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Purpose: Ultra-short echo time MRI is a promising alternative to chest CT for cystic
fibrosis patients. Black-blood imaging in particular could help discern small-sized
anomalies, such as mucoid plugging, which may otherwise be confused with neigh-
boring blood vessels, particularly when contrast agent is not used. We, therefore,
implemented and tested an ultra-short echo time sequence with black-blood prepara-
tion. Additionally, this sequence may also be used to generate bright-blood
angiograms.

Methods: Using this sequence, data was acquired during free breathing in 10 healthy
volunteers to obtain respiratory-motion-resolved 3D volumes covering the entire
thorax with an isotropic resolution of (1 mm)*. The magnitude of signal suppression
relative to a bright-blood reference acquisition was quantified and compared with
that obtained with a turbo-spin echo (TSE) acquisition. Bright-blood angiograms
were also generated by subtraction. Finally, an initial feasibility assessment was per-
formed in 2 cystic fibrosis patients, and images were visually compared with con-
trast-enhanced images and with CT data.

Results: Black-blood preparation significantly decreased the average normalized
signal intensity in the vessel lumen (—66%; P < 0.001). Similarly, blood signal was
significantly lowered (—60%; P = 0.001) compared with the TSE acquisition. In pa-
tients, mucoid plugging could be emphasized in the black-blood datasets. An inter-
costal artery could also be visualized in the subtraction angiograms.

Conclusion: Black-blood free-breathing ultra-short echo time imaging was success-
fully implemented and motion-resolved full volumetric coverage of the lungs with
high spatial resolution was achieved, while obtaining an angiogram without contrast
agent injection. Encouraging initial results in patients prompt further investigations

in a larger cohort.

3808 © 2019 International Society for Magnetic Resonance in Medicine wileyonlinelibrary.com/journal/mrm Magn Reson Med. 2019;81:3808-3818.
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1 | INTRODUCTION

MRI has gained growing interest as an alternative to CT
for the assessment of lung disease.! The absence of ion-
izing radiation is particularly advantageous in the context
of chronic diseases that require repeated imaging studies
as, for example, cystic fibrosis (CF).%3 Lung MRI is chal-
lenging due to multiple potential sources of artifacts, such
as organ motion and the very short Tz* of the lung paren-
chyma (2 ms at 1.5T).* While imaging at 3T field strength
can result in higher signal-to-noise ratio, the Tz* is also
further shortened to approximately 0.5 ms, which renders
lung imaging at 3T particularly challemging.4 Due to their
capacity to image short Tz* components, ultra-short echo
time (UTE) sequencess’6 have been developed for lung
imaging and their usefulness in the assessment of CF has
been demonstrated.” "

CF patients typically present with bronchorrhea (large
production of sputum), which is associated with diffuse
bronchial dilations predominantly located in the upper lobes.
Airways filled with mucoid secretions, referred to as mucoid
plugging, may be hard to differentiate from blood vessels in
certain cases,'' especially when bronchial structures cannot
be clearly distinguished due to limited spatial resolution.
Although technical advances allow finer spatial resolutions
to be achieved with MRI, some morphological features may
still be difficult to visualize, particularly at distal levels of
bronchial and pulmonary artery divisions. Contrast agent in-
jection can help distinguish mucoid impactions, that do not
show enhancement, from bronchial wall thickening and ar-
teries, that do.>!>13

In cases where contrast agent injection is not carried out,
blood signal suppressionm’15 could potentially provide an al-
ternative to help distinguish, e.g., fluid in small airways (mu-
coid plugging) from blood in the neighboring arteries, as the
interface separating these 2 anatomical structures may not be
directly observed due to their small calibers and taking into
account their similar direction. Also, in the lung periphery,
small airways disease commonly presents as tree in bud pat-
1213 that may be underestimated due to a lack of spatial
resolution, which reinforces the interest of complementary
methods.

