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Early Detection of Lung Inflammation: Exploiting
T,-Effects of Iron Oxide Particles Using UTE MRI

Klaus Strobel,” Verena Hoerr,' Florian Schmid,’ Lydia Wachsmuth,’

Bettina Loffler,” and Cornelius Faber'*

At high magnetic fields diagnostic proton MRI of the lung is
problematic, because of fast T, relaxation. The application of
superparamagnetic contrast agents and the exploitation of the
corresponding T, effect is inefficient with conventional MRI
methods, which limits the early detection of lung diseases.
However, a simple theoretical treatment shows that in the lung,
by the use of ultra-short echo time sequences, T, effects can
be neglected while T; shortening effects can be used for signal
detection. In our study, we have applied a theoretically and
experimentally optimized 3D ultra-short echo time sequence to
lung phantoms and to a mouse model of lung inflammation,
which was induced by systemic bacterial infection. Following
the systemic application of very small superparamagnetic iron
oxide nanoparticles, a significant signal increase in the lung of
infected animals was detected already at 24 h postinfection,
compared to control mice (17%, P < 0.001). Iron accumulation
in the lung parenchyma as consequence of the host immune
response was histologically confirmed. By conventional T3~
and T,-weighted imaging, neither structural changes nor for-
mation of substantial edema were observed. Magn Reson Med
68:1924-1931, 2012. © 2012 Wiley Periodicals, Inc.
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Proton MRI of the lung has often been considered as
problematic, because large susceptibility gradients at air-
tissue interfaces are abundant and give rise to very fast
T relaxation at high magnetic fields. The general notion
is that MRI diagnosis of lung inflammation is limited to
stages with beginning edema, which locally reduces sus-
ceptibility gradients. The resulting signal can be detected
with T,-weighted or Tj-weighted sequences (1-4).
Recently, in vivo '°F detection of early infiltrating mono-
cytes and macrophages in the lung parenchyma was
reported (5). The systemic application of perfluorocar-
bons, which were taken up by the immune cells allowed
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for early detection of lung inflammation, before edema
formation was observed by proton MRI. In other organs
with larger T values, inflammation has been detected
by proton MRI after monocytes or other immune cells
had been labeled with superparamagnetic iron oxide
nanoparticles (SPIOs). Cell tracking has either been per-
formed after labeling immune cells in vitro and regraft-
ing them (6-9), or by systemic intravenous application of
SPIOs, which were then phagocytized by macrophages
(10-13). Ty weighted sequences, such as gradient echo
(GE) methods, are commonly used to subsequently detect
iron labeled cells at the inflammation site. Recently,
sequences providing positive contrast from iron labels
have been proposed to facilitate assignment of the cellu-
lar signal (14—22). In the lung, SPIOs are regarded as use-
less, because strong susceptibility effects between lung
parenchyma and alveolar spaces render their T; effect
negligible. However, if the effect of T relaxation is mini-
mized by the use of ultra-short echo time (UTE) imaging
methods, T,-effects may become detectable and can be
exploited to detect iron loaded immune cells in inflamed
lungs. UTE methods (23,24) have recently gained consid-
erable attention, culminating in an entire session at the
2011 annual meeting of the ISMRM dedicated to this
topic. UTE has been shown to be able to visualize lung
tissue, and different approaches have been proposed to
generate positive contrast with UTE (25-28). One partic-
ularly promising approach, dubbed SubUTE, uses a dou-
ble echo technique, subtracting signal acquired at normal
TE from signal acquired at ultra-short TE, and thus gen-
erates positive contrast from components with fast longi-
tudinal relaxation (28).

Here, we explore the feasibility of T;-weighted UTE
(T;w-UTE) to detect signal increase in lung phantoms
using SPIOs. With optimized parameters, the method is
applicable to investigate the lung and to detect inflam-
mation in a mouse model of bacterial lung inflammation,
before substantial edema formation occurred.

