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Abstract
The capability to use high-resolution 3He MRI to depict regional ventilation changes and airway
narrowing in mice challenged with methacholine (MCh) offers the opportunity to gain new insights
into the study of asthma. However, to fully exploit the value of this novel technique, it is important
to move beyond visual inspection of the images towards automated and quantitative analysis. To
address this gap, we describe a post-processing approach to create ventilation difference maps to
better visualize and quantify regional ventilation changes before and after MCh challenge. We show
that difference maps reveal subtle changes in airway caliber, and highlight both focal and diffuse
regional alterations in ventilation. Ventilation changes include both hypoventilation, as well as
compensatory areas of hyperventilation. The difference maps can be quantified by a histogram plot
of the ventilation changes, in which the standard deviation increases linearly with MCh dose
(R2=0.89). This method of analysis is shown to be more sensitive than simple threshold-based
detection of gross ventilation defects. With suitable extension, this method should be useful in studies
of both mice and human subjects.
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INTRODUCTION
Recently, we demonstrated the capability to create high-resolution 3He MR images in mouse
models of asthma (1) before and after challenge with methcaholine (MCh). MCh administration
causes regional changes in ventilation and airway caliber that are revealed by 3He magnetic
resonance imaging (MRI). In preliminary studies, mice were treated with a conventional
ovalbumin-sensitization protocol (2) and then imaged before and after MCh challenge. These
mice showed significant regional airway narrowing and closure (1) relative to non-sensitized
control mice. This preliminary work suggests that 3He MRI could ultimately offer new insights
into the airway biology of asthma models compared to conventional global metrics, such as
airway resistance (3,4) and bronchoalveolar lavage (5,6). Compared to these metrics, 3He MRI
promises to reveal spatially resolved differences in airways hyperresponsiveness (AHR)
among sensitized mice that have been treated with a variety of therapeutic compounds.
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However, using 3He MRI for such investigations requires the ability to generate quantitative
measures from the images.

Quantitative analysis of hyperpolarized (HP) 3He ventilation images is in its infancy.
Clinical 3He MR images have been analyzed by counting ventilation defects manually and
assigning mean defects scores to each patient (7–9). Such methods, while representing
important initial steps, are subjective and are not geared to a pixel-by-pixel analysis. One
approach to make image analysis more objective and automated is to apply a simple threshold
to count the number of pixels that are classified as ventilated versus unventilated. This idea
was illustrated by Woodhouse et al. (10) and was useful in our initial work (1) for quantifying
focal reduction in ventilation (for example: if the upper right lobe was completely unventilated).
However, such methods fall short by applying only a binary mask (ventilated or unventilated),
whereas regional pulmonary ventilation is known to have a far greater dynamic range (11).

To more quantitatively capture regional ventilation by 3He MRI, a technique was introduced
to determine the fraction of 3He r replenished in each voxel with every breath (11). However,
this method requires multiple HP 3He images to be acquired, and delivering monotonically
increasing numbers of breaths, while also accounting for signal depolarization over time. Thus,
although this technique represents an important step towards quantification, it consumes large
quantities of HP 3He, takes considerable time, and produces ventilation maps with limited
spatial resolution (~5 mm3 in rodents).

Hypolarized 3He MRI studies, before and after MCh challenge, offer an opportunity to simplify
quantitative image analysis because the subjects act as their own control. Since images are
taken at baseline and after challenge, it should be feasible to identify ventilation changes by
simply subtracting the post-MCh images from the pre-MCh set. However, such subtraction is
complicated by several factors—differences in gas volume inhaled, the possibility of patient
movement during the time between the two images, and different levels of polarization pre-
and post-intervention. Fortunately, some of these issues are mitigated in 3He MRI of the mouse
compared to clinical imaging. The mouse is anesthetized during imaging, and thus is not
repositioned between baseline and post-MCh imaging. Furthermore, the mouse is mechanically
ventilated and therefore does not alter its respiratory pattern between scans. Hence, the mouse
system of MCh challenge and 3He MRI represents an excellent test-bed for quantitative
analysis of induced ventilation changes.