CF may also cause changes in lung vasculature. Hemoptysis
(i.e., coughing up of blood) is a serious life-threatening com-
plication of the disease.'® It is caused by chronic inflamma-
tion in the lungs, which leads to hypertrophy of the bronchial
arteries that increases the risk of hemorrhage.'® Bleeding

tern

may also occur from nonbronchial systemic collateral ves-
sels.'®!” These vessels may originate from various arteries,
such as intercostal arteries, branches of the subclavian or
axillary arteries or inferior phrenic arteries.'® Hypertrophied
bronchial and nonbronchial systemic arteries can be observed
with CT angiography.l&19 Although these vessels may be
studied without exposure to ionizing radiation by using MRI
with contrast agent injection,12’20 a method allowing the vi-
sualization of these vessels without requiring contrast agent
injection may provide a valuable alternative.

Motion-sensitized driven equilibrium (MSDE) prepara-
tion was originally introduced for liver imaging to suppress
bright signals, notably from vessels, that could otherwise be
confused with high intensity lesions.?! The main goal of the
present work was to implement the combination of MSDE
preparation with a previously described free-breathing self-
navigated UTE sequence8 to produce high resolution 3D
black-blood images of the lung.22 In particular, the hypothe-
sis was that blood signal could be more efficiently suppressed
with this method than with a turbo-spin echo sequence
acquired in breath-hold.

Related to the issue of hemoptysis, a second goal of
this study was to investigate the use of a bright-blood UTE
acquisition in conjunction with the black-blood sequence
mentioned above to create an angiogram of the thoracic
vessels, using a method similar to the one introduced by
Fan et al*® for imaging of the lower extremities. In this
context of MR angiography, an added advantage of UTE
sequences is their increased robustness against flow
dephasing.%25

2 | METHODS

An MSDE blood signal suppression module®"*® was imple-
mented and added toaprototype 3D UTE sequence (Figure 1).
The UTE acquisition was performed with a segmented 3D
radial spiral phyllotaxis trajectory,27 which enables res-
piratory motion detection®® for retrospective gating.8 This
pulse sequence was tested in ten healthy volunteers and
preliminarily compared with the gold standard CT for 2
CF patients.

2.1 |

The MSDE module was implemented by modifying an ex-
isting29 adiabatic T, preparation module, consisting of a 90°

Blood signal suppression



DELACOSTE ET AL.

ﬂl—Magnetic Resonance in Medicine
(A) . 30ms X (B)

adiab. adiab.

inversion  inversion

90y 90.x
RF M1/ \_J

e

ADC ADC

TE=0.05ms

RF_I1L_ ()
Gread e

FIGURE 1 Schematic overview of the
pulse sequence. The MSDE module (A) is
a modified adiabatic T, preparation module

Motion sensitizing gradients

v
Spoiler gradient

rectangular excitation pulse, followed by 2 adiabatic hyper-
bolic secant inversion pulses and a final rectangular —90°
restoring pulse.*** To achieve motion sensitization, a trap-
ezoidal gradient is applied along the 3 major gradient axes>
between the 90° excitation pulse and first inversion pulse. A
second gradient of identical moment to the first one is then
played out after the first inversion pulse. Thus the phase of
the magnetization of static spins is restored while flowing
spins will keep a phase offset.

Depending on the offset, the magnetization of these flow-
ing spins will not be restored to the longitudinal axis by the
final —90° pulse and, therefore, will be spoiled by the final
gradient of the module before the imaging sequence is run.
The efficiency of signal suppression depends on the gradient
moments used within the MSDE module and the speed of
flowing spins. Based on the gradient moment used and the
delay between the 2 lobes, the field of speed (FOS) can be
calculated, which indicates the velocities for which a phase
shift of 2z will be induced.”

2.2 | Respiratory motion suppression

The segmented 3D radial spiral phyllotaxis trajectory of the
UTE sequence used in this work acquires a projection of the
image volume in the superior-inferior direction at the be-
ginning of each interleaf, which can be used for respiratory
self—navigation.28 Conventionally, the blood pool is automati-
cally segmented in these projections based on the contrast
with the surrounding structures.®?® However, because blood
signal is suppressed by the MSDE preparation module, mo-
tion suppression methods relying on the contrast between the
blood pool and surrounding tissue are impractical. Therefore,
in this study, a previously reported iterative algorithm3 * that
does not rely on blood pool segmentation was used to detect
the vertical component of respiratory motion across superior-
inferior projections.

