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Abstract
Three-dimensional (3D) perfusion imaging allows the assessment of pulmonary blood flow in
parenchyma and main pulmonary arteries simultaneously. MRI using laser-polarized 3He gas clearly
shows the ventilation distribution with high signal-to-noise ratio (SNR). In this report, the feasibility
of combined lung MR angiography, perfusion, and ventilation imaging is demonstrated in a porcine
model. Ultrafast gradient-echo sequences have been used for 3D perfusion and angiographic imaging,
in conjunction with the use of contrast agent injections. 2D multiple-section 3He imaging was
performed subsequently by inhalation of 450 ml of hyperpolarized 3He gas. The MR techniques were
examined in a series of porcine models with externally delivered pulmonary emboli and/or airway
occlusions. With emboli, perfusion deficits without ventilation defects were observed; airway
occlusion resulted in matched deficits in perfusion and ventilation. High-resolution MR angiography
can unambiguously reveal the location and size of the blood emboli. The combination of the three
imaging methods may provide complementary information on abnormal lung anatomy and function.

Keywords
pulmonary emboli; MR perfusion; MR angiography; hyperpolarized gas; contrast agents

The development of high-speed gradient systems and fast imaging methods has permitted
ultrafast contrast-enhanced lung perfusion imaging with subsecond temporal resolution and
millimeter spatial resolution (1-8). Imaging of the lung parenchyma suffers from low proton
density, physiological motion (cardiac and respiratory motion adjacent to the lung), and short
T2
∗ from local magnetic field inhomogeneity due to multiple interfaces of air and soft tissues

(3,9-12); significantly reduced times TR and TE in the gradient-echo sequence allow
dramatically improved SNR. Recently, bolus injection of gadolinium contrast agent in
conjunction with an ultrafast 3D gradient-echo sequence has demonstrated volumetric lung
parenchymal perfusion images with 2-3 sec temporal resolution (7). This technique allows
simultaneous evaluation of lung perfusion and flow in the major pulmonary vasculature. On
the other hand, submillimeter high-spatial-resolution pulmonary angiography has been
achieved with bolus administration of gadolinium contrast agent and first-pass MR data
acquisition during the arterial phase of the contrast agent (13-15). This contrast-enhanced
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pulmonary angiography shows high SNR and can depict pulmonary arteries beyond the
subsegmental branches. Integration of perfusion and angiography may allow better evaluation
of parenchymal blood flow states and vasculature involvement; this is particularly interesting
when pulmonary emboli are studied (10,16).

The ability of MR to image the lung air space is important for the diagnosis of a variety of
pulmonary ventilation abnormalities. Recently, assessment of regional lung ventilation using
hyperpolarized noble gas has emerged as an imaging technique for evaluating patients with
lung disease, such as tumor, emphysema, bronchiectasis, cystic fibrosis, and asthma (17-24).
Compared to O2-enhanced lung MRI (25,26), which has the advantage of needing no special
equipment, 3He MRI provides high SNR and contrast-to-noise ratio (CNR), with image
intensity directly proportional to the local concentration of inhaled 3He. It has long been
recognized that both pulmonary perfusion and ventilation images are needed to identify and
distinguish certain lung diseases. For example, mismatched and matched perfusion/ventilation
defects can be found in pulmonary embolism and chronic obstructive pulmonary disease
(COPD) patients, respectively. Some efforts have been made (27) to evaluate such perfusion/
ventilation defects in a porcine model using contrast-enhanced perfusion imaging and oxygen-
enhanced ventilation imaging approaches. Another method using 3He itself for dynamic
measurement of lung perfusion as well as ventilation has also been reported (28). To date,
however, MR techniques using proton and 3He imaging to visualize lung structure have only
been reported for assessing perfusion and ventilation in rat lungs (29).

In this report, we show the feasibility of combining three MR techniques for evaluation of the
lung function in a porcine model with appropriate spatial resolution and volume coverage. To
our knowledge, this is the first time that MR perfusion, ventilation, and angiography have been
combined to assess lung function. To demonstrate the utility of the techniques, pulmonary and
ventilation defects were created in the animals and both matched and mismatched perfusion/
ventilation defects were demonstrated.