THEORETICAL BACKGROUND

In molecular and cellular MRI, targets are often labeled
with SPIOs (for reasons of brevity we will use the term
SPIOs for all iron oxide particles in the general treat-
ment), since these have a strong effect on T; and give rise
to pronounced changes in image contrast. However, if the
native T of the tissue of interest is very short, the observ-
able effect becomes small, and SPIOs less efficient.
On the other hand, T;-shortening contrast agents are most
efficient in tissue with long T;. A detailed theoretical
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treatment and analysis of signal changes in UTE experi-
ments, which are caused by the presence of contrast
agents, was recently presented by Girard et al. (28). Here,
we follow their considerations and apply the theory to
MRI of the lung. The treatment is valid for radio fre-
quency-spoiled sequences, with either GE or FID detec-
tion, when the pulse duration is negligible compared to
T3 (29), the repetition time (TR) > T3, and the echo time
(TE) << Tj. Further, it is assumed that in first approxi-
mation effects of field inhomogeneity, susceptibility, and
chemical shift can be neglected. Under these assump-
tions, using the flip angle «, TR, and TE, the signal S
obtained in an MR measurement can be written:

. 1-E; TE
= ) e 1
S Sosm(a’l—Elcos(a) Xp [ T;] , [1]

with E; = exp (—=TR/T;). Sy accounts for the maximum
available signal given by the proton density and experi-
mental parameters.

We assume two arbitrary tissue regions that differ in
relaxation times by AT; and AT}, but have constant
relaxation times within each region T, and T;o — ATj,
and T,; and Ty} ATy, respectively. With these
assumptions, we define the parameter B = (AT;/Ty)/
(AT;/T,), indicating which contrast mechanism is more
efficient (30). For B < 1, T, variations are larger than T
variations, while for B > 1, T; effects dominate. If the
changes in relaxation times AT; and AT} originate from
a contrast agent with relaxivities r; and rj at an iron con-
centration cg., 1/T; can be expressed by the usual linear
approximations:

1 1 " d 1 1
——=-—+Creln and —=—
T, Ty o T; T

+ CFeT;, [2]
which mathematically is an expansion into a Taylor se-
ries and strictly valid only for cp, << 1. This condition
is fulfilled under most experimental situations and
allows for the expression of B as (28):

_ ry Thy + crerir; T10 Ty
11 Tio + creiy Tro T

(3]

For SPIO-induced contrast changes, Fig. 1la shows the
parameter B for lung tissue in comparison to muscle,
with longer Tj. Despite of the low T, relaxivities of
SPIOs at high magnetic field, T, variation is the domi-
nating relaxation mechanism for relaxation times as
observed in the lung (B << 1). For relaxation times as
observed in other tissues, iron oxide particles give rise to
dominating T; variations (B > 1). Quantitative predic-
tions, however, are difficult. The microstructure of the
lung is inhomogeneous and heterogeneous contrast agent
accumulation may cause deviations from the linear
approximation in Eq. 2. Consequently, we consider only
signal differences for discrete relaxation time values by
directly plotting Eq. 1. The read-out parameter in this
study is the relative signal increase S,/Sy,, of lung tissue
before (Sp) and after application of contrast agent (S,).
Suitable imaging parameters can be derived from plots of
this ratio obtained directly from Eq. 1. Figures 1b,c show
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FIG. 1. Theoretical assessment of imaging parameters for opti-
mum signal gain. a: Parameter B (see text) is plotted as function
of the iron concentration for the lung (T4 = 1.4 s; T, = 0.1 ms,
black line) and muscle [Ty = 0.8 s; T, = 80 ms, gray line (28,42)].
The solid lines represent VSOPs (4 = 32 mM~' s' r =
343 mM~' s7") and the dashed lines represent SPIOs (r; =
41 mM " s, s =210 mM ' s7"). b,c: Shown is the relative signal
increase (Sa/Sp, gray colorbar) according to Eq. 1 for tissue with (S,)
and without (Sp) contrast agent: Ty, = 1.0 s, T,; = 0.09 ms, Ty, =
1.4 s, T,y = 0.1 ms; TR-FA dependence with TE = 20 ps (b), and
TR-TE dependence with FA = 50° (c).

relative signal increase as a function of TR and FA, and
TR and TE, respectively. Typical relaxation times for the
lung (not contrasted and contrasted) at 9.4 T have been
assumed for these plots. The highest relative signal
increase is predicted if both TE and TR are minimized,
and a high flip angle is applied.
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Table 1

Strobel et al.