where additional gradient moments result in
dephasing of spins moving in any direction.
The module is followed by a train of UTE
readouts (B)

2.3 | Healthy volunteer study
2.3.1 | Data acquisition and image
reconstruction

High resolution (I mm isotropic) datasets were acquired
in 10 healthy volunteers using a 3T clinical MRI scan-
ner (MAGNETOM Prisma, Siemens Healthcare, Erlangen,
Germany). All volunteers provided written informed con-
sent in this ethics committee approved study. The total ac-
quisition duration was recorded. Acquisition parameters
were: echo time (TE) = 0.05 ms, pulse repetition time (TR)
= 5.6 ms, readout bandwidth = 399 Hz/px, radiofrequency
excitation angle = 5°, field of view = (250 mm)’, number
of k-space samples per radial readout = 256 (2-fold over-
sampling), reconstruction matrix size = 2563, voxel reso-
lution=(1 mm)’ and 398 segments consisting each of 44
readouts. Electrocardiogram triggering was used to acquire
segments every other heart beat in diastole to allow time for
magnetization recovery. For each volunteer, 2 acquisitions
were performed with black-blood preparation enabled, using
FOS values of 10 and 20 cm/s as the independent variable.
This range of values was similar to that used in other studies
of MSDE plreparation.33 The 10 cm/s value was the lowest
value achievable with this implementation without reaching
the threshold for peripheral nerve stimulation. Additionally,
a reference dataset was obtained with identical sequence pa-
rameters except that the MSDE module was played out with-
out any motion sensitizing gradients.

To achieve motion suppression, 4 respiratory frames were re-
constructed for each acquisition. To this end, the respiratory sig-
nal was used to separate the data in 4 bins, containing 25% of the
data each, which resulted in further undersampling. Therefore,
motion-resolved datasets were reconstructed using a compressed
sensing algorithm exploiting sparsity in both the spatial and re-

spiratory dimensions®*® with the following model””:
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where d is the final image reconstructed, which provides
an optimized solution minimizing the right hand side of the
equation. d is an image variable, F is the nonuniform fast
Fourier transform operator from image space to k-space,
C is the coil sensitivity matrix, m is the k-space raw data,
w is a spatial wavelet transform, V,, is a first order finite
differences operator in the spatial dimension, and V., is a
first order finite differences operator along the respiratory di-
mension. The regularization parameters A,_; were optimized
empirically and the same values (4, = 0.005, 4, = 0.005,
A3 = 0.05) were used for all reconstructions. After image re-
construction, angiograms were also generated by subtracting
the motion-sensitized datasets from the reference datasets
(magnitude images).23 As a reference for sharpness measure-
ments, motion corrupted datasets were also reconstructed
with standard nonuniform Fourier transform.

UTE datasets were compared with a turbo-spin echo se-
quence with rotating phase encoding (BLADE),*® as such se-
quences are clinically indicated for imaging of the lungs,”’40
and usually acquired in multiple breath-holds." Slices were
acquired in a coronal orientation with the following param-
eters: TE = 89 ms, TR = 2020 ms, echo spacing = 5.59 ms,
echo train length = 31, field of view = (400 mm)?, pixel res-
olution = (1.25 mm)z, 39 slices, echo trains per slice = 10,
slice thickness = 3 mm, generalized autocalibrating partial
parallel acquisition (GRAPPA) acceleration factor = 2. The
acquisition was segmented in 6 consecutive breath-holds of
20 s each.

232 |

The magnitude of blood signal suppression was quantified
by measuring the normalized signal intensity in the vessel
lumen in 4 locations in the datasets: the right and left pul-
monary artery and the ascending and descending aorta. The
normalized signal intensity was defined as the mean signal
intensity in a region of interest (ROI) manually drawn on the
vessel lumen divided by the mean signal intensity in a ROI
drawn in the air outside of the chest wall. As the depend-
ent variable, the average normalized signal intensity over all
locations was compared for the 3 acquisition parameters. In
addition, the standard deviation across the 4 ROI was com-
puted for each volunteer to obtain a measure of the interlu-
minal variability. Statistical significance was assessed using
a paired Student’s t-test with Holm’s correction for multiple
comparisons.*’ P values lower than 0.05 were considered
statistically significant.

