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ABSTRACT
Magnetic Resonance Imaging (MRI) is a safe and widely used diagnostic imaging
method that allows in vivo observation of anatomy and characterization of tissues. MRI
provides a method to monitor patients without invasive measures, making it suitable for
both diagnostics and longitudinal monitoring of various pathologies. A notable example
of this is the work carried out by the Alzheimer’s Disease Neuroimaging Initiative
(ADNI), which utilizes imaging, including multiple MRI techniques, to monitor disease
progression in AD patients and evaluates treatment responses and prevention strategies.
Similarly, MRI has been extensively used in evaluating diseases in a variety of animal
models.
In order to detect subtle anatomical changes over time, small differences in MR
images must be accurately extracted.

Furthermore, to ensure that the extracted

differences are due to anatomical changes rather than equipment variance, it becomes
essential to monitor and to assess the MRI system stability. In the first chapter of the
dissertation, a method for monitoring pre-clinical MRI system performance is discussed.
The technique developed during the study provides a fast and simple method to monitor
pre-clinical MRI systems but also has applications for all areas of MRI.
The second chapter describes the development of a 3D UTE MRI method for
pulmonary imaging in freely breathing mice. The development of the 3D UTE sequence
for pulmonary MRI has demonstrated its ability to collect images without noticeable
motion artifacts and with appreciable signal from the lung parenchyma. Furthermore,
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images at two distinct respiratory phases were reconstructed from a single data set,
providing functional information of the rodents’ lungs.
Finally, in the third chapter, 3D

19

F UTE MRI is evaluated for imaging in vivo

distributions of perfluorocarbon (PFC) nanoemulsions for measuring pulmonary
inflammation. Building upon the development of pulmonary imaging, fluorinated
contrast agents made from PFCs were used to target immune cells in response to
pulmonary pathology. Both 3D 1H and

19

F UTE MRI were used to acquire pulmonary

images of mouse models documented to have pulmonary pathology. Even though the
mice had confirmed elevation in alveolar macrophage counts, no visible
accumulation within the pulmonary tissue was observed with MRI.

19

F signal
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INTRODUCTION
Magnetic Resonance Imaging (MRI) is an imaging modality that takes advantage
of resonating nuclear spins to acquire information on the nuclear distribution and its
surrounding environment for creating anatomical images. Many living organisms are
composed of a high percentage of water, which provides a large pool of protons ( 1H)
whose spin distribution and states are most commonly used to acquire MRI images. In
addition to protons, many other nuclei such as 19F, 13C, 23Na, 17O, and 31P, can be imaged
using the nuclear resonance phenomena (1). For the studies presented in this work,
nuclear spins of 1H and

19

F have been used to assess the stability of a 7T small animal

MRI system as well as to acquire physiologically relevant images of mice.
Each type of nucleus that exhibits the magnetic resonance phenomena has a
nuclear spin and, because the nucleus has mass, it thus possesses angular momentum ( J ).
Additionally, because every nucleus has a charge, it also possesses a magnetic dipole
moment (  ). When the nuclei are placed in an external magnetic field ( B0 ), they
precess about the magnetic field axis at a frequency that is linearly related to the field
strength. This precession frequency is called the Larmor frequency ( 0 ) and is the
product of the strength of B0 and the gyromagnetic ratio (  ) of the nuclei, which is the
ratio of its magnetic dipole moment to its angular momentum. Since each type of nucleus
has a different mass and charge, its corresponding gyromagnetic ratio and Larmor
frequency is also different (1).
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At thermal equilibrium, spins tend to align with the B0 field and their ensemble
produces a net magnetization ( M ) which points along B0 (Fig. 1). In order to acquire a
signal that is useful for MRI, the net magnetization must be tipped away from the B0
field. This is accomplished by applying an additional time-varying magnetic field ( B1 )
that rotates perpendicular to B0 at the Larmor frequency. When the external magnetic
field B1 is applied, the spins experience a torque and move away from equilibrium as
described by

M
  M  B1
t
which describes a rotation about B1 in the rotating reference frame.

The angle of

rotation of the net magnetization about B1 depends on the strength and duration of the
applied B1 field. This B1 field is commonly called the ‘excitation pulse,’ and if applied
for a time t, the net magnetization will be rotated away from B0 at an angle,  , as
described by

   B1t

As described by Faraday’s Law of magnetic induction (1), a rotating magnetic field
induces current in a loop of wire. For the use of MRI, such wires are used as receiver
coils.
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Fig 1: A diagram depicting the net magnetization ( M ) at an angle  away from the main
magnetic field, B0 after an application of an excitation pulse ( B1 ). The magnetic
moment in the transverse plane (xy plane) is used to acquire useful MRI signal. 
represents the instantaneous angle of the transverse magnetization.

MRI encodes spin information through its precession frequency and phase and
measurements are made in the Fourier domain, often referred to as k-space. The spatial
encoding is accomplished by gradient magnetic fields, which spatially vary the magnetic
field strength, and thus slightly change the precession frequency of the spin depending on
its location. If data are collected on a Cartesian grid in Fourier space, images are
reconstructed by applying an N-dimensional inverse Fourier transform to the k-space
data. In imaging physiological objects, the highest signal is observed at the center of kspace, where the low spatial frequency information is recorded. This indicates that the
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low frequency information is a large determining factor for the signal to noise ratio
(SNR) of the final image (2).
Imaging parameters such as Echo Time (TE) and Repetition Time (TR) help
define the contrast of an MR image. TE is defined as the time between the center of an
RF excitation pulse to when the maximum signal is acquired at the center of k-space. TR
is defined as the time between successive RF excitation pulses.

TR
RF
GSS

GPE

GRO
Signal
TE
Fig 2: Example of a typical gradient echo pulse sequence. Parameters such as TE and TR
help determine the image contrast. RF stands for the excitation pulse, GSS represents the
slice select gradient, GPE and GRO represent the phase encode and the readout gradient,
respectively.

Intrinsic tissue parameters such as T1 and T2 determine what TE and TR are
appropriate for the desired MRI contrast. T1, also called the spin-lattice relation time or
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longitudinal relaxation time, is the time for 63% of the net magnetization to return to
equilibrium and realign with the B0 field after an application of an excitation pulse; a
process that involves the release of energy to its surroundings. T2, also called spin-spin
relaxation time or transverse relaxation time, is influenced by local spins interacting with
one another. T2 is the time for the net magnetization to lose 63% of its signal from spin
dephasing due to time-dependent local magnetic field inhomogeneity. T2* is also a
tissue specific parameter. T2* is influenced not only by the factors that influence T2, but
also by the static B0 inhomogeneities (1). The relationship between T2 and T2* is
described below

1
1
1

 '
*
T2 T2 T2
where T 2' describes the influence from static field inhomogeneities.
The work presented in this dissertation is specific to advancing 3D Ultrashort TE
(UTE) MRI techniques. 3D UTE is an MRI sequence that uses a rapid, half-radial data
acquisition method, and is suited for imaging objects with a short T2* decay, on the order
of microseconds (3,4). Variations of 3D UTE sequences have been applied to imaging
many physiologically relevant objects with short T2* decay such as connective tissues
including ligaments and tendons (3,5-8), cortical bone (9,10), patella and tibia (11), lungs
(12), and surgical implants and grafts (4,5,13). The unique property of this sequence is
that it collects data at the center of k-space immediately after excitation, which allows for
very short TEs, usually less than 0.5 ms (3). A schematic of the 3D UTE sequence is
shown in Fig 3. After a hard, low flip angle RF excitation pulse is applied, the sequence
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immediately acquires the center of k-space and collects data on a half-radial trajectory by
turning on imaging gradients in all three orthogonal directions (4).

From here on each

half radial trajectory will be referred to as a ‘view.’ As noted before, the center of kspace is where the maximum signal is acquired. Therefore by acquiring the center
immediately after the excitation pulse, it allows signal from magnetization with very
short T2* to be collected before it fully decays; thereby increasing the signal from objects
with very short T2* components (Fig 4).

TE

(A)

(B)

Acquisition

kz

RF
Gx

ky

Gy
Gz

kx
Fig 3: (A) 3D UTE pulse sequence. The arrow indicates the time between the RF
excitation point and when the first data point is acquired at the center of k-space,
indicating the very short TE compared to a common gradient echo pulse sequence shown
in Fig 2. Immediately after the RF pulse, the Gx, Gy, and Gz gradients turn on until they
reach constant amplitude, leading to non-uniformly spaced data points along each k-space
view as shown in (B). The first several data points are closely spaced together, but
become evenly spaced as the gradients reach constant amplitude.
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Fig 4: T2* decay curves are plotted for bound water (blue) and tissue water (black). The
green dashed line represents a TE value a 3D UTE sequence could achieve, and the red
dashed represents the typical TE value that conventional sequences, such as gradient
echo, could achieve. It is evident from the signal amplitudes at the two TE values that
the shorter TE used by the 3D UTE sequence would be able to acquire greater signal
from the rapidly decaying objects, such as the curve shown in blue.

The lower limit on TE is determined by how short an RF pulse can be applied,
how quickly the RF hardware can switch between transmit and receive modes, and the
coil ring-down time (14). Because data collection begins prior to the imaging gradients
reaching a constant magnitude, data along each k-space view are non-uniformly sampled
with the smallest sampling interval at the beginning of the view near the center of kspace, increasing quadratically to the point at which the imaging gradients reach their
constant amplitude, and linear after that (15).
By repeatedly collecting a single view for each TR period, and modifying the
angular orientation of the view, the 3D UTE acquires data covering a spherical volume of
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k-space. One method of angle selection was proposed by Wong and Roose (16), which
provides a continuous and nearly uniform distribution of angular orientations at which to
acquire the data as shown in Fig 5. Since each view at a particular angle is made up of
multiple data points, the final k-space filling resembles that of a ‘kush-ball’.
(A)

(B)

kz

kz

ky

kx

ky

kx

Fig 5: (A) The 3D UTE sequence acquires k-space data over a spherical volume. The
readout angle is modulated for every TR to cover a three-dimensional space. The spiral
represents the continuous angular modulation used for the readout angle. (B) For each
TR, a single half-radial view is acquired where each view consists of multiple data points.
Because of the sampling scheme, the center of k-space becomes highly oversampled.

3D UTE MRI data are collected on a non-Cartesian grid and are typically
regridded to a Cartesian grid for image reconstruction using a 3D inverse FFT.

A

regridding algorithm, such as Non-uniform Fast Fourier Transform (NUFFT) proposed
by Fessler and Sutton, can be used for such applications (17). The MATLAB code used
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by the dissertation author for the purpose of reconstructing the 3D UTE data has been
included in Appendix D.
MRI data can easily be corrupted by motion. Because it spatially localizes the
precession frequency, any motion during data acquisition will cause misregistration
between the frequencies and its appropriate location. This misregistraton causes k-space
data errors and inconsistencies and results in artifacts, such as ghosting, in the
reconstructed image. Several techniques have been used to reduce motion artifacts for
pulmonary imaging. The advancement in rapid data acquisition methods have led to
techniques such as breath-hold imaging, where pulmonary images can be acquired in less
than 30 seconds (18-22).

Respiratory and cardiac gating (23-25) can greatly reduce

patient motion during data acquisition and limiting the artifacts in the final image. NonCartesian k-space data acquisition methods such as radial acquisition (26) have shown to
be insensitive to patient motion, and have also been applied to pulmonary imaging
(12,27,28).
As previously described, the 3D UTE sequence acquires data in a half-radial
manner, resulting in a highly oversampled center of k-space (Fig 5). Oversampling tends
to average out the data error induced by motion, making the sequence insensitive to
motion and reduces ghosting artifacts in the reconstructed image (26). Additionally, in
radial data acquisition, the streaking artifacts caused by motion are spread out in multiple
dimensions (26), reducing its negative effects on the reconstructed image.

The

insensitivity to motion makes the 3D UTE sequence valuable for imaging objects that
have rapid signal decay and which are also in constant motion, such as lungs.
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Advancing MRI techniques for pulmonary imaging is of great interest because of
the high incidence of pulmonary diseases amongst Americans. Pulmonary diseases,
accounting for nearly 400,000 deaths a year in the U.S., are the third leading cause of
death after heart disease and cancer. It is estimated that more than 35 million Americans
have been diagnosed with a form of chronic pulmonary disease (29).
In general, MRI is not widely utilized for imaging of the lungs. This is due in
large part to 1) the sensitivity of MRI to respiratory motion, 2) the low tissue density of
lungs making the MRI signal very weak, and 3) presence of high magnetic susceptibility
gradients in the lungs making the T2 and T2* relaxation times of the MRI signal
extremely short and essentially invisible on conventional MRI pulse sequences (27,3032).

For these reasons, X-ray planar imaging and computed tomography (CT) are

currently the standard of care for diagnosing pulmonary pathology (33). However, in
many cases, it would be extremely helpful to have methods of imaging the lungs that do
not involve ionizing radiation. This is particularly true in childhood disorders such as
asthma and cystic fibrosis (CF), where long term longitudinal evaluation with radiationbased imaging is undesirable.
1

H MRI has great potential for pulmonary imaging, however, using

19

F MRI

contrast agents could provide additional information on pulmonary disease state and
response to treatment. As previously mentioned, the source of signal for the nuclear
resonance phenomena is not limited to 1H; 19F can also be used to image with MRI.

