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Abstract

The purpose of this study wasto evaluate an opti-
mized multi-slice acquisition technique for oxygen-
enhanced MRI of the lung using slice-selectivein-
version and refocusing pulsesin combination with
parallel imaging. An inversion recovery HASTE
sequence was implemented with respiratory trig-
gering to perform imaging in end-expiration and
with ECG triggering to avoid image acquisition
during the systalic phase. I nversion pulses and the
readout of echo trains could beinterleaved to de-
crease acquisition time. The sequence was evalu-
ated in 15 healthy volunteers, comparing three ac-
quisition schemes: (1) acquisition of 4 slices without
parallel imaging; (2) acquisition of 4 sliceswith
parallel imaging; (3) acquisition of 6 sliceswith
parallel imaging. These multi-slice acquisitions
wer e repeated 80 timeswith alternating inhalation
of room air and oxygen. The oxygen-induced signal
incr ease showed no significant difference with and
without parallel imaging. However, only with paral-
lel imaging the interleaved acquisition of 6 or more
dlices became possible, thus enabling a mor e com-
plete anatomic coverage of the lung. The average
required end-expiration time per repetition to ac-

Magn Reson Med 2005; 53(6): 1317-1325 (accepted: 28 Dec 2004)

quire 6 dlices could be significantly reduced from
4112 mswithout to 2727 mswith parallel imaging.
Total acquisition time varied between 8 and 13
minutes depending on the respiratory frequency.
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Introduction

Proton MRI of the lung is considerably more difficult
than MRI of most other organs due to the very low
signal intensity of the lung tissue caused by its low
average proton density and short T,* relaxation time.
Both properties are a consequence of the heterogene-
ous microstructure of the lung parenchyma which con-
sists mainly of microscopic air-filled alveoli with a
large interface between air spaces and tissue or blood;
hence, large local variations of susceptibility occur
within small spatial scales. In 1996, Edelman et al. (1)
have suggested to use molecular oxygen as paramag-
netic contrast agent for proton MRI of the lung in order
to provide images with enhanced signal of the lung
tissue. Averaging over all tissue compartments within
a single voxel, an effective oxygen-induced

T, reduction of about 10 % to 15 % is observed in the
lung parenchyma after inhalation of pure oxygen (1—
3). This change of longitudinal relaxation can be
measured as signal variations in repeated T,-weighted
image acquisitions: typically a block paradigm is used
consisting of alternating blocks with inhalation of
room air (21 % oxygen) and pure oxygen. Since the
underlying signal mechanism is based on an increased
oxygen concentration in the capillary blood of the
lung, oxygen-enhanced lung imaging provides com-
bined information about three physiological parame-
ters: sufficient ventilation and perfusion in combina-
tion with oxygen diffusion from the alveoli into the
capillaries of the lung are required for signal enhance-
ment (1, 3). Thus, oxygen-enhanced lung MRI can be
regarded as imaging of “lung function” understood as
the combination of these three parameters.

Oxygen-enhanced lung imaging has been evalu-
ated in several studies demonstrating a good correla-
tion between MRI parameters and conventional meth-
ods of lung diagnostics such as evaluation of the diffu-
sion capacity of carbon monoxide (DLCO), the forced
expiratory volume in 1 second (FEV), or results of
ventilation scintigraphy. Ohno et al. (4, 5) examined
patients with lung cancer and with lung emphysema
and demonstrated good correlation of maximum signal
enhancement in oxygen-enhanced MRI on the one
hand and FEV and DLCO on the other hand. Another
study in patients with various pulmonary diseases also
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showed a good correlation between the signal slope
after switching the gas supply to pure oxygen and the
DLCO (6). However, almost all oxygen-enhanced
imaging studies we are aware of were performed with
non-selective inversion or refocusing pulses such that
an interleaved inversion and acquisition of multiple
slices is not possible. Hence, either single-slice imag-
ing methods were used or the total duration of acquisi-
tion was considerably prolonged in order to acquire up
to four slices.

Recent improvements in imaging technique
known as “partially parallel acquisition” or “integrated
parallel acquisition techniques” (iPAT) have been de-
veloped since the late 1990s with the aim to accelerate
image acquisition (7-9). The underlying idea is to use
several parallel receiver coil elements with spatially
different coil sensitivity profiles to acquire multiple
data sets with reduced k-space sampling density in
phase-encoding direction. These data sets are used to
calculate a single image corresponding to a fully sam-
pled k-space during post-processing. The purpose of
this work was to provide a robust multi-slice acquisi-
tion technique for oxygen-enhanced lung imaging by
combining parallel imaging with a new ECG and respi-
ratory triggering scheme and slice-selective RF pulses
for inversion and refocusing. The aim was to achieve a
more complete coverage of the lung with up to 6 cor-
onal slices without prolongation of the total duration of
the measurement and, thereby, provide the means for
an integration of oxygen-enhanced lung imaging into
clinical routine protocols of lung MRI.