Signal suppression was also quantified visually as fol-
lows: The reference image and the FOS = 10 cm/s images

Data analysis

were displayed side-by-side on a viewing console. Two
experts in chest imaging (C.B.A. and V.D.) scored the ef-
ficiency of signal suppression in consensus at the lobar,
segmental, sub-segmental, and below sub-segmental level
until the periphery in each lobe. Possible score values
were 4 = 75-100% of signal suppressed, 3 = 50-75% of
signal suppressed, 2 = 25-50% of signal suppressed, 1
= 0-25% of signal suppressed. A Wilcoxon signed rank
test with Holm’s correction was used to assess statistical
significance.

To assess the performance of the motion suppression
technique, the sharpness of the transition at the lung-liver
interface was quantified by computing the normalized
maximum of the first derivative (MD)42 on the 4 recon-
structed respiratory frames. The maximum of the first
derivative was computed along 21 vertical profiles going
through the lung-liver interface and the value measured
in each profile was normalized to the value measured in
the corresponding profiles of the motion corrupted data-
sets. With this definition, a value larger than 1.0 indicates
a sharpness increase, while values smaller than 1.0 indicate
decreased image definition. The significance of the differ-
ence with respect to 1.0 was assessed for each frame with
a 1-sample t-test. P values lower than 0.05 were considered
statistically significant.

24 |

A preliminary assessment of the potential of this method
was performed in 2 adult CF patients with genetically and
clinically confirmed diagnosis. All participants provided
written informed consent in this ethics committee approved
study.

Acquisition and reconstruction parameters were the
same as those used in the volunteer study. However, to ac-
commodate time constraints, only a single dataset with a
FOS value of 10 cm/s was acquired in patient 1, while 2
datasets could be acquired in patient 2 (reference and FOS
=10 cm/s).

The datasets were qualitatively assessed in terms of
blood signal suppression, vessel depiction, and visibility
of mucoid plugging and bronchiectasis. Additionally, im-
ages were compared with those obtained with the most
recent clinically indicated CT and to contrast-enhanced
images obtained with a 3D spoiled gradient echo sequence
(Volumetric Interpolated Breath-hold Examination, VIBE,
Siemens) on the same day using a 1.5T clinical scan-
ner (MAGNETOM Aera, Siemens Healthcare, Erlangen,
Germany). Acquisition parameters were: TE; = 2.99,
TE, = 4.77, TR = 6.76, readout bandwidth = 475 Hz/px,
radiofrequency excitation angle = 10° field of view =
(250 mm)3, matrix size = 320 X 218, reconstructed image
size = 320 x 290, 120 slices, pixel resolution = (1.18 mm)2,

Feasibility in CF patients
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slice thickness = 1.5 mm. Images were reconstructed using

