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SYSTEMS, METHODS, COMPOSITIONS AND DEVICES FOR IN VIVO
MAGNETIC RESONANCE IMAGING OF LUNGS USING
PERFLUORINATED GAS MIXTURES

Related Applications

This application claims the benefit of and priority to U.S. Provisional
Application Serial No. 61/305,025 filed February 16, 2010 and U.S. Provisional
Application Serial No. 61/435,599 filed January 24, 2011, the contents of which are

hereby incorporated by reference as if recited in full herein.

Field of the Invention

The present invention relates to non-invasive in vivo 19F Magnetic Resonance

Imaging (“MRI”) uéing perfluorinated gas mixtures.

Background of the Invention

The Centers for Disease Control (CDC) has stated that COPD (chronic

obstructive pulmonary disease) has escalated to the 3" Jeading cause of death in this
country. ‘See, AM, Minifio, Xu JQ, and Kochanek KD (2010), 'Deaths: Preliminary
Data for 2008.', National Vital Statistics Reports, 59 (2), John Walsh (President,
COPD Foundation) remarked that “It’s unacceptable that COPD has gone from the
fourth leading cause to the third twelve years sooner than what was originally
projected. This wake-up call intensifies our declaration of war on COPD and points
to the importance of improved awareness, prevention, detection and treatment to
decrease the burden of COPD”. { Foundation, COPD (2010), 'New CDC Report Puts
COPD in #3 Spot in Mortality Rates'} In contrast to other top causes of death, COPD
is the only disease in the top ten that has consistently increased in frequency over the
past 4 decades. Consequently COPD represents one of the largest uncontrolled
disease epidemics in the U.S.; it currently includes 15-20 million diagnosed cases
with perhaps a similar number undiagnosed. In the U.S., there are approximately 90
million current or former smokers, (Association, 2008); thus, a huge population is at

risk of developing COPD. COPD is defined by the Global Initiative for Chronic
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Obstructive Lung Disease (GOLD) as a disease state characterized by airflow
limitation that is not fully reversible. Heron et al., "Deaths: Final Data for 2006."
National Vital Statistics Reports 57(14): 1-135 (2009).

There is clear recognition that COPD includes both emphysema and small
airway disease; however, there is little appreciation of how to identify COPD eatly -
before there is significant airflow obstruction and clinical impairment. In addition,
evidence from the COPD Gene study suggests that COPD is likely several diseases
but currently the only tool that seems to provide aﬁy clinical differentiation of the
genotypes is "gas trapping" patterns assessed by HRCT (High Resolution X-ray
Computed Tomography).

Current approaches for the evaluation of pulmonary lung function use globél
measures of pulmonary function such as spirometry (e.g., forced expiratory volume in
1 second ("FEV1")) and whole body plethysmography. While spirometry is low cost -
and widely available, it does not yield any regional information about ventilation
distribution or ventilation dynamics in the lung.

Currently available lung imaging methods include x-ray CT, which offers
anatomic detail but limited functional information, and nuclear techniques such as
scintigraphy, which provide regional information at low resolution in two dimensions
rather than three (or more). Also, these modalities deliver ionizing radiation, which -
limits their repeat use in patients, especially in clinical trials.

More recently, hyperpolarized gas MRI using the stable isotopes *He and

- 1% e has offered hope for non-invasive, regional assessment of lung function.

Unfortunately, this technology is relatively expensive and has not been widely

disseminated.

Summary of Embodiments of the Invention

Embodiments of the invention provide systems, methods and related devices
that allow for static and/or dynamic in vivo 9F MRI of the lungs using perfluorinated
gas and oxygen gas mixtures.

Embodiments of the invention provide ways to evaluate ventilation dynamics
(e.g., function) of a patient's lungs.

Embodiments of the invention can provide images of the gas spaces in the
lung and be used for quantitative analysis of MR image data for lung function and/or

-
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regional ventilation assessment of the lung. For example, the MRI data can be used to
assess, identify and/or visualize regional ventilation data (e.g., pattern) associated
with function, ventilation defects and/or gas trapping (regional and temporal).

