xe) as novel
inhaled MR contrast agents has provided new opportu-
nities for imaging of the lung. Nuclear polarizations
that are vastly increased compared to those achieved at
thermal equilibrium have enabled high resolution MR
imaging of the lung air spaces following the inhalation
of hyperpolarized gas [1–4]. Preliminary investigations
have found that 3He ventilation imaging shows promise
for differentiating healthy lungs from those with
pathologies such as chronic obstructive pulmonary dis-
ease (COPD) [5,6], asthma [7] and cystic fibrosis (CF)
[8]. More recent efforts have focused on advanced
applications such as dynamic, diffusion and intrapul-
monary O2 concentration imaging. Currently, hyperpo-
larized nobel gases are not approved for clinical use in
the United States. This article reviews the potential

clinical applications and future directions of MR imag-
ing of the lungs using hyperpolarized noble gas as an
investigational drug.

2. Techniques

2.1. Gas selection and polarization

The noble gases currently used in hyperpolarized
gas-enhanced MR imaging include 3He and 129Xe. Since
helium is nearly insoluble in tissue and blood, it re-
mains confined to the lung air spaces and can be
inhaled without significant adverse effects. In contrast,
xenon is highly soluble in blood and lipids, and it has
an anesthetic effect when inhaled in a sufficient concen-
tration. The gyromagnetic ratio of 3He is higher than
that of 129Xe, resulting in a nearly threefold increase in
the signal-to-noise ratio at a given polarization level.
For these reasons, most current clinical applications of
hyperpolarized gas imaging have utilized 3He. However,
3He is expensive because there is a limited world supply
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since the primary source is the decay of tritium. As 129Xe
comprises 26% of atmospheric xenon, 129Xe is inexpen-
sive and abundant.

The confinement of helium to the lung air spaces, as
well as its high diffusion coefficient, potentially allows the
gas to be used to directly assess lung microstructural size
and morphology. Novel contrast mechanisms may be
possible with 129Xe resulting from its rapid exchange
between the gas and dissolved phases in the lung. This
property can be exploited to assess the diffusive proper-
ties of the lung respiratory membrane [9,10]. The high
solubility of 129Xe, as well as its sensitivity to its chemical
environment, may enable imaging of various organs in
addition to the lung. It is therefore possible that 129Xe
may become the preferred hyperpolarized gas MRI
contrast agent.

The hyperpolarization process can provide nuclear
polarizations that are five orders of magnitude higher
than those achieved at thermal equilibrium. Polarizations
of 40% for 3He and 10% for 129Xe can be routinely
achieved in liter quantities. The most common methods
for hyperpolarization of noble gases are based on laser
optical pumping, and include alkali–metal spin-ex-
change and metastability exchange. The details of these
polarization processes have been described previously
[11–14]. Briefly, in the spin exchange technique, a large
electronic-spin polarization is created in an alkali-metal
vapor of rubidium using circularly polarized laser light
with the appropriate wavelength. This electronic polar-
ization is transferred to the noble gas nucleus via
collisional spin exchange. In metastability exchange,
metastable atoms at low pressure are created by a weak
radio frequency (RF) discharge, and then optically
pumped using circularly polarized laser light. The polar-
ization of the metastable atoms is transferred to ground-
state atoms via collisional spin exchange. The
metastability exchange technique has only been used
successfully to polarize 3He.

2.2. MR imaging

The majority of studies in humans have been per-
formed using whole-body 1.5-T MR scanners equipped
with broadband RF systems that are usually part of a
spectroscopy platform. Additionally, specialty RF coils,
tuned to the 3He or 129Xe resonant frequency, are needed.
As the hyperpolarization is independent of the magnetic
field strength, high-quality images of hyperpolarized
gases can, in theory, be generated at low magnetic field
strengths.