T, Relaxation Times of Lung Phantoms Containing Different Concentrations of Iron, cg., for Homogeneously Distributed

VSOPs and SPIOs

Cre = 0 UM Cre = 0.5 uM Cre = 5 UM Cre = 25 UM Cre = 50 uM
VSOP? 212 + 0.10 s° 2.00 + 0.08 s° 1.86 + 0.17 s° 1.73 + 0.09 s¢ 1.53 + 0.05 s°
SPIO? 212 + 0.10 s° 211 + 0.14 s° 1.98 + 0.15 s° 1.71 + 0.05 s¢ 1.45 + 0.11 s°

®Experimental parameters: variable TR, TE = 20 us, FA = 5°.

bAveraged over fourteen independent samples measured in 14 separate scans.
®Averaged over six independent samples measured in two separate scans.

dAveraged over three independent samples measured in one scan.

MATERIALS AND METHODS
Lung Phantoms

Hot agar gel (1% agar) was mixed with liquid soap (4%
of the total volume) and stirred with a milk frother until
a stable foamy texture was reached. The foam was trans-
ferred into Eppendorf tubes and subsequently cooled on
ice until solidification. Bubble size ranged between 50
and 300 pm, determined by inspection with a micro-
scope (data not shown), and thus did sufficiently well
represent the alveolar geometry of tiny air-filled voids
within tissue as found in the lung. To simulate iron
accumulation in the lung different concentrations (0.5—
50 wM iron concentration in the final volume) of 5 nm
very small iron oxide nanoparticles (VSOP, C200 vivo,
Ferropharm GmbH, Germany) or SPIOs (Resovist, Bayer
Schering Pharma AG, Germany) were added to the agar
gel of some phantoms, before the foam was produced.

Mouse Model

Animal experiments were performed with 8- to 10-week-
old C57BL/6 female mice (n = 20) according to the
guidelines of the German Regulations for Animal Wel-
fare. The protocol was approved by the local Ethics Com-
mittee for Animal Experiments. Out of 20 animals, n = 4
were used as controls and sacrificed without any injec-
tion; two of them were scanned by MRI before sacrifice.
The remaining 16 animals were scanned before any injec-
tion, resulting in an MRI control group of n = 18 mice.
From the remaining 16 mice, n = 6 received injection of
bacteria and VSOP; two groups of n = 5 each received
injections of either bacteria or VSOP. Bacterial infection
was induced by tail vein injection of 100 wL of a suspen-
sion of Staphylococcus aureus (1 x 10® colony forming
units per mL). The bacteria cause a systemic infection,
resulting in inflammation of the lung, which peaks at 6 h
after injection (31). The systemic induction causes milder
forms of lung inflammation than the typically used brute
force methods of intratracheal instillation of bacterial sus-
pensions or inflammatory substances (1—4). At 2 and 5 h
after infection, before the expected peak of the immune
response, 300 pmol Fe/kg VSOPs were injected i.v. Mice
were imaged 24 h after infection. A tube containing SPIOs
in water at a concentration of 50 pM was placed next to
the flank of the animal. To reduce susceptibility artifacts at
the air-tube interface the tube was embedded in alginate gel
(32), covering the flank of the mouse. Animals were anaes-
thetized with 1.5% isoflurane in 1 L/min O,/compressed
air (20:80) delivered through a face mask. After the final
(24 h) MRI scan all mice were sacrificed by CO, asphyxia-

tion. Lungs were excised and visually examined for signs
of inflammation (swelling, darker color of the lung).

MRI

Measurements were performed with a 9.4 T small animal
magnetic resonance scanner with 20 cm bore size (Bio-
Spec 94/20; Bruker BioSpin MRI GmbH, Germany)
equipped with a micro imaging gradient coil system (gra-
dient strength, 1000 mT/m) and a 35 mm quadrature
birdcage coil. The system was operated using the soft-
ware ParaVision 5.1. (Bruker BioSpin MRI GmbH, Ger-
many), which provided a pulse program for 3D UTE
MRI. The gradient trajectory distortion was measured in
a preceding scan and was used for reconstruction of all
scans with identical geometry.

