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MANY PULMONARY DISORDERS ARE characterized by either an
inability to supply fresh air to the exchange membrane (ventilation), an inability to supply blood to the membrane (perfusion), or an abnormality of the membrane itself, which hinders
efficient gas diffusion. As one of the primary and most accessible activities of the lung, measurement of ventilation and
lung volumes has been the focus of most pulmonary function
tests, and spirometry is performed regularly to assess pulmonary integrity. Despite their usefulness, however, these global
measures do not ultimately allow adequate characterization of
disease heterogeneity; thus sensitivity to early and mild disease
is lost, and the clinically relevant information for disease
diagnosis and classification, as well as surgical planning, is
incomplete. Developments in new imaging technologies in the
past few decades have opened up new possibilities in acquiring
regional information about the lung function and structure,
with promise to address many of the intrinsic limitations of
global measurements.
Shortly after the first axial X-ray computed tomograph
became available in 1971, techniques were described that
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applied magnetic field gradients in three dimensions to create
nuclear magnetic resonance (MR) images. The first images of
two tubes of water were published in March 1973 (52). Since
conventional MR imaging (MRI) exploits properties of protons
in magnetic fields to produce images, the lung has historically
presented problems, not only because it contains mostly air,
and therefore signal is intrinsically low, but also because the
many air-fluid interfaces contained in the lung degrade the MR
signal, an effect known as susceptibility artifact. Nonetheless,
great progress has been made in developing MR techniques in
the lung that measure aspects of local physiology. In this
review, some new techniques that are now available and
suitable for pulmonary imaging are briefly discussed. Regional
pulmonary perfusion, ventilation, gas diffusion, ventilation-toperfusion ratio (V̇A/Q̇), and lung water are some of the physiological measures that may be significantly altered by disease.
By obtaining regional measures of these parameters, underlying mechanisms of disease can be explored, both in animal
models and in intact humans. The ability to quantitatively
evaluate such alterations in pulmonary function, particularly by
measuring more than one variable, may provide insight into
how pulmonary diseases affect lung function. The techniques
described in this paper are extremely powerful and developing
rapidly. With the use of perfusion, ventilation, gas exchange
and lung water measurement techniques as illustrative exam-
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Hopkins SR, Levin DL, Emami K, Kadlecek S, Yu J, Ishii M, Rizi RR.
Advances in magnetic resonance imaging of lung physiology. J Appl Physiol 102:
1244 –1254, 2007; doi:10.1152/japplphysiol.00738.2006.—This review presents an
overview of some recent magnetic resonance imaging (MRI) techniques for
measuring aspects of local physiology in the lung. MRI is noninvasive, relatively
high resolution, and does not expose subjects to ionizing radiation. Conventional
MRI of the lung suffers from low signal intensity caused by the low proton density
and the large degree of microscopic field inhomogeneity that degrades the magnetic
resonance signal and interferes with image acquisition. However, in recent years,
there have been rapid advances in both hardware and software design, allowing
these difficulties to be minimized. This review focuses on some newer techniques
that measure regional perfusion, ventilation, gas diffusion, ventilation-to-perfusion
ratio, partial pressure of oxygen, and lung water. These techniques include contrastenhanced and arterial spin-labeling techniques for measuring perfusion, hyperpolarized gas techniques for measuring regional ventilation, and apparent diffusion
coefficient and multiecho and gradient echo techniques for measuring proton
density and lung water. Some of the major advantages and disadvantages of each
technique are discussed. In addition, some of the physiological issues associated
with making measurements are discussed, along with strategies for understanding
large and complex data sets.
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ples, the goal of this review is to briefly present a selection of
the available MR techniques for performing these measurements, along with some of the issues associated with collecting, analyzing, and interpreting data.
PHYSIOLOGICAL ISSUES FOR LUNG IMAGING

Partitioning of Ventilation, Blood Flow, and Water in
the Lung

Respiratory and Cardiac Cycles
Unlike studies in other organs, the need for the subjects to
breathe requires respiratory gating or limits lung acquisition
times to a breath hold. If total lung capacity is employed for the
breath hold, while this increases the time a subject is able to
breath hold (89), allowing longer acquisition times, it decreases
the measured signal in studies imaging blood flow or lung
water, since each voxel will contain more air and less protons
from lung tissue. Blood flow in the lung is pulsatile; therefore,
for some types of perfusion scanning, it is necessary to cardiac
gate the scanning and trigger to the ECG signal (9). While
technically this does not present a problem with healthy normal
subjects, subject with cardiac arrhythmias, such as atrial fibrillation, can present considerable difficulty. Blood gases are
altered by breath holding (78). These changes are of sufficient
magnitude to be physiologically important if the duration of
exposure is long enough and may thus alter hypoxic pulmonary
J Appl Physiol • VOL