Despite these simplifying features, analysis of 3He MR imaging of MCh challenge in the mouse
is still confounded by several factors. First, despite the use of a constant volume ventilator,
there can be some residual variability in gas volume delivered during pre- and post-MCh
imaging. Second, signal differences can arise from different levels of polarization pre- and
post-MCh challenge. Furthermore, although subject movement is not nearly as significant as
for human scanning, millimeter changes in position can occur before and after MCh challenge,
particularly when significant time elapses between baseline and post-MCh scans. Therefore,
the image analysis technique must overcome these variables. In addition to dealing with these
technical issues, the analysis should be capable of revealing the key features of altered
ventilation that are hallmarks of the MCh challenge study—changes in airway caliber, focal
ventilation changes, and diffuse ventilation changes (1).

In this paper, we outline a process needed to generate quantitative ventilation difference maps
that consists of four steps: 1) correct the images using automated image registration to account
for motion or shape changes in the pre- and post-MCh images; 2) normalize the images to
compensate for non-physiological factors that may cause global signal intensity changes
between the pre- and post-MCh studies; 3) subtract the registered and normalized pre- and
post-MCh images to generate a difference map; 4) quantify the difference map. To this end,
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we generate its histogram and use the standard deviation of the difference map histogram as a
quantitative biomarker to study the heterogeneity of response to different treatments. We show
that the standard deviation of the difference map increases linearly with MCh dose.

METHODS
Studies

All aspects of the animal welfare and experimentation were approved by the Duke University
Institutional Animal Care and Use Committee. Salient details of the animal handling for
imaging are provided in references (1,12). Of particular relevance to this work are the following
details. For some studies, mice were sensitized and challenged with ovalbumin as outlined in
(12) to cause their airways to become hyperresponsive to MCh challenge. For all imaging
studies, mice were intubated with an 18G catheter (Hospira, Inc., Lake Forest, IL, USA) and
mechanically ventilated at 100 breaths per minute, with each cycle consisting of a 240 ms
inspiration, 100 ms breath-hold, and 260 ms exhalation period. The ventilator was specifically
designed to deliver a constant gas volume (13), typically set to deliver a tidal volume of 250
µl for a 25 g mouse. The ventilator delivered 75% N2 and 25% O2 during normal life support,
with the nitrogen replaced by HP 3He for the imaging. For MCh delivery, the mice received a
2F catheter (Sherwood Medical, Tullamore, Ireland) in the jugular vein and MCh at a
concentration of 80 µg/ml was administered by an infusion pump.

This work is divided into four distinct studies to demonstrate different aspects of the technique.
We demonstrate the importance of normalization in a naïve C57BL/6 mouse given a “sham”
MCh challenge (saline) by showing in a 2D time-dependent protocol in which difference
mapping without normalization shows apparent reduction in ventilation, whereas
normalization eliminates such false results. We then apply the normalized difference mapping
method to a temporally resolved 2D dataset (2D + time) of an Ova-sensitized Balb/c mouse
imaged during MCh challenge to reveal acute ventilation and airway caliber changes. We then
apply the difference mapping method to 3D images acquired before and after MCh challenge
in Ova-sensitized Balb/c mice, revealing more persistent ventilation changes. Finally, in an AJ
mouse, we obtain MCh dose-response data consisting of 5 sets of 3D ventilation under the
following conditions: baseline, after sham challenge, and after 50 µg/kg, 100 µg/kg, and 250
µg/kg MCh challenges. We use this data to show that the standard deviation of the difference
map histogram increases linearly with MCh dose, suggesting that standard deviation may be
a viable quantitative biomarker for evaluating asthma models.

Image Acquisition
Non-slice-selective coronal 2D images were acquired with field of view (FOV)=2.4 cm, using
a 2D radial encoding sequence. Images employed a 132 µs hard excitation pulse, TR=5ms,
TE=284 µs, BW=31.25 kHz, with 20 radial k-space views per breath, acquired with a variable
flip angle to maintain constant magnetization with the final flip of 90°. Data acquisition
continued for 12 s until 400 radial k-space views had been accumulated. Radial data was
regridded on a Cartesian matrix of 128 × 128 and Fourier-transformed to yield images with a
Nyquist-limited resolution of 187 × 187 µm2.