MRI of Lung Phantoms

We tested four different iron concentrations. For each
iron concentration, two sets of five tubes each were
scanned simultaneously: one tube with pure agar gel, to
provide sufficient coil loading and signal for automatic
shimming and power adjustment; one tube with pure
foam as a reference; and three tubes with foam, contain-
ing equal concentrations of iron oxide particles. TR, TE,
and FA in the UTE sequence were chosen to maximize
the signal increase in lung phantoms with SPIOs, com-
pared to lung phantoms without contrast agent. Based on
the theoretical considerations TE = 20 ws and TR = 8 ms
were used. Signal intensity in a central ROI in each tube
was measured with ParaVision. For each concentration
we report the mean and the standard deviations from
several tubes, which were measured in two separate
experiments, if not indicated otherwise in Table 1.

T, measurements were performed with UTE at TE =
20 ws and FA = 5, 15, and 50°, and multiple TRs of 10,
25, 50, 75, 100, 200, and 500 ms. T, fitting with Eq. 1
was performed with MATLAB R2010a (The MathWorks).

T of the lung phantoms was estimated by acquiring the
FID signal from a single tube, assuming a single exponen-
tial decay. To calculate the relaxivity r; of VSOPs and
SPIOs, Eq. 2 was fitted to the measured T relaxation times
for the different iron concentrations. rj relaxivities were
extrapolated to 9.4 Tesla from literature values (12) [VSOPs
(r7 =343 mM 's"); SPIOs (rf = 210 mM ' s~ ')].

In Vivo MRI

In vivo measurements were performed with the same
sequence used for the phantoms with TR = 8 ms,
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TE = 20 ps, FA = 5° and 50°, measurement time =
7 min, number of projections = 51,360, block pulse exci-
tation of 20 ps duration, field of view (FOV) = 4 x 4 x
4 cm?®, matrix = 128 x 128 x 128, resulting in a nominal
spatial resolution of 310 x 310 x 310 um®. No triggering
or gating was applied to keep the steady state of the mag-
netization. T; of the mouse lung was estimated from
UTE measurements with TE = 20 ws and FA = 5° using
multiple TRs of 8, 15, 25, 50, 75, and 150 ms. T, was cal-
culated by fitting the data with Eq. 1.

Additionally, multislice coronal GE (FLASH, TR = 400
ms, TE = 6 ms, FA = 30°, FOV = 3 x 3 cm?, Matrix =
256 x 256, slice thickness = 0.7 mm) and multislice cor-
onal RARE (TR = 2500 ms, TE = 33 ms, FOV = 3 x
3 c¢cm?, Matrix = 256 x 256, slice thickness = 0.7 mm,
RARE factor = 8) images were recorded. Acquisition of
the images was triggered by the breathing mode using a
small animal gating device (SA Instruments) connected
to an air-pillow placed under the animal. Depth of anes-
thesia was controlled to keep the breathing rate constant
at ~50 breath/min.

Histology

Lungs were dissected, fixed in 3.7% formalin solution,
and embedded in paraffin. The stage-mounted lungs
were cut with a microtome (RM2235, Leica Instruments,
Germany) into 5 wm horizontal sections, which were
mounted onto microscope slides. To visualize the iron
content, the lung sections were stained with potassium
ferrocyanide (Prussian blue).

Analysis

For all experimental data relative signal changes were
calculated by dividing the average signal from compara-
ble ROIs. To compensate for interscan variations signal
intensities were divided by the mean intensity from a
central ROI in the reference tube, which was present in
all analyzed image slices. For the in vivo data, signal
intensities in the lungs were measured in one representa-
tive coronal slice, located 10 slices (~3.1 mm) dorsal to
the rim of the mouse heart. At this slice location, the
contribution from intravascular signal was limited and
minimal artifacts due to blood flow in the vessels were
observed. The lung ROI was drawn manually in the
standard UTE image (FA = 5°) and subsequently copied
to the corresponding T;w-UTE image.

Descriptive data were expressed as arithmetic means
+ standard deviations. Differences were considered sig-
nificant at P < 0.05 (Wilcoxon rank sum test).