Methods

A multi-slice Inversion Recovery Half-Fourier Ac-
quired Single-shot Turbo spin Echo (IR-HASTE) se-
quence was used for all imaging experiments described
below. The most important feature of this sequence is
the newly implemented simultaneous use of respiratory
and ECG triggering combined with a flexible acquisi-
tion scheme that allows interleaving of inversion
pulses and the readout of echo trains of multiple slices
as shown in Fig. 1. Respiratory triggering is used to
perform imaging in end-expiration during slow but
free breathing of the examined subject. ECG triggering
is employed to provide constant cardiac phases for all

Page 2 of 13



Dietrich O, Losert C, Attenberger U, et al. Oxygen-enhanced multi-slice parallel imaging of the lung

acquisitions of each slice and to avoid image acquisi- subsequent RR intervals is typically selected; this
tion during the systolic phase. scheme is called “interleaved acquisition” and is

The triggering algorithm is implemented as a 2- shown in Fig. 1a (note that the term “interleaved” does

stage scheme that first waits for the desired respiratory not refer to the order of acquired slice positions, but to

phase before the actual cardiac triggering is performed. the process of interleaving two blocks of inversion

For oxygen-enhanced lung imaging, the first stage of pulses and HASTE readouts in order to fit all readouts

the triggering algorithm waits for almost full expira- into the diastolic phases). It depends on the heart rate
tion of the subject. Then the evaluation of the ECG
signal starts (second stage); at the detection of the next

R-wave of the ECG signal, a short-time average of the

of the examined subject and on the timing parameters,
1.e. the inversion time, the duration of the HASTE
readout, and the number of acquired slices whether an
interleaved acquisition is possible or not. If the current
RR interval Tgrr determined by the PMU is too short or
too long for the interleaved scheme, the triggering

heart rate is requested from the physiological meas-
urement unit (PMU) of the MRI system. The current

heart rate is used to calculate a delay Tp such that the

following acquisitions of image data (readout of algorithm switches automatically to a non-interleaved

HASTE echo train) are performed in the diastolic scheme (Fig. 1b). In this case, the end-expiration

phase. After this delay, the inversion pulses are applied time Tgp required for a motion-free acquisition is con-

followed by the actual readout of the echo trains after siderably longer. Examples of the calculation of the

the inversion time Ty,,. Since the combined duration of delay and the selection of the interleaved or non-

the echo trains of all slices can be longer than the dia- interleaved acquisition scheme are also given in

stolic interval, a separation of the readouts into two Fig. laand Ib.

—
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Time after interleaved inversion: T,w = 1300 ms (inversion time) Time after interleaved inversion:
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Figure 1: Triggering algorithm; diagrams show RF pulses (inversion and HASTE readout echo train; the 6 different slices are
represented by different shades of gray), ECG, and respiratory signal (RSP). Depending on the timing parameters and the RR
interval Trg, acquisition can be interleaved (Trr = 800 ms, Fig. 1a) or non-interleaved (Trr = 900 ms, Fig. 1b). Common timing
parameters that are independent of the heart rate are shown in Fig. 1c (this is a magnification of the RF pulses in Fig. 1a); the
sequence parameters are taken from the non-iPAT IR-HASTE sequence.

Magn Reson Med 2005; 53(6): 1317-1325 (accepted: 28 Dec 2004) Page 3 of 13



Dietrich O, Losert C, Attenberger U, et al.

11—

MRI

Oxygen-enhanced multi-slice parallel imaging of the lung

o, jmal

o Acoustic signal

iPAT reference Repetition 1

RSP \ scans /—\ room air

Repetition 2
room air

Repetition 19 Repetition 20

room air oxygen
A a) [

~
N VA A N N

//
su;c);;f/ Room air Z// Room air
//
V4

Figure 2: Time course of measurements; MRI events (gradients (hatched) and RF pulses; 4 different slices are represented by
different shades of gray), respiratory signal (RSP), and gas supply are shown. Data acquisition is performed in end-expiration.
Note the gradient signal indicating acoustically the change of gas supply after measurement 19, and the subsequent change

from room air to oxygen.

Our IR-HASTE sequence can be run with conven-
tional imaging and with parallel imaging in order to
reduce the echo train length and thus the HASTE read-
out duration. The acquisition of the coil sensitivity
profiles required for the iPAT reconstruction is inte-
grated into the sequence in the form of additionally
acquired reference lines in the center of k-space; thus,
a low-resolution image without aliasing artifacts can
be reconstructed for each receive coil element. Since
acquiring these reference lines is time-consuming and
increases both the echo train length and minimum echo
time, the acquisition of these extra lines has been
moved to the beginning of the pulse sequence and is
thus performed only once for all repetitions of a meas-
urement (Fig. 2). A similar respiratory and ECG trig-
gering algorithm as for the actual acquisitions is used
for the reference scans to provide coil sensitivity pro-
files for each slice that are acquired in the same respi-
ratory phase as the following HASTE data readouts.
The iPAT reconstruction is performed using the
GRAPPA algorithm (9) and the coil sensitivity profiles
are based on the 24 central k-space lines.