19

F

spins have a different precession frequency from 1H, as noted by the different
gyromagnetic ratios, 40.08 MHz/Tesla and 42.58 MHz/Tesla, respectively. The great
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advantage of

19

F MRI is the minimal endogenous

detected to come directly from

19

19

F signal, allowing for all signal

F atoms intentionally introduced in vivo. It also has

100% natural abundance and a high relative sensitivity that is 83% of 1H (34,35). Taking
advantage of these traits, contrast agents containing

19

F have been used to observe

physiological parameters and pathologies (36-40).
A group of molecules of particular interest is perfluorocarbons (PFC), which are
organic molecules largely made of C and F atoms (41). Interest in liquid PFCs initially
came about due to its high oxygen solubility, and they have been extensively studied as a
potential blood substitute (42-47). Since the initial development as an artificial oxygen
carrier, there has also been interest in using emulsified PFCs as a passive targeting agent
for phagocytic cells (34,48-51). Both ex vivo and in vivo studies have shown that
emulsified PFCs are taken up by phagocitic cells, in particular by cells involved in
immune response such as macrophages and monocytes, allowing passive cell targeting
(46,52-54). Observing the accumulation of 19F signal within a patient via MRI can noninvasively provide information on the immune response in vivo. This passive targeting
method of immune cells has been used to study diseases such as cardiac and cerebral
ischemia (36), atherosclerotic lesions (55), pulmonary inflammation (49), and organ
rejection (37), to highlight a few. Our interest in PFC nanoemulsions (NEs) was for
imaging of pulmonary inflammation. Similar to the 1H signal, the local magnetic
inhomogeneities in the pulmonary tissue causes rapid signal decay, as well as shortening
the T2* of the

19

F signal. For this reason, 3D UTE sequences hold potential for

imaging of the lungs.

19

F

22

PFC NEs used to target immune cells usually range from 100 – 250 nm in
diameter (41). Because liquid PFCs are both hydrophobic and lipophobic (46), they
require emulsification prior to injection (56). The process of encapsulating liquid PFCs
into a single lipid layer NE requires high energy processing such as sonication or
microfluidization (46). Depending on the application, the surface of the NEs can be
functionalized to carry out targeted MR molecular imaging (55) or labeled with
fluorescent molecules to carry out multi-modal imaging (57).
PFC NEs have many beneficial properties as contrast agents. First, there has been
extensive research carried out on the properties and safety of PFCs. They are considered
to be bioinert (41,58), biologically stable, are not metabolized in vivo, and have a high
concentration of 19F atoms on each molecule (52). The natural clearance mechanism for
PFC NEs is through the parenchyma, largely by the hepatocytes, and the macrophages
within the reticuloendothelial system (RES) (42,59), which largely involves the liver and
spleen (59). Once taken up by the RES, lipoproteins transport the PFCs back into
circulation and they are thought to be exhaled via respiration (56,60). The clearance rate
of the PFCs from the RES varies depending primarily on the molecular weight, and to a
lesser extent, its molecular structure (56,61). A few of the commonly used PFCs include
perfloro-octyl bromide (PFOB), perfluorodecalin, and perfluorocrown-ether (PCE), each
having different RES retention times (56).
There are also several challenges in using fluorinated contrast agents. One major
challenge is in having enough

19

F atoms in vivo to be detected by MRI. Unlike many

other MRI contrast agents such as Magnevist® or ultrasmall super paramagnetic iron
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oxide (USPIO) particles, where one particle can influence a large number of 1H in its
surrounding environment (62,63), it is necessary to detect

19

F atoms directly.

Additionally, there are multiple classifications of PFC molecular structures, many
resulting in complex NMR spectra peaks (46). Multiple peaks can lead to chemical shift
artifacts in the images and may make it difficult to use all available 19F atoms as a source
for signal.

Dissertation Format
This dissertation investigates the use of MRI techniques to monitor system
quality, and the use of 3D UTE sequence for both 1H and

19

F pulmonary imaging of

healthy lungs and of mice with pathology.
The research conducted for the completion of this dissertation is presented here in
forms of three scientific papers, which are given as appendices. The major findings and
summary of each paper is presented in the following chapter. Each paper has several coauthors, and per University of Arizona Graduate College and Biomedical Engineering
GIDP policy, the contribution of the dissertation author to each paper is described below.

Appendix A: “Design, manufacture, and analysis of customized phantoms for
enhanced quality control in small animal MRI systems” – this paper was submitted to
and was accepted in the journal Magnetic Resonance in Medicine. The dissertation
author was responsible for design of and implementation of all imaging experiments,
design of MRI compatible phantoms, and investigation of image analysis, interpretation
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of results, and writing of the manuscript. Co-authors John Totenhagen, Gene Alexander,
and Theodore Trouard assisted with interpretation of results and manuscript revisions.

Appendix B: “Ultrashort TE imaging of free-breathing rodent lungs” – This paper
has been submitted for review to the journal Magnetic Resonance in Medicine. The
dissertation author was responsible for MRI pulse sequence development, carrying out all
animal imaging experiments, image reconstruction, interpretation of results, and writing
of the manuscript. Co-author Theodore Trouard assisted with interpretation of results and
manuscript revisions.

Appendix C: “The Use of Perfluorocarbon Nanoemulsions and 3D 19F UTE MRI for
Imaging Pulmonary Inflammation” – This paper has been written and is in preparation
to be submitted to the journal of Pulmonary Medicine. The dissertation author was
responsible for carrying out all animal imaging experiments, image analysis,
interpretation of results, and writing of the manuscript. Co-authors Theodore Trouard,
Michael Daines, and Robert Erickson have provided technical assistance with animal
preparation, induction of pulmonary inflammation, interpretation of results, and
manuscript revisions.

Additional acknowledgements have been given to Christie

Howison, Aubrey Cunningham, Rhea Pereira, Ellen Le for their contributions to animal
preparations and cell extractions, Julio Cardenaz-Rodreguz for technical assistance in
nanoemulsion preparations, and Andrea Grantham for her assistance with histology.
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Appendix D: MATLAB code for 3D UTE image reconstruction and image analysis

Collaborative Projects
The dissertation author was also a co-author on two publications not included in
this dissertation (64,65). The first publication utilized MRI techniques to investigate
biomarkers for disease state and progression in Npc1-/- mice. The dissertation author was
responsible for discussion of experimental results and manuscript revisions. The second
publication utilized MRI and spectroscopy to investigate metabolite levels within the
brains of Npc1-/- mice.

The dissertation author was responsible for discussion of

experimental results and manuscript revisions.
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PRESENT STUDY
The methods, results and conclusions of this study are presented in the three
papers appended to this dissertation. The following is a summary of the most important
findings in this document.

Design, manufacture, and analysis of customized phantoms for enhanced quality control
in small animal MRI systems
A custom MRI compatible phantom was designed to monitor the gradient stability
of a high-field, small animal MRI system. The phantom was designed using a CAD
program (SolidWorks) and printed with a rapid prototyping system to fit directly onto a
four-channel phased array surface coil used to acquire high-resolution images of rodent
brains. The phantom was designed with features to allow repeated placement at the same
location relative to the surface coil as well as geometric features to provide structural
information.
Repeated, rapid scanning of the phantom and image registration using readily
available software (SPM8) provided a method to reliably and quickly monitor the
gradient stability over time at a very low cost in terms of time and money. Affine
registration of the phantom images acquired over time using SPM8 provided scaling
factors that were directly related to the change in the imaging gradients. The results
showed that the free and widely used SPM8 analysis software can reliably detect changes
of 1% in the performance of the system gradients.
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Pulmonary 3D UTE MRI of freely breathing rodents
3D UTE sequences were developed to advance pulmonary MRI techniques.
Previous publications had shown that retrospectively respiratory gated 2D gradient echo
images of pulmonary parenchyma resulted in improved image quality (27). Expanding
on this report, retrospective respiratory gating was implemented on 3D UTE images of
freely breathing mice. The influence of trajectory mapping and view ordering on 3D
UTE images were also investigated.
High resolution 3D UTE images were acquired while the animals were freely
breathing. Prior to each data collection, trajectory mapping was carried out (66) and
images were reconstructed using both experimentally measured and prescribed
trajectories designed in MATLAB. Results showed that the images reconstructed with
the prescribed trajectories resulted in a bright, low frequency artifact centered on the
image, which was not present in the image reconstructed with the experimentally
measured trajectories.
Two different view ordering methods were also investigated for their impact on
the image. The first view ordering method is called the 3D spiral UTE and follows the
method described by Wong and Roose (16). The second method modified the order in
which the views were collected and is called the interleaved 3D spiral UTE. The images
showed that the view ordering did not have any visual effect, further emphasizing the
insensitivity of the 3D UTE sequence on motion.
Retrospective respiratory gating was carried out on 3D UTE data sets by
segmenting the data based on the respiratory motion. Retrospective respiratory gating of
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the pulmonary images did not show a significant improvement in the image sharpness.
However, it did allow separation of data based on the respiratory motion, allowing
reconstruction of images at two distinct respiratory phases. Semi-automatic segmentation
of the lungs from the images allowed for extraction of pulmonary information in terms of
lung volumes and tidal volumes, from a single data set.

The use of perfluorocarbon nanoemulsions and 3D 19F UTE MRI for imaging pulmonary
inflammation
19

F MRI imaging techniques using perfluorocarbon (PFC) nanoemulsions (NEs)

were investigated for the use of imaging pulmonary pathology in mice. It is thought that
phagocytic cells take up PFC NEs, providing a method for in situ labeling of
macrophages and monocytes (37,46,52), which could be detected via 19F MRI.
Mice with known pulmonary inflammation received PFC NEs and were imaged
using 19F 3D UTE MRI . A total of four types of PFC NEs were used in this study. One
of the NE was labeled with a fluorescent marker, rhodamine, which provided a method to
verify the MRI results via fluorescence imaging of excised tissue samples. Two types of
experimental NEs were made in-house to investigate whether similar results to
commercially available NEs could be obtained.
Externally provided NEs
While all the mouse models of pulmonary pathology used in this study had
elevated pulmonary cell counts, no visible

19

F signal accumulation in the lungs was

observed in the MRI images. Signal accumulation within the liver and spleen was clearly
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observed, indicating that the RES organs had taken up the circulating PFC NEs, as would
be expected. Pulmonary cells extracted from both the mice with the induced pulmonary
inflammation and a control mouse showed similar degree of autoflurescence.
Fluorescence images of cryosectioned liver and lung samples also supported the MRI
results; liver samples of the mice that received rhodamine labeled NEs showed an
increase in fluorescence signal, but no difference was observed in the lung samples
compared to the control animal.
Experimental NEs
Experimental NEs did not yield comparable results to commercially available
NEs. Significant

19

F signal accumulation was observed in liver, spleen, and the lungs in

the mice regardless of the pathology. In all mice, the 3D

19

F UTE images showed that

majority of the signal accumulation occurred within the lungs.

Conclusions
The availability of 3D CAD programs and rapid prototyping techniques has
enabled the author to create custom MRI compatible phantoms at a very low cost. The
availability of phantoms that are specifically designed for pre-clinical systems and coils
has been shown to be a valuable tool in monitoring MRI system stability and reliability.
The use of readily available software, SPM8, makes the technique widely available to
many research facilities.
Development of 3D UTE MRI techniques for rodent pulmonary imaging
applications has demonstrated its ability to collect images without noticeable motion
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artifacts without the need of breath hold imaging or respiratory gating. Additionally, by
utilizing retrospective respiratory gating techniques, it was possible to reconstruct images
from two distinct respiratory phases from a single data set, allowing physiological as well
as volumetric information to be extracted. Such information would only be available if
the imaging was carried out while the animal was freely breathing, providing the
possibility for the 3D UTE sequences to be used for pulmonary disease diagnosis as well
as to monitor lung function.
Applying the 3D UTE techniques to

19

F pulmonary inflammation imaging was

hypothesized to provide better sensitivity to PFC accumulation within the pulmonary
immune cells. However, neither the

19

F UTE MRI results nor fluorescence images

showed visible signal accumulation within the pulmonary tissue of the mice using the
externally provided NEs. No clear indication of the uptake of PFC NEs by the alveolar
macrophages was observed.

The experimental NEs did not yield similar results to

externally provided NEs and signal accumulation was observed in the lungs, liver, and
spleen in all animals.
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Abstract
Purpose: Magnetic resonance imaging (MRI) is widely used in human brain
research to evaluate the effects of healthy aging and development, as well as neurological
disorders.

Although standardized methods for quality assurance of human MRI

instruments have been established, such approaches have typically not been translated to
small animal imaging.

We present a method for the generation and analysis of

customized phantoms for small animal MRI systems that allows rapid and accurate
system stability monitoring.
Methods: Computer-aided design software was used to produce a customized
phantom using a rapid prototyping printer. Automated registration algorithms were used
on three-dimensional images of the phantom to allow system stability to be easily
monitored over time.
Results: The design of the custom phantom allowed reliable placement relative to
the imaging coil.

Automated registration showed superior ability to detect gradient

changes reflected in the images than with manual measurements. Registering images
acquired over time allowed monitoring of gradient drifts of less than one percent.
Conclusion: A low cost, MRI compatible phantom was successfully designed
using computer-aided design software and a three-dimensional printer.

Registering

phantom images acquired over time allows monitoring of gradient stability of the MRI
system.
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Introduction
Magnetic Resonance Imaging (MRI) is a powerful research tool for the study of
human brain development and neurological disorders. To ensure the quality of data
collected over time and at different sites, specialized phantoms can be used for
longitudinal and cross sectional calibration and monitoring of MRI systems. Imaging of
such phantoms allow monitoring of scanner stability in terms of

gradient and RF

performance (1). Such system monitoring is important not only from a quality assurance
stand point, but also to differentiate subtle neuroanatomical changes detected in the
images from changes induced by system variations (2).
MRI is also an excellent method for non-invasively imaging rodent brains, where
normal aging as well as many human neurodegenerative diseases have been modeled.
Recent studies have used high-resolution MRI to measure changes in the brain through
the progression of aging in rats and neurodegenerative diseases in mice (3-6). Studies of
brain volume and morphology with MRI have begun to be increasingly performed in
rodents with the potential to develop non-human biomarkers of disease progression for
several prominent neurodegenerative diseases (4,7,8). Nonetheless, quality assurance
procedures, such as those carried out in human studies (1), are less frequently reported in
research utilizing small animal MRI systems. The small magnet bore and RF coil sizes
associated with such systems makes it difficult to use complex phantoms. In this note,
we present a simple phantom and a standardized image processing method that allows
rapid and reliable monitoring of small bore MRI systems. The devices and procedures
presented herein can be easily incorporated into MRI studies at very low cost in terms of
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money and time. While the phantom described in this note is designed specifically for
rodent brain imaging, the methods are generally applicable to all types of MRI.