High-resolution 3D images were acquired with a FOV of 2.0 cm in the coronal plane and 3.2
cm in the sagittal direction using 3D radial encoding (14). Images were acquired using a thick
slab-selective excitation pulse, TR=5ms, TE=872 µs, BW=31.25 kHz, with 20 radial k-space
views per breath, again incrementing the flip angle to maintain constant magnetization. Data
acquisition continued over 5 minutes until 10,000 radial k-space views had been accumulated.
Radial data was then reconstructed using a Non-Uniform Fast Fourier Transform (NUFFT)-
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based reconstruction (15), and regridded on a Cartesian matrix of 128 × 128 × 32 to give images
with a Nyquist-limited resolution of 157 × 157 × 1000 µm3.

Hypolarized 3He images were acquired at 64.8 MHz on a 2.0 T horizontal 18 cm clear bore
magnet (Oxford Instruments, Oxford, UK) with shielded gradients (400 mT/m), controlled by
a GE EXCITE 12M4 console (GE Healthcare, Milwaukee, WI). Further details regarding the
imaging protocol, animal preparation, methacholine administration, and gas polarization are
detailed in references (1) and (12).

Pre-Processing: Image Registration
2D and 3D images were visually inspected for significant changes at the edges to determine
the need for image registration. 2D images acquired over a short time span did not show
significant changes at the edges and hence they did not require registration. 3D images acquired
over a longer period of time needed image registration to correct for some positional change,
which was attributed to the waning effects of anesthetics.

Image registration was performed using the Image Registration Toolkit developed by Rueckert
et al. (16). Initial registration used a rigid transformation to bring the images into the same
coordinate space. Rigid, rather than non-rigid, registration was chosen because the latter could
be confounded by ventilation defects that occur post-MCh. Registration used normalized
mutual information as the cost function and linear interpolation was used to estimate intensities
at non-integral pixel locations. A multi-resolution approach (17) was used to register the images
starting at a lower resolution of 32 × 32 × 8 and successively increasing the resolution to the
finest resolution of 128 × 128 × 32. At each resolution a deformation file was generated to
serve as an initial estimate for the registration at the next finer resolution level. The source and
target images were blurred at each resolution level, by specifying the radius of a Gaussian
kernel, which increased from the lower to higher resolution levels.

Image Normalization
To normalize the pre- and post-MCh images prior to subtraction, we use the 3He signal from
the trachea as a calibration factor to turn images into fractional 3He distribution maps that are
independent of overall intensity. The 3He signal intensity Ivox in any given voxel in the lung
is directly related to its 3He concentration, which in turn is related to 3He volume V3He delivered
to it during each breath by

(1.1)

where Vvox is the voxel volume, and κ is a proportionality constant. (This is true for our
acquisition strategy because the final RF pulse applied during each breath is 90° and thus
destroys all residual magnetization in the lung and avoids complex magnetization dynamics
from previous breaths.) We know from basic physiology and previous studies that 100% of
the 3He in the trachea is replenished with each breath (11), and therefore voxels within the
trachea follow V3He=Vvox. Hence their intensity Itrach provides a solution for the proportionality
constant of κ=Itrach. This intensity can then be used to normalize each pixel in the image
according to

(1.2)
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resulting in new intensities that will range from 0 to 1. Although, we do not explicitly validate
this claim, these normalized intensities can be thought of as roughly the regional fractional
ventilation parameter r defined by Denninger (11) and discussed in the introduction to this
paper.