Embodiments of the invention can provide dynamic "free-breathing" cine
images of a breathing lung (corresponding to a respiratory cycle). Some
embodiments can provide dynamic images or pseudo-static images using gated image
data collection over a plurality of respiratory cycles of a subject and reconstructed in a
variety of manners to accommodate the respiratory cycle. Other embodiments
employ short and/or long breath-hold techniques. Other embodiments include
prospective or retrospective signal averaging of multiple image sets to improve the
image quality (signal to noise and contrast to noise).

Embodiments of the invention can generate be used to obtain both 'H images
and °F images in a single imaging session of a subject. Optionally, air-breaths and
the PFx/oxygen gas breaths can be cycled during the imaging session to alternate the
'H and '°F image data collection and/or to provide gas trapping data. Other
embodiments include sequential breath-hold images or time gated images to identify
wash-in and wash-out information. These embodiments can be used to grade the
severity of any ventilation defects.

Changes in signal intensity of some of the PFx mixtures are sensitive to local
oxygen concentration. In such an embodiment an estindate of oxygen gas exchange
(perfusion) can be accomplished using T1 weighed images or calculated T1 images.
It is noteworthy that this latter embodiment can use a PFx agent with longer T1
relaxation times, e.g., above about 10 ms, such as perfluoropropane (with a T1
relaxation time about 20 ms).

Embodiments of the invention can be used to obtain data to identify
ventilation and/or perfusion variations (deficits or increases) before and after a
physiologiceﬂly active substance is administered to a human or animal body to
evaluate the efficacy of the drug treatment.

Embodiments of the invention can be carried out post-administration of the
PFx gas mixture as a post administration data collection analysis method to analyze
signal data. The methods can, post administration and/or post signal collection,
generate images, generate ventilation defect index, generate visual model of lung
impairment and the like. The post-collection analysis can be carried out at any point

3-
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in time after the delivery of the gas mixture, such as, for example, after the patient is
removed from the MRI suite or magnet or when the patient is breathing oxygen, but in
the MRI suite/magnet.

Embodiments of the invention are directed to post-collection analysis
ventilation assessment methods, The methods include generating at least one of the
following using pre-acquired 'F magnetic resonance image (MRI) signal data of a_
patient associated with a perfluorinated gas and oxygen mixture: (i) a cine of free-
breathing images of the lungs of the subject illustrating a temporal and spatial
distribution of the perfluorinated gas in the lung space and lungs of the subject to
provide ventilation image data over at least one respiratory cycle;

(ii) at least one ventilation defect index for each of the right and left lungs; X

(iii) a ventilation defect index map showing a spatial distribution (pixel wise)
of the lungs;

(iv) a visual output to a display, the output including a time sequence of
airflow data of the subject with a plurality of MRI images positioned aligned with an
acquisition time, in the time sequence;

(v) a ventilation pattern associated with a forced ejection volume;

- (vi) at least one histogram associated with wash-in and/or wash-out of the gas
miXture; :

(vii) at least one regional ventilation defect model showing intensity variation
pixel to pixel;

(viii) gas trapping images using wash in and/or wash out 9F MRI signal data;

(ix) a visual output of a graphic analysis fit to a lung model of ventilation
wash-in and/or wash-out with a plurality of MRI images depicting functional
information;

(x) a pattern of signal intensity depicting gas exchange to capillary blood flow
based on relaxation parameters (T1 and/or T2) and an impact of local oxygen
concentration on the relaxation parameters; and

(xi) at least one histogram associated with wash-in and/or wash-out of the
delivered gas mixture.

Still other embodiments are directed to methods of obtaining image data of the
lungs and/or airways of a subject. The methods include: (a) positioning a subject in a
magnetic field associated with a high-field magnet of an MRI scanner; (b) delivering