Methods
Phantom Design and Fabrication
The custom phantom was designed in the SolidWorks (DSS Corp, Concord, MA)
computer aided design (CAD) software to fit directly onto a rat brain phased array RF
surface coil (Bruker Biospin, Billerica, MA). The geometry of the phantom restricts
placement of the phantom on the coil housing to a single orientation and location relative
to the RF coils. The custom phantom was printed using Objet Connex 350 3D rapid
prototyping (RP) system (Stratasys Ltd., Minneapolis, MN) using Fullcure 720 polymer.
The 3D RP system allows for objects designed using CAD programs to be materialized in
MRI compatible polymers at high resolution (600 x 600 x 1600 dpi) and tolerance
(between 20 and 85 m for objects less than 50 mm in size) (9), low cost and within
hours after being designed.

MRI
Imaging of the phantom was performed on a Bruker Biospec 7T 20 cm bore MRI
system with maximum gradient strengths of 600 mT/m. A 72 mm ID birdcage coil was
used for excitation and a four channel phased array rat-brain surface coil was used for
reception. The phantom assembly was attached to the surface coil, placed on an animal
cradle and positioned in the isocenter of the gradient coils.
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A 3D fast spin-echo sequence was used to rapidly acquire images of the phantom
at 400 µm isotropic voxel resolution (TR = 1000 ms, TE eff = 150 ms, echo spacing = 10
ms, echo train length = 32, matrix size = 256 x 128 x 64, scan time = 3 min 12 sec). For
all imaging, the z-gradient was used for the readout direction and the x- and y-gradients
were used for the two phase encode directions. The phantom was consecutively imaged
five times over 20 minutes on a single day. These images were averaged to create a
baseline image, which was used as a standard to which subsequent data sets were
compared to monitor the change in the gradients. The phantom was scanned on three
additional occasions with varying days in between each imaging session. Additional
phantom images were collected with gradient strengths intentionally scaled to 85% and
99% of their calibrated value.
The temperature of the phantom was monitored throughout an imaging session by
an MR compatible optical temperature probe attached to the outer holder.

The

temperature was monitored over a 20 minute scanning period.

Image Analysis
Manual measurements of the phantom image dimensions were made using
ParaVision 5.1 Image Processing Toolbox available on the MRI console. The distance
between cursor points positioned on the perceived edges of the phantom block was used
as the manual measurement of the orthogonal dimensions of the phantom block. These
simple manual measurements were compared to results from affine registration analysis
of

the

3D

images

performed

using

SPM8

software

(SPM8,
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http://www.fil.ion.ucl.ac.uk/spm).

The affine transformation matrix provides scaling

parameters that register a source image to a template image. Five images of the phantom
that were acquired on a single day of imaging were averaged to create a baseline image
which was consistently used as the template image. Images obtained at future time points
were used as source images. The processing was performed using the SPM8 linear affine
registration, where the nonlinear parameters were set to zero and only the rotation,
translation, and dilation parameters were used. As the geometry block was placed in the
same location relative to the RF coil, the only important transformation parameter is the
dilation.
The affine transformation matrix only provides information on relative
dimensions of two images and not absolute distances. Thus, to compare the manual
measurements with the automatic affine transformation matrix, the manual measurements
were converted to a relative scale by dividing the measured value by the ‘true’ size of the
phantom. The ‘true’ size was determined by measuring the geometry phantom used for
imaging with digital calipers (TRACEABLE® Digital Calipers).
The effect of the smoothing kernel size used in the affine registration was
evaluated by varying source and template image smoothing kernels between 1 x 1 x 1
voxel to 10 x 10 x 10 voxels. Phantom images from a single day (n = 8) were registered
to a standard image collected on the same day with varied kernel size and the change in
scaling parameters of the affine matrix as well as computation times were evaluated.
The intra-day precision of the automated processing was estimated by the
standard deviation of the results of affine transformation from each image used to make

48

the baseline image to the averaged baseline image. Inter-day gradient stability was
evaluated by registering phantom images taken on three different days to the baseline
image. To investigate the ability of the technique to determine variations in the gradient
strengths, images collected with gradients strengths altered to known levels (85 and 99%
of template values) were registered to the template images. The scaling values of the
registration should relate directly to the known change in the gradient scaling.

Results
The geometry phantom used to monitor the gradient stability is shown in Figure 1.
The phantom consists of three main parts: an outer holder which attaches directly and
snugly onto the surface coil, an inner geometry block consisting of uniform channels in
three orthogonal directions perpendicular to the faces of the block, and an end cap. The
inner geometry block provides structure to allow monitoring of gradient performance and
has the dimension of 24 mm in length and 12 mm in width and height. The cylindrical
channels in the block are 1.2 mm in diameter and are separated by 1.8 mm. The block
also has four pegs that are used as spacers to allow proper positioning of the phantom
within the holder, which is filled with degassed and deionized water (Figure 1A, B). The
end cap fits securely in the outer holder and seals the water within the phantom. The
outer holder attaches directly onto the phased array coil allowing reliable positioning of
the assembly relative to the surface coil for each imaging session (Figure 1C).
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Figure 1: (A) SolidWorks 3D CAD program was used to design the custom phantom to
fit onto a four channel phased array surface coil. The outer casing (a) attaches directly to
the surface coil and houses the geometry phantom (b). An end cap fits snugly onto the
outer casing to seal in water (c). (B) The phantom was designed in SolidWorks and was
printed using the Objet Connex 350 rapid prototyping printing system. (C) The
assembled phantom attached to the surface coil used to monitor gradient stability.

Representative T2-weighted images of the phantom are shown in Figure 2 where the
orthogonal grid pattern of the block is readily seen. Throughout a 20 minute imaging
session, the temperature of the phantom was constant at of 21.9 ± 0.1 ⁰C.

Figure 2: 3D fast-spin echo image of the phantom. The positioning of the inner
geometry block is important when performing MI based image registration. A small air
bubble can be observed in the sagittal direction (indicated by arrow). The presence of the
small air bubble did not add any appreciable error in the results of the affine registration.

A comparison of the manual measurements of the phantom image dimensions
(n=12) with the results of affine transformation analysis of the same set of images is
shown in Figure 3. The results from the affine transformation analysis show a tight
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distribution of values where as the manual measurements provide only discrete values
separated by the dimensions of the imaging pixel.

Manual

SPM

Scaling/measurement ratio

1.04

1.02

1.00

0.98

0.96
Read

Phase

Slice

Read

Phase

Slice

Figure 3: Multiple images were collected in one imaging session (n = 12) and manual
measurements made by using PV 5.1 are compared to affine registration. Because of
partial volume artifacts, the manual measurements can easily show a large difference
greatly reducing precision and accuracy.

To evaluate the effect of affine registration parameters, the source and template
image smoothing kernels were varied in size from 1x1x1 voxel (1 voxel kernel, no
smoothing) to 10x10x10 voxels (10 voxel kernel). Registration using a 1 voxel kernel
will not introduce errors due to smoothing, but requires relatively more computational
time than registration using larger smoothing kernels. Phantom images were registered to
a baseline image with different smoothing kernels and variations in the resulting affine
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matrix scaling factors were recorded (Figure 4) as well as the computation times required
for registration. No significant differences were observed between kernel sizes of 1, 2,
and 4 in all three directions using ANOVA (n = 8). As the size of the smoothing kernel
was increased, differences were first observed in the read direction between kernel sizes
of 2 x 2 x 2 and 6 x 6 x 6 (p < 0.05). Additional differences were detected at larger
kernel seizes (8 x 8 x 8 and 10 x 10 x 10 voxels) in phase and slice directions. Although
the computation time required is reduced with larger smoothing kernels, the overall
computation time is relatively small.

On the computer used in this study, registration

using a smoothing kernel size of 1 voxel took approximately 330 seconds while the
registration with kernel sizes of 4 and 10 took 300 and 20 seconds, respectively. Because
of the combination of lower computation time and high precision, a kernel size of 4x4x4
voxels was used in all subsequent analyses.
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Figure 4: Source and template image smoothing kernels sizes were varied from 1x1x1 to
10x10x10 voxels for a given data set (n = 8) and the output affine matrix values of the
registration with the baseline image were compared using ANOVA. As can be clearly
seen, the standard deviation of the registration increases with a larger smoothing kernel.
In all three directions, no significant differences were detected between 1x1x1, 2x2x2 and
4x4x4, but a difference was detected between 2x2x2 and 6x6x6 in the read direction
using ANOVA (p < 0.05).

Images acquired with intentionally reduced gradient strengths were also registered
to the baseline image. The affine registration was shown to be able to accurately detect
both small and large gradient deviations. The registration with gradient strengths set to
0.99 of their baseline value in the x, y and z directions reported scaling factors of 0.990,
0.989 and 0.989, with standard deviations of 0.64x10 -3, 1.0x10-3 and 1.1x10-3,
respectively.

Registration of images collected with gradients scaled to 0.85 of the
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baseline value reported scaling factors of 0.850, 0.849 and 0.849 for the x, y and z
directions, with standard deviations of 0.62x10 -3, 1.2x10-3, and 1.2x10-3, respectively.
Using images collected on 4 days over a three month time-span, gradient stability
was monitored using affine registration (Figure 5).

The small intra-day standard

deviation of the baseline images are within the symbol size. The largest deviation from
the baseline image was observed in the phase direction where a 0.8% change from
baseline. The overall average difference from baseline was 0.37%.

1.010

Read

1.005
1.000
0.995
0.990

Phase

1.005
1.000
0.995
0.990

Slice

1.005
1.000
0.995
0.990
Baseline

Scan 1

Scan 2

Scan 3

Figure 5: Variation in gradients over time derived from SPM8 affine matrix. The
baseline point is made by averaging five images collected on the same day. The error
bars on the baseline data are within the symbol size. The data shows that there is small
inter-day variation in the gradient strengths of our system where the largest variation is
detected was 0.8% (phase direction, second time point).
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Discussion
When performing longitudinal MRI studies to observe subtle changes in anatomy,
it is important to separate system variation from actual physiological change. A simple
method to monitor system stability is to periodically image a phantom, which can be
registered to an image taken at an earlier time point to observe changes in the images
over time (2). Ideally, phantoms would be specifically designed for the MRI hardware
being used and the imaging and analysis tools would allow rapid and accurate
measurements of important system parameters.
In this note, a simple geometry phantom is described and is used in combination
with rapid imaging and automatic affine transformation analysis. The process described
could be used to produce a phantom that could fit on virtually any RF coil.
FullCure 720 polymer (Stratasys Ltd., Minneapolis, MN) was used for the
construction of the phantom. This material has minimal water absorption (1.5 – 2.2 %)
over a 24 hr period, which has a negligible effect over the imaging period of 20 minutes.
However, to maintain the integrity of the phantom assembly, water was removed in
between each scanning session to allow the polymer to fully dry. Additionally, FullCure
720 has a heat deflection temperature of 45-50 ⁰C at both 0.45 and 1.82 MPa; the
temperature of the phantom was stable throughout the imaging session at 21.9 ± 0.1 ⁰C.
Under these imaging conditions, the phantom should be thermally and mechanically
stable.
An important criterion of quality assurance monitoring techniques is that they do
not take a significant amount of time, either during data collection or for analysis. The
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image acquisitions and analyses described herein are extremely fast and simple to
implement. Setup and imaging can take place in less than 10 minutes and the analysis
can be carried out within a few minutes on a standard computer.

Although the

measurements in this note were limited to gradient scaling, phantoms can be used to
monitor coil sensitivity, field homogeneity and gradient scaling, the phantom described
herein could be used to evaluate system linearity similar to the methods described (1, 10).
Low-resolution 3D images were sufficient to assess gradient stability in all three
directions from a single data set. Automatic affine registration using a 4 x 4 x 4 image
smoothing kernel allowed for fast registration of phantom images and provided a more
detailed evaluation of the gradients compared to manual measurements. The manual
measurements are vulnerable to partial volume artifacts, making it difficult to accurately
determine the edges of the phantom. Manual measurements are limited by voxel size
resulting in discretized values and a potential for large deviation from the actual size of
the phantom (Figure 3).

Manually measured images with intentionally varied gradient

strengths were insensitive to gradient changes of 1% but could detect a change of 5%. A
5% difference in the gradient strength in all three orthogonal directions will result in
phantom dimensions of 22.8 mm in length and 11.4 mm in both width and height. In
both cases, the difference from the original dimension is larger than the voxel resolution
of 400 m (1.2 mm and 0.6 mm respectively), and this difference was readily detected by
manually measuring the image dimension with ParaVision 5.1 Image Processing
Toolbox.

However, a 1% difference in gradient strength results in a dimensional

difference of less than 400 m, and thus was not detected by manual measurements. In
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contrast, the automatic affine registration was able to reliably detect a 1% change in
gradient change (p < 0.01, data not shown).
To establish a standard protocol for the automated affine registration, the standard
deviation of image registration with varying smoothing kernel sizes as well as the times
for the registrations were evaluated. The overall trend showed an increase in the standard
deviation and a decrease in computation times associated with the increase in smoothing
kernel size (Figure 4). The computation time is clearly dependent on the computing
system being used for the registration; however, the time for image processing was also a
key factor for making the analysis practical so it was taken into account for the protocol
evaluation. Since no significant differences were detected using ANOVA between 1, 2,
and 4 kernel smoothing in all three directions (p = 0.05), and due to faster computation
time, a smoothing kernel of 4 voxels was used in subsequent affine registration.
It is worth noting that the presence of residual air bubbles had little effect on the
results of registration. In the process of assembling the geometry phantom it is very
difficult to eliminate all air bubbles, even when using degassed water. The images shown
in Figure 2 are representative of the amount of residual air contained within the small
cavities of the phantom. The mutual information based registration used in the analysis
appears to be insensitive to the presence of small air bubbles and did not appear to
negatively impact the affine registration results; images with bubbles were able to be
registered to images without bubbles and no noticeable error was observed (Figure 5).
This is likely because the amount of information from the water within the structured
phantom is much greater than the signal change caused by a small air bubble.