vasoconstriction (83) and therefore regional distribution of
perfusion. The PO2 alterations induced by breath holding are
unlikely to have a significant effect on regional perfusion, since
hypoxic pulmonary vasoconstriction requires at least 20 min to
become maximal (78), and breath hold times are much shorter.
However, the pulmonary vascular response to CO2 is less well
studied and may perhaps be more important during breath
holding, as the half-time for the maximal pulmonary vascular
response is ⬃90 s (83). Thus small changes in perfusion
resulting from the increased concentrations of CO2 during
breath-hold scanning are possible. Regional pulmonary perfusion and V̇A/Q̇ are also affected by lung volume, and perfusion
is more uniform in humans at low lung volumes (5). In addition
to the possibility of altering lung function by the measurement,
this has the potential to limit the ability to compare between
successive images, unless lung volumes are standardized, or
unless some internal standard is available.
Posture
MR scanners designed for clinical imaging of patients have
a horizontal bore and permit only prone, semiprone, and supine
postures. Functional differences between prone and supine
postures need to be considered; for example, blood flow and
V̇A/Q̇ heterogeneity are more uniform in the prone posture
(68). Gravity has an influence on the distribution of pulmonary
perfusion, lung density, and alveolar size (11, 12, 29) that is
dependent on posture (51), and the prone and supine postures
differ both from one another and also from the upright posture
(51). The extent of this gravitationally based influence is the
subject of considerable debate (31, 32, 87). The effects of
gravity on pulmonary perfusion vary with lung volume, with
the largest effect at total lung capacity and the smallest effect
at residual volume (43). Regional ventilation has also been
shown to exhibit strong dependence on subject’s posture (60):
in the supine posture, ventilation varies with a gradient from
dorsal to ventral regions, whereas, in the prone posture, this
distribution is significantly more uniform. All of these factors
must be considered when comparing results between studies
that may offer conflicting information.
THE CHALLENGE OF VALIDATION

As new techniques are developed and applied to answer
biologically meaningful questions, important issues relate to
reliability of the techniques. Reliability, the ability of a measurement to give the same value when repeated under the same
conditions, is easily established by making a number of repeated measurements in the subject population of interest.
However, establishing validity, and resolving the question of
how well does a technique measure what it purports to measure, is much more challenging. Many of these innovative
techniques lack a standard to which they can be fully compared. This is not a new problem. For example, the multiple
inert-gas elimination technique, based on simple principles of
mass balance, while widely held as the gold standard for
determining V̇A/Q̇ heterogeneity, was never directly validated.
However, by providing numbers that made physiological sense
and withstanding intense scrutiny over time, it has gradually
become accepted.
In validating these new techniques, multiple approaches are
needed. The first is to determine whether the data agree with
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The primary function of the lung is to act as a gas exchanger,
and the matching of ventilation and perfusion is important to
optimize efficiency of gas exchange. Perfusion is a general
term describing the delivery of arterial blood to a capillary bed,
whereas blood flow is the rate of delivery of arterial blood to
the capillary bed in a known mass of tissue (13). Ventilation
can be similarly defined as the exchange of gas in the lung,
whereas alveolar ventilation is a measure of the amount of
fresh gas supplied to the alveoli. Some of the techniques
described in this paper provide an image of the distribution of
ventilation and perfusion and contain information from airways
and blood vessels in a variety of sizes, not just capillaries and
alveoli, and therefore do not strictly represent alveolar ventilation or perfusion. From an anatomical standpoint, most of the
pulmonary blood volume is contained in relatively large vessels, arteries, arterioles, venules, and veins, and, even when
maximally recruited during exercise, pulmonary capillary
blood volume is ⬍20% of the total pulmonary blood volume
(45). Conversely, most of the lung air volume is contained
within the alveoli, so anatomical dead space is small compared
with the regions of the lung that do participate in gas exchange.
Since the resolution of the techniques described in this review
is less than required to image individual alveoli and capillaries,
the information obtained must be carefully evaluated. This is
particularly important when describing heterogeneity, since the
heterogeneity of a system is dependent on the scale of measurement, as well as the resolution level (30). The lung by
weight is ⬃80% water, roughly split between intravascular and
extravascular spaces. Since the partitioning of total lung water
between these two spaces can be altered by a number of
physiological and pathological processes, it is important to
account for any changes when drawing conclusions from
measures of total lung water.
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SPECIFIC MRI TECHNIQUES