The IR-HASTE sequence was implemented on a
1.5 T whole-body MR system (Magnetom Sonata
Maestro Class, Siemens Medical Solutions, Erlangen,
Germany) with a high-performance gradient system
providing a maximum gradient strength of 40 mT/m
and a maximum gradient slope of 200 mT/(m ms). We
used a dedicated iPAT surface coil system that consists
of 12 coil elements (6 posterior and 6 anterior); 8 of
these 12 elements are combined in pairs of 2 such that
together with the remaining 4 elements the coil system
matches the 8 receiver channels of the MR system. T-
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weighting of the IR-HASTE sequence was achieved
with an optimized inversion time (3) of 1300 ms, a
repeat time of one respiratory cycle (thus ranging be-
tween about 5 s and 10 s), and an echo spacing of

2.7 ms. To minimize artifacts, a linear k-space readout
in phase-encoding direction is used giving a (mini-
mum) echo time of 19 ms without iPAT and 11 ms
with iPAT. We acquired a 128x128 matrix with a field
of view of 400x400 mm?, a slice thickness of 8 mm,
and a gap between the slices of 16 mm. To reduce
perfusion effects and signal alterations due to the in-
flow of non-inverted spins, the thickness of the slice-
selective inversion pulse was set to 16 mm, i.e. twice
the thickness of the imaging slice. The image acquisi-
tion was repeated 80 times in total, divided into 4
blocks of 20 repetitions each. The subjects were ad-
ministered room air in the first and third block, and
oxygen in the second and fourth block.

A respiratory mask covering mouth and nose was
used to administer either room air or oxygen with a gas
flow of approximately 20 L/min; the gas supply was
changed manually after 20, 40, and 60 measurements.
As shown in Fig. 2, four additional gradient lobes are
inserted into the pulse sequence after repetition 19, 39,
and 59 to indicate acoustically that the gas supply is to
be changed. These gradients have no influence on the
actual imaging, since the signal of following acquisi-
tion depends only on the longitudinal magnetization.

Image post-processing consisted of four steps: a
preliminary selection of the repetitions to be evaluated,
retrospective motion correction, calculation of the rela-
tive signal increase, and a careful spatial low-pass fil-
tering of the resulting data. As first step of post-
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processing, those 5 repetitions immediately following
each change of gas supply were discarded from further
evaluation in order to avoid the intermediary signal
during the oxygen wash-in and wash-out periods. The
retrospective motion correction algorithm requires the
definition of a region over the diaphragm and then
compares the vertical diaphragm position in the re-
maining 65 repetitions with the diaphragm position in
an average image (pixel intensities in this average im-
age were calculated as pixel-by-pixel median of all

80 repetitions). Only acquisitions with identical dia-
phragm position within 1 pixel (3.1 mm) are accepted
for further processing. All accepted images of room air
measurements on the one hand and of oxygen meas-
urements on the other hand are averaged and a map of
relative signal increase ASe = (Sixygen—Siir)/Siir 1S calcu-
lated. To reduce the influence of statistical noise, the
maps are low-pass filtered before visualization using a
3x3 Gauss filter with a standard deviation of 1 pixel.

We examined 15 healthy volunteers (8 male, 7
female) aged between 20 and 37 years; the volunteers
gave written informed consent to participate in the
study, which had local Ethics Committee approval.
Three different acquisition schemes were compared.
Scheme 1: acquisition of 4 slices without iPAT
(8 volunteers, mean age 24.4 years); Scheme 2: acqui-
sition of 4 slices with iPAT (11 volunteers, mean age
25.7 years); Scheme 3: acquisition of 6 slices with
iPAT (5 volunteers, mean age 33.8 years). Before the
actual acquisition, the triggering scheme was explained
to the volunteers and they were asked to try to adapt
the duration of their end-expiration period to the dura-
tion of the sequence readout. Then, 6 repetitions of the
acquisition were used as training. Comparing the
online display of the respiratory signal with the actual
training acquisitions, feedback was given to the volun-
teers to improve their respiratory timing if necessary.

In 3 of the volunteers (#10, #14, #15) the se-
quence was applied both with slice-selective and non-
selective inversion pulses in order to evaluate the ef-
fect of the slice-selective inversion in comparison with
the established non-selective preparation. To obtain a
non-selective inversion, all but one inversion pulses
were removed without changing the timing of the se-
quence; the remaining inversion pulse was applied
with an inversion slice thickness of 1600 mm, i.e. as
virtually non-selective pulse. Only the slice belonging
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to this remaining inversion pulse was evaluated, since
the other slices were now prepared with different in-
version times. The T;-weighted images were compared
for arterial enhancement due to inflow effects and the
oxygen-induced signal increase was quantitatively
evaluated for both measurements.

