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Purpose: To demonstrate the feasibility of using proton magnetic
resonance (MR) imaging to noninvasively detect extravas-
cular and luminal fluid in a murine model of allergen-
induced airway inflammation.

Materials and
Methods:

The Basel Veterinary Authority approved this experiment.
Actively sensitized female Balb/c mice received ovalbumin
or saline and underwent MR imaging (a) once 24 hours
after the fourth administration of ovalbumin or saline (n �
25) or (b) several times between and after ovalbumin or
saline administrations (n � 22) to determine the volume of
fluid signal induced by an allergen. Images were acquired
in spontaneously breathing animals, without cardiac or
respiratory gating. Signal detected with a gradient-echo
sequence was compared with bronchoalveolar lavage
(BAL) fluid parameters and with perivascular and peri-
bronchial edema and mucus observed at histologic analy-
sis.

Results: Up to 24 hours after the fourth administration of ovalbu-
min, intense and continuous fluid signals (volume, 40–50
�L) were detected in proximal lung regions. At 72 hours
after the fourth administration of ovalbumin, remaining
signals (21.1 �L � 3.8) had a discontinuous texture. The
number of eosinophils in the BAL fluid at 24 and 72 hours
and their activation were higher in mice that received
ovalbumin than in those that received saline. Histologic
analysis revealed edema and secreted mucus in the early
phase, whereas only mucus was encountered in the late
phase.

Conclusion: These findings suggest that the main component of the
early response was plasma leakage (edema), while the
main component of the late response was secreted mucus.
With the technique validated, the basis for pharmacologic
studies in this murine model of lung inflammation with use
of MR imaging as a noninvasive readout was provided.
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Over the past decade, there has
been a shift to use murine models
to investigate the molecular basis

of asthma and other respiratory disor-
ders. Murine models offer the prospect
of enabling one to determine the com-
plex interaction between cytokines,
chemokines, and growth-related pep-
tides in disease pathogenesis. Receptors
and intracellular signaling pathways
that are subsequently activated can be
studied because of the availability of
monoclonal antibodies and techniques
for targeted gene disruption and gene
incorporation for individual mediators,
receptors, and proteins (1,2). Evi-
dently, these are essential tools in the
drug discovery process.

Plasma leakage, edema formation,
and mucus hypersecretion contributing
to luminal airway narrowing and thus
impairment of lung function are major
characteristics of asthma in humans (3–
5). The way one of these features of
airway inflammation is emphasized ba-
sically enables one to determine the dif-
ferences between several of the murine
models described in the literature (6–
10). Inflammation established by re-
peated administration of allergens to ac-
tively sensitized animals is commonly

assessed with terminal procedures,
such as histologic examination or bron-
choalveolar lavage (BAL) fluid analysis.

In this study, we sought to demon-
strate the feasibility of using proton
magnetic resonance (MR) imaging to
noninvasively detect extravascular and
luminal fluid in a murine model of aller-
gen-induced airway inflammation. The
fluid signal intensity detected with a gra-
dient-echo sequence (11–13) was com-
pared with (a) the protein concentra-
tion in the BAL fluid, (b) the number
and activation of inflammatory cells re-
covered in the BAL fluid, and (c) the
perivascular edema, peribronchial edema,
and mucus observed at histologic analysis.

Materials and Methods

This work was performed within the
frame of research activities of Novartis
Pharma (Basel, Switzerland). The com-
pany had no financial interest in the re-
sults reported in this article. Experi-
ments were performed with the ap-
proval of the Basel Veterinary Authority
(license number 1989).

Animals
In this study, we used 47 Balb/c female
mice (Janvier, Le Genest-St-Isle, France)
that weighed between 20 and 25 g. The
mice were housed in a temperature-
and humidity-controlled environment,
with free access to standard mouse
chow and tap water.

Sensitization and Allergen Challenge
Ovalbumin (250 �g/mL) (Fluka, Buchs,
Switzerland) was mixed in a blender
with aluminum hydroxide (10 mg/mL)
in saline for 30 minutes on ice and in-

jected intraperitoneally (0.2 mL per an-
imal) on days 0 and 14. As shown in
Figure 1, on days 18–21, the mice were
lightly anesthetized with 2% isoflurane
(Abbott, Cham, Switzerland) and 100
�g of ovalbumin in 25 �L of saline (29
actively sensitized ovalbumin-challenged
mice [hereafter, ovalbumin-challenged
mice]) or 25 �L of saline (18 actively sen-
sitized saline-challenged mice [hereaf-
ter, saline-challenged mice]) adminis-
tered intranasally via a micropipette
(12.5 �L per nostril) by means of
breathing aspiration. Mice were han-
dled in a 45° dorsal decubitus position.
Animals were allowed to recover imme-
diately thereafter.