Although the hyperpolarized magnetization is several
orders of magnitude larger than the thermal-equilibrium
magnetization, it is ‘non-renewable’. That is, the magne-
tization does not relax back to its original state. Thus,
the MR experiment has available a fixed magnetization
that must be managed appropriately to maximize the

signal-to-noise ratio. An implication of this fixed magne-
tization is that increases in the pulse-sequence repetition
time do not result in an increased signal-to-noise ratio.
Therefore, the repetition time should be chosen to
minimize the acquisition time given the desired readout
bandwidth. The total imaging time for pulmonary appli-
cations is generally limited by the clinically acceptable
breath hold period (10–20 s).

3. Static ventilation imaging

Most investigators have utilized conventional gradi-
ent-echo based pulse sequences with small flip angles to
produce static ventilation images of the lung. Typical
pulse sequence parameters include: repetition time, 8–10
ms; echo time, 3–5 ms; flip angle, 5–15°; section thick-
ness, 10 mm; matrix, 128×256; field of view, 32–50 cm.
Images of the entire lung volume are obtained during
10–20-s long breath hold. Subjects are typically imaged
supine.

When hyperpolarized 3He gas is inhaled, the air spaces
are filled with the gas. Since the 3He produces a strong
MR signal, direct assessment of lung air spaces can be
obtained. Areas of the lung that do not ventilate are
deficient in hyperpolarized 3He gas and do not produce
a MR signal. This lack of ventilation may be caused by
airway closure as occurs in asthma or due to tissue
destruction as occurs in emphysema. The non-ventilated
areas are therefore seen as ‘defects’ or black areas on the
images. Areas of the lung that are poorly ventilated on
a first breath (‘wash-in’) contain less hyperpolarized 3He
gas and appear relatively hypointense on the images.
Another factor that can cause relative signal hypointen-
sity is a regional increase in the rate of gas depolarization;
regions with higher rates of depolarization appear darker
on the hyperpolarized 3He images. Preliminary studies
have shown that hyperpolarized 3He lung MR demon-
strates ventilation defects in a variety of lung diseases
including COPD [3,5,6], asthma [7] and CF [8].

3.1. Normal subjects

There have been multiple reports of hyperpolarized
3He MRI in normal volunteers [3–7,15]. In general,
subjects are able to cooperate with the helium inhalation
and breath hold. They tolerate the MR scanning proce-
dure well without a significant decrease in blood oxygen
saturation. High signal-to-noise ratio images of lung
ventilation can be obtained using as little as 300 cc of
hyperpolarized 3He at 35% polarization (Fig. 1). Signal
is obtained from the airways and ventilated lung but not
from the chest wall, pulmonary vasculature or mediasti-
nal structures. Normal subjects generally have a rela-
tively uniform distribution of gas throughout the lung.
It is not uncommon to see small focal ventilation defects
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in the image slices corresponding to the most dependent
portion of the lung [5,7]. These defects are likely the
result of positional atelectasis as it has been shown that
these defects resolve when imaging is performed with
the subject in the prone position (Fig. 2) [16].

3.2. Patients with pulmonary disease

Current radiological techniques for the evaluation of
pulmonary disease include computed tomography (CT)
and nuclear ventilation scintography. CT provides an
excellent depiction of structural changes within the lung
(e.g. septal thickening, bronchiectasis, bronchial wall
thickening, and architectural distortion) and is fre-
quently used in the diagnosis and management of pa-
tients with lung disease. However, functional
information can be inferred only indirectly from the
observed structural changes or from the appearance of
air trapping on expiration CT scans. Nuclear ventila-
tion scintography depicts lung ventilation but is rou-
tinely employed in the evaluation of only a limited
number of pulmonary diseases. The most common of
these by far is pulmonary embolus. The limited applica-

tion of nuclear scintography in lung disease may be due
to its poor spatial resolution and inherent radiation
exposure.

Similar to nuclear ventilation scintography, hyperpo-
larized 3He MR imaging depicts lung ventilation; how-
ever, with the latter there is increased spatial and
temporal resolution, and the patients are not exposed
to ionizing radiation. Initial studies with 3He MR imag-
ing have demonstrated that ventilation defects can be
seen in a variety of lung diseases, and that defects may
be present in subjects who have normal spirometry and
normal chest radiographic findings.