Statistical evaluation of the measurements in-
cluded the manual segmentation of the lung in all 4 or
6 slices, and the calculation of the mean signal increase
averaged over all slices in each subject. Additionally,
the (spatial) standard deviation of the signal increase
was determined in each subject as a measure of signal
homogeneity in the lung. These data and also the frac-
tion of images accepted by the motion correction were
compared in all 3 acquisition schemes using the Wil-
coxon two-sample test.

Results

Figure 3 shows examples of the calculated maps of
oxygen-induced relative signal increase without and
with iPAT, as well as an example of the signal time
course of all slices in one volunteer. As listed in Ta-
ble 1, the signal increase was larger in most volunteers
with iPAT than without; however, the difference of the
mean values of relative signal increase is not signifi-
cant when comparing the acquisitions with 4 slice
(scheme 1 and scheme 2, p =~ 0.09) or the acquisitions
with iPAT (scheme 2 and scheme 3, p~= 0.44). A sig-
nificant difference is seen in comparison of scheme 1
(no iPAT, 4 slices) and scheme 3 (iPAT, 6 slices), with
p = 0.03. The averaged signal increase ranges between
8.9 % (standard deviation over all volunteers: 2.7 %)
in scheme 1 and 13.1 % (3.6 %) in scheme 3. The (spa-
tial) standard deviation of the relative signal increase
within each single slice is similar without (4.8 %) and
with iPAT (5.8 % in scheme 2, 5.2 % in scheme 3).

In Fig. 4, the measurements with non-selective
and slice-selective inversion are compared. The T;-
weighted images show similar features with both tech-
niques; in particular, an enhancement of the pulmonary
vessels is seen in all acquisitions, although it appears
slightly more prominent after slice-selective prepara-
tion. The maps of relative signal enhancement and the
corresponding data in Table 2 show more heterogene-
ous results: In volunteer #10, the maps differ obvi-
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ously; the pulmonary vessels appear dark with slice-
selective inversion whereas with non-selective inver-
sion only the central parts of the vessels show low
enhancements. However, the signal increase in the
peripheral lung parenchyma is very similar with both
techniques. In volunteer #14, the spatial distribution of
signal enhancement is very similar with both tech-
niques, however, the absolute value of the enhance-
ment in this slice is considerably higher with non-
selective (27.0 %) than with slice-selective (16.7 %)
preparation. In volunteer #15, signal enhancement is
more heterogeneous with non-selective than with slice-
selective inversion whereas the averaged relative sig-

nal increase is almost identical.

Oxygen-enhanced multi-slice parallel imaging of the lung

Using iPAT, the number of echoes required for
the acquisition of a 128x128 matrix with a HASTE
sequence could be reduced from 72 to 36, resulting in
a reduced minimum echo time of 11 ms instead of
19 ms without iPAT; the total readout time could be
decreased from 214 ms/slice to 115 ms/slice including
the time for signal excitation and spoiler gradients.
Visually, we did not observe manifest differences in
image quality of the T1-weighted acquisitions without
and with iPAT, but image blurring appeared generally
reduced with iPAT. There were no visible reconstruc-
tion artifacts due to the GRAPPA reconstruction algo-
rithm.

ASl'el j j j | j j .
1.00 N
4 0.75 1

0.50
0.25
0.00

C 0O 10 20 30 40 50 60 70 80
Repetition

Relative Signal Increase

0% 5% 10% 15% 20% 25%

Figure 3: Examples of parameter maps displaying the oxygen-induced relative signal increase in the lung. (a) Volunteer #10;
data calculated from acquisitions without iPAT (top row) and with iPAT (bottom row). (b) Acquisition of 6 slices in volunteer #12
(top row) and volunteer #13 (bottom row). (c) Time course of relative signal increase of 4 slices in volunteer #13 (acquisition
scheme 2, iPAT, 4 slices). The data of the 4 slices are separated by an additional offset of 0.25; the most anterior slice is shown
at the top. The data is fitted to an exponential model of oxygen wash-in and wash-out.
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Table 1: Results of oxygen-enhanced imaging.