Dixon’s method for water-fat separation.43

3 | RESULTS

3.1 | Healthy volunteer study

Data acquisition was 15 + 2 min long on average for each
UTE dataset. The normalized signal intensity in the vessel
lumen, averaged over the 4 ROI locations, was significantly
lower with both FOS values when compared with the refer-
ence datasets (Figure 2A, FOS = 10 cm/s: P = 0.001, FOS
= 20 cm/s: P < 0.001). When compared with the BLADE
acquisition, the use of UTE with MSDE preparation also re-
sulted in significantly lower signal intensity in the lumen of
the vessels studied with both FOS values (FOS = 10 cm/s: P
= 0.001, FOS = 20 cm/s: P < 0.001). However, no signifi-
cant difference between these 2 FOS values was measured.
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Suppression of blood signal could be observed in all ves-
sels, despite different spatial orientations (Figure 3A-C).
The interluminal variability (Figure 2B) was also signifi-
cantly lower when MSDE UTE was used compared with the
reference acquisition (FOS = 10 cm/s: P < 0.001, FOS =20
cm/s: P < 0.001) and BLADE acquisition (FOS = 10 cm/s:
P <0.001, FOS =20 cm/s: P < 0.001). Indeed, more homo-
geneous blood signal suppression was observed when using
MSDE UTE compared with BLADE, as seen in Figure
3D,G. Misregistration artifacts due to imperfect lung vol-
ume reproduction at each breath-hold were often observed
in images acquired with the BLADE sequence (e.g., Figure
3H) but not when MSDE UTE was used (e.g., Figure 3E).
Visual evaluation of signal suppression in FOS = 10 cm/s
images (Figure 2C) indicated very high signal suppression
at the lobar and segmental arterial levels (median score =
4, indicating 75-100% signal suppressed). The efficiency of
signal suppression decreased gradually for the sub-segmental
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FIGURE 2 The average normalized signal intensity (SI) over all volunteers (A) was significantly lower in the black-blood prepared images
than in the reference datasets. UTE MSDE resulted in lower residual signal intensity in the lumen than when a BLADE acquisition was used. FOS
values of 10 and 20 cm/s had significantly lower variability (B) between residual luminal signal than the reference and BLADE datasets. Visual
scoring of signal suppression (FOS = 10 cm/s compared with reference) in pulmonary arteries (C) showed slightly decreasing efficiency of signal
suppression at sub-segmental level and below. The normalized maximum of the first derivative (D) was significantly larger than 1.0 in frames 1 and

2 (expiratory datasets) and significantly lower than 1.0 in frames 3 and 4 (inspiratory datasets). **P < 0.01
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FIGURE 3 Example coronal reformats from volunteer 1. Compared with the reference image (A), blood signal is well suppressed in the
black-blood images (B: FOS = 10 cm/s, C: FOS = 20 cm/s) in the aortic arch and left and right branches of the pulmonary artery (arrows) despite
different spatial orientations of these vessels. Coronal reformats of frame 1 of a black-blood UTE image acquired with FOS = 10 cm/s in volunteer

7 (D) show more homogeneous signal suppression in aorta (arrows) than with BLADE acquisition (G). Sagittal reformat of black-blood UTE image

shows isotropic resolution and artifact free depiction of the liver dome (E), while in anisotropic BLADE image (H), the liver dome is improperly

depicted because of inadequate breath-hold reproduction (arrow). Multiplanar reformat of data acquired in volunteer 5 shows blood signal

suppression in the FOS = 10 cm/s black-blood UTE image (F) in the aorta and right common carotid artery. The aortic wall can be well identified

over its entire length. In the subtraction image (I), the signal from vessels is enhanced with respect to other tissues while no contrast agent was

needed

level and below (median score = 3, indicating 50-75% signal
suppression).

The diaphragm definition, quantified with MD (Figure 2D)
was significantly improved in expiratory respiratory frames
(frames 1 and 2; P < 0.001) when compared with the motion
corrupted acquisition. Conversely, significantly decreased di-
aphragmatic sharpness was measured in inspiratory datasets
(frames 3 and 4; P < 0.001).

Thoracic vessels could be visualized with the proposed
technique, as can be seen for example in the aorta of vol-
unteer 5 (Figure 3F). Angiograms, obtained by subtraction,
yielded a bright signal from all flowing structures in the
FOV, regardless of their spatial orientation or flow velocity.
Notably, blood signal was enhanced, which allowed visu-
alization of the vessels without requiring contrast injection
(Figure 3I).
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FIGURE 4 In patient 2, the black-blood UTE image (A) shows several mucoid impactions within bronchiectasis, distal to the sub-
subsegmental level of the apical segment of the left lower lobe (arrows), that subsequently partially disappeared with persistence of the most lateral

of them (hollow arrow) on the equivalent CT image (B) acquired 3 days later. Tubular structures with bright signal on 4-mm-thick maximum

intensity projections of black-blood (C) and bright-blood (D) images, corresponding to mucoid impactions within bronchiectasis of the right upper

lobe, are suppressed in the subtraction image (E). Note that these structures perfectly match with the CT findings (F). A mucoid impaction in the

upper right lobe, viewed on a black-blood UTE image (G) can also be seen on a contrast-enhanced acquisition (H) where, additionally, the airway

boundary can be observed. The impaction disappeared on the CT image (I) acquired 3 days later