Rather than using only one pixel in the trachea for normalization, it is preferable to average
the intensities from multiple pixels. This is done, as illustrated in Figure 1, by selecting a
cylindrical region of diameter D and height H in the trachea and averaging the intensities of
all pixels contained therein. While pixels within the interior of the trachea will be filled with
pure 3He, those at the edge may contain only a partial volume of 3He. This partial volume
effect must be corrected by including a geometric factor η, giving

(1.3)

We calculate η by assuming the trachea to be a cylinder, in which case, it becomes simply the
ratio of volumes of the 3D rectangular box of D × D × H vs. that of a D × H cylinder, or η =
4/π. Furthermore, we can calculate Ntrach according to the number of pixels in the 3D rectangle
to give Ntrach = D2 H/Vvox. This gives a final value for the average trachea intensity of

(1.4)

An important technical consideration is that to use the 3He signal from the trachea to normalize
the images requires first the ability to visualize the trachea, and second that the trachea signal
is directly representative of the 3He spin density in a single breath. Therefore, these
requirements demand very specific attention to the problem posed by signal attenuation
induced by 3He diffusion in the presence of imaging gradients. This issue is particularly acute
at the microscopic resolution (high gradient strengths) used for mouse imaging and is further
exacerbated by the nearly free diffusion of 3He in the trachea. The problem received
considerable attention from Johnson et al. (18) and later by Driehuys et al. (1), who showed
that resolving small and large airways at high spatial resolution is made possible by employing
a radial encoding sequence rather than more standard Cartesian sequences. Cartesian
acquisitions can accumulate significant diffusion weighting as the trajectory goes to the edge
of k-space and back. By contrast, center-out radial encoding sequences with short echo times
(TE=284 µs) do not exhibit signal attenuation because the center of k-space is sampled before
any gradient integral has been accumulated.

Image Analysis
All image analysis follows a standard protocol that is performed using an in-house MATLAB®
(The MathWorks Inc., Natick, MA, USA) code that allows selection of a region within the
trachea to estimate the calibration factor, applies the normalization, and creates difference
maps.

The 2D datasets consisted of multiple images acquired at various time-points before and after
the injection of MCh. Each image in the series was normalized using its own calibration factor
and then divided by the pixel area to create a percent gas distribution map. The first normalized
image in the series was the baseline image and was subtracted from all the remaining
normalized images of the time series to generate a series of difference maps. For comparison,
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thresholded images were also created, by retaining only pixels whose intensity exceeded 5-
times the standard deviation of background (10).

For 2D difference maps, it is important to note that the percent gas volume change can be higher
than 100%, since 2D datasets are anisotropic and can contain more or less lung in the direction
perpendicular to the image plane. Thus, while the difference maps generated do not reflect
absolute percent change in gas volume, the normalization and subtraction approach is still
valid. In fact, a difference map series between the post- and pre-MCh challenge images can
still be generated to show the regions of hypoventilation (<0 on difference map) and
hyperventilation (>0 on difference map).

To normalize the 3D datasets, the volume was collapsed into a 2D coronal projection and an
operator selected a cylindrical region in the trachea. This was carried out for both the pre- and
post-MCh image volumes and this normalization step was used to render the images into 3He
percentage maps. These maps had a scale ranging from 0-to-100% representing no ventilation
to complete ventilation. These maps could then be subtracted to create a slice-by-slice
difference map with scale ranges from −100% to +100%, corresponding to a total loss of
ventilation after MCh to complete restoration of ventilation. The difference maps were further
quantified by plotting their histograms and calculating the SD of the distribution.

RESULTS
Figure 2 shows an analysis of selected frames from a 2D 3He time-series acquired from a
C57BL/6 mouse that was not injected with MCh. The figure shows a) the original images, b)
threshold segmented images, c) difference maps without normalization, and d) difference maps
with normalization. This animal should exhibit no ventilation changes and this is visually
apparent in the 3He images in Figure 2a and is effectively confirmed by the simple threshold
segmentation technique shown in Figure 2b. However, difference maps created by directly
subtracting the post-MCh images from the baseline image (shown in Figure 2c) seem to indicate
that ventilation has been reduced, particularly towards the later frames at t=120s. These
apparent ventilation changes are attributable to non-physiological factors, in this case likely
from a slight reduction of 3He volume delivery due to emptying of the 3He bag. This effect is
corrected by first normalizing the images before creating the difference map, as shown in Figure
2d. The normalized difference maps exhibit only residual non-zero signals that are within the
standard deviation of noise in the images.