Oxygen-enhanced multi-slice parallel imaging of the lung

Scheme 1: 4 slices, no iPAT

Scheme 2: 4 slices, iPAT

Scheme 3: 6 slices, iPAT

Vol- Age, Relative ~ Std.dev.  Trigger Trigger Relative ~ Std.dev.  Trigger Trigger Relative ~ Std.dev.  Trigger Trigger

un- Sex signal of signal  success  success signal of signal success success signal of signal  success  success
teer increase  increase  roomair  oxygen increase  increase roomair  oxygen increase  increase  roomair  oxygen

#1 23,m - - - - 16.7 % 6.3% 67 % 69 % - - - -
#2 24, f 10.0 % 34% 100 % 100 % 17.0% 49% 98 % 100 % - - - -
#3 23,m 6.1% 6.8 % 26 % 34 % 9.7% 12.0 % 22% 17% - - - -
#4 24, m 71% 46 % 97 % 96 % 9.3% 57% 97 % 98 % - - - -
#5 26, 13.9% 6.5% 92 % 87 % - - - - - - - -
#6 21, f 112% 43% 95 % 87 % 11.0% 41% 89 % 95 % - - - -
#7 25, f 9.2% 6.4 % 70 % 7% - - - - - - - -
#8 24, f - - - - 10.3% 6.8 % 57% 52 % - - - -
#9 20, f 74% 2.3% 97 % 100 % 6.7 % 2.7% 99 % 100 % - - - -
#10 32,m 6.5% 3.7% 100 % 100 % 8.9% 45% 100 % 100 % 10.2 % 53% 98 % 99 %
#11 26, m - - - - 129 % 5.6 % 100 % 99 % - - - -
#12 3L,m - - - - 9.7% 5.6 % 54 % 60 % 13.0% 46 % 65 % 48 %
#13 35, f - - - - 219% 54% 92 % 96 % 18.4% 6.5% 94 % 97 %
#14 34, m - - - - - - - - 14.5% 54 % 99 % 100 %
#15 37, m - - - - - - - - 95% 4.0 % 98 % 97 %
Meana? 8.93 %* 4.76 % 848% 8520% 12.19% 5.78 % 79.6 % 80.4 % 13.12 %* 5.16 % 91.1% 88.1%
Std.dev.a 2.68 % 1.67% 258% 2217% 4.53 % 2.33% 25.9% 27.6 % 3.58 % 0.96 % 145% 22.6 %

% Mean value and standard deviation calculated over all volunteers; * denotes a significant (p<0.05) difference.
— denotes measurements not performed in this volunteer.

Volunteer #14 Volunteer #10

Volunteer #15

T,-w: non-sel. inv.

T,-w: slice-sel. inv.

O, map: non-sel. inv.

O, map: slice-sel. inv.

Figure 4: Comparison of non-selective and slice-selective inversion. Rows A, B, and C show data from volunteers #10, #14,
and #15, respectively. T1-weighted images are presented in columns 1 (non-sel. inv.) and 2 (slice-sel. inv,); Maps of relative
signal enhancement are shown in columns 3 (non-sel. inv.) and 4 (slice-sel. inv.). Note the differences in scaling of the maps in
column 3.
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Figure 5: Ranges of RR intervals that are compatible with a
certain number of readouts per cardiac cycle using the inter-
leaved acquisition scheme. For shorter or longer RR inter-
vals either the combined duration of the readouts becomes
longer than Trr (demonstrated in diagram A; the arrow
points to the overlapping readouts) or the inversion pulses of
the interleaved acquisitions collide with the subsequent ac-
quisition (demonstrated in diagram B, the arrow points to the
overlap of inversion pulse and readout). The RR interval
ranges of the conventional sequence are drawn as dashed
line, for the iIPAT sequence as solid line. Note that the num-
ber of slices acquired in one respiratory cycle is twice the
number of readouts per RR interval.

Table 2: Comparison of non-selective and slice-selective
inversion pulses.

Non-selective inversion Slice-selective inversion

Volun- Relative  Std. dev. of Relative Std. dev. of

teer signal relative signal signal relative signal
increase  increase increase increase

#10 16.8 % 6.5% 10.7 % 8.3%

#14 27.0% 13.3% 16.7 % 6.3%

#15 10.9 % 10.0 % 11.1% 45%

Magn Reson Med 2005; 53(6): 1317-1325 (accepted: 28 Dec 2004)
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Figure 6: End-expiration duration Texp (See Fig. 1) required
to avoid motion artifacts, shown for the conventional (dashed
line) and iPAT acquisition (solid line). Steps in the data are
caused by switching between the interleaved and non-
interleaved acquisition scheme and by the varying numbers
of heart beats between the first inversion pulse and the
readout. (a) End-expiration duration for 2 slices per RR inter-
val; (b) end-expiration duration for 3 slices per RR interval;
(c) end-expiration duration for 4 slices per RR interval. Note
that the number of slices acquired in one respiratory cycle is
twice the number of readouts per RR interval.
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The fraction of images accepted by the retrospec-
tive motion correction is very similar without and with
iPAT as well (Table 1); the differences between the
3 acquisition schemes were not significant. There are
large inter-individual variations of the number of ac-
cepted images; especially for volunteer #3, an extraor-
dinary large number of acquisitions were discarded by
the motion correction algorithm. This is also the only
volunteer with a standard deviation of the signal in-
crease larger than the actual increase (without and with
iPAT), indicating a low data quality. In all other volun-
teers, the fraction of accepted acquisitions was greater
than 50 %, and this number appeared sufficient for a
reliable determination of the oxygen-induced signal
increase.