3.2.1. Emphysema
In emphysema, there is abnormal enlargement of the

air spaces distal to the terminal bronchiole with de-
struction of alveolar septa leading to changes in the size
and morphology of the lung microstructure. Cigarette
smoking is the most significant risk factor for the
development of emphysema, although other factors
such as occupational exposures or genetic �1-antitrypsin
deficiency contribute to a small percentage of cases. It

Fig. 1. Coronal hyperpolarized 3He images of a normal volunteer obtained during a 12-s breath hold following the inhalation of hyperpolarized
3He. There is excellent depiction of the pulmonary airspaces and major airways. No signal is obtained from the chest wall, mediastinum or
pulmonary vasculature. There is homogeneous distribution of the signal with no focal ventilation defects.

Fig. 2. Two posterior coronal 3He images at the same anatomic level in a normal volunteer imaged twice in rapid succession: once supine (left)
and once prone (right). There are several focal ventilation defects in the dependant portions of the lung when the subject is in the supine position
that resolve when the subject is prone.
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Fig. 3. Coronal 3He (top) and 1H (bottom) images from two patients with emphysema: one smoking related (left) and the other secondary to �1

antitrypsin deficiency (right). Both subjects have multiple large ventilation defects and an heterogeneous ventilation pattern. The subject with
smoking-related disease has upper lobe predominant disease while the patient with �1 antitrypsin deficiency has lower lobe predominant disease
corresponding with the expected distribution of lung changes in the two processes. The 1H images are useful to show the full extent of the lungs
in subjects with large ventilation defects.

has long been thought that emphysema, once devel-
oped, is irreversible and that the currently available
treatments (bronchodilators and steroids) provide only
temporary relief. However, there are new medical treat-
ments under development (e.g. retinoic acid, mediator
antagonists, protease inhibitors and anti-inflammatory
agents) that show promise for slowing the progression
of emphysema, and some treatments may even reverse
the disease.

Several groups have reported the findings from hy-
perpolarized 3He MRI in small numbers of patients
(2–6) with COPD [3,5,6,17]. All subjects with obstruc-
tive findings on spirometry and a diagnosis of COPD
had multiple, often large ventilation defects (Fig. 3).
Many subjects also had a heterogeneous ventilation
pattern. There has been concordance between the re-
gional distribution of ventilation abnormalities on 3He
MRI and the typical distribution of emphysematous
changes on pathology or CT.

Ventilation defects have also been demonstrated in
smokers, both with normal and abnormal spirometry

[5,6,18]. Some smokers were also reported to have an
inhomogeneous ventilation pattern. In a comparison of
five smokers and five non-smokers, the smokers had
more numerous and larger ventilation defects than the
non-smokers [18]. This suggests that hyperpolarized
3He MRI may detect early smoking-related changes in
the lung (Fig. 4). Whether these changes are clinically
or prognostically important remains to be determined.
If so, hyperpolarized 3He MRI may be useful for early
detection or treatment monitoring in smoking related
lung disease. Alternatively, hyperpolarized gas MRI, by
demonstrating regions of the lung that are not func-
tional, may be useful in advanced emphysema for plan-
ning lung volume reduction surgery. One limitation of
static 3He ventilation imaging is that it does not depict
air trapping, a finding that has proven useful in the
evaluation of COPD by 133Xe nuclear scintography.

3.2.2. Asthma
Asthma is a disease characterized by chronic inflam-

mation and reversible obstruction of the small airways
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Fig. 4. Coronal 3He images from two different healthy smokers with heavy smoking histories (20–30 pack years). Both had focal ventilation
defects and a heterogeneous ventilation pattern. Subject A (left) had normal spirometry (FEV1 98% of predicted), while subject B (right) had
mildly abnormal spirometry (FEV1 79% of predicted). There were more ventilation abnormalities in the subject with mildly abnormal spirometry.

resulting in impaired pulmonary ventilation. Clinical
disease activity can be followed indirectly using pul-
monary function testing and symptom reporting, but
asymptomatic asthmatics can have significant airway
inflammation, which can be seen through invasive tests
such as bronchoscopy. Ventilation defects in asthmatics
have been demonstrated with hyperpolarized 3He MR
imaging, even when the subjects were asymptomatic
and had normal spirometry (Fig. 5) [7]. Preliminary
results suggest that subjects with more severe asthma
have larger and more numerous ventilation defects than
those who have less severe disease (Fig. 6). Treatment
with an inhaled bronchodilator (albuterol) has been
shown to induce partial or complete reversal of the
ventilation defects (Fig. 6).