Regional Perfusion
The measurement of pulmonary blood flow using MRI
techniques is difficult. In addition to the previously discussed
issues of low proton density and local magnetic field inhomogeneity, cardiac motion and the pulsatility of pulmonary blood
flow can significantly affect measurements. All of these issues

need to be considered when designing methods to study pulmonary blood flow. In general, two types of MR sequences can
be used to evaluate pulmonary blood flow, each with its
advantages and disadvantages. The first method is known as
bolus tracking or dynamic contrast-enhanced imaging,
where multiple images are acquired rapidly as intravascular
contrast travels through the pulmonary circulation (54). The
second technique, using methods collectively known as
arterial spin labeling (ASL) (13), does not require intravenous contrast material, but instead, magnetically “tags”
inflowing blood.
Dynamic contrast-enhanced MRI. With this technique, multiple images are acquired rapidly, either of a single plane
through the lung parenchyma (two-dimensional) or of the
entire lung (three-dimensional) during a bolus of an intravenous contrast agent, such as gadopentetate dimeglumine. With
the use of an appropriate MR sequence, an increase in the
signal intensity of the lung parenchyma is seen as contrast
passes through the pulmonary vasculature (Fig. 1). Regions of
decreased parenchymal blood flow will be identified qualitatively as areas of poor regional contrast enhancement. Quantitative estimates of pulmonary perfusion can then be obtained
by applying indicator dilution techniques to the change in
signal intensity seen over time for a given region of the lung
(Fig. 2). Following a brief transit delay, a sharp rise in signal
intensity is seen with the arrival of contrast, and the signal
intensity will decline as the contrast washes out from the region
of interest (ROI). The first-pass portion of the curve can be fit
to a gamma-variate function (84). From this, quantitative
values for blood volume, blood flow, and mean transit time
(MTT) can be obtained (84, 90).

Fig. 1. Raw images of dynamic contrast-enhanced magnetic resonance (MR) imaging of pulmonary perfusion in a normal volunteer. Eight consecutive coronal
images are shown from the total of 45 coronal images obtained every 1 s in the plane of the pulmonary hila. The pulmonary arterial tree was visualized beyond
the segmental branches, followed by diffuse blush of lung parenchyma. A gradual increase in signal intensity of the lung parenchyma is observed, and, as contrast
reaches the systemic circulation, the descending aorta and renal and splenic perfusion is observed. [Borrowed with permission (37).]
J Appl Physiol • VOL
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what is expected from established measurements. Measures of
regional pulmonary perfusion may be considered as an example:
the volume (gas and tissue) of a normal human lung at functional
residual capacity is ⬃3,000 – 4,000 ml on average, and cardiac
output at rest is ⬃5,000 – 6,000 ml/min. Therefore, regional perfusion of the lung should be ⬃1.3–2.0 ml䡠min⫺1 䡠ml⫺1 in a
resting, normal subject. A second step might be to measure,
preferably simultaneously, cardiac output and perfusion in the
entire lung in a group of subjects and determine agreement.
However, this will not give measurements of heterogeneity or
regional information, which is one of the real advantages of these
new measurements. The third step might be to cross-validate the
technique against other techniques offering spatial information.
This last step is challenging, because the ideal comparison
technique should measure the same thing as the technique to be
validated and should not be subject to significant measurement
error itself. For example, measurements of perfusion in the
lung made with microspheres, although well established as
highly accurate, will not reflect any effect that regional variations in lung density in situ will have on the measurement of
regional perfusion using external imaging techniques such as
MRI, which measure perfusion per voxel (i.e., per unit volume)
rather than per gram of tissue.
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There are several advantages of dynamic contrast-enhanced
MRI. It is relatively straightforward to implement and has a
spatial resolution that is typically better than that of ASL. It
also can provide a direct measurement of blood volume and
can demonstrate the patterns of perfusion over time within the
lungs. There are several disadvantages, however. The use of
intravenous contrast limits the number of repeated measures, as
the contrast bolus has to be cleared from the blood before
reimaging. This eliminates the ability to make duplicate measures at a single time point and significantly reduces the ability
to evaluate changes in physiology that might occur over a short
time period. The number of measurements that can be made is
also limited by the total amount of contrast material that can be
given over a 24-h period (10, 23, 79). While regional blood
volume is accurately determined directly from the area under
the observed tissue concentration curve, the indicator dilution
technique calculation of regional blood flow and MTT is less
straightforward and may be subject to substantial error. The
central volume principle relates blood volume, blood flow, and
MTT through a vascular bed. In this approach, the MTT is the
first moment of the contrast curve for a draining vessel.
However, this is not strictly true for data obtained from the
vascular bed itself, such as is obtained with MRI (86), and thus
both MTT and blood flow are prone to error. Researchers have,
however, demonstrated a good correlation between regional
blood flow measured using this technique and blood flow
measured using colored microspheres, suggesting that this
limitation may be relatively small (37).
ASL. ASL MRI techniques have been used to quantify
regional perfusion in many organ systems (27, 73, 91). The two
primary advantages of ASL sequences are that regional blood
flow can be determined directly from the signal intensity of the
perfusion image, and no intravenous contrast is needed.
A specific type of ASL technique (9, 58) that allows for
quantification of regional pulmonary perfusion during a single
breath hold is ASL-FAIRER [FAIRER stands for flow-sensiJ Appl Physiol • VOL