Experimental Design
Two examinations were performed, and
the number of MR images acquired in
each study differed (Fig 1). In the single-
acquisition study, 15 ovalbumin-chal-
lenged mice and 10 saline-challenged
mice were examined once 24 hours af-
ter the fourth challenge. We performed
BAL fluid analysis (10 ovalbumin-chal-
lenged mice, five saline-challenged mice) or
histologic analysis (five ovalbumin-
challenged mice, five saline-challenged
mice) immediately after MR imaging.

In the multiple-acquisition study, 14
ovalbumin-challenged mice and eight
saline-challenged mice were examined
24 hours after the second and third
challenges and at sequential time points
after the fourth challenge (Fig 1). We
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Advances in Knowledge

� Proton MR imaging was per-
formed in spontaneously breath-
ing animals without the use of car-
diac or respiratory gating to de-
tect fluid signal intensity in the
lungs of actively sensitized aller-
gen-challenged mice, and the sig-
nal intensity was correlated to
inflammatory features in a murine
model of allergic asthma.

� Repeated MR measurements em-
phasized two phases in the course
of multiple allergen challenge: The
early phase primarily reflected
plasma leakage, while the second
phase was related to secreted mu-
cus.

� This model can be used to nonin-
vasively study the pharmacody-
namic effects of drugs and to vali-
date targets in mice or transgenic
mice.

Implication for Patient Care

� After the validation described in
this article and considering the
ability to use MR imaging to ob-
tain repetitive measurements in
the same animal, this technique
will be useful for in vivo profiling
of anti-inflammatory drugs in
mice and in transgenic mice with
use of this model of allergen-in-
duced lung inflammation.
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performed BAL fluid analysis (10 ovalbu-
min-challenged mice, four saline-chal-
lenged mice) or histologic analysis (four
ovalbumin-challenged mice, four saline-
challenged mice) immediately after the
last MR image was acquired 72 hours
after the fourth challenge.

MR Imaging
In vivo measurements were obtained
with a spectrometer (Biospec 47/40;
Bruker Medical Systems, Karlsruhe,
Germany) operating at 4.7 T and
equipped with an actively shielded gra-
dient system capable of generating a
200 mT/m gradient. A 32-mm-diameter
birdcage resonator was used for excita-
tion and detection. Gradient-echo im-
ages were acquired with the following
parameters: 5.6/3.5 (repetition time
msec/echo time msec), 100-kHz band-
width, approximately 10° excitation
pulse flip angle, 256 � 128 matrix,
0.75-mm section thickness, and 3 �
3-cm field of view for transverse images
or 5 � 3-cm field of view for coronal or
sagittal images. A single-section image
(74-second acquisition time) was ob-
tained by computing the two-dimen-
sional Fourier transformation of the av-
eraged signal intensity from 60 (for
transverse or coronal sections) or 30
(for sagittal sections) individual acquisi-
tions and interpolating the data set to
256 � 256 pixels. The entire lung was
covered with 16 consecutive transverse
sections. In addition, one sagittal me-
dian section and four consecutive coro-
nal sections parallel to the main bronchi
were acquired. Typical MR sections ob-
tained in different orientations are
shown in Figure 2.

During measurements, mice were
anesthetized with 1.5% isoflurane in a
1:2 mixture of O2 and N2O that was
administrated via a face cone. Animals
were allowed to breathe spontaneously,
and neither respiratory gating nor car-
diac gating was applied. A mean body
temperature of 37°C � 1 (standard de-
viation) was maintained with warm air
flow.

Image Analysis
For each time point, the high-signal-in-
tensity area was quantified on each of

the 16 images that covered the entire
lung by using a semiautomatic segmen-
tation procedure implemented in the In-
teractive Data Language environment
(Research Systems, Boulder, Colo) on a
Linux system. Images were first low-
pass filtered with a Gaussian profile fil-
ter and then transformed into a set of
four gray-level classes by using adaptive
Lloyd-Max histogram quantitation (14).
The highest class in the transformed im-
ages was extracted interactively with a
region grower, the border of which was
drawn manually to control the growing.
For a given time point, the total volume
of high-intensity signals was calculated
by adding the areas obtained for each of
the 16 images and multiplying the
summed value by the section thickness.
Since high-intensity signals, which were
mainly caused by vessels, were present
on baseline images for each mouse, the
corresponding baseline volume was
subtracted from the volumes evaluated
at further time points to reflect only the
effects of the challenge.