Acquisitions were usually performed with the in-
terleaved scheme; only in some volunteers with ex-
traordinarily slow heart rate the triggering algorithm
occasionally had to switch to the non-interleaved
scheme (cf. Fig. 1). A more detailed computed analysis
of the triggering algorithm and the sequence timing
showed that an interleaved acquisition is possible for a
much larger range of heart rates (RR intervals) with
iPAT than without (see Fig. 5). For 4 slices (corre-
sponding to 2 readouts in each diastolic interval) the
interleaved acquisition without iPAT works for heart
rates between 57/min and 140/min, but this range is
considerably reduced for 6 slices (3 readouts in each
diastolic interval). In this case, heart rates between
71/min and 93/min are required for an interleaved ac-
quisition without iPAT, whereas with iPAT this range
is increased to heart rates between 57/min and
170/min. Interleaved acquisitions of 8 or 10 slices are
possible with iPAT only. Due to the automatic switch-
ing to the non-interleaved acquisition, the use of iPAT
results in a decreased end-expiration duration Tgy,
required for acquisitions without motion artifacts
originating from diaphragm motion as shown in Fig. 6.
The computations show that in particular for 3 and 4
slices per diastolic phase, the end-expiration duration
is decreased from about 5 seconds without iPAT to
less than 3 seconds with iPAT for the typical range of
heart rates in patients and volunteers. For example, the
acquisition of 6 slices with 3 slices per diastolic phase
at a heart rate of 70/min requires an end-expiration
duration of 5130 ms without iPAT and is reduced to
2565 ms with iPAT. Averaged over the range of typi-
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cal heart rates between 60/min and 100/min, the mean
end-expiration duration is 4112 ms (standard deviation
1045 ms) without iPAT and is significantly reduced to
2727 ms (257 ms) with iPAT (p<0.001, Wilcoxon two-
sample test).

All data sets are based on the acquisition of 80
repetitions and thus the total time of acquisition was
always 80 respiratory cycles (plus 1 additional cycle
for the acquisition of reference scans when using
iPAT). Since the respiration frequency varied inter-
individually between about 6/min and 10/min, the total
acquisition time varied as well between 8 and 13 min-
utes. All examinations were performed without any
adverse reactions.

Discussion

In order to acquire multiple slices of T,-weighted im-
ages per respiratory cycle, we implemented a slice-
selective IR-HASTE sequence for oxygen-enhanced
lung imaging with combined respiratory and ECG
triggering. Optional parallel imaging support was
added to accelerate the acquisition. The parallel acqui-
sition technique provided advantages with respect to
image quality and in particular for the sequence timing
when combined with our triggering algorithm.

The double triggering scheme has been chosen to
combine the advantages that recently have been de-
scribed for both triggering methods applied separately
in oxygen-enhanced lung MRI (10). In particular, iden-
tical diaphragm positions in all repetitions are impor-
tant because the signal intensity of the lung paren-
chyma varies significantly during the respiratory phase
(11) and this signal variation superimposes the oxy-
gen-induced signal increase. By choosing end-
expiration for image acquisition we could use the
maximum lung signal and had the additional advantage
that the diaphragm position is more uniform after expi-
ration than after repeated inspirations (12). However,
imaging in end-expiration requires some cooperation
of the examined subjects; it turned out that a good
verbal explanation and a short training scan substan-
tially improved the cooperation during the acquisition.
A second important factor influencing the acquisition
quality is the end-expiration duration Tgy, that is re-
quired to perform inversion pulses and HASTE read-
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outs for all slices. If this time period is sufficiently
short, e.g. below 3 seconds, the examined subjects can
breathe almost freely. These short end-expiration dura-
tions could be achieved when the timing parameters
and especially the heart rate allowed for the interleaved
acquisition scheme shown in Fig. 1a.

As has been shown in Fig. 5, the range of heart
rates compatible with the interleaved readout is con-
siderably extended when using parallel imaging. Thus,
the required end-expiration time given in Fig. 6 can be
significantly decreased by using iPAT. This allowed us
to increase the number of coronal slices acquired in
one respiratory cycle from 4 to 6 and thus to achieve a
better coverage of the lung without increasing the re-
quired end-expiration time. This is especially impor-
tant for patients who have difficulties with holding
their breath in end-expiration for more than 3 seconds.
Those patients benefit most from the application of the
interleaved acquisition scheme and thus from using
iPAT.

A potential problem of respiratory triggering is
the variable Ty that can influence the degree of longi-
tudinal relaxation at the following inversion and thus
the signal intensity in the T1-weighted image. How-
ever, with typically 6 to 10 respiratory cycles per min-
ute, the Ty varies between 6 and 10 seconds, i.e. be-
tween 5 T, and 8 T, in the lung parenchyma. Hence,
the Ty is sufficiently long to provide an almost full
relaxation to more than 99 % of the longitudinal equi-
librium magnetization. The relatively low respiration
rate of 6/min to 10/min most likely is a consequence of
the instructions to the volunteers to breath deeply and
slowly.