The air
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bubble, however, would most likely have an effect if the phantom is used to monitor the
local field homogeneity.
The simple method presented here is able to accurately detect both small and
large deviations in the gradient strengths as indicated by the small standard deviations
when registering images using 99% and 85% of maximum gradient strengths. This
indicates that the method will be able to accommodate a wide range of variations in
gradient values.
We employed a widely used brain imaging registration algorithm to illustrate the
potential and ease of use for the customized phantom processing and analysis (10). Other
registration algorithms (11) with varied applications may offer the potential for improved
precision in optimizing the detection of system variations over time that are distinct from
anatomical differences.
Combining computer aided design and rapid prototyping printing, custom MRI
phantoms can be generated to suit virtually any anatomy and RF coil geometry.
Automated affine registration of phantom images obtained periodically can be a powerful
and low cost tool in monitoring gradient stability providing a simple method for quality
assurance of small animal MRI systems. The use of such standardized phantoms and
analysis protocols may help to enhance the quality control and monitoring of small
animal MRI instruments.
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Abstract
Purpose: MRI of the lungs is challenging because of cardiorespiratory motion,
magnetic susceptibility gradients, and low tissue density.

In this study, a three

dimensional (3D) ultrashort TE (UTE) method is demonstrated that addresses these
challenges and is used to obtain images of the lungs of mice under free-breathing
conditions.
Methods: 3D UTE MRI of anesthetized, freely breathing mice was carried out at
7T. Effects of the order in which radial UTE data was acquired, measurement of k-space
trajectories, and retrospective respiratory gating of the data were evaluated.
Results: 3D UTE MRI was able to obtain images of the lungs of mice without
significant artifacts due to motion or magnetic field inhomogeneities. The order of data
collection had no visual effects on the reconstructed images. Experimentally measuring
k-space trajectories was critical for accurate image reconstruction.

Retrospectively

gating the data for respiratory motion did not visually improve image sharpness, but
allowed for images to be reconstructed from two distinct respiratory phases.
Conclusion: 3D UTE MRI was able to acquire high quality images of rodent
lungs. Retrospective respiratory gating of data collected under free-breathing conditions
allows images to be reconstructed at different phase of the respiratory cycle.
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Introduction
Magnetic resonance imaging (MRI) of the lungs has long been a challenge due to
unique properties of the pulmonary tissue (1-3). The main function of the respiratory
system is to carry out gas exchange, and thus the pulmonary parenchyma has a high
surface area in contact with air and a low tissue density (4). The pulmonary parenchyma
makes up approximately 12% of the lung volume in humans (5) and is close to 1/10 the
density of other tissues in the body (6). The complex structure of the airways also
increases local magnetic inhomogeneities causing rapid signal decay (2,3,7,8), where the
T2* of signal in the pulmonary parenchyma is less than 1 ms (9).

Additionally,

continuous cardiorespiratory motion can lead to artifacts, which can quickly degrade the
quality of the acquired data and images. For all of these reasons, pulmonary MRI is
extremely challenging, and high resolution computed tomography remains the standard
for chest imaging and for diagnosing pulmonary diseases (10,11).
A number of MRI techniques have been developed to reduce motion artifacts in
lung imaging. Some of these techniques include respiratory gating, breath hold imaging,
and radial data acquisition. Respiratory gating acquires data beginning at a specific phase
of the respiratory cycle, limiting the amount of patient motion during the data acquisition
window (12,13). The respiratory cycle, however, is not precisely periodic, and can lead
to varied TR times resulting in subtle changes in image contrast and increased scan times.
Additionally, identical lung position from one respiratory cycle to another is not
guaranteed. Breath hold imaging can greatly reduce motion during data acquisition but
can be strenuous on patients, especially if there is pre-existing pulmonary pathology. It
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also limits the total amount of time in which data can be acquired and therefore
ultimately limits the image resolution. Radial MRI methods are inherently insensitive to
motion (14,15), and have been previously implemented in cardiac and pulmonary MRI
(2,8,9,15-21). The variable density sampling of k-space commonly used by radial data
acquisition highly oversamples the center of k-space, which tends to average out the
effects of motion and ultimately reduces the artifacts in the final image (15). In addition,
motion artifacts in radial MRI are spread out in multiple dimensions, making them less
confounding with normal anatomy.
Ultrashort TE (UTE) MRI combines center out radial data acquisition with TE
times on the order of microseconds (< 100 s), and is suited for imaging tissues with
short T2* times. In addition, by using UTE MRI with a TR time that is significantly
shorter than the period of the respiratory cycle, it becomes possible to monitor the
respiratory motion of the subject during data acquisition and to retrospectively gate the
data in post processing. This method was previously demonstrated in two-dimensional
gradient echo MRI of rodent lungs (8).

In the work presented here, retrospective

respiratory gating techniques are extended to three-dimensional UTE MRI for pulmonary
imaging of freely breathing rodents.

Methods
All experiments carried out in this study were in compliance with Institutional
Animal Care and Use Committee. Imaging was carried out on a Bruker Biospec 7T
system with a maximum gradient strength of 400 mT/m and a slew rate of 1825 T/m/s. A
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35 mm quadrature birdcage volume coil was used for both excitation and reception
(Bruker Biospin, Billerica, MA).

Animal Preparation
Mature mice, weighing approximately 30 g, were anesthetized with 1.5%
isoflurane mixed with O2 and positioned in the magnet using a custom animal holder.
Both the respiration rate and body temperature were monitored throughout the
experiments and the body temperature was maintained at 37 ⁰ C via heated air (SA
Instruments Inc, Stony Brook, NY). All imaging took place while the animals were
freely breathing.

MR Imaging
Animals were imaged using a 3D UTE sequence, with the following parameters:
TE = 20 s, TR = 12 ms, FOV = 5.12 cm3, FA = 5⁰. The UTE sequence employs a low
flip angle excitation pulse and immediately begins to acquire data along a half-radial line,
which will be referred to herein as a “view.” For each view, three data points are
acquired at the center of k-space prior to the imaging gradients turning on.

The

acquisition of data points prior to the imaging gradients reaching a constant amplitude
results in non-linearly spaced data points along each view.

These data points are

regridded onto a Cartesian grid and inverse Fourier transformed to reconstruct an image.
To determine the accurate locations at which the data points are collected, trajectory
mapping can be carried out prior to data acquisition and be incorporated into the image
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reconstruction (22). The importance of trajectory mapping on 3D UTE images was
determined by reconstructing data sets with both experimentally measured trajectories
and prescribed trajectories.
The view ordering method described in Wong and Roose provides a continuous
sampling path that has nearly uniform distribution on the surface of a sphere (23), and is
the sampling method used for the 3D UTE sequence. This sampling method will be
referred henceforth as 3D Spiral UTE. When data are acquired with a short TR period
and while the animals are breathing freely, sequential views can be corrupted by the same
respiratory motion and errors in the data can become spatially correlated. A simple
modification to the view ordering was implemented to distribute the views collected
sequentially in time about the 3D sphere, and thus removing these spatial correlations.
By sampling every nth view along the spiral sampling path, views collected sequentially
in time are spatially separated. A single coarse pass through the sampling path will be
referred to as a coarsely sampled spiral from here on. By interleaving multiple coarsely
sampled spirals, the three dimensional k-space can be fully sampled at the same locations
as the 3D Spiral UTE but in a different order. To prevent refocusing of views collected
in near anti-parallel directions, every other coarsely sampled spiral alternates between
starting from the +z to -z direction. From here on, this modified sampling method will be
referred to as interleaved 3D Spiral UTE.
To provide a relative comparison between a standard Cartesian and a UTE
acquisition, one animal was imaged using both a 3D fast spin-echo (FSE) sequence
(TEeff = 40 ms, TR = 1500 ms, ETL = 8, FOV = 5.12 cm3, 96x96x96 matrix, 533 m
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isotropic resolution, scan time 28:48 min:sec) and a 3D Spiral UTE sequence (FOV =
5.12 cm3, 192x192x192 matrix, 266 m isotropic resolution, scan time 23:05 min:sec).
Both images were acquired with the same FOV during a single imaging session.
3D Spiral UTE was used to acquire images of mice using the same acquisition
parameters as previously described. For all data sets, the trajectory mapping was carried
out prior to the data acquisition. Prescribed trajectories were calculated by modeling the
data sampling in MATLAB, where the non-linear sampling density was calculated along
a linear gradient ramp followed by linear sampling when the gradients reached constant
amplitude. The gradient ramp time was 240 s on the system used, and the receiver
bandwidth was set to 100 kHz for all calculations and acquisitions. All data sets were
reconstructed using the NUFFT regridding algorithm in MATLAB (24).
Data were also acquired using both 3D Spiral and interleaved Spiral UTE
sequences using the same acquisition parameters as previously described. The number of
views used for the 3D Spiral UTE was 115432, which fulfills the Nyquist sampling
criteria, and 115400 for the interleaved Spiral UTE with 1040 views per coarsely sampled
spiral. Both acquisition methods collected 96 data points per view. The difference in the
number of views between the two acquisition methods is because full cycles of coarsely
sampled spirals were used to acquire the interleaved Spiral UTE data sets. The number
of views selected to acquire the interleaved Spiral UTE data are multiples of 1040 at a
value close the number of views needed to fulfill the Nyquist sampling criteria.
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Retrospective respiratory gating of 3D UTE Images
In vivo 3D Spiral UTE data acquired on freely breathing mice were postprocessed to retrospectively respiratory gate the data. The respiratory cycle of mice have
a rapid inspiration/expiration phase followed by an end expiratory phase. Respiratory
motion during data acquisition causes a phase a shift in the data, leading to a change in
the signal magnitude. Thus by observing the change in magnitude of the data collected at
the center of k-space, it was possible to determine the phase of the respiratory cycle for
every view acquired. The respiratory phase was then used to retrospectively gate the 3D
Spiral UTE data to respiratory motion as follows: First, an 8 th degree polynomial was fit
to the averaged magnitude of the three data points collected at the center of k-space using
the curve fitting toolbox in MATLAB. An 8th degree polynomial was selected because it
best accommodated the bulk movement of the animal compared to lower order
polynomials. This curve was used as a threshold to segment out views acquired during
the end expiratory phase from the inspiration/expiration phase, where majority of the
respiratory motion takes place.

On average, approximately 75% of the data were

acquired during the end expiratory phase of the respiratory cycle, thus the curve is
naturally weighted to segment the data. If the curve did not appropriately segment due to
a larger number of views acquired during the inspiration/expiration phase, a constant
offset was added or subtracted to provide a better threshold. From the segmented data,
images at two different respiratory phases were reconstructed. One image represents the
lungs at the end expiratory phase and another during the inspiration/expiration phase of
the respiratory cycle.
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Tidal volumes of three animals were estimated by determining the differences in
the lung volume from the images reconstructed at the two respiratory phases. The tidal
volume is defined as the amount of air entering and leaving the lungs with each
breath (4).

Reconstructed

images

were

saved

in

Nifti

format

(www.mathworks.com/matlabcentral) and were read into MRIcron where the lungs were
semi-automatically extracted using the 3D VOI tool and the smooth VOI function
(www.mricron.com).

Manual adjustments to the 3D VOI were necessary to better

segment the edges of the lung volume. Differences in the number of voxels between the
VOIs of the two respiratory phases were converted to volumes (L) to estimate the tidal
volume of the animal.

Results
Representative images of a freely breathing mouse acquired with both a 3D FSE
and Spiral UTE sequences are shown in Figure 1. Ghosting and blurring artifacts caused
by the respiratory motion are visible in the phase encoding directions of the FSE image.
Such artifacts are not present in the Spiral UTE image, demonstrating the inherit
insensitivity of the 3D UTE sequence to motion.

An increase in signal from the

pulmonary parenchyma is also observed in the UTE image due to the use of a shorter TE
time. Additionally, because of the shorter TR time used in the UTE sequence, a higher
resolution image was acquired at similar scan times.
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A) 3D FSE

B) 3D UTE

Figure 1: Representative 3D images of a freely breathing mouse with A) 3D FSE and B)
3D Spiral UTE sequences. Motion artifacts are clearly visible in the phase encoding
directions of the FSE image. The 3D Spiral UTE sequence shows inherent insensitivity
to motion, and, due to the shorter TE time used to acquire the data, more visible signal is
present in the pulmonary parenchyma.

Images were reconstructed using experimentally measured and prescribed
trajectories.

Representative k-space locations of the three orthogonal directions are

shown for both measured and prescribed trajectories from a 3D Spiral UTE sequence
(Figure 2). The prescribed trajectories align very closely to the measured trajectories
with only a slight difference in k-space locations.
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the insert.
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a hyperintense, low frequency artifact centered on the image (Figure 3B), which is not
present in the image reconstructed using the measured trajectories (Figure 3A). The
intensities between the two images were normalized using the signal in the liver and a
difference image was calculated by subtracting the prescribed trajectory image from the
measured trajectory image (Figure 3C). The artifact was also present in images of a
phantom reconstructed with the prescribed trajectories (data not shown).