Thus, it appears that hyperpolarized 3He MRI is a
sensitive test for depicting the regional ventilation ab-
normalities that are known to exist in asthma. It seems
likely, although yet unproven, that the ventilation de-
fects correlate with underlying airway inflammation. If
so, hyperpolarized 3He has the potential to contribute
significantly to diagnosis and evaluation of treatment of
asthma.

3.2.3. Cystic fibrosis
Cystic fibrosis is a common genetic disease that

causes the body to produce an abnormally thick mucus
due to the faulty transport of chloride ions within the
epithelium of organs such as the lungs and pancreas.
The abnormally thick pulmonary mucus causes
bronchial plugging and inflammation. CF used to be
fatal in childhood; however with improvements of
treatment over the last 20 years, there has been a
dramatic increase in the life expectancy of patients with
the disease. Nevertheless, progressive lung disease re-
mains the primary cause of death in CF. Thus, any new
developments in understanding the nature of CF lung
disease and validating treatments are important.

The initial work in CF reported the hyperpolarized
3He MRI findings in four adult subjects with moderate
to advanced disease and showed that all subjects had
numerous ventilation defects [8]. In comparison with
proton lung MRI acquired at the same time, the sever-
ity of the ventilation defects exceeded that of the mor-
phological changes (e.g. mucus plugging and
bronchiectasis) seen on proton MRI. In a second study
of three subjects with CF, ventilation defects were seen
in a subject with very mild disease and normal spirome-
try, suggesting that hyperpolarized 3He MRI may be a
sensitive test for early changes of disease (Fig. 7) [19].
This finding may be important because treatment of
early lung disease may improve the long-term outcome.
In addition, it was also shown that a patient with
advanced CF lung disease had numerous, large ventila-
tion defects that improved following chest physical
therapy, inhaled albuterol and inhaled DNase (Fig. 8).
This correlated with improved spirometry, with the
forced expiratory volume in 1 s (FEV1) increasing from
34 to 41% of predicted. Airway mucus clearance, such

Fig. 5. Coronal 3He image of an asymptomatic asthmatic with
normal spirometry (FEV1 98% of predicted) demonstrates a wedge-
shaped ventilation defect in the right upper lobe (arrow).
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Fig. 6. Coronal 3He images of a moderate persistent asthmatic who was scanned twice: once immediately before (left) and then 40 min after
treatment (right) with an inhaled bronchodilator (albuterol). There are multiple wedge-shaped ventilation defects which improve or resolve
following treatment. The heterogeneous ventilation pattern also improves following treatment. This patient has more severe asthma and more
numerous, larger ventilation defects than the asthmatic shown in Fig. 5.

Fig. 7. Two coronal 3He images from a patient with mild pulmonary CF (FEV1 105% of predicted) demonstrate several peripheral wedge-shaped
ventilation defects (arrows).

Fig. 8. Two coronal 3He images from a patient with severe pulmonary CF before (left) and after (right) treatment with chest physical therapy,
inhaled albuterol, and inhaled DNase. Before treatment, there are numerous large ventilation defects. Following treatment, the defects have
improved (arrows).

as chest physical therapy, is one of the mainstays of CF
treatment. However, it is difficult to determine the
efficacy of different treatment regimes for CF lung

disease because spirometry is insensitive in detecting
changes, and other commonly used measures (e.g. the
number of days on antibiotic therapy, volume of mucus
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expectorated, change in sputum bacterial flora, or noc-
turnal cough) are indirect or require long-term treat-
ments with long-term follow-up [20]. Hyperpolarized
3He MRI has the potential to demonstrate the changes
in the lung ventilation following treatment. This may be
useful for determining the efficacy of different treat-
ment regimes or specifically targeting treatment meth-
ods in individual patients.

