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Abstract
Purpose—To demonstrate the feasibility of performing single breath-hold, non-cardiac gated,
ultrafast, high spatial-temporal resolution whole chest MR pulmonary perfusion imaging in
humans.

Materials and Methods—Eight (8) subjects (5 male, 3 female) were scanned with the proposed
method on a 3T clinical scanner using a 32-channel phased-array coil. Seven (88%) were healthy
volunteers, and one was a patient volunteer with sarcoidosis. The peak lung enhancement phase
for each subject was scored for gravitational effect, peak parenchymal enhancement and severity
of artifacts by 3 cardiothoracic radiologists independently.

Results—All studies were successfully performed by MR technologists without any additional
training. Mean parenchymal signal was very good, measuring 0.78 ± 0.13 (continuous scale, 0 =
“none” → 1 = “excellent”). Mean level of motion artifacts was low, measuring 0.13 ± 0.08
(continuous scale, 0 = “none” → 1 = “severe”).

Conclusion—It is feasible to perform single breath-hold, non-cardiac gated, ultrafast, high
spatial-temporal resolution whole chest MR pulmonary perfusion imaging in humans.
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INTRODUCTION
Assessment of pulmonary perfusion with dynamic contrast-enhanced (DCE) MRI is an
important tool to help understand both the normal and abnormal physiology of the lung (1).
Many diseases affect perfusion of the pulmonary vasculature and lung parenchyma itself,
including acute and chronic pulmonary embolism (2), pulmonary hypertension (3,4), fibrotic
lung disease (5), obstructive lung disease (6), cystic fibrosis (7) and congenital heart
disease(8). Initial implementations of DCE for pulmonary perfusion MRI has been
challenged by the need for complete 3D coverage of the lung with sufficient spatial
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resolution. As Hopkins et al. suggested, an isotropic resolution better than 4.0 mm may not
be necessary as this is the approximate size of the functional gas exchange unit in the lungs
(9). More importantly, a high frame rate is necessary for the accurate assessment of
pulmonary perfusion. For qualitative assessment of perfusion defects, the frame rate must be
high enough to reliably capture the peak parenchymal signal throughout the 3D volume. For
quantitative perfusion measurements, high frame rate is even more important because of the
necessity for accurate measurement of the arterial input function (9). In previous works, a
frame rate of 1.1 sec was used for quantitative assessment (2,3). Previous strategies for DCE
pulmonary perfusion MRI have been reported, including use of an inversion recovery turbo
flash sequence with short TE (10) and more recent work using non-Cartesian stack-of-stars
k-space sampling with I-HYPR reconstruction (11). However, these techniques either lack
sufficient spatial coverage along the slice encoding direction (10), or do not have the 4 mm
isotropic spatial resolution (3,11) needed to assess the secondary lobule.

To obtain the desired frame rate without sacrificing spatial resolution, the MR data
acquisition must be accelerated by reducing the number of measurements needed to
reconstruct each time frame. Generally, k-space can be undersampled in two different ways.
First, k-space can be undersampled uniformly (or “coherently”) during data acquisition and
reconstructed using parallel imaging reconstruction methods (12–14). Alternatively, k-space
can be undersampled non-uniformly (or “incoherently”), using Cartesian (15–18) or non-
Cartesian (19,20) techniques. These non-uniform undersampling approaches can be
combined with non-uniform temporal sampling rates and reconstructed using view-sharing
reconstruction (15,16,21,22), model-based reconstruction (23–25), or constrained
reconstruction methods such as HYPR (26–28) and compressed sensing (29). The view-
sharing method uses all sampled k-space points in the time-frame being reconstructed, and
approximates missing high frequency k-space by using data (either directly or through
interpolation) acquired a short time before or after the current frame. Because of this, view-
sharing can result in temporal blurring. To reduce this blurring, uniform and non-uniform
sampling can be combined in the acquisition with view-sharing and parallel imaging applied
sequentially in the reconstruction (15). Further, simulations using constrained reconstruction
methods such as HYPR-like algorithms have suggested reduced temporal blurring from
neighboring frames when compared to linear interpolation or nearest neighbor view-sharing
(30,31). This may be important in depicting rapid changes in the contrast intensity curves
and may be necessary for quantitation.