A)

B)

C)

Figure 3: Orthogonal sections of images reconstructed using both experimentally
measured trajectories (A) and prescribed trajectories (B). The difference between the two
images (C) shows a large, low frequency artifact centered on the image. The artifact
emphasizes the importance of knowing accurate k-space locations in 3D UTE image
reconstruction.
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Representative view ordering used for 3D Spiral and interleaved Spiral UTE sequences
are shown in Figure 4. The red line in Figure 4A represents a half-radial line along which
the data for each view are collected. The blue spiral and points are representative of the
continuous order and near uniform distribution in which the views are collected for the
3D Spiral UTE sampling. Interleaved Spiral UTE view ordering coarsely samples the
sampling path used for the Spiral UTE. While the angular orientation still follows the
spiral trajectory shown in blue, the views are collected in a different order to spatially
distribute the views that are sequential in time (Figure 4B). In vivo data sets were
acquired using both methods and are shown in Figure 5, where no noticeable differences
between the images are seen.

A

B

kz

kz

ky

kx

ky

kx

Figure 4: Schematic of Spiral and Interleaved Spiral 3D UTE data sampling. The Spiral
UTE sampling method described in (23) is shown in (A). The blue spiral and circles
represent the angular orientation prescribed for individual views, and the red line
represents a single view along witch UTE data are collected. Interleaved Spiral UTE was
implemented by coarsely sampling the Spiral UTE sampling path by acquiring data at
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every nth view orientation. A representative coarse sampling is shown in (B). The blue
points represent the angular orientation at which the views would be acquired for a single
interleave. A full dataset is obtained by repeating and interleaving multiple coarsely
sampled spirals.

A) Spiral

B

B) Interleaved Spiral

Figure 5: Orthogonal sections of images reconstructed from data acquired using Spiral
and Interleaved Spiral sampling. No noticeable differences were observed in the images
between the two sampling methods. The minor difference in the abdominal region is
likely due to slight shifting of the animal between the two scans. The view ordering had
no obvious visual impact on the images.

The averaged magnitudes of the first three center points of k-space acquired
during a 3D Spiral UTE experiment on a freely breathing mouse are shown in Figure 6.
The variation in magnitude of these points allows for each radial view, and therefore,
each data point to be assigned to a particular phase of the reparatory cycle, allowing
retrospective respiratory gating of the data (Figure 6A). Fitting an 8 th degree polynomial
provides a threshold to segment the data, where views above the threshold correspond to
data acquired during the end expiratory phase and the views below the threshold

74

correspond to the inspiration/expiration phase of the respiratory cycle (Figure 6B). A
high order polynomial provided the best fit that accommodated any drift of the signal

Signal Amplitude (a.u.)
amplitude(a.u.)
Signal

during the experiment (Figure 6C).
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Figure 6 A): The average magnitude of the data collected at the center of k-space plotted
against the view at which it was acquired. Respiratory motion during data acquisition is
readily seen by the change in average magnitude of the first three data points for each
view.
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Figure 6 B): Based on the magnitude, each view can be assigned to a particular phase of
the respiratory cycle. Data were segmented based on their respiratory phase and are
represented in different colors. The views shown in blue correspond to the end expiratory
phase, and the red correspond to the inspiration/expiration phase of the respiratory cycle.
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Figure 6 C): The black line is an 8th degree polynomial fitted to the data and used as a
threshold to segment the views. A high degree polynomial was best suited for fitting to
accommodate the bulk motion of the animal during the imaging session. A constant
could be easily added or subtracted to the fitted curve to provide a better segmentation.
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The angular orientations of the views acquired during the two distinct phases of
the respiratory cycle are shown in Figure 7. Locations of the views are plotted as points
on the surface of a sphere representing the k-space volume acquired using the 3D UTE
sequence. Views collected during the end expiratory pause are colored blue and views
collected during inspiration/expiration are colored red.

The interleaved Spiral UTE

(Figure 7B) has less “clumping” of views acquired during the inspiration/expiration
phase compared to the 3D Spiral UTE (Figure 7A).

B

A
kz

kz

ky

ky
kx

kx

Figure 7: The orientation of views shown as points on the surface of a sphere
representing the volume of k-space measured. The blue points represent views acquired
during the end expiratory phase, and the red points represent the inspiration/expiration
phase of the respiratory cycle. A more dispersed distribution of data points acquired
during the inspiration/expiration phase is obtained from the Interleaved Spiral UTE
sequence (B) compared to the Spiral UTE sequence (A).

Retrospectively gating the 3D Spiral UTE data sets allowed for images to be
reconstructed at two distinct respiratory phases. Three orthogonal views of an image
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reconstructed using all the data from a 3D Spiral UTE dataset are shown in Figure 8A. A
retrospective respiratory gated image, using the data acquired only during the end
expiratory phase, is shown in Figure 8B. An overlay of the image reconstructed using the
data from the inspiration/expiration phase onto the end expiratory phase is shown in
Figure 8C and demonstrates the difference in the lung volume at the two respiratory
phases.
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A) Full

B) Gated

C) Overlay

Figure 8: Orthogonal sections of images reconstructed employing retrospective
respiratory gating of a 3D UTE data set. A) An image reconstructed using the full data
set. B) An image reconstructed using only data collected during the end expiratory
phase. C) An overlay of an image reconstructed using only data collected during the
inspiration/expiration phase (red) onto the end expiratory phase image shown in (B). The
arrows point to regions of visible difference in the lung-liver interface volume between
the two phases.

From the images in Figure 8B and 8C, pulmonary volumes were segmented at the
two respiratory phases and 3D volume renderings of the lungs were generated (Figure 9).
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The difference in the number of voxels between the two volumes was used to estimate
the tidal volumes for three mice (Table 1).

A

B

End Expiratory

Inspiration/expiration

Figure 9: 3D surface rendering of the lungs at two distinct respiratory phases. Volumes
from two distinct respiratory phases were extracted from the retrospectively gated
images. Tidal volumes were calculated from the difference in the number of voxels
between the two volumes.

Table 1
Calculated lung and tidal volumes of mice

Tidal Volume (L)

Lung volume (L)

Mouse 1

218

710

Mouse 2

249

806

Mouse 3

172

743

1. Lung volumes were calculated from images reconstructed at end expiration.
2. Tidal volumes were calculated as the difference in the volume of the lung at the
inspiration/expiration phase and the end expiration phase.

Discussion
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The combination of 3D UTE MRI, with appropriate trajectory mapping, view
ordering and retrospective gating has allowed high-quality 3D pulmonary images of
freely breathing animals to be acquired. The inherent motion insensitivity of 3D UTE is
a major factor to its utility to lung imaging. The clear reduction in motion artifacts in the
UTE image compared to an image acquired using an FSE sequence can be seen in
Figure 1. However, accurately determining the locations at which the radial k-space data
points are acquired was essential for proper reconstruction of the 3D UTE images. While
the differences between the experimentally measured and prescribed trajectories were
subtle (Figure 2), the images reconstructed using prescribed k-space trajectories
presented a low-frequency artifact at the center of the image, which was not present in the
images

reconstructed

using

experimentally

measured

trajectories

(Figure

3).

Implementing trajectory mapping requires minimal time at the beginning of each scan
and can be seamlessly implemented on a per-scan basis.

The necessity of trajectory

mapping will clearly be dependent on the MRI system being used and how closely the
actual trajectories match the prescribed trajectories.
The respiratory motion during imaging similarly corrupts views sequential in
time. To prevent large regions of k-space to be similarly affected by motion, it would be
ideal to spatially distribute sequential views to disperse the corrupted data in three
dimensions. This would minimize spatial correlation of any residual motion errors and
minimize spatially correlated artifacts. The spatial grouping of the data influenced by the
respiratory motion of a freely breathing animal during a 3D Spiral UTE experiment can
be seen in Figure 7A.

Implementing an interleaved 3D Spiral UTE view ordering
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method, which samples the same angular orientations as the 3D Spiral UTE but in a
different order (Figure 4), aided in distributing the data from the two distinct respiratory
phases. The grouping of the data points acquired during inspiration/expiration phase of
the respiratory cycle, where majority of the respiratory motion takes place, was reduced
using the interleaved Spiral UTE acquisition method (Figure 7B).

Somewhat

surprisingly, the interleaved Spiral UTE acquisition method had no obvious effect on the
images (Figure 5). This likely is due to the inherent motion insensitivity of the 3D UTE
MRI.
Retrospectively respiratory gating 3D Spiral UTE images was possible by
segmenting the data according to the respiratory phase at which it was acquired (Figure
6). Images reconstructed from the data acquired during the end expiratory phase of the
respiratory cycle eliminates majority of the data influenced by motion. However, when
the image sharpness was evaluated using the signal gradient across a the lung/liver
interface (25) and by calculating the autocorrelation function (26,27), no improvement
was observed in the retrospectively respiratory gated image (data not shown). For both
the image reconstructed using the full data set and retrospectively respiratory gated
image, visibly motion free images of the rodent lungs were reconstructed with a similar
degree of pulmonary detail (Figure 8). The 3D UTE sequence used in this study collects
over 100,000 views resulting in a very high density of data collected at the center of kspace. Any difference in the data that may result from motion is effectively averaged,
and residual artifacts are spread out in three dimensions.
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Separation of data based on the respiratory motion (Figure 6), however, allowed
for images from different respiratory phases to be reconstructed from a single data set
(Figures 8 and 9) and for pulmonary information to be extracted (Table 1). While the
absolute tidal volumes for each animal were not determined, estimated volumes were
calculated from the segmented lung volumes.

The lung volume extracted from the

inspiration/expiration phase may not represent the largest volume during the respiratory
cycle, however, as can be seen in Figure 8, it contains information from the inspiration
phase, and thus was used to estimate the tidal volumes. Tidal volumes of healthy mature
mice, approximate weight of 30 g, average from 170 to 240 L (28), thus the tidal
volumes estimated from the images are within values previously reported. The tidal
volume information can only be extracted when the imaging session takes place while the
animals are freely breathing, demonstrating the potential use of the 3D UTE sequences
for tracking changes in pulmonary function as well as lung pathology.
The respiratory pattern of rodents generally has a long end expiration period in
between very rapid inspiration/expiration phases (Figure 6). This limits the number of
data points collected during the inspiration/expiration phase and makes it difficult to
reconstruct images at more than two respiratory phases from a single data set. The
respiratory pattern in humans, on the other hand, can have a relatively smooth respiratory
motion compared to the mice. This would provide a better distribution of data points
throughout the respiratory cycle (4), and could allow multiple images at different
respiratory phases to be generated.
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Conclusion
Several challenges faced in pulmonary MRI can be overcome by using a 3D UTE
sequence. In this study, high resolution 3D UTE imaging of rodent lungs were carried
out while the animals were freely breathing. The importance of using experimentally
measured k-space trajectories for reconstructing 3D UTE images was demonstrated.
Additionally, the images showed very little effect due to motion from the highly
oversampled center of k-space, and were insensitive to alterations in the view ordering.
Retrospective respiratory gating was possible with the 3D UTE datasets, but did not show
significant improvement in the image sharpness when compared to images reconstructed
using all of the data. This demonstrates the ability of 3D UTE imaging to produce
motion artifact free images of lungs without the need of additional post-processing.
Retrospective respiratory gating, however, did allow the reconstruction of lung volumes
at different respiratory phases from the 3D images, and provided functional and
volumetric information of the rodent lungs.
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Abstract
Repeated exposure to ionizing radiation for diagnosing and monitoring
pulmonary diseases is undesirable; hence there is an interest in developing magnetic
resonance imaging (MRI) techniques for pulmonary imaging.

The ability to image

pulmonary inflammatory burden non-invasively via MRI could provide information on
the in vivo immune response and disease state. In the study presented here, the use of
perfluorocarbon (PFC) nanoemulsions (NEs) as an in situ targeting agent for pulmonary
immune cells, and the utility of a 3D

19

F UTE MRI sequence for detecting PFC NE

accumulation in the lungs have been investigated in mouse models with known
pulmonary inflammation.

The results from MRI were validated with fluorescence

imaging of extracted cells and cryosectioned tissue samples.
In each mouse model studied, MRI of well characterized PFC NEs only showed
visible accumulation of 19F signal in the liver and spleen.

The lack of MRI signal in the

lungs of the mice was consistent with fluorescence imaging of tissue samples and cells.
Studies involving an experimental PFC NE showed MRI signal accumulation in the
lungs, but were not associated with pulmonary inflammation.
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Introduction
Pulmonary diseases are the third leading cause of death after heart disease and
cancer, and account for nearly 400,000 deaths a year in the U.S. (1). It is estimated that
more than 35 million Americans have been diagnosed with a form of chronic pulmonary
disease (1). Some of the most common forms of pulmonary diseases are pneumonia,
asthma, and chronic obstructive disease (emphysema and chronic bronchitis), where
asthma alone is diagnosed at rate of 84.8 per 1,000 people with the highest prevalence
amongst children between 5-17 years of age (2).

The current standard of care for

diagnosing pulmonary diseases are X-ray planar imaging and computed tomography (CT)
of the chest (1,3).

However in many cases, repeated exposure to ionizing radiation,

particularly in children, is extremely undesirable. Diagnostic imaging techniques without
the use of ionizing radiation would be preferred for long term monitoring of disease
progression and treatment response. For these reasons, there is an interest in developing
magnetic resonance imaging (MRI) techniques for pulmonary investigations.
Imaging the lungs with MRI is a challenge due to the unique properties of the
pulmonary parenchyma. First, the lungs are in constant motion, which can cause blurring
and ghosting artifacts and rapidly degrade the quality of the acquired data and images.
Additionally, the complex airway structures of the lungs create large gas/tissue interfaces
inducing high magnetic susceptibility gradients.

The local susceptibility gradients

rapidly dephase the signal, greatly shortening the tissue T2 and T2* times (4-7). One
MRI technique that is well suited for pulmonary imaging is the 3D ultrashort TE (UTE)
sequence.