RESULTS
Feasibility Assessment in Lung Phantoms

We have implemented a 3D UTE sequence with TE val-
ues as short as 20 ws and very small TR, which opened
the possibility to experimentally exploit T, effects in
lung tissue in vivo. The validity of the theoretical esti-
mations was confirmed by assessing lung phantoms con-
sisting of agar gel with foam like texture, which mim-
icked the alveolar structure of the lung. T; relaxation
times of lung phantoms steadily decreased with increas-

1927

ing iron concentration. The T; shortening effect was
observed in the micromolar iron concentration range
(Table 1). Standard deviations were not dominated by
the quality of the fit, but rather by averaging over several
phantoms with slightly different texture. To show the
reproducibility of T; measurements, one lung phantom
was measured with different FAs, for VSOP concentra-
tion of 50 uM. T, values of 1.52 * 0.04 s, 1.61 * 0.07 s,
and 1.59 * 0.07 s were obtained for FAs of 5°, 15°, and
50°, respectively. From the measurement with FA = 5°
the relaxivity r; in the lung phantoms was calculated for
VSOPs (r; = 3.2 = 0.8 mM ™" s7%) and SPIOs (r; = 4.1 +
0.6 mM ' s7') based on a linear relation between T; and
the iron concentration (Eq. 2). Relatively large standard
deviations were attributed to differences in the distribu-
tion of pore sizes in the foam between the individual
phantoms. We estimated 7 values between 0.05 and
0.15 ms from the FID signal. Accordingly, the GE sequence
did not provide images with signal above noise level, while
UTE yielded sufficient signal for further analysis.

As predicted by the theoretical considerations, the rel-
ative signal increase, S,/Sy, between lung phantoms with
(S.) and phantoms without contrast agent (Sy,), increased
with higher flip angles (Fig. 2a). Due to power limita-
tions for the extremely short pulse durations required to
achieve TE = 20 ps, maximum pulse angles were limited
to 60°. Assuming a Tj of 100 us for the phantom with
pure foam and a Tj of 60 ps (95 ws) for the phantom
with VSOPs (SPIOs), the theoretical curve matched the
experimental data within the error bars. The TR de-
pendence of the experimental data also matched the
theoretical curves (Fig. 2b). Highest signal increase was
observed for the shortest TR value of 8 ms for three FAs
of 5, 15, and 50°. The large difference between the FAs
observed for long TR, decreased substantially for short
TR. Based on these results the parameters TR = 8 ms,
TE = 20 ps, and FA = 50° were chosen for the T;w-
UTE experiments. With regard to iron concentration the
relative signal gain in T,w-UTE increased with higher
concentrations. It reached 18 and 49%, for VSOPs and
SPIOs, respectively, as plotted for each concentration in
Fig. 2c.

Detection of Lung Inflammation In Vivo

To assess whether Tyw-UTE is suitable for early detec-
tion of lung inflammation in vivo, measurements were
performed in a mouse model of bacterial infection. Pre-
liminary scans showed that in the healthy mouse lung
T, was ~1.4 s and T below 1 ms. This observation sug-
gested that T, effects of administered iron oxide particles
would be detectable using T,w-UTE. Figure 3 shows rep-
resentative images of an infected mouse after administra-
tion of iron particles (a—c), and a control mouse (d—f).
Lung, liver, and muscle tissue of control animals were
well delineated. After application of iron particles (data
not shown for animals without infection) contrast
between liver and lung strongly decreased. The reference
tube was visible in all images. The alginate, embedding
the tube and covering the animals’ chest, was clearly
visible in UTE images, while alginate was not observed
in the GE images. Similarly, lung parenchyma was not
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FIG. 2. Relative signal increase in 3D T;w-UTE measurements of
lung phantoms. Relative signal increase (S./Sy) for phantoms with
(Sa) and without (Sp) contrast agent is shown in (a) at different FA,
for both VSOPs and SPIOs, (b) at different TR, for VSOPs, and (c)
at different iron concentration, for both VSOPs and SPIOs. Data
points are the experimental means; standard deviations are indi-
cated. Experimental parameters were TE = 20 ps; TR = 8 ms,
FA = 60°, and cgg = 50 pM, if not indicated otherwise. Solid lines
in (@ and (b) show theoretical curves according to Eq. 1 for
VSOPs: T1 = 1.53 s, T, = 0.06 ms, Tqp = 2.12's, T,y = 0.1 ms.
The dashed line in (a) shows the theoretical curve for SPIOs: T4,
=145s, T,; = 0.095 ms, Ty, = 2.12 s, T,; = 0.1 ms. T; values
have been measured (Table 1). It is important to note that theoreti-
cal curves only show the qualitative agreement, since T, values
were set arbitrarily within the experimentally observed limits.
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visible in GE images, while UTE images provided suffi-
cient SNR for the further analysis.