3.2.4. Lung transplant recipients
The primary manifestation of chronic rejection in

lung transplant recipients is bronchiolitis obliterans
(BO). Approximately 50% of patients who survive at
least 5 years develop some degree of BO. The clinical
diagnosis can be difficult since BO can be asymp-
tomatic and evidenced only by the slow development of
increasing airflow obstruction by pulmonary function
testing. Early BO can be difficult to detect since trans-
bronchial biopsy is not very sensitive and CT can be
normal. With appropriate treatment, the continued loss
of lung function with this disease may be delayed. Since
BO is a contributor to the ultimate mortality in approx-
imately 25% of long-term lung transplant survivors, the
early detection of the disease is clinically important.

In a preliminary study, the extent of ventilatory
defects demonstrated with hyperpolarized 3He MRI in
the transplanted lung(s) increased with the severity of
BO in six subjects who had lung transplants [21]. BO
was diagnosed and graded according to guidelines from
the International Society for Heart and Lung Trans-
plantation, using the ratio of the current FEV1 to the
best post-operative FEV1 (FEV1 ratio). Two subjects
underwent ventilation scintigraphy as well. In these
subjects, hyperpolarized gas MRI demonstrated more
numerous and extensive ventilation defects than the
ventilation scintigraphy. Three subjects underwent a
correlative CT of the thorax. In a subject with mild BO
based on the FEV1 ratio, the CT was normal but the

hyperpolarized gas MRI showed multiple ventilation
defects in the transplanted lung.

In subjects with a single lung transplant, the typical
imaging findings of the underlying lung disease are seen
in the native lung. Fig. 9 demonstrates the findings in a
patient who had a left lung transplant for idiopathic
pulmonary fibrosis (IPF). There is relatively homoge-
neous hyperpolarized 3He signal distribution in the
transplanted lung and the patient had no clinical evi-
dence of BO. Fig. 10 shows images of a subject who
had a left lung transplant for COPD. In this patient
there was clinical evidence of advanced BO, and the
hyperpolarized 3He MR image of the transplanted lung
is markedly abnormal. Thus, there is preliminary data
to suggest that hyperpolarized gas MRI detects ventila-
tory abnormalities following lung transplantation and
these changes may be correlated with BO. An active
area of investigation is whether these ventilatory abnor-
malities can be used for the early detection of BO.

4. Diffusion imaging

While static 3He ventilation images reflect the gas
distribution in the lung, these images do not provide
information about the integrity of the lung microstruc-
ture. The application of diffusion-MRI methods to
hyperpolarized 3He imaging may provide quantitative
information that indirectly characterizes the lung mi-
crostructure. Since helium has a high self-diffusion
coefficient (105 times larger than water), helium atoms
in an unrestricted space experience displacements of up
to several millimeters during the echo time of the
gradient-echo pulse sequences typically used for hyper-
polarized 3He imaging. However, when helium is
confined to spaces such as the distal airway structures
of the lung, its motion is restricted, resulting in smaller
displacements and a decrease in the apparent diffusion
coefficient (ADC) as measured by MR imaging [22,23].

Fig. 9. Coronal 3He (left) and 1H (right) images from a patient who has undergone left lung transplantation for idiopathic pulmonary fibrosis.
The native lung is small with a few ventilation defects in the base. The transplanted lung has a homogeneous ventilation pattern with only a few
small focal ventilation defects. This patient had no clinical evidence of bronchiolitis obliterans.
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Fig. 10. Coronal 3He (left) and 1H (right) images from a patient who has undergone left lung transplantation for advanced smoking-related
COPD. The native lung is hyper-expanded with very poor 3He ventilation as is commonly seen in COPD. The transplanted lung is small with a
heterogeneous ventilation pattern and many ventilation defects. This patient had clinical evidence of advanced BO.