MATERIALS AND METHODS
Animal Models

Animal Preparation—Eight domestic pigs (weight 23.6 ± 2.7 kg) were used for this study.
The pigs were premedicated by intramuscular injection of atropine (0.05 mg/kg), xylazine (2
mg/kg), and ketamine (20 mg/kg). An intravenous access line was secured in the ear for contrast
agent injection and for hydration of the animal. The pigs were then anesthetized with
intravenous injections of pentobarbital (25 mg/kg) and underwent endotracheal intubation. A
9-F Pinnacle introducer sheath (Medi-Tech, Watertown, MA) was inserted through the right
internal jugular vein to the superior vena cava (SVC) in some animals for delivery of blood
clots to create artificial pulmonary emboli.

After preparation the pigs were placed supine in the magnet bore and mechanically ventilated
through a small animal ventilator (Harvard Apparatus, South Natick, MA) at a rate of 15
breaths/min, a stroke of 300 ml, and an inspiration/ expiration time ratio of 40 / 60. Normal
saline (0.9%) was administered throughout the MR procedure through the established
intravenous line at the rate of 3 ml/kg/hr to maintain hydration. Anesthesia was maintained
using a mixture of isoflurane/oxygen ventilation during the imaging procedure. Blood O2
saturation, pulse rate, end tidal CO2, and temperature of the pig was monitored throughout the
procedure. A 4-lead ECG patch was attached on the chest of the pig. For breathhold scans,
ventilation was stopped with the animal’s diaphragm in the inspiration position. All animal
experiments were approved by the Animal Study Committee of our institute.
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Embolism Preparation (n = 5)—The creation of emboli has been described previously
(30). In brief, 20 ml of fresh porcine blood was withdrawn from the internal jugular vein and
placed in a polyvinyl chloride tube of 10 mm internal diameter. The tube was sealed and placed
on a turntable rotating at 16 revolutions per second for 30-60 min until a thrombus was formed.
The large thrombus was then removed from the tube and cut into smaller segments with a
diameter of 3 mm and varying lengths from 1-4 cm. To deliver the segments to the pulmonary
vessels in the animal, the segments were inserted into a 1-ml syringe and then injected into the
9-F catheter, flushing with normal saline.

Bronchi Obstruction (n = 3)—An 8-F balloon catheter was used to block one of the
bronchial branches. A small amount of diluted gadolinium contrast agent was first infused into
the balloon for MRI visualization of the location of the catheter and partial dilation of the
balloon. The catheter was then inserted into the lung of the animal through the endotracheal
tube and extended into either the right or the left lung. After sensing resistance of the catheter
in the lung, the balloon was then inflated completely to fully block the airway. A 3D proton
FLASH image was acquired afterwards to identify the location of the balloon.

MR Perfusion and Angiographic Imaging
The MR system is a 1.5 T Magnetom Sonata system (Siemens Medical Systems, Erlangen,
Germany) with a high-performance gradient system (maximum gradient strengths of 40 mT/
m and maximum slew rate of 200 mT/m/msec). The perfusion images were obtained using a
3D gradient-echo sequence with asymmetric k-space sampling in readout, phase-encoding, and
partition-encoding directions. The strategies to reduce the scan time include moving the
symmetric k-space to one side (20%) along the phase-encoding direction and zero-filling the
rest of k-space. In the slice direction, sinc interpolation is applied to increase the slice display
by a factor of 2. A rectangular RF pulse with a duration of 100 μsec was used, allowing TR
and TE to be shortened to 1.64 and 0.6 msec, respectively. Other imaging parameters included:
flip angle = 15°, readout bandwidth = 1295 Hz/pixel, in-plane field of view (FOV) = 320 ×
200 mm2 and slab thickness = 80 mm, data acquisition matrix = 256 × 120 and 12 partitions
(interpolated to 24), with a voxel size of 1.3 × 1.7 × 3.3 mm3. The orientation of the 3D slab
was oblique coronal to transverse to fully cover both lungs. The temporal resolution was 1.98
sec per 3D dataset with a total of 13 datasets collected continuously during the first-pass of the
contrast agent. The 3D perfusion sequence was designed to perform online subtraction
(subtracting the first 3D dataset from all later datasets) and to reconstruct automatically a MIP
(maximum intensity projection) image for each subtracted 3D dataset. For 13 total sets there
were 12 subtracted datasets and the total reconstruction time was approximately 7 min.