Lung inflammation could be detected at 24 h after
infection with in vivo Tyw-UTE. The signal intensities of
the lung were compared between four groups, as shown
in Fig. 4a: a) the control group, b) the group that had
received both bacteria and VSOP, c) the group that had
received only bacteria and d) the group with VSOP injec-
tion only. The infected and contrasted group showed a
significant signal increase of 17% (P < 0.001) compared
to the control group. An increase of 25% (P < 0.01) and
18% (P < 0.05) was found in comparison to the groups
that had received only bacteria or VSOP, respectively.
No significant differences were observed between the
other three groups. In vivo measurements with different
shimming conditions and at different respiration rates,
ranging from 40 to 80 breath/min, showed that the signal
in the healthy lung varied by less than 8% between indi-
vidual scans (data not shown).

No significant signal differences were observed in the
lung using standard UTE (FA = 5°), FLASH or RARE
sequences (Fig. 4b). While UTE resulted in low standard
deviations, the sequences with longer echo times showed
substantial deviations between individual animals,
emphasizing that MRI of the lung is still challenging at
high magnetic fields. Our data show that T;w-UTE pro-
vides the possibility to detect lung inflammation after
systemic application of iron oxide particles only 24 h
after bacterial infection. At this time point no signs of
edema formation were observed in GE or T,-weighted
images. Successful application of VSOP was confirmed by
pronounced contrast changes in the liver in all animals
that had received VSOP, either alone or in combination
with bacteria (see Fig. 3). Actual induction of an inflam-
matory response was confirmed by postmortem macro-
scopical and histological analysis of the lungs. All lungs
of infected animals showed clear signs of inflammation
(swelling, darker color), while lungs of controls and ani-
mals that had received only VSOP appeared normal. In
none of the lungs were signs of substantial edema forma-
tion observed. Prussian blue staining of the sectioned
lungs revealed strong iron accumulations only in animals
which had received both, bacteria and VSOP. No such
accumulation was observed in controls or animals that
had received either VSOP or bacteria alone (Fig. 5).

DISCUSSION

In the present study, we have applied an UTE imaging
sequence to detect T; changes induced by iron oxide
particles in the mouse lung. The work is based on the
awareness that despite the inefficiency of detecting T
effects in the lung, T, changes induced by SPIOs become
observable with T,w-UTE. The theoretical treatment
summarized in Fig. 1 explains the experimental findings,
which are summarized in Figs. 2 and 4. Still, T; relaxa-
tion has a strong influence on the actual signal increase.
For larger Tj differences, the theoretical curves would
be shifted to smaller signal increase (cf. Fig. 2a). Since a
T; of ~0.1 ms could not be measured quantitatively in
this study, it must be concluded that the theoretical
curves predict the data qualitatively. Further, variations
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FIG. 3. In vivo MRI of the mouse
lung. Representative coronal sli-
ces show mouse lungs of an
infected animal (24 h postinfec-
tion) after systemic application of
VSOP (a-c) and a control animal
(d-f). a,d: standard UTE (FA =
5°), (b,e) Tyw-UTE (FA = 50°),
and (c,f) FLASH images show a
prominent signal decrease in the
liver signal after contrast agent
application. Signal from lung pa-
renchyma and alginate is only
observed in the standard UTE and
Tyw-UTE images. The reference
tube containing SPIOs in water at
an iron concentration of 50 pM is
clearly visible in all images.