tive alternating inversion recovery with an extra radio frequency (RF) pulse]. Essentially, ASL techniques use RF pulses
to invert the magnetization of protons traveling within the
blood, allowing them to act as an endogenous tracer for the
evaluation of blood flow. During each breath hold, two images
are obtained: a selectively and nonselectively tagged image.
The selectively tagged image is acquired by applying a selective inversion pulse only to the slice of interest. This pulse
inverts the magnetization of all spins within the slice (blood
plus extravascular tissue), and, following a delay that includes
one cardiac cycle, the “selective” image is acquired. During
this delay, fully relaxed spins move into the slice, replacing
inverted spins that flow out of the slice. The nonselective
tagged image is acquired by applying a nonselective inversion
pulse to the entire chest, so that the magnetization of arterial
blood outside the slice, as well as the blood and extravascular
spins within the slice, are inverted. After waiting for the same
period of time, the “nonselective” image is acquired. If this is
done carefully, then in each image the spins that were in the
slice at the beginning of the experiment, and remained there
until the image was acquired, will generate identical signals,
whereas the magnetization of the arterial blood that entered the
slice during the delay will be fully relaxed in the selective
image and inverted in the nonselective image. Subtraction of
the two images then yields an image of just the arterial blood
delivered to the imaged slice during the delay interval (Fig. 3).
In practice, all inverted magnetizations partially relax back
toward equilibrium during the delay interval, and this sets a
practical limit on how long that delay can be. That is, the
“tagged” magnetization has a finite lifetime set by the longitudinal relaxation time of blood. Since this technique involves
movement of blood from regions of lung immediately adjacent

Fig. 3. A single-slice coronal image of pulmonary perfusion in a healthy,
normal volunteer imaged using arterial spin labeling-flow-sensitive alternating
inversion recovery with an extra radio frequency pulse (ASL-FAIRER) to
magnetically tag protons for use as an endogenous tracer. Signal intensity is a
function of protons delivered (flow) during the interval between tag and image
acquisition, and with appropriate doped water phantoms absolute quantification of regional perfusion is possible. The data from this study were collected
as part of a study approved by the University of California, San Diego Human
Subjects Research Protection Program.
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Fig. 2. Signal intensity in a normal volunteer within a region of interest in lung
parenchyma following bolus injection of contrast during dynamic contrastenhanced MR imaging of pulmonary perfusion. After a transit delay, a sharp
rise in signal intensity is followed by rapid washout. The late peak reflects
recirculation of indicator into the region of interest. After gamma-variate
fitting, the first moment of the curve represents mean transit time, and area
under the curve represents blood volume of the region of interest. [Adapted
from Ref. 55.]
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Hyperpolarized Gas MRI
Hyperpolarized gases. Hyperpolarization refers to a process
in which magnetically active nuclei are aligned to a degree
many orders of magnitude greater than is normally achievable
under in vivo conditions. These nuclei, typically in the gas
state, are then administered into the lungs and imaged before
they have a chance to return to the thermal equilibrium conditions dictated by body temperature and the local magnetic
field. As an example, the polarization level of 3He can be
increased to as high as 105 times the thermal polarization of
water molecules, the source of conventional MRI signal. This
increased signal, along with the complete lack of indigenous
background, compensates for the low concentration of gas
molecules in airways and, therefore, can be used for higher

Fig. 4. Histogram of mean perfusion from the right lung of the image
presented in Fig. 3, after absolute quantification. The relative dispersion (RD)
is 0.99, similar to that reported for normal subjects (39, 41).
J Appl Physiol • VOL