ECG triggering was used to position all HASTE
readouts within the diastolic phase to avoid motion
artifacts. Our triggering algorithm is based on a short
time average of the heart frequency to extrapolate the
timing of the four following R-waves. Although one
might expect a certain variation in heart rate and there-
fore occasionally misplaced HASTE readouts with
respect to the cardiac phase, motion artifacts were ob-
served only rarely. The robustness of cardiac triggering
can be improved by iPAT since the reduced echo train
length enables us to position the readout in the dia-
stolic phase with some safety delays after and before
the enclosing R-waves. Thus, slight variations of heart
rate will not lead to readouts during the R-wave. How-
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ever, even with inserted safety delays the extrapolation
of R-waves will be more critical in patients with ar-
rhythmia. In this case it may be preferable to switch
off the ECG triggering and use respiratory triggering
only.

In our study, the combination of ECG and respira-
tory triggering worked robustly in all volunteers. The
retrospective motion correction proved that in all vol-
unteers except one the diaphragm position was within
less than 1 pixel in typically 70 % to 100 % of all 80
repetitions. A further improvement of the acquisition
may be achieved by online monitoring of the dia-
phragm position, e.g. with 2D navigator-based tech-
niques. These methods promise higher accuracy of
triggering than the mechanical respiratory belt. Adding
an online evaluation of the image data immediately
after the data acquisition, images with motion artifacts
or shifted diaphragm position could be discarded and
re-acquired in the next respiratory cycle. This should
lead to more consistent data; however, at the cost of
increased total acquisition time.

Visual evaluation of the T,-weighted images
showed a slightly improved image quality using iPAT.
This can be explained by the shorter echo train length
that reduces both motion during the readout and T,-
related blurring which is typical for HASTE acquisi-
tions. Similar results have been reported by Heide-
mann et al. (13) for iPAT HASTE sequences applied
without oxygen inhalation. As a further advantage of
iPAT, the effective echo time could be decreased by
almost 50 % to 11 ms. This combined with the re-
duced T, decay of the signal during the shortened
readout seemed to compensate the iPAT-typical SNR
loss such that no visible SNR difference with and
without iPAT was observable. A quantitative evalua-
tion of SNR was not performed because of the com-
plex noise properties in iPAT images. Due to the iPAT
post-processing, the noise is no longer distributed uni-
formly over the image but depends on the spatially
varying geometry factor g (8). Therefore, noise may be
lower in background regions than in the regions of
interest and the conventional SNR determination must
be expected to be inaccurate. Other methods to deter-
mine the SNR such as evaluating difference images
(14) or series of repeated acquisitions are impaired by
physiological signal variations such as varying posi-
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tions or signals of vessels and are therefore not suitable
for lung imaging either.

The oxygen-induced relative signal enhancement
was not significantly different with and without iPAT
in acquisition schemes 1 and 2; however, most volun-
teers examined with acquisition schemes 1 and 2
showed a higher signal increase with iPAT than with-
out. We found a weakly significant difference of the
signal enhancement in acquisition schemes 1 and 3. If
this effect can be confirmed in further investigations, it
may be explained by the reduced blurring artifacts with
iPAT. Blurring propagates signal from muscle and fat
tissue outside the lung into the lung, but this propa-
gated signal is not enhanced by oxygen inhalation.
Thus, the net effect is a reduced signal enhancement of
the lung in images with increased blurring.

In comparison with other studies of oxygen-
enhanced lung imaging, the main improvement of our
IR-HASTE sequence is its ability to acquire multiple
slices in a comparably short time. This has been
achieved by slice-selective inversion and refocusing
pulses and interleaving of inversion and readout. Most
other groups that we are aware of have worked with
non-selective inversion or refocusing pulses (15-17).
Publications by Ohno et al. (4, 5) do not contain details
about slice-selective or non-selective inversion or total
examination time. A potential disadvantage of using
slice-selective inversion may be an increased sensitiv-
ity to perfusion: the signal within the slice will be in-
fluenced by inflowing non-inverted spins from outside
the slice. To minimize this effect, the thickness of the
inverted slice was chosen twice as large (16 mm) as
the thickness of the image slice (8§ mm).