Recently, the combination of Interleaved Variable Density (IVD) sampling, HighlY
constrained Cartesian Reconstruction (HYCR), and parallel imaging has been used to
achieve a very high acceleration factor (×30) when applied to DCE MR angiography of
peripheral vascular disease (17). We have applied this IVD HYCR technique to 3D DCE
pulmonary perfusion MRI, enabling the acquisition of perfusion images of the lungs with
whole-chest coverage, high (1sec) frame rate and sufficient (4mm) isotropic spatial
resolution in a single 20–25 sec breath-hold. The purpose of this work was to demonstrate
the feasibility of using IVD HYCR to perform pulmonary perfusion MRI in humans.

MATERIALS AND METHODS
Imaging Protocol

Figure 1 shows the diagram for the imaging protocol. Eight (8) subjects (5 male, 3 female,
average age 28y (19y –51y)) were scanned in this IRB-approved study. Seven (88%) were
healthy volunteers, and one was a patient volunteer with sarcoidosis. All subjects were
scanned on a 3T clinical scanner (Discovery MR750, GE Healthcare, Waukesha, WI, USA)
using a 32-channel phased-array coil. This coil consists of an anterior and posterior part,
with each part including 5 rows along S/I, and each row including 3 or 4 coil elements along
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L/R. Scan parameters included: sagittal excitation slab, full chest coverage, TR/TE = 1.8/0.5
ms, 75% fractional echo, BW = ±125 kHz, matrix = 100 (S/I) × (56–70) (A/P) ×100 (L/R),
FOV = 40 (S/I) × (23–28) (A/P) × 40 (L/R) cm3, parallel imaging factor = 2×2, IVD factor =
3, yielding a total acceleration factor of approximately 12. This enabled whole-chest
coverage with 4.0 mm isotropic spatial resolution and frame rate of 1.0sec/volume. The
healthy subjects received 0.5× dose (0.015 mmol/kg) of gadofosveset trisodium (Lantheus
Medical Imaging, North Billerica, MA, USA) while the sarcoidosis patient received a 0.5×
dose (0.05 mmol/kg) of gadobenate dimenglumine (Bracco Diagnostics, Princeton, NJ,
USA) as part of a routine clinical cardiac MRI study, injected through a 20G antecubital
intravenous catheter. The duration of the contrast injection in all subjects was 2 sec,
followed by a 15–30 mL saline bolus injected at the same rate. A pre-contrast mask was
acquired during the first 3–4 seconds following injection, before contrast reached the
superior vena cava or heart. Sixteen (16) to eighteen (18) volumes were then acquired at 1.0
sec/volume during an end-expiration single total breath-hold of 20–25 sec (including the
mask).

Image Reconstruction
Images were reconstructed using HighlY constrained Cartesian Reconstruction (HYCR)
combined with ARC, a coil-by-coil data-driven parallel imaging reconstruction described as
Method 5 in Ref. (14), with a 3D kernel size of 3 (frequency) × 7 (phase) × 7 (slice). Briefly,
after complex mask subtraction of the data in k-space, three intermediate images were
generated. First, the data from each time frame (i.e. 1.0 second duration in this application)
are reconstructed using zero-filling and parallel imaging, producing an image, It, with some
spatial blurring artifacts but minimal temporal blurring relative to the composite image
described below. Second, data from a sliding window with a 7 sec temporal footprint are
summed to eliminate IVD undersampling and then density corrected to reconstruct a
composite image Īt that is temporally blurred but has minimal spatial artifacts compared to
image It. Then, the image Īt is sub-sampled at the same k-space locations as measured for It,
and reconstructed using zero-filling and parallel imaging. The resulting image Ĩt serves as a
normalization factor. The final high frame rate and high spatial resolution HYCR image is
then calculated as

[1]

where c is a small regularization constant to avoid zero division. This algorithm is described
in detail in Ref. (17). The diagram for image reconstruction is also included in Figure 1.