The 3D UTE sequence is motion insensitive, and acquires data at TEs
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<100 s, allowing signal from the pulmonary parenchyma to be obtained before it fully
decays. Additionally, the 3D UTE sequence allows for images to be acquired while the
patient is freely breathing without the need of breath hold imaging or respiratory gating.
Inflammation is a common immune response to many diseases, and a number of
MRI methods are being developed to directly image this immune response in vivo. A
certain class of these methods employs injectable MRI contrast agents that allow in situ
labeling of monocytes and macrophages.

It is thought that these immune cells

phagocytose the contrast agents in the blood stream and subsequently accumulate in
regions of inflammation (8,9). Particles such as ultra-small paramagnetic iron oxide
(USPIO) and perfluorocarbon (PFC) nanoemulsions (NEs) have been used for such
applications (8-10). Because there is negligible endogenous 19F signal in the body, PFC
NEs are attractive as a positive contrast agent, and were selected for the use in this study.
PFCs initially gained interest as a potential blood substitute, and because of this,
there have been extensive studies on their safety and biocompatibility (11-15).
Additionally, PFCs have several favorable properties as a contrast agent, they are
considered to be bioinert and are not metabolized in vivo (8,16). The natural clearance
pathway for PFC NEs is through the reticuloendothelial system (RES) which consists
mainly of the liver and spleen (14,16). The phagocytic cells within the RES organs
temporarily store the PFCs, which are ultimately excreted from the body via expiration
through the lungs (8,14,16).
The local susceptibility gradients within the lungs will quickly dephase the
signal as they do the 1H signal. Because of this, we hypothesized that 3D

19

19

F

F UTE MRI
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would be ideal for detecting the presence of 19F in the lung parenchyma. The goal of this
study was to evaluate the utility of 3D UTE MRI with PFC NEs as markers of lung
inflammation.

Methods
Perfluorocarbon nanoemulsions
Four types of PFC NEs were used to study 19F signal accumulation in response to
pulmonary inflammation. The first type of NEs consisted of perfluoro-octylbromide
(PFOB) at 20% v/v, where 20% of the volume in the colloidal system is made of PFOB,
and the surface was labeled with rhodamine (absorption: 568 nm, emission: 593 nm).
These NEs were a generous gift from Dr. Gregory Lanza from Washington University in
St. Louis, and will be referred to as PFOB NEs from here on. The second type of PFC
NEs were commercially available, Celsense (VS-580, Celsense Inc, Pittsburgh, PA),
which consisted of perfluoro-15-crown-5-ether (CE) at 30% v/v.

Two additional types

of PFC NEs were made in-house to investigate whether they would yield similar results
to commercially available NEs. CE was encapsulated in a phospholipid shell using a
technique similar to methods previously published and is briefly described below
(9,17,18). These in-house emulsions will be referred to as experimental NEs.
Two formulations of lipids were used to make the experimental NEs. The first
formulation used 16 mg of dipalmitoyphosphatidyl-choline, DPPC (Avanti Polar Lipids,
Inc, Catalog Number: 850355, Alabaster, AL), and 4 mg of 1,2-dipalmitoylphosphatidic
acid, DPPA (Avanti Polar Lipids, Inc, Catalog Number: 830855, Alabaster, AL), and the
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second was made with 20 mg of egg lecithin (Avanti Polar Lipids, Inc, Catalog Number:
840059, Alabaster, AL) (17). First, the lipids were dissolved in 1 mL of chloroform, and
the solvent was evaporated in the rotary evaporator to form a thin film. This film was left
to dry for 24 hours. Once fully dried, the thin film was rehydrated with 1 mL of PBS
(DPPC/DPPA) or HEPES buffer with 2.5% glycerol (egg lecithin) and re-suspended at
40-45 ⁰C. The lipid suspension and CE (Matrix Scientific, Catalog Number: 001399,
Columbia, SC) were set up in an extruder (Mini-Extruder, Avanti Polar Lipids, Alabaster,
AL) at a volumetric ratio of 40% v/v, i.e. 100 l of CE and 150 l of lipid suspension.
The emulsions were formed by repeatedly passing the lipid suspension and CE through
the extruder, approximately 25 manual extrusions, with a 200 nm filter, until the mixture
became homogeneous. In order to verify any observed in vivo accumulation of the CE
NEs, one batch of egg lecithin based NEs was made with a NIR dye (Vybrant TM,
Invitrogen, Grand Island, NY) incorporated in the lipid layer for subsequent fluorescence
imaging. All four types of NEs were sized using dynamic light scattering and the zeta
potential was measured using a Zetasizer Nano (Zetasizer Nano, Malvern,
Worcestershire, UK).

Animal Preparation
3D

19

F UTE MRI of was carried out in three mouse models that have verified

pulmonary inflammation. These mouse models are briefly described below.
Alternaria exposed mouse model (AE)
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To induce a pulmonary inflammatory response, mature Balb/cJ mice (n = 7) were
anesthetized with isoflurane and experienced a onetime exposure to 10 g of Alternaria
filtrate internassaly (Alternaia alternate, XPM1C3A25, Greer Allergy Immunotherapy,
Lenoir, NC). Alternaria is a funcus whose spores are a common cause of allergic asthma.
Litter mate controls were also anesthetized and exposed to Hank’s Balanced Saline
Solution (HBSS) internasally, and were used as a baseline control to evaluate the
pulmonary cell counts. One additional litter mate Balb/cJ mouse was used as a control
without any exposure.
Cystic fibrosis mouse model (CFTR)
A Cystic fibrosis (CF) mouse model was also studied using PFC NEs. The mouse
model used in this study is the Cftr^tm1Unc carrying the FABF-hCFTR transgene. The
FABF-hCFTR transgene uses the human fatty acid-binding protein 1 liver promoter,
which directs the expression of a normal human CF transmembrane regulator (CFTR)
protein in the ileum, jejunum, and duodenum to overcome the otherwise fatal digestive
problems (19). This model lacks the expression of the CFTR protein in pulmonary
epithelial cells. The CFTR protein functions as a Cl- channel, and the lack of the protein
causes a deficit in Cl- transport, which is thought to be the underlying cause of CF
symptoms. Intracellular granules with (2,6)-siliac acid containing glycoconjugates are
increased in the airways, which promote Pseudomonas aeruginosa adherence, the major
pathogen in human cystic fibrosis (20).

These mice also have abnormalities of

pulmonary function, including decreased compliance and increased airway resistance
(21).
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Niemann-Pick type C 1 (NPC)
Niemann-Pick type C (NPC) is a rare genetic disorder with an estimated
prevalence of 1/150,000 live births. NPC is a cholesterol trafficking disorder and is
characterized by neurodegernation and cellular accumulation of unesterfied cholesterol
and glycosphingolipids throughout the body (22). The mouse model of NPC disease,
Npc1nih Balb/CJ (Npc1-/-), lacks all NPC protein which resembles a severe infantile form
of the NPC disease and is 100% fatal (22-24). A transgenic NPC mouse model, GFAPNpc1E, Npc1-/- (GFAPNpc1), expresses the Npc1 protein in the fibrillary astrocytes,
which greatly extends the life span of the mice (25-27). The presence of pulmonary
pathology and the abundance of foamy macrophages, which are macrophages loaded with
lipids (28), in the alveolar space has been previously established in both models of NPC
mice (29,30). For the purpose of this study, the Npc1-/- and GFAPNpc1 mice will both be
referred to as NPC mice.
For all mouse models studied, the mice received an intravenous (iv) injection of
PFC NEs one day prior to MR imaging. The AE mice (n = 7) received an iv injection of
100-150 L of PFOB NEs one day after fungal exposure which was one day prior to MR
imaging. CFTR (n = 2) and NPC (Npc1 -/- = 1) mice also received 100-150 l of PFOB
NEs one day prior to MRI. CFTR (n = 3), NPC (GFAPNpc1 = 1), and control (n = 3)
mice received 55-100 L of Celsense, and CFTR (n = 4), NPC (GFAPNpc1 = 2, Npc1 -/= 1), and control (n = 16) mice received 40 L of experimental NEs diluted with 160 L
of saline, for a total volume of 200 L. Additionally two control mice received 40 L of
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experimental NEs with NIR dye incorporated in the lipid layer which was also diluted
with 160 L of saline.

MR Imaging
In vivo MR imaging was carried out one day after injection of PFC NEs using a
Bruker Biospec 7T 20 cm bore MRI instrument. Mice were anesthetized with either
1.5%

isoflurane

mixed

with

O2

or

by

an

intraparitoneal

injection

of

ketamine/acepromazine/xylazine (72/6/6 mg/kg) at 0.75 mL/kg, and placed in a custom
animal holder positioned at the center of the magnet. The respiration rate and body
temperature was monitored throughout the experiments and was maintained at 37 ⁰C via
forced air heater (SA Instruments, Stony Brook, NY).
A dual tuned 1H/19F volume coil was used for both excitation and reception (m2m
Imaging Corp, Cleveland, OH). Both 1H 3D UTE (TE = 0.02 ms, TR = 12 ms, FA = 5⁰,
128x128x128 matrix, 10 min 16 sec scan time) and 19F 3D UTE (TE = 0.02 ms, TR = 12
ms, FA = 5⁰, 64x64x64 matrix, 4 averages, 10 min 12 sec scant time) sequences were
used to image each animal. Additionally, whole 2D body projections were acquired
using 19F 2D FSE (TEeff = 48 ms, TR = 2000 ms, 8 averages, ETL = 8, 2 min 56 sec scan
time) and 2D GRE (TE = 10 ms, TR = 500 ms, 8 averages, 6 min 8 sec scan time)
sequences. Three AE mice, which received PFOB NEs, were sacrificed post imaging,
and single pulse

19

F spectroscopy was carried out on the unpreserved whole liver and

lung samples (SW = 100 kHz, TR = 1 s, 2048 averages, 34 min) within an hour of
extraction.
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To calculate the T2* time of the
received the experimental NEs, 3D
(TE = 0.02, 0.5, and 1 ms).

19

19

F signal in the lungs from the mice that

F UTE images were acquired at multiple TE times

Signal intensity in the lung region was fitted to an

exponential decay to estimate the T2* time.

Fluorescence imaging
Within 24 hours after MR imaging was completed, four AE mice and a control
mouse were subjected to bronchial alveolar lavage (BAL) and cell counts were carried
out. Additionally, lung and liver samples were extracted and frozen for cryosectioning.
The extracted cells and cryosectioned tissue samples were imaged with an inverted
fluorescence microscope with an Olympus R/DiI Filter (excitation: 540, emission: 577632) using a 2 second integration time for the cell samples and a 10 second integration
time for the tissue samples. To evaluate the fluorescence signal intensities between the
images of the cells, region of interest (ROI) analysis was carried out iwith ImageJ by
subtracting the averaged background intensity from the averaged fluorescence intensity
of the cells from five ROIs.
Immediately after MR imaging, lungs were extracted from the mice that received
CE NEs with the NIR dye.

The lung samples were frozen and subsequently

cryosectioned and imaged with fluorescence microscopy using an inverted fluorescence
microscope with an EM-CCD digital camera (Hamamatsu ImagEM, Shizuoka Pref,
Japan) and an Olympus CY5 filter (excitation 604-644, emission 672-712).
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Results
Nanoemulsion characterization
The average size and zeta potential values were measured for all four types of
NEs used in the study (Table 1). The PFOB NEs were the largest at 350 nm in diameter,
and Celsense was the smallest at 187 nm. The experimental NEs had diameters between
these two. Celsense had the highest zeta potential value of -2.5 mV. The DPPC/DPPA
experimental NEs had the lowest zeta potential at values greater than -30 mV, and also
had a very high standard deviation.

Emulsions type

Size (nm)

Zeta Potential (mV)

PFOB

350

-17.5 ± 0.97

Celsense (VS-580)

187

-2.5 ± 0.63

DPPC/DPPA

223

-35.4± 24.7

Egg Lecithin

212

-29.7 ± 18.2

Table 1: The average diameter and zeta potential values for each type of NEs used for
the study were measured. The PFOB emulsions were the largest in size and the Celsense
had the lowest zeta potential value. The size and surface characteristics influence the
cellular interactions of NEs.

Invasive measures of pulmonary immune response
All mouse models presented with a significant increase in cell counts from BAL
compared to control animals. Cell counts of AE mice showed a significant increase in
the number of pulmonary cells compared to control animals exposed to HBSS. CFTR
mice showed approximately five times elevation and NPC (GFAPNpc1) mice had 27.7
times the number of cells compared to the control (Figure 1). The cells extracted from
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the BAL procedure include both immune cells and regular pulmonary cells. However in
all mouse models, an elevation in pulmonary immune cells was observed.

Figure 1: A significant elevation in pulmonary cell count was observed in all animals
models of pulmonary pathology used in this study as indicated by *, (t-test, p<0.01). The
error bars represent standard deviations.
19

F MRI of rodents with pulmonary inflammation
MR images of AE mice did not show significant

19

F signal accumulation in the

lungs (ANOVA, p>0.05), but signal accumulation was observed in the liver and spleen in
all animals (Figure 2). The pattern of signal accumulation was identical for CFTR and
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NPC mice that also received the PFOB NEs, where signal accumulation was only
observed in the liver and spleen, and not in the lungs (data not shown). CFTR and NPC
mice that received Celsense also did not show

19

F signal accumulation in the lungs.

Signal accumulation was only observed in the liver and spleen, as shown in the
representative 19F 3D UTE image of a CFTR mouse in Figure 3.
1

H UTE

19

F UTE

Spleen

Liver

Liver
Overlay

Figure 2: Three orthogonal views of 3D UTE images of an AE mouse model that
received PFOB NEs. Top: Reference 1H UTE image. Middle: Corresponding 19F UTE
image. Clear signal accumulation is observed in the liver and spleen as indicated by the
arrows. Bottom: Overlay of 19F image onto 1H image. No significant increase in signal
was observed in the lungs.