A4
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a medical grade gaé mixture to the lung space of the subject, the gas mixture
comprising between about 20-79% inert perfluorinated gas and at least about 21%
oxygen gas; (¢) acquiring F magnetic resonance image (MRI) signal data associated
with the delivered perfluorinated gas and oxygen mixture; and (d) generating at least
one of the following using the acquired signal data: (i) a cine of free-breathing images
of the lungs of the subject illustrating a temporal and spatial distribution of the
perfluorinated gas in the lung space and lungs of the subject to provide ventilation
image data over at least one respiratory cycle; (ii) at least one ventilation defect index
for each of the right and left lungs; (iii) a ventilation defect index map showing a
spatial distribution (pixel wise) of the lungs; (iv) a visual output to a display, the
output including a time sequence of airflow data of the subject with a plurality of MRI
images positioned aligned with an acquisition time, in the time sequence; (v) a
ventilation pattern associated with a forced ejection volume; (vi) at least one
histogram associated with wash-in and/or wash-out of the gas mixture; (vii) at least
one regional ventilation defect model showing intensity variation pixel to pixel; (viii)
gas trapping images using wash in and/or wash out F MRI signal data; (ix) a visual
output of a graphic analysis fit to a lung model of ventilation wash-in and/or wash-out
with a plurality of MRI images depicting functional information; (x) a pattern of
signal intensity depicting gas exchange to capillary blood flow based on relaxation
parameters (T1 and/or T2) and an impact of local oxygen concentration on the
relaxation parameters; and (xi) at least one histogram associated with wash-in and/or
wash-out of the delivered gas mixture.

Some embodiments generate a plurality of the generated images, maps,
indexes, or data (per items i-xi).

The methods can include generating free breathing cine images of the lungs of
the subject illustrating a temporal and spatial distribution of the perfluorinated gas in
the lung space and lungs of the subject to provide ventilation image data over at least
one respiratory cycle (typically over a plurality of respiratory cycles and during at
least one of wash in and wash out of the gas mixture).

Optionally, the delivering step can be carried out using free-breathing, thereby
allowing the subject to inhale and exhale the gas mixture over a plurality of

respiratory cycles during the acquiring step.
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In some embodiments, the methods can further include terminating the
delivering step, then allowing the subject to breathe room air while remaining in the
magnetic field of the MRI Scanner. The method then acquires additional PFMRI
signal data gas apd evaluates ventilation data associated with gas trapping using the
additionally acquired MRI signal data.

The evaluating step may be carried out by generating images using the
acquired MRI data illustrating a temporal and spatial distribution of the perfluorinated
gas in the subject.

The perfluorinated gas mixture can include medical grade sulfur hexafluoride
that is in a gaseous state at room temperature and pressure. The perfluorinated gas
mixture can include a medical grade perfluoropropane gas that is in the gaseous state
at room temperature and pressure. Other embodiments can include other medical
grade perfluorinated gases such as perfluoroethane, etc., although at this time only
sulfur hexafluoride and perfluoropropane are available in medical grades. ,

In some embodiments, the method can also include directing the subject to
carry out a forced ejection volume breathing maneuver in one second (FEV1) of the
gas mixture. Then the method can acquire MRI signal data during and/or after the
forced ejection of the gas mixture and generéte and evaluate a ventilation pattern
based on the acquired MRI signal data of the FEV procedure.

Optionally, the method may also include performing a spirometry procedure
of the subject while the subject is in a supine position proximate in time to the
positioning step.

In some embodiments, the method can include generating at least one
histogram of image intensity data using the acquired MRI signal data to identify
ventilation defects.

The acquiring step can include acquiring the F MRI signal data from a
flexible or rigid lung coil positioned about the subject and the method can further
include proton blocking the lung coil and substantially concurrently or sequentially
acquiring 'H and F MR image signal data.

In some embodiments, the method can further include generating images using
respiratory cycle gating so that the acquiring step is performed over several

respiratory cycles. The generating step can generate gated cine images of a breathing
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Other embodiments are directed to MRI systems. The systems include: (a) an
MRI scanner comprising a magnet with a magnetic field and a body coil configured to
obtain 'H MRI signal data; (b) a flexible, semirigid or rigid lung coil configured to
obtain "F MRI signal data and sized and configured to reside about a patient; (¢) an
MRI scanner interface in communication with the scanner and the lung coil, the
interface comprising a proton blocking circuit; and (d) a gas delivery system. The gas
delivery system includes: (i) a gas mixture source comprising perfluourinated gas in a
level that is between about 20-79% and oxygen gas in a level that is at least about
21%; (ii) a gas flow path in communication with the gas mixture source comprising at
least one conduit extending from the gas mixture source to a dispensing member
residing over, on or in a patient while the patient resides inside the magnetic field to
deliver the gas mixture to the patient; and (iii) optionally, at least one oxygen sensor
in communication with the gas mixture. In operation, the MRI system is configured
to substantially concurrently obtain 'H and "°F MRI signal data of lungs and
associated lung airspaces of the patient and generate images showing a temporal and
spatial distribution of the perfluorinated gas mixture in the lungs. :