High-spatial-resolution 3D angiography was obtained by another 3D gradient-echo sequence
with the same k-space sampling scheme and a TR/TE of 3.2/1.1 msec. The readout bandwidth
was 432 Hz / pixel and the flip-angle was 30°. The 3D slab was prescribed in the same location
as in the perfusion study. The data acquisition matrix was 512 × 243 × 96 (interpolated partition
number), resulting in a voxel size of 0.66 × 0.82 × 0.83 mm3. Scanning time for the angiography
measurement was 25 sec. The angiographic MR differs from the perfusion MR primarily in
being higher spatial resolution and requiring a longer time to acquire a 3D dataset. MIP images,
as well as MPR (multiplanar reconstruction) images, were obtained to assist visualization of
pulmonary arteries and emboli.

To perform the contrast-enhanced perfusion study, a single dose of 0.1 mmol/kg gadopenetate
dimeglumine (Magnevist; Schering-Plough, Erlangen, Germany) or gadodiamide (Omniscan;
Nycomed Imaging, Oslo, Norway) was injected through the established ear vein catheter as a
bolus in 2 sec, followed by a 10-ml saline flush. The injection was performed after the first 3D
dataset was acquired. For the angiographic acquisition, the same agent with a doubled dose of
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0.2 mmol/kg was injected over 20 sec, followed by a 10-ml saline flush at a rate of 1 ml/sec.
The delay time of the start of the angiography data acquisition was calculated (31) based on
the transit time of the bolus in the perfusion imaging. For all the animals studied, an 8-sec delay
between the start of injection and the start of data acquisition yielded a large enhancement of
the pulmonary arteries.

For evaluating perfusion images semiquantitatively, parameter maps of lung perfusion were
created, i.e., slope, maximum intensity, and time delay maps (defined below) (32). The images
were first transferred to a remote SUN SPARC 20 workstation (Sun Microsystems, Mountain
View, CA) and analyzed with a user-written program. An image mask was used to filter out
background noise based on empirically defined threshold values. A perfusion curve for each
pixel was then determined by the program. Four parameters from each curve were generated
automatically: the maximum signal intensity SImax, the time tmax of maximum signal, the signal
intensity SImin at the arrival of contrast agent (selected to be the intensity of the image when
the next image intensity was 30% higher than the baseline image intensity SI0), and the time
tmin corresponding to SImin. The baseline SI0 was calculated by averaging the signal intensities
on the first two images. Maps of the parameters were obtained by the formulae: slope =
(SImax - SImin)/(tmax-tmin), maximum signal = SImax - SI0, and time delay = tmax - tmin.

MR Helium Ventilation Imaging
Hyperpolarized 3He gas is prepared by depopulation optical pumping of Rb and spin exchange
between the Rb electrons and 3He nuclei (33). A 40-W diode laser array was used to polarize
the 3He in valved Pyrex cells with equipment constructed by our research group. There are
three dedicated polarizers; each generates 0.45L STP 3He at approximately 45% polarization.
The cells are then transported 4 km to the imager in a hand-carried, battery-powered holding
field of 30 G; negligible losses occur during transport. However, care must be taken near the
large field gradients close to the imager to avoid significant demagnetization of the gas (34).

The ventilation portion of imaging was performed on a 1.5 T Magnetom Vision whole-body
scanner (Siemens Medical Systems) with a Helmholtz coil pair operating at 48.47 MHz and
63.63 MHz for 3He and protons, respectively.

The Vision scanner was used for its multinuclear capability for 3He imaging, although its lower
performance gradient system is not suitable for the proton perfusion and angiography
measurements. A complete set of coronal proton images is taken at full inspiration for
comparison to the gas-space images and for anatomical reference. Just before 3He imaging,
the 3He gas is mixed with 0.5 L N2 in a polyethylene bag. The gas is delivered to the animal
through a set of valves connected to the Harvard ventilator. When the imager has been switched
to the 3He frequency, 0.3 L of gas is first removed from the lungs at functional residual capacity
by opening a valve to a partially evacuated plastic container. This removes some O2, reducing
the oxygen-induced relaxation rate of the 3He (35). The 1-L 3He-N2 mixture is then delivered
by opening a valve to the mixture and squeezing the polyethylene bag at a constant pressure
of about 10 inches of water. At full inspiration all valves are closed to suspend breathing and
imaging begins.