Imaging Analysis
The 3D volumes corresponding with peak lung enhancement from each scan, obtained by
reviewing the coronal maximum intensity projection (MIP) time frame images, were
randomized and independently scored by 3 cardiothoracic radiologists. As a surrogate
measure of parenchymal enhancement, the ability to identify the normal increase in
perfusion in the dependent portions of the lungs (gravitational effect) was scored using a 3-
point scale (0 = “not seen”, 1 = “present”, 2 = “well seen”). Peak parenchymal enhancement
and severity of artifacts were graded on continuous scales: 0 (none) → 1 (excellent) for
enhancement and 0 (none) → 1 (severe) for artifacts. Paired two-tailed t-tests were used to
compare the readers’ individual scores. P-values of < 0.05 were considered significant. The
average scores across readers were then used to calculate summary statistics of parenchymal
enhancement and artifact severity across the 8 cases, reported as mean ± 95% confidence
interval.
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To estimate perfusion maps, the following equations (32) were used on a voxel-by-voxel
basis. The relative pulmonary blood volume (rPBV) was estimated as area under the curve,
i.e.

[2]

The Mean Transit Time (MTT) was estimated as the first moment normalized by the rPBV,
i.e.

[3]

The relative pulmonary blood flow (rPBF) was estimated as the relative ratio between rPBV
and MTT, i.e.

[4]

Please note that the equations above do not represent the true quantification as
deconvolution of the arterial input function was not performed.

RESULTS
The scans were successfully completed in all subjects. Figure 2 shows the results from a
typical healthy volunteer. Figure 2(a) shows coronal maximum intensity projection (MIP)
images at 9 consecutive time frames. From this time series, the peak lung enhancement can
be identified (in this case at time t = 15s), and the entire 3D volume at this time point can be
visualized in any orientation with 4.0 mm isotropic resolution, as shown in Figure 2(b). Note
that the locations of the major fissures can be seen in the coronal and axial views (top and
middle image in Figure 2(b)) as relatively low intensity lines, reflecting the amount of
enhancement present in the lung tissue itself. Figure 2(c) shows measured temporal
waveforms and estimated perfusion maps. Figure 3 shows images from the clinical patient
with stage III sarcoidosis. The peak lung enhancement phase images show both the isotropic
resolution and full chest coverage of the technique. Large perfusion defects (white arrows)
correlate with areas of extensive fibrosis seen on CT (black arrows). The perfusion maps for
the same axial slice are included in Figure 3(e–g) and also show the defects.

Table 1 shows the image quality scores recorded for all readers and subjects. Mean
parenchymal signal was very good, measuring 0.78 ± 0.13. Mean level of motion artifacts
was low, measuring 0.13 ± 0.08. Paired two-tailed t-tests demonstrated no statistically
significant difference in the scores between the 3 readers (p = 1.00, 0.17, 0.45 for
gravitational effect; p = 0.70, 0.84, 0.60 for parenchymal enhancement; and p = 0.61, 0.16,
and p=0.71 for motion artifact).

DISCUSSION
This work demonstrates the feasibility of obtaining 3D pulmonary perfusion MR images of
the whole-chest with a high frame rate (1.0 sec) and isotropic 4mm spatial resolution, using
IVD HYCR (17). Prior work has suggested that pulmonary perfusion varies only down to
the size of the functional gas exchange unit, which is thought to be roughly 90 mm3 (~4.5
mm isotropic resolution) (9), and that further improvement in spatial resolution may not
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yield any additional information. However the true answer to this question remains
unknown. Generally, this single breath-hold protocol is not dependent on bolus timing – no
test bolus or real-time trigger is needed – and may be incorporated into routine clinical scan
without additional training of MR technologists.

Several features of IVD HYCR contribute to its suitability to pulmonary perfusion MRI.
First, a sagittal excitation is used in order to avoid aliasing from the arms. Second, even
though there is very little baseline signal in the lungs prior to contrast administration, a pre-
contrast mask is acquired at the start of the scan, before contrast reaches the superior vena
cava or the heart. This allows the use of subtraction to suppress the high signal from
subcutaneous fat. Finally, because the T2* in the lungs is very short (~2 ms) (33), a high
bandwidth (±125kHz) and a fractional echo (75%) is used to minimize the TE (0.5ms).