The system can optionally be configured to acquire the 'H and "°F MRI signal
data while (a) the patient carries out free-breathing of the gas mixture for a plurality
of respiratory cycles then (b) the patient catries out free-bréathing of room air for a
plurality of respiratory cycles, and wherein the system is configured to generate cine
images of a breathing lung using the acquired signal data.

Some embodiments are directed to MRI systems that include: (a) an MRI
scanner comprising a magnet with a magnetic field and a body coil configured to
obtain 'H MRI signal data; (b) a lung coil configured to obtain 9F MRI signal data
and sized and configured to reside proximate a patient; (c) an MRI scanner interface
in communication with the scanner and the lung coil, the interface comprising a
protoﬁ blocking circuit; and (d) a gas delivery system. The gas delivery system can
include: a gas mixture source comprising perfluourinated gas in a level that is
between about 20-79% and oxygen gas in a level that is at least about 20.5%; a gas
flow path in communication with the gas mixture source comprising at least one
conduit extending from the gas mixture source to a free-breathing dispensing member

-7-
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residing over, on or in a patient while the patient resides inside the magnetic field to
delivef the gas mixture to the patient; and at least one oxygen sensor in
communication with the gas mixture. ‘

In operation, the MRI sysfern is configured to obtain 'H and YF MRI Signall :
data of lungs and associated lung airspaces of the patient and generate images
showing a temporal and spatial distribution of the perfluorinated gas in the lungs,
wherein the system is configured to acquire the '9F MRI signal data while the patient
carries out at least one of (a) free-breathing of the gas mixture during equilibrium and
wash in and/or wash out for a plurality of respiratory cycles, (b) a single or a plurality
of breath holds of the gas mixture; and (¢) an FEV of the gas mixture.

The system can be configured to generate at least one of the following:

(i) a cine of free-breathing images of the lungs of the subject illustrating a
temporal and spatial distribution of the perfluorinated gas in the lung space and lungs
of the subject to provide ventilation image data over at least one respiratory cycle;

(ii) at least one ventilation defect index for each of the right and left lungs; |

(iii) a ventilation defect index map showing a spatial distribution (pixel wise)

of the lungs;

(iv) a visual output to a display, the output including a time sequence of
airflow data of the subject with a plurality of MRI images positioned aligned with an
acquisition time, in the time sequence;

(v) a ventilation pattern associated with a forced ejection volume;

(vi) at least one histogram associated with wash-in and/or wash-out of the gas
mixture;

(vii) at least one regional ventilation defect model showing intensity variation
pixel to pixel; |

(viii) gas trapping images using wash in and/or wash out F MRI signal data;

(ix) a visual output of a graphic analysis fit to a lung model of ventilation
wash-in and/or wash-out with a plurality of MRI images depicting functional
information;

(x) a pattern of signal intensity depicting gas exchange to capillary blood flow
based on relaxation parameters (T1 and/or T2) and an impact of local oxygen

concentration on the relaxation parameters; and
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(xi) at least one histogram associated with wash-in and/or wash-out of the
delivered gas mixture.

The MRI system can be configured to substantially concurrently obtain the
obtain 'H and '°F MRI signal data of the lungs. The system can include an image
analysis circuit that is configured to electronically terminate the gas delivery and
allow the patient to breathe room air for a plurality of respiratory cycles.