Postmortem Analyses
Animals were sacrificed by means of in-
traperitoneal injection of 0.2 mL of pen-

tobarbitone (250 mg/kg) immediately
after MR images were acquired.

BAL fluid analysis.—The trachea
was cannulated, and the lungs were la-
vaged by gently injecting 0.5 mL of a
solution described previously (15) eight
times via the trachea, without any chest
massage. The BAL fluid, obtained by
means of aspiration after the first two
lavages, was centrifuged (Omnifuge 2.0;
Heraeus Sepatech, Stuttgart, Germany)
for 8 minutes at 4°C and at a rate of
centrifugation of 400 g, and the super-
natant was frozen at �80°C for later
protein and eosinophil peroxidase activ-
ity assays (described in detail by Tigani
et al [16]). Briefly, protein levels in the
supernatant were measured with a pho-
tometric assay that was based on the
reaction of proteins with an alkaline
copper tartrate solution and a Folin re-
agent. Determination of eosinophil per-
oxidase activity was based on the oxida-
tion of o-phenylenediamine by eosino-
phil peroxidase in the presence of
hydrogen peroxide.

An aliquot from the other six la-
vages was used for total cell counting in
an automatic cytometer (Cobas Helios
5Diff; Hoffmann-La Roche, Axon Labo-

Figure 1

Figure 1: Diagram shows the experimental protocol. Sensitization lasted 14 days. Baseline MR images
were obtained at day 16. Saline or ovalbumin challenges were performed from day 18 to day 21. In the single-
acquisition study, MR imaging was performed 24 hours after the fourth challenge (on day 22). In the multiple-
acquisition study, MR images were acquired 24 hours after the second challenge (t1), 24 hours after the third
challenge (t2), and at various time points—namely, 6 hours (t3), 24 hours (t4), 48 hours (t5), and 72 hours
(t6)—after the fourth challenge. In both experiments, mice were sacrificed immediately after the last MR im-
age was obtained, and either BAL fluid analysis or histologic analysis was performed. i.n. � intranasal, i.p. �
intraperitoneal.

EXPERIMENTAL STUDIES: Allergen-induced Lung Inflammation Blé et al
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ratory, Basel, Switzerland). From each
aliquot, a sample containing approxi-
mately 50 000 cells was used for cyto-
spin preparation. Cells were stained
with Diff-Quik, and a differential count
of 200 cells (eosinophils, macrophages,
neutrophils, and lymphocytes) was ob-
tained by observing cytospin slides un-
der a classic light microscope (original
magnification, �100; oil immersion)
with standard morphologic criteria.

Histologic analysis.—The trachea
was immediately ligated to avoid col-
lapse, and the entire lung was removed
and immersed in 10% neutral buffered
formalin for 72 hours. The lungs were
then cut longitudinally to include all
lobes. After dehydration of tissues with

use of increasing graded series of ethylic
alcohol and processing to paraffin wax,
tissue slices were embedded in blocks.
The 3-�m-thick slices were cut in a
manner that would enable us to observe
the main bronchi of each lobe. Slices
were stained with (a) hematoxylin-eosin
to assess the general morphology,
(b) Verhoeff-van Gieson dye to depict
elastic fibers in arteries and to deter-
mine if perivascular edema was
present, and (c) Alcian blue periodic
acid–Schiff to depict excreted mucus
and mucus-containing goblet cells.

Statistical Analyses
MR data were analyzed with statistical
software (SYSTAT 12; Systat Software,

San Jose, Calif). Analyses were per-
formed (a) on raw data, with use of the
baseline signal intensity volumes as co-
variates, and (b) on the differential sig-
nal intensity volumes, obtained by sub-
tracting the baseline signal intensity vol-
ume from the postchallenge signal
intensity volume for each animal. Data
from the single-acquisition study were
evaluated with analysis of variance
(ANOVA). For analysis of data from the
multiple-acquisition study, we used an
extension of ANOVA, called mixed-
model analysis or ANOVA with random
effects, to account for the longitudinal
structure of the data. For multiple com-
parisons, ANOVA was followed by the
Bonferroni correction.

BAL fluid parameters from ovalbu-
min- and saline-challenged mice were
compared by using ANOVA followed by
the Bonferroni correction to adjust for
the two time points. Pearson correla-
tion coefficients and corresponding con-
fidence intervals were computed be-
tween the volumes of MR signal intensi-
ties and the correspondingBALparameters
for the same animals with statistical
software (Unistat, version 5.6.02; Uni-
stat, London, England).