To image 3He gas, a 2D gradient-echo sequence was used. Thirteen slices with a slice thickness
of 8 mm were collected during a 13-sec breathhold. These slices were placed in similar
locations as in the perfusion study. Other imaging parameters included: TR/TE = 11 ms/4.2
ms, flip angle = 15°, readout bandwidth = 130 Hz/pixel, FOV = 320 × 240 mm2, data acquisition
matrix = 128 × 96, resulting in a voxel size of 2.5 × 2.5 mm2.

Imaging Protocol—All studies were first performed in the Sonata system for perfusion and
angiographic imaging. Figure 1 shows the time diagram for the imaging procedure. After
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acquiring baseline perfusion and angiography imaging data, the emboli or airway blockage
was introduced and the same perfusion and angiography data acquisition procedures were
repeated. The pig was then immediately transferred to the adjacent Vision system. 3He gas
imaging was performed there to visualize the lung ventilation distribution and detect any airway
abnormalities.

RESULTS
Of 16 detected perfusion abnormalities in the five pigs, 11 defects were in the right lung and
five in the left. However, postemboli MR angiograms were able to detect 20 emboli; the four
emboli that were not distinguished in perfusion MR scans were obscured by other nearby
emboli. It is noted that some angiographic images show accompanying parenchymal
enhancements and abnormalities that were also demonstrated in the perfusion images.
Nevertheless, the parenchymal signal enhancement in angiographic images is much less than
in the perfusion images because the time delay between contrast injection and the start of
angiographic imaging was selected to match the arterial phase of the contrast agent, not the
parenchymal phase. The SNR of the parenchyma in the perfusion images is twice that of the
angiographic images.

Figure 2 presents images from a pig pre- (top row) and postdelivery (bottom row) of blood
clots to induce pulmonary embolism. The animal was injected with six emboli of lengths 2-6
cm. The postemboli perfusion image (Fig. 2c) reveals loss of signals in the right lateral lower
lung and left middle to lower lung (compared to Fig. 2a). The postemboli angiographic image
(Fig. 2d) clearly demonstrates the pulmonary arteries up to subsegmental branches. Cut-off
vessels are shown in the distal portions of both right and left pulmonary arteries (compared to
Fig. 2b). Additional small emboli in the left segmental and subsegmental branches are readily
distinguished as cut-off defects. Despite the presence of such multiple emboli, the
postemboli 3He image shows perfectly normal ventilation throughout the lung. This
observation of mismatched defects (perfusion/ventilation) is expected for pulmonary
embolism.

Images from a pig pre- (top row) and postinflation (bottom row) of a balloon catheter to occlude
an airway are displayed in Fig. 3. Preventilation-defect perfusion and angiographic imaging
were performed and then the airway of the animal in the lower right lobe was obstructed by
balloon angioplasty (Fig. 3d). Reduced perfusion is indicated (Fig. 3e) in the right lower lobe
in the postventilation-defect image at the peak of arterial enhancement. The subsequent 3He
ventilation image (Fig. 3h) clearly shows a ventilation defect with similar shape and size of
abnormality at the same location. Parametric images were also calculated from the perfusion
datasets. Maximum intensity (Fig. 3b) and time delay (Fig. 3c) maps show the normal uniform
signal patterns in the preventilation-defect case. The postventilation-defect maximum intensity
map (Fig. 3f) continues to present a normal uniform distribution of signal. However, the
postdefect time delay map (Fig. 3g) reveals delayed enhancement (hyperintensity) of the
parenchyma distal to the balloon due to hypoxic vasoconstriction.

DISCUSSION AND CONCLUSIONS
With the help of the high-performance gradient system, our results demonstrate the feasibility
of acquiring volumetric lung images within a reasonable breathhold time. First-pass volumetric
perfusion imaging clearly delineated the blood perfusion of the pulmonary parenchyma, with
lobar and segmental arterial and venous vessels demonstrated as well. Identification of these
vessels is greatly assisted by viewing the images in 3D (slice thickness of 2.7 mm) with
knowledge of the vascular structure of the pig lung. Therefore, this perfusion technique can
provide low-spatial-resolution parenchymal perfusion maps and pulmonary angiography

Zheng et al. Page 5

Magn Reson Med. Author manuscript; available in PMC 2008 February 5.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



simultaneously. However, high-spatial-resolution pulmonary angiography is still needed in
some cases to allow accurate delineation of sources of pulmonary flow defects because our
perfusion maps reveal “cut-off” signal voids only in large vessels. The exact location and extent
of the emboli remain uncertain using only perfusion maps. With submillimeter resolution the
angiography with a second contrast injection readily determines the locations and sizes of the
small emboli, as shown in Fig. 2. Subsegmental branches are also well depicted (Fig. 2b,d).