spatial or temporal resolution imaging. The first hyperpolarized
gas MR image was acquired by Albert et al. (2) using 129Xe in
a mouse lung, and later by MacFall et al. (56) in human lungs
using 3He. These two gases have become common choices for
medical imaging, primarily because of their biological inertness (with the exception of anesthetic effects of 129Xe) and
their great potential to elucidate lung function and structure.
Hyperpolarization methods. One of the most widely used
methods to impart nuclear alignment to gas is by spin exchange
optical pumping (35, 36, 53, 85) of an alkali metal vapor,
whereby the mixture of the noble gas and these metal particles
is illuminated with resonant, polarized light, as originally
proposed by Kastler (46). This method is applicable to both
3
He and 129Xe nuclei. Metastability exchange optical pumping
method, originally proposed by Colegrove et al. (15), on the
other hand, is a more efficient method for polarizing 3He,
especially for large quantities of polarized gas, but its application is limited to this specific nucleus (1, 28). The magnetic
properties and extreme chemical inertness of 3He leads to
higher polarization, longer storage time, improved visualization of surrounding structure, and a very attractive safety
profile. 129Xe, on the other hand, polarizes faster and is soluble
in blood with several other possible properties and applications, as discussed in the references (21, 50, 59, 65, 74).
Hardware requirements. In addition to nucleus-specific
chest RF coils, imaging hyperpolarized nuclei requires broadband MR scanners capable of performing acquisition at frequencies different from the conventional proton (1H) MRI
commonly available in medical institutions. As potential clinical applications of multinucleus MRI techniques are expanding, many manufacturers have started providing broadband
capabilities to both existing scanners and new models. Moreover, the relatively fast in vivo depolarization rates of hyperpolarized nuclei [in the order of 10⬃20 s (66)] and the lack of
magnetization recovery demands that images be acquired with
a fast pulse sequence, such as gradient echo or echo planar
sequences.
Regional Ventilation
Several different techniques for regional measurement of
ventilation have been proposed, and some have found clinical
application. The most common approach makes use of an
inhaled radionuclide (typically 133Xe, 81Kr, or aerosolized Tc),
and the gas distribution inside the lung is imaged with a gamma
camera. Other proposed schemes use inhaled 13N and PET, or
a radiodense gas (typically stable Xe) and standard X-ray,
computed tomograph, or synchrotron radiation (7). MR-based
techniques include MRI of aerosolized contrast agents such as
gadolinium-diethylenetriamine pentaacetic acid (8, 33, 47, 64,
81, 82) and oxygen-enhanced MRI as a measure of ventilation
(6, 20, 44, 57, 69 –71, 93).
Each of the above techniques has advantages and limitations
of its own. Notable limits include achievable resolution (either
inherent or because of limited signal-to-noise), exposure to
ionizing radiation, and/or problems with cost or availability in
a clinical setting. The gadolinium-diethylenetriamine pentaacetic acid particle size and the long administration time (in the
order of a few minutes) could be prohibitive in certain types of
airway diseases. Oxygen-enhanced MRI reflects a combination
of ventilation, membrane function, and perfusion effects in the
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to the imaging slice, the effective transit times for tagged blood
is short, and errors caused by signal decay are minimized (9).
Absolute or relative quantification of blood flow can be obtained from this image (Fig. 4). One of the limitations of the
ASL technique is that it only provides information on perfusion: it does not measure blood volume or transit time. It has
the advantage that measurements can be made repeatedly over
very short time periods (seconds). The absence of contrast also
means that the measurements can be repeated indefinitely. It is
somewhat more difficult to implement compared with dynamic
contrast-enhanced imaging.
ASL measurements of regional pulmonary perfusion have
been used to demonstrate increases in pulmonary flow heterogeneity in subjects who have previously suffered high-altitude
pulmonary edema (HAPE), a potential fatal disease associated
with rapid travel to high altitude (41). It has been hypothesized
that hypoxic pulmonary vasoconstriction may be nonuniform
in HAPE, an idea supported by the work of Hlastala et al. in
mammalian lungs (40). The ASL data suggest this process may
be fundamentally different in HAPE-susceptible individuals, at
least after they have developed HAPE on one occasion, providing insight into the inciting mechanism of the disease.
Similar changes in perfusion heterogeneity are found using 1 h
of steep head-down tilt (39), which alters ventilatory inhomogeneity (22) and suggests that regional pulmonary function is
altered in subclinical edema, even in the absence of overt
disease.
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lung. For this reason, considerable effort over the last decade
has gone into the development of signal-enhancing techniques
capable of measuring regional ventilation minimally affected
by other pulmonary processes in the lung. The promising
sensitivity and safety characteristics of hyperpolarized gas
MRI have, therefore, proved to be a suitable tool for further
development in this field and have been used for qualitative
ventilation studies (48, 49), ventilation defects in asthmatic
patients (4, 77), and to generate high-resolution ventilation
maps (65).
In direct analogy with the radionuclide methods, the measured signal in each imaging voxel is proportional to the
polarization level and concentration of the gas. Fractional
ventilation r is then defined as the amount of gas added to a
ROI during inspiration (V̇new) normalized by the total gas
space of that ROI at the end of inspiration (V̇total):
V̇ new
V̇new
⫽
V̇total V̇new ⫹ V̇old