Still other embodiments are directed to MRI systems that include: (a) an MRI
scanner having a control console in a first room and a magnet with a magnetic field in
a scan room; and (b) a gas delivery system. The gas delivery system includes: (i) a
pressurized container of a gas mixture comprising perfluorinated gas in a level that is
between about 20-79% and oxygen gas in a level that is at least about 21%; (b) a gas
flow path in communication with the gas mixture source comprising at least one
conduit and at least one flexible bag extending from the container to a dispensing
member while the patient resides inside the magnetic field; and (c) optionally, at least
one oxygen sensor in communication with the gas mixture in the gas flow path. In
operation, the MRI system is configured to obtain YF MRI signal data and generate
images showing a temporal and spatial distribution of the perfluorinated gas in the
lungs.

The system can optionally be configured to acquire the 'H and "F MRI signal
data while (a) the patient carries out free-breathing of the gas mixture for a plurality
of respiratory cycles, then (b) the patient carries out free-breathing of room air for a
plurality of respiratory cycles, and wherein the system is configured to generate cine
images of a breathing lung using the acquired signal data.

Still other embodiments are directed to gas delivery systems for an MRI
system. The gas delivery system includes: (a) a medical grade gas mixture source of
perfluorinated gas and oxygen gas; (b) a mouthpiece and/or mask residing
downstream of the gas mixture source configured to reside inside a magnetic field of
the MRI system; and (c) a flow path extending from the gas mixture source to the
mouthpiece and/or mask. The flow path includes a first Douglas bag in fluid
communication with the gas mixture source and may include a first spirometer filter
residing downstream of the first Douglas bag.

The gas delivery system may optionally also include a one-way valve in
communication with the mouthpiece or mask residing downstream of the first

9.
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spirometer filter, a second spirometer filter residing downstream of the mouthpiece or
mask, and a second Douglas bag residing downstream of the second spirometer filter
whereby apatient can passively intake and exhale the gas mixture.

The system can include a display in communication with the MRI scanner and
a respiratory cycle gating circuit and an image analysis circuit in communication with
the MRI scanner. The MRI system can be configured to generate gated free-breathing
cine images with image data registered to a respiratory cycle using F image data
acquired over a plurality of patient respiratory cycles, and wherein the display is
configured to present the gated cine images in near real-time showing the lungs of the
patient with temporal and spatially distributed ventilation data associated with the Pp
image data.

The gas flow path can include an inspire gas flow path and an expire gas flow
path, the system further comprising a first pneumotachometer residing in the inspire
gas flow path and a second pneumotachometer residing in the expire gas flow path,
and wherein the respiratory gating circuit is configured to use pneumotachometer data
for respiratory gating input. |

The system can include an image analysis circuit that is configured to register
F MRI lung images to a set of 'H MRI lung images of the subject, create lung masks
from the 'H MRI images, apply the created masks to the registei‘ed F images, then
extract summary parameters from the 'F image data to assess ventilation defects.

The summary parameters can be extracted by volume and slice and include at least
one of pixel intensity, pixel count, histogram, summary statistics and 2-D shape
factors.

The system can include a gas chamber in fluid communication with an expire
portion of the gas flow path positioned upstream of a Douglas bag for gas capture.
The gas chamber can be in communication with a chemical analyzer configured to
analyze oxygen and carbon dioxide content in substantially real time.

The system can include a display and an image analysis circuit in
communication with the MRI Scanner, the image analysis circuit configured to
‘generate an overlay presentation of patient airflow data over time aligned with a
plurality of MRI images taken at different points in time including inspire and expire
breath-hold images of air, wash-in and wash out images of the perfluorinated gas
mixture and free-breathing perfluorinated cine MRI images.

-10-
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Still other embodiments are directed to a gas delivery system for an MRI
system. The gas delivery systems include: (a) a medical grade gas mixture source of
perfluorinated gas and oxygen gas; (b) a mouthpiece and/or mask residing
downstream of the gas mixture source configured to reside inside a magnetic field of
the MRI system; and (c) an inspire flow path extending from the gas mixture source
to the mouthpiece and/or mask. The flow path can include: a first Douglas bag in
fluid communication with the gas mixture source; and a first spirometer filter residing
downstream of the first Douglas bag. The gas delivery system can be a passive
system that allows a patient to "breath-hold" and freely breathe the gas mixture.