3.2 | Feasibility in CF patients

Blood signal appeared well suppressed in the CF patients and
mucoid impactions exhibited high signal in the black-blood
images (Figure 4A,C,G). These findings were matched to the
equivalent CT data (Figure 4B,F.]) taking into account that

some impactions disappeared during the 3-day period sepa-
rating MRI from the CT examination. Signal from mucoid
impactions was cancelled on subtraction images (Figure
4E). Mucoid impactions could also be observed on contrast-
enhanced gradient echo images and clearly differentiated
from the enhanced bronchial parietal walls (Figure 4H).
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(A) Subtraction image (Volunteer n°7)

(B) Subtraction image (Patient n°2)

(C) Reference

(D) Subtraction image:
Reference - FOS(10cm/s)

(E) VIBE

FIGURE 5 No subtraction artifacts were visible on MR subtraction angiography (40mm-thick maximum intensity projection coronal

image) showing pulmonary arteries in volunteer 7 (A). Comparable image quality was achieved in patient 2 (B). At the time of the MR exam,

bronchopneumonia involving the lower lobes may have altered the visualization of the lower pulmonary arteries. For the same patient, a right

intercostal artery can be distinguished in a coronal reformat of the reference bright-blood UTE image (C). Visualization of this artery is simplified

in the subtraction angiography image (D), as signal from stationary structures is cancelled. This artery may also be viewed on a contrast-enhanced

acquisition (E), although the origin of the vessel may not be observed

The main thoracic vessels were well depicted in the sub-
traction dataset (Figure 5B) with comparable image quality
to that achieved in healthy volunteers (Figure 5A). Smaller
caliber vessels such as an intercostal artery could also be
visualized in subtraction images (Figure 5D), with more ease
than on bright-blood images (Figure 5C), and matched with
observations on contrast-enhanced gradient echo acquisition
(Figure 5E).

4 | DISCUSSION AND
CONCLUSION

High resolution 3D isotropic black-blood UTE imaging
was enabled with the proposed technique, and the results

confirmed the significant decrease in signal from the arte-
rial lumen. Significantly better results were obtained with the
MSDE UTE method than with the compared BLADE acqui-
sition. Visual evaluation of the FOS = 10 cm/s confirmed
blood-signal suppression in pulmonary arteries, albeit with
decreasing efficiency when exploring lower subdivision lev-
els. While no significant differences in ROI statistics could
be seen between the 2 FOS values used in the study, lower
FOS values intuitively seem preferable as they should im-
prove suppression of signal from slower flow, such as in the
distal arteries and veins. These considerations guided the
choice of the 10 cm/s FOS value for the initial test in patients.

Notwithstanding the good results obtained with a FOS
value of 10 cm/s, extended studies in a larger cohort, there-
fore, remain necessary to further explore the range of optimal
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FOS values and to determine what value suppresses the most
blood-signal without suppressing signal from slow moving
tissues. However, modifications to the MSDE preparation
implementation are necessary to explore lower FOS values
than those tested in this study. In this study, the MSDE prepa-
ration was applied during diastole. As arterial flow should
be higher than in the diastolic period, further investigations
should study whether shifting the preparation to the systolic
period could provide better blood-signal suppression. This
may, however, also result in suppression of signal in moving
tissue close to the heart.

Another area requiring further investigation is the spatial
orientation of the motion sensitizing gradients, as in this study
identical moments were applied along each gradient axis.
Individual optimization of the gradient strength for each phys-
ical direction could potentially improve signal suppression.

Blood signal was significantly more suppressed when
using MSDE UTE than with the turbo-spin echo sequence
used as comparison (BLADE). Additionally, as the BLADE
sequence was acquired in multiple breath-holds, misregis-
tration artifacts between acquired slabs affected image qual-
ity. Inhomogeneous signal suppression was also observed in
BLADE images (e.g., Figures 2B and 3G), most likely due to
in plane flow, which results in loss of dark-blood contrast.**
These effects were not observed when acquiring with MSDE
UTE. However, MSDE UTE images present higher apparent
noise level, which may be related to the 3D radial nature of
the acquisition. Nevertheless, the isotropic resolution of the
UTE sequence allowed reformation in any direction, which
could facilitate clinical use and provide an advantage com-
pared with the BLADE sequence.