(1)

The total volume of the ROI at end inspiration, therefore,
consists of a fraction r of fresh gas plus a fraction q ⫽ 1 ⫺
r of residual gas. Fractional ventilation can, therefore, be
altered by any pulmonary disease affecting the natural flow
of air entering (e.g., asthma) or leaving (e.g., emphysema)
airways. A technique to measure fractional ventilation was
originally proposed by Deninger et al. in guinea pigs (19).
This technique consists of acquiring images after administering a consecutively increasing number of hyperpolarized
3
He gas breaths (34). For a given sequence of hyperpolarized helium breaths, signal (or equivalently the concentration of the new incoming gas) in a high-r (well-ventilated)
region rises at a faster rate than that of a low-r (poorly
ventilated) region, and, therefore, fewer breaths are required
to completely exchange the gas in this region. Performing
the signal buildup analysis on a voxel-by-voxel basis yields
the regional ventilation map for the entire lung. Figure 5
shows a typical map of regional fractional ventilation in a
coronal slice of a healthy rat lung, along with the respective
frequency distribution histogram. The high-gas transport
efficiency of conductive airways is depicted in their highfractional ventilation (r ⬎ 0.7). The average r in this slice,
excluding the trachea, was measured as 0.29 ⫾ 0.04.

The 3He atoms in a gas perform a Brownian random motion.
The average traveled distance of the gas atoms during a given
duration of time is determined by the diffusion coefficient D,
specific to the gas or gas mixture. For pure 3He gas under
standard conditions (and without restricting wall and barriers),
D is 2.05 cm2/s (14) and ⬃0.88 cm2/s in an atmospheric
concentration (92). If gas diffusion in the lung is measured,
however, we find that D is much smaller than predicted from
free diffusion and is not homogeneous. The bulk of this
difference and the heterogeneity indicate diffusion hindrance
by the lung structure itself; thus the measured value of D is
termed the apparent diffusion coefficient (ADC). ADC measurements are, therefore, a measure that is altered by changes
in the lung microstructure and give information about changes
in function. ADC appears to be a sensitive (76) and reproducible (67) marker for early detection (25, 76) and progression
(75) of disease and other processes affecting the size of alveoli
and small airways (92).
The simplest MR technique for measuring ADC, originally
proposed by Stejskal (80), is based on applying a symmetric
bipolar gradient before acquiring the image. The pair of gradients separated with an intermediate time delay dephase and
rephase the nuclei. In the presence of diffusion, or motion of
atoms, the rephasing will be incomplete, resulting in a signal
loss proportional to the D. Figure 6 shows a set of ADC
measurements in three slices of the lung of a healthy human
subject in the supine position. The mean ADC value is centered
around 0.16 cm2/s with a posterior-anterior gradient.
Hyperpolarized 3He MRI has compared ventilation defects
in patients with cystic fibrosis before and after treatment to
healthy subjects. Even the cystic fibrosis patients with normal
spirometry had significantly more ventilation defects than
healthy subjects, and these defects were correlated with
changes after treatment (63). Hyperpolarized 3He MR has also
been used to evaluate the ADC and thus estimate peripheral air
space size in normal subjects of different ages and patients with
emphysema. The ADC is increased with increasing age (24), is
larger in active and passive smokers than in healthy neversmokers (25), and is larger in patients with emphysema (25,
76). Thus this technique may provide insights into early diagnosis of airway disease or response to treatment.

Fig. 5. Regional measurement of fractional ventilation in a coronal slice of a healthy rat lung. As
can be seen, conductive airways show a relatively
high r ⬎ 0.7, representing very efficient gas
transport in these regions. The value of r in the
lung parenchyma is homogeneously distributed
in the range of 0.2⬃0.4. Images were acquired
using a fast multislice gradient echo pulse sequence with repetition time/echo time ⫽ 6.6/3.3
ms, field of view ⫽ 5 ⫻ 5 cm2, slice thickness ⫽
4 mm, flip angle ␣ ⫽ 10°, and matrix size of
128 ⫻ 128 pixels. All animal studies were performed in accordance with a protocol approved
by the Institutional Animal Care and Use Committee of University of Pennsylvania.
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HELIUM DIFFUSION AS A MEASURE OF
LUNG MICROSTRUCTURE
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Regional Partial Pressure of Oxygen and V̇A/Q̇
3