Fig. 11. An ADC image from a representative healthy volunteer (left) shows relatively uniform values and low mean ADC. An ADC image from
a patient with emphysema (right) has an upper lobe predominace of increased ADC values with an overall increase in the mean ADC value. Note:
grey scale on the right of each image corresponds to the ADC values (cm2/s), with dark representing low and bright representing high ADC values,

The ADC of hyperpolarized 3He has been measured
in both normal subjects [23–27] and in patients with
lung disease [25–27]. Various investigators have shown
that ADC values are increased in emphysema, likely
reflecting the decreased restriction of the gas due to
disruption of the lung parenchyma. In healthy volun-
teers, ADC values are homogeneous and relatively low
(Fig. 11a). In emphysema, there is an increase in the
ADC values relative to those for healthy volunteers,
and there is marked heterogeneity of these values (Fig.
11b). It has been shown that the mean ADC value in
severe emphysema may be 2.5 times larger than that for
healthy lungs [27]. Another study has shown that the
ADC values in emphysema show regional variations
consistent with the distribution of centrolobular emphy-
sema, and that they correlate with pulmonary function
tests [28].

5. Dynamic ventilation imaging

Various strategies have been employed for dynamic
imaging of the lung ventilation, including gradient-
echo, echo-planar, radial and spiral techniques [29–38].
Low-flip-angle, gradient-echo pulse sequences allow the
visualization of both the inspiratory and expiratory
phases of respiration, but are limited in their temporal
and spatial resolution [29,30]. Since the hyperpolarized
magnetization is by nature in a non-equilibrium state
conventional gradient-echo imaging possesses some un-
desirable attributes such as collecting only a single line
of k-space per excitation and requiring a large number
of RF excitations per image.

Gradient-echo-based echo-planar imaging (EPI) only
requires one RF excitation per image, and is thus an
efficient pulse sequence configuration for imaging hy-
perpolarized magnetization. EPI pulse sequences have
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been used to visualize the inhalation and washout of
hyperpolarized 3He with high temporal resolution in
both healthy and emphysematous lungs [32,33]. In the
normal lung, sequential filling was demonstrated with
higher signal levels in the dependent portion of the lung
[33]. It has been shown in subjects with emphysema
that some regions of the lung have delayed ventilation
with 3He. This phenomenon is apparent on the images
collected while the subject continues to rebreath room
air after having inhaling hyperpolarized helium-3 gas
[33]. Despite EPI’s efficient use of magnetization and
high temporal resolution, its spatial resolution is limited
to approximately 5 mm owing to helium’s high diffu-
sion coefficient and its relatively short short T2* at
1.5T. Employing an interleaved-EPI pulse sequence can
reduce the susceptibility- and diffusion induced limita-
tions of EPI [34]. However, substantial motion artifacts
were apparent during the initial period of inspiration, in
an early attempt at dynamic hyperpolarized-gas imag-
ing using interleaved-EPI.

Several investigators have utilized interleaved-spiral
pulse sequences to collect dynamic images of the lungs
[31,36,38]. Interleaved-spiral pulse sequences represent
a compromise between EPI and conventional gradient-
echo pulse sequences with respect to the number of RF
pulses required per image. Other favorable properties of
spiral imaging include the benign motion-artifact char-
acteristics, and the suitability of the trajectory for
fluoroscopic applications [39,40]. Earlier implementa-
tions had relatively long data-sampling periods per
interleave resulting in susceptibility-induced off-reso-
nance effects, which cause gross distortions of the lung
shape. Interleaved-spiral sequences with reduced data

sampling times have produced dynamic images of venti-
lation with high temporal and spatial resolution in both
healthy and diseased lungs [38]. In healthy volunteers,
the dynamic images depict a uniform segmental filling
and emptying of the lungs (Fig. 12). In a subject with
CF (Fig. 13a) and in a subject with a left lung trans-
plant secondary to idiopathic pulmonary fibrosis (Fig.
13b), there was markedly abnormal filling of the lungs.
Dynamic MR ventilation imaging provides a new tool
for investigating respiratory physiology and pathophys-
iology by visualizing the flow of gas in the lung with
high temporal and spatial resolution. Analytic tools
need to be developed to obtain quantitative informa-
tion from these data sets.