Figure 3 shows the normalized difference mapping technique applied to an ovalbumin-
sensitized Balb/c mouse imaged under the 2D+time protocol. Figure 3a shows the
original 3He time series images that reveal airway narrowing (yellow arrows in left and right
lung) with the subsequent recovery at t=120s (red arrows in left and right lung) as well as a
focal loss of ventilation in the lower right lobe. The focal change (shown by ovals) is readily
picked up in the threshold-segmented images (Figure 3b), but thresholding fails to detect the
airway caliber changes or the more subtle residual hypoventilation at t=120s. By contrast, the
normalized difference map reveals airway narrowing (yellow arrows), airway caliber recovery
(red arrows), focal (oval), and diffuse changes in ventilation, as shown in Figure 3c.

Figure 4a shows selected slices from a 3D dataset of an ovalbumin-sensitized mouse imaged
before the injection of MCh. Figure 4b shows the same slices from the mouse after it was
challenged with 80 µg/kg of MCh. The images reveal increased ventilation in the upper left
lung post-MCh and this effect is very clearly highlighted by the normalized difference map
shown in Figure 4c, along with hyperintense signal in the large airways. The remainder of the
lung exhibits subtle, diffuse hypoventilation.
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Figure 5 shows 4 central slices from an A/J mouse scanned at different doses of MCh. Figure
5a shows the mouse lung images at baseline before the injection of MCh. Figure 5b shows the
mouse lungs after a “sham” challenge obtained by injecting an equivalent volume of saline to
a 250 µg/kg MCh challenge. The subsequent rows in Figure 5 show images captured at
increasing MCh dose levels—Figure 5c (50 µg/kg), 5d (100 µg/kg), and 5e (250 µg/kg). For
this study, an A/J mouse was chosen, because this strain is known to be inherently
hyperresponsive (19) and hence, offers a useful and interesting test-bed. However, despite their
hyperresponsiveness, A/J mice do not show complete airway closure (19) and therefore,
provide a stringent test for image analysis. Indeed, inspection of the gray-scale images reveals
some airway narrowing (arrows), but no obvious changes in ventilation, except for some
hyperventilation noted in the apex of the right lung after 250 µg/kg MCh challenge (arrows).

Figure 6 a shows the same 4 pre-MCh slices from the AJ mouse of Figure 5a, while the
remaining rows show the difference maps generated from the b) saline challenge, and the c)
50 µg/kg, d) 100 µg/kg, and e) 250 µg/kg MCh challenges. The difference maps created from
saline challenge show very small deviations from baseline. Residual differences could stem
from minor misregistration and noise. However, those difference maps created from images
following actual MCh challenge clearly depict airway narrowing, regions of hypoventilation,
and regions of compensatory hyperventilation caused by the constant volume ventilation used
in these experiments. Moreover, all maps show a considerable heterogeneity to the gas
distribution for increasing dose of MCh.

One way to quantify the difference maps shown in Figure 6, while retaining information
uniquely generated from imaging, is to calculate the standard deviation (SD) of their
histograms. For example, the histograms from the saline and 250 µg/kg MCh challenges are
shown in Figure 7a and 7b. The SD from these histograms can be plotted as a function of MCh
dose as shown in Figure 7c, which clearly demonstrates a trend towards increased SD as the
MCh dose is increased.

DISCUSSION
We have demonstrated a technique to create a voxel-by-voxel map to quantitatively analyze
regional changes in ventilation based on HP 3He MRI. The method has three required steps:
First, images must accurately depict the major airways so that they can serve to normalize the
data. Secondly, images need to be registered to a common coordinate space to ensure that the
difference maps are accurate. Finally, after registration and normalization, images can be used
to generate a difference map that clearly depicts regions where ventilation has been altered by
the MCh challenge. The method captures regional information about both focal and diffuse
changes in ventilation, as well as narrowing of airways. Many of the changes apparent in the
difference maps are not readily appreciated from visual inspection or simple threshold-based
analysis.

The goal of our analysis technique is to provide a quantitative biomarker that differentiates
treatment groups in a disease model. For imaging-based techniques, this requires the delicate
balance of retaining the rich information afforded by 3D imaging, while collapsing this
information to a single global metric of change. We have proposed use the standard deviation
of the difference map histograms. The standard deviation changes appropriately with MCh
dose, and encompasses much of the richness inherent in imaging.