Results

Figure 3a shows MR sections obtained
through the chest in two mice 24 hours
after the fourth intranasal administra-
tion of saline or ovalbumin (single-ac-
quisition study). Fluid signal intensity,
preferentially located in the proximal
regions of the lung, was observed in
ovalbumin-challenged mice. No ex-
travascular fluid signal intensity was ob-
served in saline-challenged mice. The
mean volume of areas with fluid signal
intensity detected with MR imaging is
displayed as a baseline-subtracted vol-
ume in Figure 3b and shows a 13.9-fold
increase in signal intensity in the ovalbu-
min-challenged animals compared with
that in the saline-challenged animals.

The course of the MR signal inten-
sity volume (baseline volume subtracted
from volumes evaluated at further time
points) for the multiple-acquisition
study is shown in Figure 4a. An overall
comparison of data obtained in ovalbu-

Figure 2

Figure 2: (a) Sagittal median, (b) coronal, and (c, d) transverse gradient-echo MR images obtained
through the thorax in a naı̈ve (nonsensitized nonchallenged) mouse. In a, (B), (C), and (D) correspond to the
areas depicted in b, c, and d, respectively.
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Radiology: Volume 248: Number 3—September 2008 837



min-challenged mice with data obtained
in saline-challenged mice was per-
formed with mixed-model analysis and
showed a significant difference (P �
.001 with the baseline as a covariate,
P � .001 when the baseline was sub-
tracted) between the experimental con-
ditions. For each day, significant differ-
ences between ovalbumin-challenged
mice and saline-challenged mice were
apparent (Fig 4a). In ovalbumin-chal-
lenged mice, MR signal intensity was

strong and continuous at early time
points and became less intense and dis-
continuous at later time points after the
fourth ovalbumin challenge (Fig 4b).

BAL fluid parameters were assessed
immediately after the MR acquisitions
performed 24 and 72 hours after the
fourth challenge, and they are summa-
rized in the Table. At both time points,
the total cell count was significantly
higher in BAL fluid samples obtained in
ovalbumin-challenged mice than in sam-

ples obtained in saline-challenged mice.
In the saline-challenged mice, macro-
phages constituted the largest cell type
proportion, whereas in the ovalbumin-
challenged mice, eosinophils were the
predominant cell type at both time
points. Neutrophil counts were signifi-
cantly increased 24 hours after the
fourth ovalbumin challenge but re-
turned to baseline levels 72 hours after
this challenge. Lymphocyte counts were
also elevated 24 hours after the fourth

Figure 3

Figure 3: (a) Coronal and transverse MR images ob-
tained through the thorax of Balb/c mice 24 hours after the
last intranasal administration of 25 �L of saline (SENS/
SAL) or ovalbumin (SENS/OVA). Arrows indicate fluid sig-
nal intensity. On the coronal images, (1) and (2) correspond
to the upper (1) and lower (2) transverse images; the dashed
lines indicate the areas depicted on the transverse images.
(b) Graph shows the volume of MR signal intensity (mean of
the difference between MR signal intensity after the chal-
lenge compared with MR signal intensity before the chal-
lenge � standard error of the mean). The P value was deter-
mined at ANOVA (with checked assumptions) of the base-
line-subtracted values. Calculation performed with the
baseline values as a covariate resulted in a P � .001.
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ovalbumin challenge and were further in-
creased at the subsequent time point (72
hours after the fourth ovalbumin chal-
lenge). Eosinophil peroxidase activity and
protein levels were also significantly in-
creased at 24 and 72 hours after the
fourth ovalbumin challenge (Table). The
volume of fluid signal intensity in the lungs

detected with MR imaging significantly
correlated with the total protein level and
the number of eosinophils quantified in
the BAL fluid samples, as well as with the
activation of the eosinophils assessed by
means of eosinophil peroxidase activity
(Table).

Histologic analysis of Verhoeff-van

Gieson–stained lung tissue slices ob-
tained from ovalbumin-challenged ani-
mals revealed edema in the perivascular
region, with marked peribronchial and
perivascular polynuclear cell infiltra-
tion, 24 hours after the last challenge
(Fig 5); this finding was confirmed with
hematoxylin-eosin staining (not shown).