Respiratory and cardiac motion can be major sources of artifact in pulmonary perfusion
MRI. Respiratory motion artifacts usually manifest as residual bright signal arising from the
subcutaneous fat due to mis-registration between the mask and dynamic time frame data.
The breath-hold time of this protocol is 20–25 sec, which is well tolerated by most patients.
However, this may cause difficulties when imaging dyspneic patients, such as patients with
significant chronic obstructive pulmonary disease (COPD) or advanced pulmonary
hypertension. In cases in which a patient breathes before the end of the scan, the peak
parenchymal enhancement phase will typically be captured between t = 13~18 sec post
injection, before the breathing occurs, providing useful qualitative diagnostic information.
Some cardiac motion artifacts were observed; however, these artifacts only affected the
heart itself and did not limit the visualization of the lungs (34).

This work uses a small number of subjects to demonstrate the technical feasibility of
performing single breath-hold pulmonary perfusion with high spatial-temporal resolution in
clinical setting. A limitation of this work is that the analysis of perfusion in this study was
qualitative or semi-quantitative assessment. Future work will involve a larger number of
both healthy subjects and patients with lung pathology, and will include the identification of
the arterial input function (AIF) and a deconvolution algorithm to calculate quantitative
pulmonary perfusion parameter maps, such as the PBV, MTT and PBF. With such true
quantitative analysis, comparison of various acquisition and reconstruction methods could
be performed to evaluate the relative advantages and disadvantages of the alternative
techniques, including the HYCR method used in this study.

In this work, we have demonstrated the feasibility of using IVD HYCR to obtain 3D
pulmonary perfusion MR images of the whole-chest with a high frame rate (1.0 sec/frame)
and good isotropic spatial resolution (4.0 mm) in humans. The entire scan is clinically
practical, as it only requires a single 20–25 second breath-hold and does not require either
bolus-timing or cardiac or respiratory gating.
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Figure 1.
Imaging protocol and reconstruction diagram. The injection and the acquisition are started at
the same time. A mask data set is acquired before the contrast arrival, followed immediately
by the dynamic acquisition of approximately 18 time frames. In reconstruction, a k-space
mask subtraction is performed (not shown in the diagram) before the dynamic k-space data
are sent to HYCR reconstruction. Please refer to the Theory section and Ref. (17) for more
reconstruction details.
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Figure 2.
Healthy Volunteer. (a): Consecutive coronal maximum intensity projection (MIP) images
from a healthy volunteer scanned at 3.0T with a 32-channel torso receiver array, 40(S/I) ×
40(L/R) × 24(A/P) cm3 whole-chest coverage, 4.0mm isotropic spatial resolution, and 1.0
sec/frame. Times are from the start of the injection. The entire passage of the bolus is well
depicted. (b): The entire lung at the peak parenchyma enhancement point (here t=15s) can be
visualized in coronal (top), axial (middle) and sagittal (bottom) views due to the isotropic
resolution. Note that the fissures are visible in the coronal and axial views, indicative of the
amount of parenchymal enhancement observed. (c) Estimated perfusion maps and temporal
waveforms for selected regions of interest: parenchyma, aorta and pulmonary artery (PA).
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Figure 3.
Patient volunteer with sarcoidosis. Representative slices in (a) coronal, (b) sagittal and (c)
axial views at the peak parenchymal enhancement phase. Large perfusion defects in the
central regions of both lungs (white arrows), corresponding to (d) the areas of fibrosis seen
on CT (black arrows). The perfusion maps (e–g) for the same axial slice also show the
defects.
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Table 1

Scoring results for all cases

Parenchymal signal (0 = “none” → 1 = “excellent”) and motion artifacts (0 = “none” → 1 = “severe”). A representative axial slice was shown in
the first column for each subject. Subject 7 was a patient volunteer with sarcoidosis. The other subjects were healthy volunteers.
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