Identical pattern of in vivo
experimental CE NEs.

19

F signal accumulation was observed with the two

MRI detectable

19

F signal accumulation was observed in the

lungs, liver and spleen of control and mice with pulmonary pathology. Although the

100

same protocol was followed to make each batch of the experimental NEs, in vivo
imaging results were inconsistent and batch-dependent in vivo accumulation was
observed (Figure 4). The 3D UTE images show that the majority of the signal has
accumulated in the lungs of all animals. In 70% of the of experimental NEs made ,

19

F

signal in the lungs was not visible using a 2D FSE sequence at one day post injection, yet
visible with the 3D UTE and GRE sequences (Figure 4A). However, for 30% of the NEs
made, the 19F signal was visible with the FSE sequence as well as with the 3D UTE and
GRE sequences at one day post injection (Figure 4C).
1

H UTE

19F UTE

Overlay

Figure 3: Representative 19F 3D UTE image of a CF mouse that received 100 L of
Celsense. Clear signal accumulation was observed in the liver, but no signal was
observed in the lung. The same pattern of accumulation was observed in the NPC and
control mice that also received Celsense.
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A) Control

19

F UTE

19

F GRE

19

F FSE

B) Control

C) Npc1-/-

Figure 4: Representative images of three mice that received the same dose of
experimental NEs. The far left column shows 1H anatomical reference images.
A): Representative images of a control (BL6) mouse. The 19F signal in the lungs is not
visible with the FSE sequence, however, is visible with the UTE and GRE sequences.
B): Representative images of a control (BL6) mouse. The signal in the lungs is slightly
visible in the FSE sequence, and is more visible with the UTE and GRE sequences.
C): Representative images of an NPC mouse. The 19F signal is clearly visible in the lungs
with all sequences. There also appears to be more signal accumulation in the liver as
seen in the 19F UTE image.
In cases where the 19F signal was invisible in the lungs with the FSE sequence, the
T2* values in the lungs were short and ranged between 0.43 to 0.80 ms (n = 3).
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Interestingly, the signal in the lungs became more visible with the FSE sequence at two
or greater days post injection (Figure 5), and an increase in T2* time was observed.

Day 1
1H

19F FSE

19F UTE

Day 2

Day 6

Figure 5: Representative 19F images of a control animal imaged over 6 days. 19F signal
became more visible in the lungs at several days post injection in the FSE images. Top:
Images acquired at one day post injection of experimental NEs. Middle: No obvious
differences are observed at day 2 from day 1. Bottom: At six days post injection, more
signal becomes visible in the lungs using the FSE sequence.
19

F Spectroscopy of ex vivo tissue samples
Three AE mice that received PFOB NEs were sacrificed post MRI, and single

pulse spectroscopy was carried out on the extracted liver and lung samples.

The
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extracted liver samples showed significant

19

F signal but almost no signal was observed

in the lung samples (Figure 6).

Figure 6: Excised, unfixed, tissue samples from an AE mouse that received PFOB NEs
were subjected to 19F single pulse spectroscopy (2048 averages). Significant PFOB signal
is observed in the liver sample (blue). There is very little signal detected in the lung
sample near 0 ppm, however, it was not enough to be imaged. The spectrum shown in
green is the 19F signal from the coil itself.

Fluorescence imaging of cells and ex vivo tissue samples
Pulmonary cells extracted by BAL were imaged using an inverted fluorescence
microscope to determine PFC incorporation into lung macrophages. Some fluorescence
signal was observed within the cells extracted from both the control mice and the AE
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mice, which received the rhodamine labeled PFOB NEs (Figure 7A and 7B). The ROI
analysis to quantify the fluorescence signal showed no significant difference between the
two cell samples (Figure 7C).

Figure 7A and B: Pulmonary cells were extracted from both (A) control and (B) AE
mice via BAL. The AE mouse received rhodamine labeled PFOB nanoemulsions.
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Figure 7C: ROI analysis was carried out on fluorescent cell images. No significant
difference in signal intensity was observed between the two preparations of cells (t-test,
p> 0.05). The error bars represent the standard deviation.

The cryosectioned liver samples of a mouse that received rhodamine labeled PFOB NEs
showed a visible increase in fluorescence signal compared to the control, however, no
visible differences were observed in the lungs from these mice (Figure 8). Statistical
testing was not carried out on the fluorescence images of the cryosectioned tissue
samples because large differences in background autofluorescnece levels were detected.
The difference in signal intensity observed in the lung tissue sample is most likely due to
autofluorescence and not due to the uptake of PFOB NEs.
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A) AE model Liver

C) AE model Lung

Liver
B) Control Liver

D) Control Lung Lung

Figure 8: Cryosectioned liver and lung samples were imaged using an inverted
fluorescence microscope (20x). The liver samples from the AE mouse which received
rhodamine labeled PFOB nanoemulsions shown in (A), had increased signal compared to
the (B) control liver sample. However, no signal increase was observed in the lung tissue
sample (C) compared to the control (D).

Cryosectioned lung samples from NPC mice that received experimental NEs with
NIR dye showed no obvious difference in fluorescence signal intensity between the
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mouse that received the NEs and the control mouse (Figure 9).

Control

Experimental

Figure 9: Fluorescence images of cryosectioned lung samples from an NPC mouse that
received experimental NEs with the dye. Whether the experimental tissue sample has an
increase in fluorescence signal is indistinguishable from these images. Statistical tests
were not carried out on signal intensities because large differences in tissue densities
were observed between the control and experimental tissue samples.

Discussion
Physical properties of PFC NEs such as zeta potential have an influence on their
interactions with immune cells (31). Zeta potential is used to characterize the surface
charge and is defined as the potential at the shear plane of the particle (32). The zeta
potential is important for particle stability (33,34), where in general, the greater the
magnitude of the zeta potential, the more stable the colloidal suspension (32). The zeta
potential for Celsense VS-580 was the highest while the in-house DPPC/DPPA CE NEs
had the lowest. The large standard deviation of the zeta potential values indicates an
inconsistency with the experimental NEs. NE size also plays a role in the interaction
with immune cells (32).

The PFOB NEs were the largest of all samples, but are
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sufficiently small enough to be phagocytosed by macrophages (35). The experimental
NEs were intermediate in size compared to the PFOB and Celsense NE. Though the
PFOB NEs and Celsense had different physical characteristics, the pattern of in vivo
accumulation was very similar between the two.

AE mouse model
The inflammatory response induced in the Balb/cJ mice by one time exposure to
Alternaria filtrate showed significant increased the number of pulmonary cells.
Surprisingly, no MRI detectable 19F signal accumulation was observed in the lungs of the
AE mice; however, clear signal accumulation was detected in the liver and spleen (Figure
2). The liver and spleen, being part of the RES, is the natural clearance pathway for the
PFC NEs. The accumulation of signal in these organs suggests that the injected NEs
circulated in vivo and were taken up by the phagocytic cells of the RES organs, as
previously described in literature (8,12,14,36).
To investigate whether the accumulation of PFOB NEs within the lungs are below
the detection limit of the MRI scanner and the coil for imaging, the liver and lung
samples were excised from three mice that received PFOB NEs and were subjected to 19F
spectroscopy. The spectroscopy of the liver samples showed 19F signal, however, little to
no signal was detected in the lung samples, even with over 2000 averages (Figure 6).
The extremely small signal that was detected could not be imaged via MRI, and is much
smaller than the 19F signal detected from the RF coil itself.
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Pulmonary cells were also washed from AE mice that received PFOB NEs and
were imaged using fluorescence microscopy to determine the cellular uptake of PFOB
NEs. Because the surfaces of the PFOB NEs are labeled with rhodamine, the uptake of
the NEs should increase the fluorescence signal intensity within the cells. Interestingly,
cells from both exposed and control animals showed a similar degree of fluorescence
(Figure 7A and 7B), which can be attributed to autofluorescence, and no significant
difference in the signal intensity was observed (Figure 7C). The cryosectioned liver
samples, however, showed a clear increase in the fluorescence signal in the animals that
received the rhodamine labeled PFOB NEs compared to the control. No noticeable
increase in signal was observed in the cryosectioned lung samples (Figure 8). The
increase in fluorescence signal in the cryosectioned liver samples demonstrates that it is
possible to detect the rhodamine fluorescence in tissue samples.

Additionally, the

fluorescence signal within the tissue samples follows the pattern observed in the 19F MRI
images. Because there was no noticeable increase in fluorescence signal in the cells and
the lung tissue samples, it is probable that there was very little to no uptake of the
rhodamine labeled PFOB NEs by the pulmonary immune cells, including uptake by
alveolar macrophages.

CFTR and NPC mouse models
CFTR and NPC mice also received PFOB NEs and were imaged with 19F 3D UTE
MRI. The results were very similar to the AE mice, and for all animals, MRI detectable
19

F signal accumulation was only observed in the liver and spleen and not in the lungs
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(data not shown). From these results, it appears that the PFOB NEs are not being taken
up by lung macrophages or by circulating macrophages that end up in the lung to any
appreciable extent. Additionally, it is probable that the in vivo

19

F accumulation pattern

is not specific to the mouse model.
Celsense was also used to investigate its use as a pulmonary inflammatory marker
in CFTR and NPC mice. The pattern of in vivo 19F signal accumulation was very similar
to that of the PFOB NEs, where the signal was observed in the liver and spleen, but not in
the lungs (Figure 3). Even though Celsense was not labeled with a fluorescent marker,
and therefore not studied with fluorescence imaging, the similarity of the in vivo
accumulation pattern observed by MRI between the PFOB NEs and Celsense suggest that
there was very little to no uptake of the Celsense by the pulmonary immune cells.

Experimental NE results
The experiemntal NEs were made following protocols similar to previously
published work (9,17). The results obtained from the experimental NEs, however, were
inconsistent.

Ideally, the injected NEs would be taken up by macrophages and

accumulate only in the RES organs within the mice, as have been observed with
experiments carried out with PFOB NEs and Celsense. However, the experimental NEs
showed rapid accumulation of signal in the lungs, as well as in the liver and spleen, in all
mice. The degree of visible

19

F signal in the lungs, liver, and spleen, was variable and

depended on the batch of NEs and not on the mouse model. As can be seen in Figure 4,
two control mice received the same dose of experimental NEs, however, the mouse in
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Figure 4A appears to have more signal in the FSE and GRE images. Interestingly, the 19F
3D UTE images show that the two mice have very similar accumulation patterns, where
the signal has primarily accumulated in the lungs. In some mice, the

19

F signal in the

lungs was not visible with the FSE sequence (Figure 4A), but was visible in other mice
(Figure 4C). Additionally, some mice appeared to have more accumulation in the liver
compared to others, as can be seen in the 19F 3D UTE images (Figure 4). Because of the
very short TE time (TE = 0.02 ms) used for the UTE sequence, the images closely
represent the density of

19

F nuclei present in each voxel.

In all three representative

images shown in Figure 4, it is evident that majority of the detectable

19

F signal has

accumulated in the lungs. However, the lack of signal from sequences with longer TE
times makes them appear to have a different in vivo distribution.
Local susceptibility gradients influence

19

F signal in a similar manner to 1H

signal, and can greatly shorten T2 and T2* times. This is hypothesized to be the reason
behind the MRI-invisibility of some of the

19

F signal in the lungs using the 2D FSE

sequence, which has a longer TE time compared to the 3D UTE and GRE sequences used
in this study. At several days post injection of experimental NEs, however, there was an
increase in the T2* times of the

19

F signal in the lungs, and the signal become visible

using the FSE sequence (Figure 5). The overall distribution of signal detected using the
3D UTE sequence did not seem to noticeably change from day one to six, suggesting that
it is a change in the local environment of the NE rather than a continuous accumulation of
NE in the lungs over time.
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Two mice received experimental NEs with NIR dye incorporated in the lipid layer
in an interest to localize the accumulation of
MRI.

19

F signal within the lungs observed via

Interestingly, even though the MRI images of the mice showed

19

F signal

accumulation in the lungs, no noticeable elevation in fluorescence signal was observed in
the cryosectioned tissue samples compared to the control (Figure 9). While this was
unexpected, one possible explanation is that the unstable experimental NEs lose their
integrity once injected, and only the dense CE accumulated in the lungs while the lipid
layer was cleared from circulation.

Conclusion
19

F MR imaging of pulmonary inflammation using PFC NEs was investigated

with four different type of NEs and three mouse models of pulmonary pathology.
Experiments carried out with PFOB NEs and Celsense showed PFC signal accumulation
in the liver and spleen in the MR images, but no significant signal was observed in the
lungs. The pattern of signal accumulation was further validated by fluorescence imaging
of ex vivo tissue samples, which also showed an increase in fluorescence signal only in
the liver samples. From the results obtained, it is probable that there is minimal in vivo
uptake of PFC NEs by pulmonary immune cells, in particular by alveolar macrophages.
Experimental NEs yielded very different results from PFOB NEs or Celsense.
The in vivo accumulation of the experimental NEs was observed primarily in the lungs as
well as liver and spleen of the mice, both in control and in the mouse models with
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pulmonary pathology. The results were highly variable and somewhat inconsistent from
batch to batch.
The utility of 3D 19F UTE for measuring pulmonary inflammation is equivocal at
this point. Because the PFOB and Celsense NE preparations showed no accumulation in
the lungs of any of the experimental animals, as determined by MRI, MRS or
fluorescence microscopy, they do not appear to be suitable for the use of studying
pulmonary inflammation in any of the mouse models investigated, nor for evaluating the
MRI methodology. The CE NEs, which accumulated in the lungs of all mice, were much
more visible using 3D 19F UTE compared to FSE or GRE sequences and suggest a higher
sensitivity with the UTE sequence. However, the CE NEs themselves are not suitable for
measuring inflammation as the accumulation in the lungs was evident in control as well
as experimental animals.
3D 19F UTE could, however, be a valuable tool for evaluating NEs that are under
development. As shown in the results from the experimental NEs, sequences with longer
TE times may provide misleading information on the in vivo accumulation patterns. The
3D 19F UTE is able to closely represent the

19

F density in each organ, providing a better

representation of the in vivo 19F distribution.
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APPENDIX D: MATLAB CODE FOR 3D UTE IMAGE RECONSTUCTION AND
IMAGE ANALYSIS

The Non-uniform Fast Fourier Transform (NUFFT) regridding algorithm
proposed by Fessler and Sutton (1) was modified for our purposes in MATLAB from the
code originally written by Fessler.