The requirement to acquire data every other heart beat
results in prolonged acquisition time for the UTE MSDE
sequence (15 min). However, interlacing bright-blood and
black-blood acquisitions could potentially increase scan ef-
ficiency. The incorporation of the signal model in the com-
pressed sensing reconstruction® could also potentially speed
up acquisition.

The enhanced signal from blood vessels in the subtraction
images allowed visualization of the entire thoracic vascula-
ture at least until the segmental arteries, without requiring
contrast agent injection. This could not easily be offered with
a turbo-spin echo acquisition, as obtaining a bright-blood
image with the same contrast properties is not possible.
Inversion recovery methods*® could allow similar image sub-
traction but the coverage of a complete 3D volume requires
complicated planning of the acquisition to ensure proper in-
flow of inverted blood.?® Time of flight methods could also
be potentially used but their lower spatial resolution as well
as sensitivity to susceptibility artifacts*’ and multiplanar flow
directionality48 may limit their use for lung imaging.

Improved diaphragm definition was only seen in the
expiratory datasets (frame 1 and 2), as the amplitude of

respiratory motion in healthy volunteers is narrower in that
range than in the inspiratory range.® Further studies are
required to evaluate the efficiency of this algorithm in pa-
tients with lung disease who may have different breathing
patterns.34

Finally, this technique has been successfully applied in 2
CF patients. In the context of lung disease, this sequence may
help to better identify mucoid plugging even if the boundary
between vessel and airway cannot be directly visualized due
to the small size of these structures. Side-by-side comparison
of subtraction images with the black-blood images can help
confirm the presence of mucoid impactions within bronchi of
variable caliber. Indeed, the disappearance of these structures
on subtraction images confirms the nonvascular or stationary
source of the signal. In addition, the residual signal of some
arteries in black-blood images should present as thinner than
normal arteries due to physiological vasoconstriction second-
ary to hypoventilation. Therefore, confusion with abnormal
airways as those encountered in CF appears less probable.

In addition to the differences in flow velocity between
blood and mucoid impaction, the differences” in T, may also
contribute additionally to signal enhancement. This may be
of value to further characterize the content of mucoid im-
pactions.*’ A limitation of the studied technique is that in the
absence of contrast agent injection, differentiating bronchial
wall thickening from mucoid impactions is not possible.
However, the value of avoiding contrast agent injection needs
to be taken into account, especially for patients requiring
multiple follow-up studies. Further studies are required to
fully assess the benefits in patients of the new proposed se-
quence taking into account these limitations.

Subtraction images may also allow an assessment of the
vasculature in these patients, particularly the detection of
hypertrophied systemic bronchial and nonbronchial arteries,
which may have a clinical value in the management of pa-
tients. The good visualization of proximal pulmonary arteries
could also potentially be of use to rule out central pulmonary
embolism®' in case of unexplained gazometric deterioration.

The disappearance of signal from mucoid plugging in maxi-
mum intensity projections of subtraction images confirmed the
good overlap between the 2 datasets, as misregistration would
result in artifacts, such as imperfect signal suppression and dou-
bling of structures in the images. The patient subtraction data-
set displayed similar image quality to the one seen in healthy
volunteers. Whether this good image quality can be reliably
achieved in a majority of patients remains to be investigated in
further studies, as irregular breathing patterns could potentially
have a detrimental effect on proper alignment of images. As
only a single patient subtraction dataset was available, artery
visibility remains to be quantified in a subsequent patient study.

In conclusion, we preliminarily demonstrated the
technical feasibility of a new method that may facilitate
the detection of mucoid impactions in CF patients while



DELACOSTE ET AL.

. . o . 3817
Magnetic Resonance in MedlcmeJ—

allowing an assessment of vasculature without contrast
agent injection. While the free-breathing acquisition also
may contribute to greater tolerance of the procedure, the
exact clinical value remains to be investigated in dedicated
patient studies.
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