Figure 4

Figure 4: (a) Graph shows course of volume of MR
signal intensity (mean of the difference between MR
signal intensity after the challenge compared with MR
signal intensity before the challenge � standard error
of the mean) for mice in the ovalbumin-challenged
group (n � 14, SENS/OVA) and mice in the saline-
challenged group (n � 8, SENS/SAL) at different time
points 24 hours after the second challenge (t1), 24
hours after the third challenge (t2), and 6 (t3), 24 (t4),
48 (t5), and 72 (t6) hours after the fourth challenge.
Indicated P values determined at ANOVA with ran-
dom effects (with checked assumptions) adjusted for
multiple testing, with use of the Bonferroni correction
for baseline-subtracted values. When the test was also
performed on original values with baseline value con-
sidered as a covariate, the following P values were
obtained: at t1, t2, 3, and t4, P � .001; at t5, P � .01;
and at t6, P � .06. (b) Coronal and transverse MR
sections obtained through the thorax in Balb/c mice
are representative of fluid signal intensity area texture
and volumes detected 6 and 72 hours after the fourth
intranasal ovalbumin challenge (100 �g in 25 �L of
saline for 4 consecutive days). Solid arrows indicate
intense and continuous fluid signals, whereas dashed
arrows indicate less intense and discontinuous fluid
signals.
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Radiology: Volume 248: Number 3—September 2008 839



Edema receded 72 hours after the
fourth ovalbumin challenge; however,
severe polynuclear cell infiltration was
observed (Fig 5). At both time points,
the cellular inflammation was predomi-
nantly located in the hilar region in the
vicinity of the first-generation airways.
Neither perivascular edema nor infiltra-
tion of polynuclear cells was observed in
lung slices obtained from saline-chal-
lenged mice (Fig 5). Alcian blue periodic
acid–Schiff staining revealed clear metapla-
sia of goblet cells and luminal mucus
hypersecretion in all lung tissue slices
obtained from ovalbumin-challenged
mice 24 and 72 hours after the fourth
challenge. Neither Alcian blue periodic
acid–Schiff–positive cells nor luminal
mucus secretion was observed in lung
tissue slices obtained from saline-
challenged mice.

Discussion

In this study, we found that multiple
allergen challenges in mice induce the
secretion of fluids in the lungs that are
related to airway plasma leakage and
mucus production and that can be mon-
itored noninvasively with MR imaging.
The qualitative finding that fluid signals
were often located in anterior apical ar-
eas, which was confirmed with histo-
logic analysis of the hilar region, is con-
sistent with the fact that inflammatory
processes occur in the main airways.
However, since our goal was to validate
MR imaging by comparing it with a
global measure such as BAL fluid analy-
sis, the overall volume of MR signal in-
tensity in the lungs in response to
ovalbumin administration was assessed.
A quantitative location of data would
not help the comparison with the estab-
lished BAL fluid analysis, as there was a
certain heterogeneity of responses.
Quantification of the signal intensity was
feasible and reproducible, despite the
presence of large vessels and other ana-
tomic structures, such as the heart, that
occupied a large portion of the thoracic
cavity.

A significant increase in fluid volume
was observed after ovalbumin adminis-
tration as early as 24 hours after the
second challenge. The maximum net
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volume (measured 24 hours after the
third challenge) did not exceed 15% of
the total lung volume in the mouse,
whereas the maximum net volume ex-
ceeded approximately 40% of the total
lung volume in actively sensitized Brown
Norway rats that underwent one
ovalbumin challenge (15–17). The rela-
tively low volumes of fluid signal inten-
sity detected in our study were in agree-
ment with observations that showed
that, independent of the allergen dose,
little plasma exudation occurs in mouse
airways, especially in late phases
(18,19). One possible reason for this
result could be that eosinophils are
prominent effector cells in murine mod-
els of asthma (20), whereas mast cells
are the major type of cell involved in the
early inflammatory response in ovalbu-
min-challenged rats (and asthmatic hu-
mans) (21,22). When activated, mast
cells are able to release mediators, such
as histamine, that are responsible for
plasma leakage from bronchial vascula-
ture (23).

Evaluation of BAL fluids revealed an
increase in the total number of cells in
the airway space of ovalbumin-chal-
lenged mice compared with that in sa-

line-challenged mice. Eosinophils were
the main cell type present in the BAL
fluid 24 and 72 hours after the last aller-
gen challenge. The proportions of other
cell types were comparable to those in
earlier reports (10,12). Consistent with
the BAL fluid results, peribronchial and
perivascular airway eosinophilia, con-
sidered to be a hallmark of human
asthma (20), was seen on histologic
samples obtained in ovalbumin-chal-
lenged mice. This observation was also
made in other murine models of aller-
gen-driven lung inflammation (8,24,25).
In addition to high eosinophil cell counts
in BAL fluid, luminal eosinophil activa-
tion, which was represented by eosino-
phil peroxidase levels, was markedly in-
creased in ovalbumin-challenged mice
and found to be correlated with volumes
of fluid signal intensity detected with
MR imaging. Although activation of eo-
sinophils within the pulmonary tissue,
shown by their degranulation into the
airway lumen of allergic mice (26), re-
mains controversial (27–29), it has
been established that, once activated,
products from their granules are associ-
ated with both plasma leakage and mu-
cus hypersecretion (30,31).