Hyperpolarized He spins lose polarization in the presence
of oxygen due to dipolar coupling between the nuclear and
molecular magnetic moments during collisions. This relaxation
happens at a rate proportional to the absolute oxygen concentration, so the effect can serve as a marker for measurement of
certain aspects of lung function. Since the rate at which oxygen
is taken up into the bloodstream is approximately constant
during typical durations of alveolar oxygen pressure (PAO2)
measurements (88), PAO2 can be assumed to change linearly
with time. Therefore, in the absence of any other significant
relaxation mechanisms, the 3He MRI signal can be expressed
as a first-order process:
1
S共t兲 ⫽ S共0兲 ⫺ ⌫ 䡠 P AO2 䡠t ⫹ R 䡠t2
2

(2)

where S is the MRI signal intensity, R is the rate of oxygen
uptake into the blood (the O2-depletion rate), and ⌫ is the
constant of proportionality between oxygen pressure and 3He
relaxation rate.
Based on the original work of Eberle et al. (22), several
schemes for in vivo measurement of regional partial pressure
of oxygen in the lung have been proposed. These techniques
are based on acquiring a series of images during either one (17,
26) or two (18) breath holds. Measurements requiring two
breath holds suffer from coregistration problems and longer
acquisition times, making single-acquisition sequences a more
desirable technique for daily clinical scans. These methods can
be naturally extended to multislice acquisitions. Figure 7A
J Appl Physiol • VOL

shows representative PAO2 measurements in three slices of a
healthy pig lung. A mixture of hyperpolarized 3He and O2 with
a ratio of 4:1 was used, and measurements were performed
using a single-acquisition sequence. The average PAO2 in slices
1–3 was measured as 101 ⫾ 22, 93 ⫾ 12, and 87 ⫾ 11 Torr,
respectively. The results averaged over all three slices resulted
in a PAO2 value of 92 ⫾ 15 Torr.
Determination of Regional V̇A/Q̇ from PAO2 Measurements
A technique recently developed by Rizi et al. (72) permits
the calculation of regional V̇A/Q̇ from measured PAO2 on a
regional basis. This technique is based on what is termed the
forward problem, which uses measured V̇A/Q̇ distributions to
predict overall pulmonary gas exchange. The forward problem
uses known values for V̇A/Q̇, inspired oxygen fraction, mixedvenous PO2, and mixed-venous PCO2 to calculate unknown
alveolar gas tensions [PAO2 and alveolar CO2 tension (PACO2)].
In this technique, however, the forward problem is modified to
calculate V̇A/Q̇ from local PAO2 measurements. This so-called
inverse problem employs well-established equations of steadystate exchange of O2, CO2, and N2 to determine the local V̇A/Q̇.
Like the forward problem, the inverse problem begins with the
steady-state mass balances for gas exchange, which results in
four equations in four unknowns: PAO2, PACO2, the ratio of
inspired ventilation to local perfusion, and alveolar N2 tension.
In the forward problem, these equations are reduced to two
equations in two unknowns (V̇A/Q̇ and PACO2), while in the
inverse problem, the four equations are reduced to one equation in one unknown (PACO2). The resulting PACO2 is then
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Fig. 6. Apparent diffusion coefficient (ADC) maps in three slices of a healthy human lung. The ADC is distributed around 0.16 with a posterior-anterior gradient.
Imaging parameters: echo time/repetition time ⫽ 6.5/10 ms, field of view ⫽ 35 ⫻ 35 cm, slice thickness ⫽ 30 mm, ␣ ⫽ 3⬃4°, matrix size ⫽ 128 ⫻ 128 pixels,
and b values ⫽ 1.73, 1.15, 0.71, 0.33, and 0.0 s/cm2. All human studies were performed in accordance with a protocol approved by the Institutional Review Board
of University of Pennsylvania.
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inserted into one of the equations used in the forward problem
to calculate V̇A/Q̇ (72).
The regional V̇A/Q̇ was calculated for the same pig for which
PAO2 maps are presented in Fig. 7A. With the use of published
PAO2 to V̇A/Q̇ mappings, V̇A/Q̇ maps for each oxygen data point
were calculated, as shown in Fig. 7B. The average V̇A/Q̇ in
slices 1–3 was measured to be 1.15 ⫾ 0.65, 0.85 ⫾ 0.27, and
0.74 ⫾ 0.21, respectively. The results averaged over all three
slices resulted in a V̇A/Q̇ value of 0.86 ⫾ 0.38.
Regional Lung Water
Changes in pulmonary fluid balance have the potential to
significantly affect gas exchange by thickening the gas exchange barrier and by altering local blood flow. Regional lung
water can be altered by a number of conditions, including
hypoxia, exercise, and cardiopulmonary disease. The measurement of lung water was one of the earliest applications of MR,
preceding many of the clinical imaging applications (16, 38).
The principles behind the estimation of lung water are based on
J Appl Physiol • VOL