Briefly, the non-linearly spaced data and their

corresponding locations along each view were re-sampled to be evenly spaced using
linear interpolation.

The one-dimensional interpolation was performed because

calculating the density compensation function for the entire 3D UTE dataset proved to be
very time consuming. By re-sampling each view to be evenly spaced, a ρ2 weighting of
the data, where ρ is the k-space location, could be used. The newly re-sampled halfradial views and data points, along with the ρ2 weighting, were used as inputs into the
NUFFT. NUFFT is an iterative regridding algorithm, which uses a 6x6x6 Kaiser-Bessel
kernel to regrid the radial k-space locations onto an evenly spaced Cartesian grid.
In the following sections, the MATLAB code that was developed for image
reconstruction and processing is presented.

Section 1: 3D UTE data organization, trajectory data, regridding, and input into NUFFT
clear all;
close all;
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
addpath ('/home/eyoshi/irt');
run ('setup');
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nviews = 34211;
MatrixReadout = 128;
nsteps =192;
points = 96; % half radial even with 32 half radial, it is zero padded to 128
DummyPoints = 0;
FOV = 5.12;
fovmm = 51.2;
resolution = 0.8;
N = [nsteps, nsteps, nsteps];
RBW = 100; % in KHz
RampTime = 120; % in microseconds
Dwell = 1000/RBW; % in microseconds
RampPoints = floor(RampTime/Dwell);
zero_points = 1; % center of k-space should be the largest value, so take out the rest
prompt2 = {'Is data zeropadded? (y/n) REMINDER: UTE ZEROPADS TO 128'};
zeropad = inputdlg(prompt2);
cd '/home/eyoshi/6';
filename = 'peak_trajectory_16-Aug-2012';
fid = fopen(filename, 'r', 'n');
rawtraj = fread(fid, inf, 'double', 0, 'n');
fclose(fid);

trajx=rawtraj(1:3:end);
trajy=rawtraj(2:3:end);
trajz=rawtraj(3:3:end);
k = [trajx, trajy, trajz];
%cd (inputdir);
disp('loading data from file');
%filename = strcat(inputdir, inputfile);
fid = fopen('resp_peak_16-Aug-2012', 'r', 'l');
if zeropad{1,1} == 'y';
steps = 128;
else
steps = nsteps;
end
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data = zeros(nviews, steps);
proj = zeros(nviews, steps);
data_temp = zeros(nviews, steps);
for viewIDX =1:nviews;
dummy = fread(fid, 2*steps, 'int32'); % 2*nsteps coz real and imaginary
data_temp(viewIDX,:) = complex(dummy(1:2:end), dummy(2:2:end)); % organize
into real and imaginary data
proj(viewIDX,:) =fftshift(ifft(data_temp(viewIDX,:)));
end
disp('fid data loaded');
if zeropad{1,1} == 'y';
data = zeros(nviews, points);
data= data_temp(:, 1:points);
end

itrajx = reshape(trajx, points, nviews);
itrajy = reshape(trajy, points, nviews);
itrajz = reshape(trajz, points, nviews);
for i = 1:nviews;
[theta(:,i), phi(:,i), r] = cart2sph(itrajx(:,i), itrajy(:,i), itrajz(:,i));
end
%R = -1.*r;
R = r;
range = 1:points;
extent = round(max(R)/0.5*MatrixReadout);
delta_k = max(R)/extent;
R = R(zero_points+1:end)';
sample = R(1):delta_k/3:max(R);
Data = data(:, zero_points+1:end);
i_data = zeros(nviews,size(sample,2));
proj = zeros(nviews, size(sample,2));

for j = 1:nviews;
i_data(j,:) = interp1(R,Data(j,:), sample);
proj(j,:) = fftshift(ifft(i_data(j,:)));
end
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m = size(sample,2);
s_theta = zeros(m, nviews);
s_phi = zeros(m, nviews);
s_theta(1:points,:) = theta;
s_theta(points+1:end, :) = repmat(theta(points,:), m-points,1);
s_phi(1:points, :) = phi;
s_phi (points+1:end,:) = repmat(phi(points,:), m-points,1);
sitx = zeros(m, nviews);
sity = zeros(m, nviews);
sitz = zeros(m, nviews);
for k = 1:nviews;
[sitx(:,k), sity(:,k), sitz(:,k)] = sph2cart(s_theta(:,k), s_phi(:,k), sample');
end
sitz = sitz.*(-1); % z direction is inverted.
sitx = reshape(sitx, nviews*m,1);
sity = reshape(sity, nviews*m, 1);
sitz = reshape(sitz, nviews*m, 1);
small_data = reshape(i_data', 1, m*nviews);
s_k = [sitx, sity, sitz];
k = (1:m).^2;
weighting =k./max(k)';
weighting = repmat(weighting, 1, nviews);
weighting = reshape(weighting, 1, nviews*m);
N = [nsteps, nsteps, nsteps];
ph = 1;
w=1;
shift = [0,0,0];
FT = NUFFT3D(s_k,w,ph,shift,N,2);
interp_img = FT'*(weighting.*small_data);

Section 2: Code for Interleaved Spiral 3D UTE view ordering. This code was modeled in
MATLAB and implemented on ParaVision 5.1.
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clear all;
close all;
npro =300;
inc = 10;
cycles = round(npro/inc);
C = sqrt((4*pi)/npro);
j = 1;
n = 1;
b = 1;
for l = 1:5;
for m = l:5:inc;
t(n) = m;
n = n+1;
end
end
for g = 1:inc;
h = t(g);
for f = h:inc:npro;
phi=acos(1-(C*C/(2*pi)*f));
theta = -1*((2*pi)/C)*asin(1-(C*C/(2*pi))*f);
r(b)=sin(phi)*cos(theta);
p(b)=sin(phi)*sin(theta);
s(b)=cos(phi);
b=b+1;
end
end

Section 3: Design of 3D UTE trajectories
nviews =256; %Number of radial lines.
nsteps =32; %Number of delta k incraments
gr = 0.42156; %just a scaling factor so that paravision numbers can be compared
phi = zeros(nviews,1);
theta = zeros(nviews,1);
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x = zeros(nviews,1);
y = zeros(nviews,1);
z = zeros(nviews,1);

C = sqrt((pi*4.0)/real(nviews));
for i = 1:nviews
phi(i) = acos(1.0-((C^2/(pi*2.0))*i));
theta(i) = -1.0*((pi*2.0)/C)*asin(1-(C^2/(pi*2.0))*i);
z(i)=cos(phi(i))*gr;
x(i)=sin(phi(i))*cos(theta(i))*gr;
y(i)=sin(phi(i))*sin(theta(i))*gr;
end
disp('Displaying starting positions') %display to commmand line
plot3(x(1:nviews),y(1:nviews),z(1:nviews), 'color', [0.5, 0.8, 1],'LineWidth',2); axis
equal; axis off;
RampTime = 133; % in microseconds
RBW = 100; % in KHz
Dwell = 1000/RBW; % in microseconds
RampPoints = floor(RampTime/Dwell);
% design ideal trajectory
%
ZeroPoints = 4; % number of EXTRA k = 0 points
kr = zeros(1,nsteps);
% Calculate number of Zero points
for I = 1:1+ZeroPoints
kr(I) = 0;
end
% Calculate k locations during the ramp
ctr = 1;
for I = 1+ZeroPoints+1:(1+ZeroPoints+1+RampPoints)
kr(I) = ((ctr-0.0)*Dwell)^2/RampTime/2;
ctr = ctr+1;
end
% Calculate k locations on the plateau
for I = (1+ZeroPoints+1+RampPoints+1):nsteps
kr(I) = kr(I-1)+(Dwell);
end
kz = zeros(nviews, nsteps);
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ky = zeros(nviews, nsteps);
kx = zeros(nviews, nsteps);
for viewIDX = 1:nviews
for stepIDX = 1:nsteps
kx(viewIDX,stepIDX) = kr(stepIDX)*x(viewIDX);
ky(viewIDX,stepIDX) = kr(stepIDX)*y(viewIDX);
kz(viewIDX,stepIDX) = kr(stepIDX)*z(viewIDX);
end
end

Section 4: Separation of 3D UTE based on respiratory phase
clc
clear all
close all
% Read in the trajectory data from the scans
points = 64;% # of points in each projection ==> REMEMBER PV ZERO PADS TO 128
steps = 64;
mx = 128; %number of points + zeropadding ;
undersampling = 1; % undersampling factor
proj =51300/undersampling; %# of projections 51360 if fully sampled 12
home = 'F:\MRI data\Fluorine\Nov_17_2012\19F.gZ4\8';
% home = 'F:\MRI data\Fluorine\Mar_27_2012\19F_test.dc4\6';
cd (home);
fname ='fid';
fid = fopen(fname, 'rb', 'l');
abs_avg2 = zeros(points/2, proj);
for i = 1:proj;
data = fread(fid, 2*mx, 'int32');
data = data(1:points); % UTE data is commonly zero padded so make sure to take the
extra points out
abs_avg2 (:,i) = complex(data(1:2:end),data(2:2:end));
end
fclose(fid);

%
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x = 1:proj;
center2 = abs_avg2(1,:);
center3 = abs_avg2(2,:);
center4 = abs_avg2(3,:);
average = ( center1 + center2 + cente3)./3;
abs_avg = abs(average');%phase = atan2(imag(center1), real(center1));
cd 'C:\Documents and Settings\yoshimaru\My Documents\WORK\matlab code';
% split the phase into segments to better fit the data

[fitresult, gof] = interp_fit(x, abs_avg);
coef1 = fitresult.p1;
coef2 = fitresult.p2;
coef3 = fitresult.p3;
coef4 = fitresult.p4;
coef5 = fitresult.p5;
coef6 = fitresult.p6;
coef7 = fitresult.p7;
coef8 = fitresult.p8;
threshold = (coef1)*x.^7 + coef2*x.^6+coef3*x.^5+coef4*x.^4+coef5*x.^3 +
coef6*x.^2+coef7*x+coef8;
threshold = threshold+150;

abs_avg2 = abs_avg;
for i = 1:proj;
if abs_avg(i) <= threshold(i);
abs_avg2(i) = 0;
end
end
abs_avg2=abs_avg2';
locations = find(abs_avg2); % locations of the non-zero traj
loc_zero = find(abs_avg2 == 0); % locations of the zero points

cd(home);
filename = 'locations_non_zero_02052012';
fid = fopen(filename, 'w', 'l');
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x = fwrite(fid, locations, 'int32', 'l');
fclose(fid);
filename = 'locations_zero_02052012';
fid = fopen(filename, 'w', 'l');
x = fwrite(fid, loc_zero, 'int32', 'l');
fclose(fid);
fid = fopen('locations_non_zero', 'r', 'l');
locations = fread(fid, 'int32');
fclose(fid);
cd(home);
%read in the traj file for this same data
fid = fopen('traj', 'r', 'n');
rawtraj = fread(fid, inf, 'double' ,0, 'n');
fclose(fid);
%separate the traj file into x, y, z components
trajx=reshape(rawtraj(1:3:end), steps, proj); % points/2 because traj file doesn't contain
zero padding
trajy=reshape(rawtraj(2:3:end), steps, proj);
trajz=reshape(rawtraj(3:3:end), steps, proj);

%
flat = size(loc_zero);
flat = flat(1,2);
%loc_zero = loc_zero';
mod_trajx = trajx(:,loc_zero(1,:));
mod_trajx = reshape(mod_trajx, 1, steps*flat);
mod_trajy = trajy(:,loc_zero(1,:)); mod_trajy = reshape(mod_trajy, 1, steps*flat);
mod_trajz = trajz(:,loc_zero(1,:)); mod_trajz = reshape(mod_trajz, 1, steps*flat);
mod_traj = zeros(1, 3*steps*flat);
mod_traj(1:3:end) = mod_trajx;
mod_traj(2:3:end) = mod_trajy;
mod_traj(3:3:end) = mod_trajz;
cd (home);
fid = fopen('fid', 'rb', 'l');
data = zeros(proj, mx);
%line = zeros(proj, mx);
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for viewIDX =1:proj
dummy = fread(fid, 2*mx, 'int32'); % 2*nsteps coz real and imaginary
data(viewIDX,:) = complex(dummy(1:2:end), dummy(2:2:end)); % organize into real
and imaginary data
% line(viewIDX, :) = fftshift(ifft(data(viewIDX,:)));
end
fclose(fid);
mod_data = data(loc_zero(1,:),:); %this is the form we need the data in to reconstruct in
NUFFT
real_data = real(mod_data);
imag_data = imag(mod_data);
real_data = reshape(real_data, 1, flat*mx);
imag_data = reshape(imag_data, 1, flat*mx);
format_data = zeros(1, 2*flat*mx);
format_data(1:2:end) = real_data;
format_data(2:2:end) = imag_data;
%% save formatted data
str = date;
filename = strcat('resp_data','_', str);
fid = fopen(filename, 'w', 'l');
fwrite(fid, format_data, 'int32');
fclose(fid);
name = strcat('mod_trajectory', '_', str);
fid = fopen(name, 'w');
fwrite(fid, mod_traj, 'double');
fclose(fid);
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