due to local iron accumulation cannot be ruled out. A
strong influence of microstructural changes in the lung on
relaxation mechanisms has previously been reported in
other in vivo studies (1,33,34). Within these limitations,
theory and experiments confirm that UTE with the chosen
parameters yields T, weighted images. On the contrary,
UTE with longer TR or smaller FA, produces spin density
weighted images. Tj weighting can be achieved by
increasing TE. Combined T, and Tj contrast can be
achieved using a double echo technique with subsequent
image subtraction (28). Last but not least, T, weighted
UTE can be performed with suitable preparation pulses,
as recently demonstrated by Kirsch and Schad (35).
T,w-UTE has to be performed in 3D, or in 2D with
half pulse excitation to reach the extremely short TE val-
ues that are required to exploit positive T; contrast. 3D
UTE requires extended scan times and, consequently,
limits the achievable spatial resolution, as well as the
number of scans with different parameters that can be
performed during a reasonable examination time in vivo.
One possible strategy to reduce scan times or to increase
the in-plane resolution is the application of 2D versions
of UTE. Unfortunately, this is not an option for imaging
of the lung. Excitation pulses of several hundred micro-
seconds have to be applied for slice selection, which
results in TE values in the same range and thus sacrifi-
ces any signal increase obtained by 3D T,w-UTE (see
Fig. 1c). An alternative method to achieve very short TE
is the application of half pulses for slice-selective excita-
tion (36,37), and subsequently adding up two consecu-
tively acquired free induction decays with complemen-
tary gradients. This elegant method, however, is ruled
out by the following reasons: Proper slice selection with
half pulses relies on a homogeneous magnetic field
(36,37), a condition which is not given in the lung at
high magnetic fields, in particular in presence of iron
accumulation. Even with motion compensation, addition
of two consecutively acquired free induction decays
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would not result in meaningful slice selection. Due to the
opposite sign of the applied slice selection gradients, slice
profiles would not be identical. Although previous studies
have reported successful 2D UTE imaging of the lung ex
vivo (23) and in vivo (38), the magnetic field strength of
9.4 T, slice thickness of only 1 mm and high breathing fre-
quency of the mouse prohibit this technique.

Our measurements have demonstrated that with T,w-
UTE, lung inflammation in a mouse model of systemic
bacterial infection can be detected before edema forma-
tion. Previously, proton MRI detection of lung inflamma-
tion relied on methods with TE in the millisecond range.
Only after formation of substantial edema, susceptibility
effects were reduced to a level that signal from the lung
became detectable (5,39). GE methods with very short TE
(1) or single point imaging methods (33) are also possi-
ble, but require long scan times or provide only limited
resolution. Therefore, such MR sequences are not suita-
ble to detect mild forms of inflammation. By applying
T,w-UTE, significant signal increase in the mouse lung
was obtained from iron accumulation in the lung, follow-
ing the host immune response. Iron load together with
the enhanced sensitivity towards T, effects allowed for
detection of inflammation at earlier time points and also
of milder forms than in previous studies (1,3,5,39-41).

CONCLUSION

In this study, we have shown that 7, changes in
response to iron oxide accumulation in the mouse lung
can be detected as increased signal, if a 3D T,w-UTE
sequence is used. Based on the systemic application of
iron oxide particles, T;w-UTE allows for early detection
of lung inflammation following a bacterial infection. Tyw
UTE represents a sensitive positive contrast method to
detect iron oxide particle accumulation at inflammation

Strobel et al.

FIG. 5. Iron content in the
lung. Representative histologi-
cal slices (x40) show Prussian
blue staining of the mouse
lung. Iron accumulation
appears in blue in an animal
infected with S. aureus and
subsequent VSOP injection
(a). Animals having received
only VSOP injection (b), or
having received only injection
of S. aureus (c), or without
any injection (d) show no blue
staining, i.e., no iron accumu-
lation in the lung.

sites even in tissues with very fast transversal relaxation
times, like the lung. The application to other models of
mild lung inflammation and parameter optimization for
clinically approved iron-containing contrast agents may
pave the way to apply T;w-UTE in patients in the future.
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