the fact that the signal intensity of any MR image is related, in
part, to the number of protons present. With the use of an
appropriate imaging scheme, however, the image signal intensity can relate almost exclusively to proton density. The most
common approach is the use of a multiecho sequence. MR
signal decreases exponentially with time, and if image signal
intensity following a single RF pulse is determined at multiple
time points (multiple “echoes”) over a very rapid time frame
(milliseconds), the exponential decay curve can be determined.
The signal intensity extrapolated back to a time of zero will be
related only to proton density. If a similarly derived signal
intensity is also known for a sample of water, then the ratio of
signal intensities will give the amount of water present for any
ROI. This method has compared with lung water determined
gravimetrically by several investigators. Cutillo et al. (16)
found the two measures to be highly correlated with an absolute difference of typically ⬍20%. However, more recently,
Mayo et al. (61) found that MR typically underestimated the
amount of lung water by 5% compared with gravimetric
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Fig. 7. A: distribution of alveolar O2 tension
(PAO2) in the normal pig lung for three slices.
The single-acquisition sequence was performed with an acquisition time ⌬ ⫽ 0.4 s
and an interscan time delay  ⫽ 6 s. Six
images for each of the three slices were
analyzed by binning 4 ⫻ 4 voxels. White
squares indicate values ⬍70 Torr. Bin size in
the histograms is 7.5 Torr. B: distribution of
ventilation-to-perfusion ratio (V̇A/Q̇) in the
normal pig lung for three slices, corresponding to those shown in A. White squares
indicate values ⬍0.5. Black squares indicated values ⬎1.5. Bin size in the histograms
is 0.25. All animal studies were performed in
accordance with a protocol approved by the
Institutional Animal Care and Use Committee of University of Pennsylvania.
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APPROACHES TO DATA ANALYSIS

MR data sets are extremely large and generate roughly
100,000 voxels per lung. A significant issue is how to evaluate
and express this large data set to compare among subjects and
across interventions. A detailed discussion of data analysis
techniques is beyond the scope of this review, and the reader is
referred to a review by Glenny (30) for more information on
analysis of lung spatial data. Some of the data evaluation
techniques briefly described below provide numbers that describe the heterogeneity of a system and are therefore useful for
statistical analyses and also provide anatomic information as to
the scale of heterogeneity, the size of related areas, and, in
some cases (cluster analysis), the anatomic location. However,
it is clear that developing techniques to evaluate spatial information in the lung will occupy researchers for some years to
come.
The relative dispersion (standard deviation/mean, also
known as the coefficient of variation) can be used to characterize spatial heterogeneity of information, with higher values
representing more heterogeneously distributed systems (Fig.
4). The relative dispersion is a useful measure for globally
quantifying the extent of spatial heterogeneity, but the obvious
disadvantage is that the measure eliminates any anatomic
information. Nevertheless, being able to quantitatively characterize one data set as having a different heterogeneity than
another has been shown to be a useful tool (39, 41). Spatial
correlation provides another means of quantitatively comparing the nature of the spatial information contained in an image.
J Appl Physiol • VOL

In this method, the correlation coefficient is determined for the
data of interest for all locations within the lung that are
separated by a given distance. The correlation coefficient can
then be recalculated for all pairs of points separated by a
greater distance, and this is repeated to generate a curve of
correlation coefficient r vs. separation distance. The zerocrossing point (distance of zero correlation) is a measure of the
scale of the major components of the heterogeneity within the
image (30).
Other approaches that have been used to evaluate spatial
information in the lung include fractal analysis and cluster
analysis (30). Within the lung, blood flow in one region is
correlated with flow in adjacent regions of the lung. To be
fractal in nature, this relationship must hold for all regions,
regardless of size or location. The fractal dimension statistic is
calculated by taking the relative dispersion of the image after
smoothing with progressively larger blocks (e.g., 1, 9, 25. . .
voxels averaged) centered on each voxel (3). The slope of the
curve is calculated, and the fractal dimension is calculated.
Cluster analysis is a statistical method for grouping items, such
as pieces of lung, into “clusters” that share similar characteristics, such as response to a given stimulus. The entire clustering process is completed without reference to the spatial
location of any lung region, and then, once identified by their
response, the anatomic location of these pieces is determined.
The mean Euclidean distance between all possible pairs of
cluster members can be used to describe the size of the clusters,
becoming smaller as the clusters become spatially more compact.
CONCLUSIONS

In the preceding pages, a variety of recent MRI techniques
have been presented that allow assessment of regional lung
function. A full understanding of these powerful techniques
will require multidisciplinary teams with skills in radiology,
MR physics, and physiology. As these techniques become
more widely available, they offer great potential to answer
meaningful questions in medicine and biology, not only about
lung structure but also lung function, allowing mechanistic
insights.
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