Typically, up to 24 hours after the
fourth ovalbumin challenge, MR signals
were intense and continuous; however,
at 72 hours after the fourth ovalbumin
challenge, they were discontinuous and
less intense. Previous results obtained
in rats that underwent an allergen chal-
lenge and those that were subjected to
an endotoxin pulmonary challenge (15,
16) showed that intense and continuous
MR signals reflected predominantly
edema-like responses, while discontinu-
ous signals were related to secreted mu-
cus. On the basis of those observations,
we hypothesized that in the present mu-
rine model, the first phase of the allergic
response detected with MR imaging was
dominated by plasma leakage, while at a
later phase, the main component of the
signal was caused by secreted mucus.
The following observations enabled us
to substantiate this hypothesis: (a) the
higher total protein level in the BAL
fluid (ie, a relevant indicator of the lumi-
nal part of plasma leakage) in ovalbumin-
challenged mice 24 hours after the fourth
challenge, (b) the peribronchial and
perivascular edema detected with histo-
logic analysis at this time point, and
(c) goblet cell metaplasia and mucus hy-
persecretion seen in histologic samples
obtained in ovalbumin-challenged ani-
mals at early and late time points. How-
ever, 72 hours after the fourth ovalbu-
min challenge, no edematous tissue was
seen at histologic analysis; in fact, only
goblet cell hyperplasia and mucus-ob-
structed airways were seen. It has been
shown that allergen-induced inflamma-
tory cell persistence causes prolonged
goblet cell metaplasia and mucus secre-
tion (31). This finding is consistent with
our observation of residual mucuslike
MR fluid signal intensity 72 hours after
the fourth intranasal administration of
ovalbumin and with the histochemical
observation of numerous Alcian blue
periodic acid–Schiff–positive epithelial
cells and mucus in airways at that time
point. Because mucus contained in gob-
let cells is poorly hydrated, it is reason-
able to assume that the long-lasting MR
signal intensity after multiple ovalbumin
challenges originated from excreted
mucus, which is a major contributor to
airway obstruction.

Figure 5

Figure 5: Histologic slices from the left lung of actively sensitized mice that were challenged with saline
(left column, SENS/SAL) or ovalbumin (SENS/OVA) and sacrificed 24 (center column) or 72 (right column)
hours after the last challenge show perivascular edema and polynuclear infiltration (black arrows) after Ver-
hoeff-van Gieson staining (top row) and mucus plugs and goblet cell metaplasia (red arrows) after Alcian blue
periodic acid–Schiff staining (bottom row).
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Other researchers have shown the
usefulness of proton MR imaging in the
detection of infection-related changes in
the lungs of spontaneously breathing
mice (32,33). However, in those stud-
ies, image acquisition was triggered by
electrocardiography. We used an ap-
proach that was similar to one previ-
ously used in rats (15,16,34), and, to
our knowledge, we are the first to de-
scribe the feasibility of detecting inflam-
mation-related changes in the lungs of
spontaneously breathing mice by apply-
ing proton MR imaging without cardiac
or respiratory gating. The gradient-
echo sequence was used to obtain sharp
images in the mouse chest without any
triggering, as potential artifacts caused
by movement were suppressed by aver-
aging the echo signals from a number of
individual image acquisitions (35).
Since the animals were breathing spon-
taneously, no intubation or mechanical
ventilation was necessary. Thus, this
procedure easily enables repetitive
measurement to be performed and cir-
cumvents lung damage that might be
caused by mechanical ventilation (36).

Models of inhaled and segmental al-
lergen challenge with subsequent fiber-
optic BAL and biopsy have been devel-
oped to examine allergen-induced leu-
kocyte infiltration in humans (37) and
have been used to study disease mecha-
nisms (38) and test the effects of treat-
ments (39) in patients. Imaging can po-
tentially add value to such studies by
providing spatial information. To our
knowledge, the only article to address
imaging after an allergen challenge in
human subjects reported on the use of
scintigraphy (40). Considering the lim-
ited spatial resolution achieved with
scintigraphy, MR imaging might be an
alternative in proof-of-concept studies
related to this model. The work pre-
sented in our article could help guide
investigations in which MR imaging is
considered as an additional imaging mo-
dality.