It could be argued that high-spatial-resolution angiographic images may provide the same
information as perfusion images. In our study, parenchymal perfusion was better delineated in
the perfusion imaging, particularly in the nondefective regions. Angiographic images may
present signal enhancement both in the vessels and parenchyma, but the SNR of the
parenchyma is substantially lower than that in the perfusion images. Furthermore, variability
of timing of the data acquisition window after contrast injection for the first-pass angiographic
imaging will cause substantial variations in the parenchyma enhancement patterns, which may
increase the possibility of false-positive diagnosis.

It is noted that related work was reported (27) in which lung ventilation was assessed indirectly
with inhalation of 100% oxygen as a paramagnetic T1 relaxation contrast agent. Ventilation/
perfusion mismatch was observed using a pulmonary emboli animal model and proton MRI.
This technique is less expensive and more readily available, as it can be performed on any
proton MRI scanner and does not require 3He polarized gas. However, only one slice was
obtained with each oxygen inhalation and the SNR of the ventilation image is much lower.
Other limitations include relatively long imaging time and the inability to perform dynamic
ventilation imaging. In contrast, hyperpolarized 3He MR lung imaging provides excellent SNR
for visualizing the air space with multislice volume coverage within a single breathhold time
and readily depicts the regional ventilation defects caused by stenosis of airways.

The corresponding perfusion defects matched the size and shape of the ventilation defects very
well. Without involvement of ionizing radiation or iodinated contrast injection, the imaging
approach presented here can be repeated and performed before and after an intervention.
Although our current data acquisitions are performed in two scanners, the Sonata system will
be upgraded with broadband capability in the near future, allowing all of the imaging
(perfusion, angiography, and 3He ventilation) to be performed in one setting. A single coronal
slab could cover both right and left lungs without complex slice localization. This volumetric
data acquisition strategy allows easy imaging set-up and also permits simple registration of
perfusion, angiography, and ventilation images, even though the resolutions of the three image
sets are different.

In conclusion, the described method of integration of MR angiography, perfusion, and
ventilation imaging allows delineation of lung anatomy and function in the blood and air space
in one setting. This approach appears sensitive to pulmonary vascular and bronchial stenosis.
Non- or less-perfused and nonventilated lung regions can be readily detected and characterized
with the volumetric datasets. However, the accuracy, sensitivity, and specificity of the
integration of the three imaging methods needs further evaluation in a larger number of
subjects. The clinical utility must also be evaluated.
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FIG. 1.
Schematic diagram of time-line of imaging procedures for the integration of MR scans. There
was a 1-hr delay between the preemboli and postemboli studies to ensure residual contrast
agent would not significantly interfere with the postemboli imaging.

Zheng et al. Page 9

Magn Reson Med. Author manuscript; available in PMC 2008 February 5.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



FIG. 2.
Images from lungs of a pig pre-injection (top row) and postinjection (bottom row) of pulmonary
emboli in the form of blood clots. Perfusion images a and c are reconstructed from a 3D dataset
using MIP. The two long arrows in image c indicate multiple parenchymal perfusion
abnormalities induced by the two emboli, as indicated by arrowheads. Main and both right and
left lobar pulmonary arteries are also visualized. Images b and d are high-resolution MR
angiography (MIP), clearly showing the smaller subsegmental and even subsubsegmental
vessels. In d, emboli are marked by arrows. Note two short arrows in d point to two
subsegmental emboli which are not seen in perfusion image c (short arrow). Image e is a single
slice from 3He and shows normal ventilation distribution of the lung postemboli with high
SNR.
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FIG. 3.
Images from lungs of a pig before (top row) and after (bottom row) creation of a ventilation
defect. Images a and e are one slice from a 3D perfusion dataset. Images b and f are maximum
intensity images (SImax) calculated from the dynamic perfusion datasets. Images c and g are
time delay maps, as defined in the text, with hyperintensity representing longer delays. Image
d schematically illustrates the definitions of the parameters in the calculated parametric maps.
Image h was acquired postventilation-defect using 3He. The arrow in e, g, and h points to the
region of defective ventilation.
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