6. Intrapulmonary O2 Concentration Imaging

The rate of 3He depolarization increases significantly
in the presence of molecular oxygen [41]. This depen-
dence of T1 on oxygen concentration has been exploited
to measure the regional intrapulmonary O2 concentra-
tion (pO2) in vivo [42–45]. The dominant mechanisms
for the irreversible loss of hyperpolarization in the lung
are the application of RF pulses and the relaxation due
to molecular oxygen [42]. The intrapulmonary pO2 can
be determined from the rate of decay of the magnetiza-
tion over successive images obtained during two sepa-
rate breath holds by varying the RF-pulse flip angle or
the inter-image delay time [44]. The pO2 can then be
determined in various regions of interest.

In the normal human lung, there is a linear decrease
in pO2 during an inspiratory breath hold, reflecting the

Fig. 12. Coronal interleaved spiral dynamic 3He images depicting inhalation and exhalation in a healthy volunteer. The sequence has a temporal
frame rate of 10 ms.
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Fig. 13. Coronal dynamic 3He images from patients with cystic fibrosis (top) and a patient with a left lung transplant for idiopathic pulmonary
fibrosis (bottom). Note the markedly abnormal ventilatory patterns compared to the healthy volunteer shown in Fig. 12.

perfusion limited transport of O2 in the lung [44]. There
is also a correlation of the initial pO2 in the lung with
the rate of decrease in pO2, which may reflect a match
between ventilation and perfusion [44]. As the distribu-
tion of oxygen is often non-homogenous due to varia-
tions in ventilation and perfusion, pO2 imaging may be
a new modality for assessing lung function [43].

A current limitation of this technique is the difficulty
of reproducing the lung position on successive breath
holds. Performing the whole measurement in a single
breath hold may eliminate this problem. The technique
also requires high signal-to-noise ratios to produce
accurate determinations of pO2 [44].

7. Future directions

Improvements in the polarization process will reduce
the volume of hyperpolarized gas needed per study.
This, along with the recycling of gas, may make clinical
3He-lung imaging economically feasible. Further opti-
mization of pulse sequences such as interleaved EPI
and spiral techniques will enable the data to be col-
lected over shorter breath-hold periods and permit as-
sessment of diffusion and oxygen concentrations
throughout the entire lung volume. Quantitative meth-
ods for evaluating static hyperpolarized 3He images, as
well as those for assessing dynamic data sets, need to be
established. Furthermore, hyperpolarized 3He imaging
remains to be validated by comparison to other meth-

ods for assessing the lung such as clinical evaluation,
CT and nuclear medicine. It is possible that future
applications of hyperpolarized gas MRI will be at lower
field strengths which would reduce susceptibility arti-
facts without reducing hyperpolarized 3He signal. The
techniques of hyperpolarized 3He imaging can be com-
bined with other proton-based MR techniques such as
gadolinium-enhanced perfusion imaging to provide a
thorough functional and morphological assessment of
the lung.

Increased polarization levels for 129Xe may enable
clinically useful ventilation images. The potential for
dissolved-phase imaging may also be realized once the
polarization levels for 129Xe reach those currently
achievable with 3He.

8. Conclusions

Hyperpolarized 3He MR ventilation imaging demon-
strates excellent potential for imaging the lungs with
high spatial and temporal resolution. As this technique
is non-invasive and does not involve radiation expo-
sure, it may be ideal for serial assessment of either
treatment or disease progression in a variety of diseases
such as chronic obstructive pulmonary disease, asthma,
cystic fibrosis, and bronchilitis obliterans syndrome fol-
lowing lung transplant surgery. The combination of
static ventilation imaging with the newly evolving tech-
niques of dynamic, diffusion and oxygen concentration
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imaging provide the potential for a comprehensive mor-
phologic and functional assessment of the lung. The
studies already performed suggest an enormous poten-
tial for hyperpolarized gas imaging, with many future
research and clinical applications.
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