In conclusion, although the lung is
challenging to examine with MR imag-
ing, our results show that when this
technique is applied without respiratory
or cardiac gating in spontaneously
breathing mice, it can be used to dis-

criminate leaking or mucus-secreting
lung tissue from healthy lung tissue. The
course of signal intensity changes in the
lung after an allergen challenge points to
two components—namely, plasma leak-
age and secreted mucus—which are rel-
evant in characterizing the inflamma-
tory state of the lung. With the ability to
perform repetitive measurements in the
same animal, this technique will be use-
ful for in vivo profiling of antiinflamma-
tory drugs in mice and in transgenic
mice in which this model of allergen-
induced lung inflammation is adopted.

Practical application: Our model
and methods used to assess lung fluid
may be useful in evaluating new drug
therapies and may be applicable to
other murine lung disease models char-
acterized by inflammation and fibrosis.
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Radiology: Volume 248: Number 3—September 2008 843



Radiology 2008 
This is your reprint order form or pro forma invoice 

(Please keep a copy of this document for your records.) 
 
 
 
 

 
 

Reprint order forms and purchase orders or prepayments must be received 72 hours after receipt of form either  
by mail or by fax at 410-820-9765.  It is the policy of Cadmus Reprints to issue one invoice per order.   

Please print clearly.  

Author Name _______________________________________________________________________________________________ 
Title of Article _______________________________________________________________________________________________ 
Issue of Journal_______________________________          Reprint # _____________    Publication Date ________________ 
Number of Pages_______________________________                KB # _____________               Symbol Radiology 
Color in Article?    Yes   /   No       (Please Circle) 
P lease include the journal name and reprint number or manuscript number on your purchase order or other correspondence. 

Order and Shipping Information 
 
Reprint Costs (Please see page 2 of 2 for reprint costs/fees.)   
 
________ Number of reprints ordered $_________ 
________ Number of color reprints ordered $_________ 
________ Number of covers ordered   $_________ 
                Subtotal $_________ 
Taxes $_________ 
(Add appropriate sales tax for Virginia, Maryland, Pennsylvania, and the 
District of Columbia or Canadian GST to the reprints if your order is to 
be shipped to these locations.) 
 
First address included, add $32 for  
         each additional shipping address $_________ 

 
                 
TOTAL      $_________ 

       
   Country     _________________________________________ 

Quantity  __________________    Fax  __________________ 

 
    

Shipping Address (cannot ship to a P.O. Box) Please Print Clearly 
Name ___________________________________________ 
Institution _________________________________________ 
Street  ___________________________________________ 
City ____________________  State _____  Zip  ___________ 
Country ___________________________________________ 
Quantity___________________  Fax  ___________________ 
Phone:  Day _________________ Evening _______________ 
E-mail Address _____________________________________ 
 
Additional Shipping Address* (cannot ship to a P.O. Box) 
Name ___________________________________________ 
Institution _________________________________________ 
Street ___________________________________________ 
City ________________  State ______  Zip  ___________ 

Phone:  Day  ________________   Evening  ______________ 
E-mail Address   ____________________________________ 
*  Add $32 for each additional shipping address 

P ayment and Credit Card Details   
Enclosed: Personal Check ___________   
  Credit Card Payment Details _________   
Checks must be paid in U.S. dollars and drawn on a U.S. Bank. 
Credit Card:   __ VISA    __ Am. Exp.   __ MasterCard 
Card Number  __________________________________ 
E xpiration Date_________________________________ 
Signature: _____________________________________ 
 
Please send your order form and prepayment made payable to: 
         Cadmus Reprints 
 P.O. Box 751903 
 Charlotte, NC  28275-1903 
Note:  Do not send express packages to this location, PO Box. 

   FEIN #:541274108   

Invoice or Credit Card Information 
Invoice Address            Please Print Clearly 
Please complete Invoice address as it appears on credit card statement 
Name  ____________________________________________ 
Institution   ________________________________________ 
Department  _______________________________________ 
Street  ____________________________________________ 
City ________________________  State _____  Zip _______ 
Country ___________________________________________ 
Phone _____________________    Fax   _________________ 
E-mail Address _____________________________________ 
 
Cadmus will process credit cards and Cadmus Journal 

Services will appear on the credit card statement. 
 
If you don’t mail your order form, you may fax it to 410-820-9765 with 

your credit card information.