Our direct comparison of non-selective inversion
and slice-selective inversion with doubled inversion
slice thickness demonstrated that similar results can be
obtained with both techniques. After slice-selective
preparation, the T;-weighted images showed signal
enhancement in the pulmonary vessels that can be
interpreted as inflow of non-prepared spins. However,
a very similar enhancement was also seen after non-
selective inversion, indicating that a certain contamina-
tion with non-inverted spins is unavoidable at inver-
sion times of 1300 ms. Several studies with non-
selective inversion have demonstrated the feasibility of
oxygen-enhanced MRI with comparable inversion
times in spite of this inflow effect (6, 15, 17).
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The calculated maps of relative signal increase
showed the most substantial differences with respect to
the signal within the pulmonary vessels. This signal
was reduced after slice-selective inversion in volun-
teer #10, and after non-selective inversion in volun-
teer #15; these disagreeing results may be explained by
different pulmonary circulation parameters and the
exact position of the readout within the cardiac cycle.
However, the signal increase in the large pulmonary
vessels is less important for evaluation of the lung
function than the signal in the lung parenchyma which
was very similar for both techniques in volunteers #10
and #15. In volunteer #14, the spatial pattern of signal
enhancement was very similar with both techniques as
well, but the absolute increase was reduced by almost
40 % after slice-selective preparation. Again this may
be explained by the inflow of non-inverted spins that
are distributed much more homogeneously in the lung
than in the two other volunteers. This effect reduces
slightly the image quality of the calculated maps; how-
ever, the analysis of the maps based on the local signal
distribution is not substantially influenced as long as
the (differently scaled) maps remain very similar.

In general, the proposed technique is aimed on a
semi-quantitative evaluation by comparing the signal
increase in different areas of the lung parenchyma of a
patient or by calculating parameters that describe the
homogeneity or inhomogeneity of the signal increase
such as the spatial standard deviation of the signal
increase. Therefore, a comparable signal change in all
slices of a single measurement is desirable whereas the
absolute value of the signal increase is less important.
This is achieved by acquiring slices with identical in-
version times rather than applying a single non-
selective inversion pulse before the readout of multiple
slices. In the latter case, the non-selective inversion
might be advantageous for the signal quality; however,
the inversion times will be different for all acquired
slices and therefore a semi-quantitative comparison of
data of different slices will not longer be possible. A
third method, the repeated application of a non-
selective prepared single slice experiment is not com-
patible with the requirement of a moderate measure-
ment duration that enables us to combine oxygen-
enhanced imaging with other MRI techniques.

The application of inversion pulses with doubled
slice thickness required a gap between the slices to
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avoid overlapping of adjacent inversion slices. Expect-
ing non-perfect inversion slice profiles, we chose a
slice distance of 24 mm center-to-center; however, this
distance may be decreased in future studies down to

16 mm. If a complete coverage of the lung without any
gaps is desired, the entire measurement could either be
repeated with shifted slice positions that cover the gaps
of the prior experiment, or the additional slices could
be acquired alternating with the original ones, thus
increasing the block duration of the application of
room air and oxygen, respectively. With both strate-
gies, the total measurement duration would be in-
creased by a factor of 2 or 3 depending on the original
slice distance.

This is the first study to our knowledge with com-
bined respiratory and ECG triggering for oxygen-
enhanced lung MRI; other groups have used no trig-
gering at all or only one physiological signal. The lat-
ter strategy has been realized by cardiac triggering and
data acquisition during free breathing or breath hold
periods (6, 10, 15), or by respiratory triggering only (5,
10).

Due to the high performance of our gradient sys-
tem we could achieve a very short echo spacing of
2.7 ms. This in combination with iPAT reduced the
minimum echo time to 11 ms in spite of the linear k-
space sampling in phase-encoding direction. Since
linearly acquired data is generally less affected by
blurring than data acquired with centric k-space reor-
dering due to the shorter interval between the sampling
of adjacent lines and, thus, an improved point-spread
function, we preferred the linear acquisition scheme.
The inversion time of 1300 ms was similar to the one
used by Mai et al. (15) and close to the theoretical
optimum (3). Inversion preparation with shorter inver-
sion times have been used in other studies (5, 10, 18)
and further investigations must show whether they
provide advantages in multi-slice imaging because of a
potentially reduced inflow of non-inverted spins.

To analyze the signal time course we simply cal-
culated the relative signal increase after discarding data
reflecting the wash-in and wash-out of oxygen. This
simple strategy was used because our study was fo-
cused on the acquisition technique rather than on data
evaluation or clinical application. More elaborate data
evaluation will be used in future studies including cal-
culation of the signal slope after changing the gas sup-
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ply (6) or correlation analysis using the complete sig-
nal time course (15).

In conclusion, using slice-selective pulses, parallel
imaging, and combined respiratory and ECG trigger-
ing, oxygen-enhanced lung MRI with acquisition of 6
slices and 80 repetitions can be performed in 8 to 13
minutes depending only on the respiratory frequency
of the examined subject. Thus, oxygen-enhanced lung
imaging becomes sufficiently fast to be inserted into a
clinical routine MRI examination of the lung consist-
ing of other morphologic and functional methods such
as lung perfusion MRI and pulmonary MR angiogra-

phy.
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