The image normalization applied to generate difference maps requires the trachea to be visible
in the HP 3He images. This is possible, especially for small animal applications, only by using
center-out radial imaging methods. The use of center-out radial imaging ensures the minimal
loss of signal due to diffusion at the center of k-space. There will, however, be some diffusion-
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induced signal loss at the periphery of the k-space, which may cause some signal loss at the
edge of the trachea. However, the impact on calibration is minimal as this impacts only a very
small fraction of the pixels selected for calibration.

One assumption of our method is that the trachea is a cylindrical volume. This may not be the
case, especially when the placement of animal in the magnet is such that the trachea is not
orthogonal to one of the imaging axes. This can be corrected by rotating the raw images such
that the cylindrical assumption of the trachea is valid. However, this requires that no image
reconstruction artifacts exist in the background, which are likely to overestimate the calibration
factor.

The other assumption of this technique is that the imaging is performed at the same phase of
the respiratory cycle and that the lung inflates to the same capacity during each breath. This is
addressed by using a calibrated constant volume ventilator. While the use of a constant volume
ventilator ensures the repeatability of the lung inflation, sometimes there are changes in the
lung shape. These can be associated with slight shifts of the animal position resulting from
temporarily reduced anesthetic depth. In such cases where a change in shape is observed, we
have shown that pre- and post-MCh images can be registered (16) using an affine model before
applying the normalized difference mapping technique.

Although the normalized difference mapping technique is developed for small animal
applications, the technique can be applied to clinical studies. But, this will undoubtedly require
image registration to align the images. A particular challenge for human subjects will be the
reproducibility of the inhalation and consistent visibility of the trachea. To the extent that this
is imperfect, the registration may have to rely on non-rigid registration algorithms. Such
algorithms must be applied with care, in case they unintentionally remove real ventilation
defects in the process. Such unintended removal of defects can likely be mitigated by using a
landmark-based non-rigid registration, rather than the mutual information methods presented
here. We are currently exploring landmark-based registration to compare mice with defects
detected at baseline to normal control mice to permit application of this difference mapping
method.
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Figure 1.
A cylindrical selection in the trachea is used to normalize the signal intensity in each image,
so that variations from signal decay resulting from non-physiological factors such as loss of
polarization can be accounted for.
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Figure 2.
a) Baseline time-series 3He images acquired without MCh challenge from a C57BL/6 naïve
mouse at three different time points; b) threshold segmented ventilation images showing no
change in ventilation; c) difference maps created from time-series of images; d) normalized
difference maps showing close to 0% change in all regions of the lung even at t=120s.
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Figure 3.
a) Baseline time-series 3He images acquired from an ovalbumin-sensitized mouse showing
airway narrowing (yellow arrows) and focal ventilation change; b) threshold segmented
ventilation images pick up focal change (oval); c) difference maps shows airway narrowing
(yellow arrows), airway recovery (red arrows) focal change (oval), and diffuse changes in the
whole lung.
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Figure 4.
a) Pre-MCh challenge 3He image slices from an ovalbumin-sensitized mouse. b) Post-MCh
challenge following 80 µg/kg of MCh. c) Difference maps created from 3He percentage maps;
Note the region of hyperventilation observed in the upper left lobe (arrow), whereas the
remaining regions show subtle hypoventilation in the peripheral region of the lung.
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Figure 5.
Central slices from a 3D 3He datasets collected from an AJ mouse imaged a) before the injection
of MCh, b) after the injection of 250 µg/kg of saline, c) 50 µg/kg, d) 100 µg/kg, and e) 250
µg/kg of MCh. This mouse strain, while hyperresponsive, exhibits no airway closure and
presents a significant challenge for simple visual image analysis.
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Figure 6.
Baseline 3He images and difference maps created from the central slices from the images shown
in Figure 5. Difference maps show increased heterogeneity (larger regions showing
hypoventilation and hyperventilation) with higher dose of MCh.
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Figure 7.
a) Histogram from saline challenge, b) histogram from 250 µg/kg MCh challenge, and c) plot
of standard deviation (SD) (a.u.) of difference map shows an increasing trend for higher dose
of MCh.
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