Signature  __________________________________________ Date _______________________________________ 
Signature is required.  By signing this form, the author agrees to accept the responsibility for the payment of reprints and/or all charges 
described in this document. RB-9/26/07

Page 1 of 2 



 
 
Black and White Reprint Prices 

Domestic (USA only) 
# of 

Pages 50 100 200 300 400 500 

1-4 $221 $233 $268 $285 $303 $323 
5-8 $355 $382 $432 $466 $510 $544 
9-12 $466 $513 $595 $652 $714 $775 

13-16 $576 $640 $749 $830 $912 $995 
17-20 $694 $775 $906 $1,017 $1,117 $1,220
21-24 $809 $906 $1,071 $1,200 $1,321 $1,471
25-28 $928 $1,041 $1,242 $1,390 $1,544 $1,688
29-32 $1,042 $1,178 $1,403 $1,568 $1,751 $1,924

Covers $97 $118 $215 $323 $442 $555 
 

International (includes Canada and Mexico) 
# of 

Pages 50 100 200 300 400 500 

1-4 $272 $283 $340 $397 $446 $506 
5-8 $428 $455 $576 $675 $784 $884 
9-12 $580 $626 $805 $964 $1,115 $1,278

13-16 $724 $786 $1,023 $1,232 $1,445 $1,652
17-20 $878 $958 $1,246 $1,520 $1,774 $2,030
21-24 $1,022 $1,119 $1,474 $1,795 $2,108 $2,426
25-28 $1,176 $1,291 $1,700 $2,070 $2,450 $2,813
29-32 $1,316 $1,452 $1,936 $2,355 $2,784 $3,209

Covers $156 $176 $335 $525 $716 $905 
 
Minimum order is 50 copies.  For orders larger than 500 copies, 
please consult Cadmus Reprints at 800-407-9190. 
  
Reprint Cover 
Cover prices are listed above.  The cover will include the 
publication title, article title, and author name in black.  
 
 
Shipping 
Shipping costs are included in the reprint prices.  Domestic 
orders are shipped via UPS Ground service.  Foreign orders are 
shipped via a proof of delivery air service.   
 
Multiple Shipments 
Orders can be shipped to more than one location. Please be 
aware that it will cost $32 for each additional location. 
 
Delivery 
Your order will be shipped within 2 weeks of the journal print 
date.  Allow extra time for delivery. 
 
 
 
 
 
 
 
 
 
 
 
 

 
Color Reprint Prices 

Domestic (USA only) 
# of 

Pages 50 100 200 300 400 500 

1-4 $223 $239 $352 $473 $597 $719 
5-8 $349 $401 $601 $849 $1,099 $1,349
9-12 $486 $517 $852 $1,232 $1,609 $1,992

13-16 $615 $651 $1,105 $1,609 $2,117 $2,624
17-20 $759 $787 $1,357 $1,997 $2,626 $3,260
21-24 $897 $924 $1,611 $2,376 $3,135 $3,905
25-28 $1,033 $1,071 $1,873 $2,757 $3,650 $4,536
29-32 $1,175 $1,208 $2,122 $3,138 $4,162 $5,180

Covers $97 $118 $215 $323 $442 $555 
 

International (includes Canada and Mexico)) 
# of 

Pages 50 100 200 300 400 500 

1-4 $278 $290 $424 $586 $741 $904 
5-8 $429 $472 $746 $1,058 $1,374 $1,690
9-12 $604 $629 $1,061 $1,545 $2,011 $2,494

13-16 $766 $797 $1,378 $2,013 $2,647 $3,280
17-20 $945 $972 $1,698 $2,499 $3,282 $4,069
21-24 $1,110 $1,139 $2,015 $2,970 $3,921 $4,873
25-28 $1,290 $1,321 $2,333 $3,437 $4,556 $5,661
29-32 $1,455 $1,482 $2,652 $3,924 $5,193 $6,462

Covers $156 $176 $335 $525 $716 $905 
 
Tax Due 
Residents of Virginia, Maryland, Pennsylvania, and the District 
of Columbia are required to add the appropriate sales tax to each 
reprint order.  For orders shipped to Canada, please add 7% 
Canadian GST unless exemption is claimed. 
 
Ordering 
Reprint order forms and purchase order or prepayment is 
required to process your order.  Please reference journal name 
and reprint number or manuscript number on any 
correspondence.  You may use the reverse side of this form as a 
proforma invoice.  Please return your order form and 
prepayment to: 
 
 Cadmus Reprints 
 P.O. Box 751903 
 Charlotte, NC  28275-1903 
 
Note:  Do not send express packages to this location, PO Box. 
FEIN #:541274108 
 

Reprint Order Forms 
and purchase order 
or prepayments must 
be received 72 hours 
after receipt of form. 
 

Please direct all inquiries to: 
 

Rose A. Baynard 
 800-407-9190 (toll free number) 
 410-819-3966 (direct number) 
 410-820-9765 (FAX number) 

baynardr@cadmus.com (e-mail)  
 

Page 2 of 2 

Radiology 2008 

mailto:XXXXXXX@cadmus.com