The gas delivery system can also include enclosed expire gas flow path

~ residing downstream of the mouthpiece or mask. The gas delivery system can also
include: a one-way valve in communication with the mouthpiece and/or mask residing
downstream of the first spirometer filter; a second spirometer filter residing
downstream of the mouthpiece and/or mask in the expire gas flow path; and a second

* Douglas bag with a larger size than the first Douglas bag residing downstream of the
second spirometer filter.

The delivery system can include an enclosed expire gas flow path residing
downstream of the mouthpiece or mask, a first pneumotachometer in fluid
communication with the inspire gas flow path; a second pneumotachometer in fluid
communication with the expire gas flow pathmask; at least one pneumotachometer
recorder in communication with the first and second pneumotachometers; a gating
circuit interface in communication with the at least one recorder configured to provide
MRI respiratory gating input; a gas chamber in the expire gas flow path upstream of a
Douglas gas recovery bag; and a gas analyzer in communication with the gas chamber
configured to analyze oxygen and carbon dioxide content of gas in the chamber,

Still other embodiments are directed to cines of free-breathing '*F MRI images
showing breathing lungs with a temporal and spatial distribution of perfluorinated gas
associated with a ventilation pattern.

Yet other embodiments are directed to at least one right lung ventilation defect
index and at least one left lung ventilation defect index, wherein the respective at least
one index is determined based on MRI pixel signal intensity to thereby provide a

patient-specific measure of lung function.
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Additional embodiments are directed to a regional ventilation defect graph

showing right and left lung ventilation of '°F pixel signal intensity of perfluorinated

~gasina subjeét's lungs over a defined time with signal intensity at the defined time

used to identify a ventilation defect for each of a right and left lung of the subject.

Other embodiments are directed to regional ventilation indexes and/or maps of
pixel variation in the lungs associated with PF signal data.

Yet other embodiments are directed to a cine of MRI images showing
breathing lungs with a temporal and spatial distribution of perfluorinated gas
associated with a ventilation pattern.

Additional embodiments are directed to pressurized canisters of a medic.al
grade gas mixture comprising at least about 21% oxygen and between about 20% to
about 79% inert pefluorinated gas.

The canister may also include a temperature sensor on the canister for
indicating whether the canister has been exposed to a temperature below 5°C.

Some embodiments are directed to a trifunctional medical grade gas
composition for administration to a human patient, comprising about 21% oxygen gas
and between about 20% to about 78% inert perfluorinated gas, and the balance
anesthesia gas.

Embodiments of the invention are directed to systems and methods of imaging
a spatial distribution of a perfluorinated gas by nuclear magnetic resonance
spectrometry, which include detecting a spatial distribution of at least one
perfluorinated gas by NMR spectrometry (e.g., MRI scanner) and generating a
representation of the spatial distribution of the perfluorinated gas. The representation
can be generated in 3-D volume or 2-D Multislice or projection images with an
additional temporal dimension related to the ventilation pattern of the gas including
the inhalation and exhalation phase. The perfluorinated gas may be imaged according
to the invention in chemical or biological systems, preferably in a human or animal
subject or organ system or tissue thereof.

Also, apparatus for nuclear magnetic resonance imaging of the spatial
distribution of the perfluorinated gas includes means for imaging a perfluorinated gas
by NMR spectrometry and means for providing and/or storing imageable quantities of

a perfluorinated gas as well as the delivery of the gas to the subject.
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Further, a medical composition may include a trifunctional gas mixture
including a medical grade (inert) perfluorinated gas, medical grade oxygen and a third
gas which may include an anesthetic gas or other relevant support gas (e.g., He).

Embodiments of the invention can employ a mathematical model that can be
used to interrogate the image data and generate a map of regional ventilation function.

It is noted that aspects of the invention described with respect to one
embodiment, may be incorporated in a different embodiment although not specifically
described relative thereto. That is, all embodiments and/or features of any
embodiment can be combined in any way and/or combination. Applicant reserves the
right to change any originally filed claim or file any new claim accordingly, including
the right to be able to amend any originally filed claim to depend from and/or
incorporate any feature of any other claim although not originally claimed in that
manner. These and other objects and/or aspects of the present invention are explaihed
in detail in the specification set forth below.

The foregoing and other objects and aspects of the present invention are

explained in detail herein.

Brief Description of the Drawings

Figure 1A is a schematic illustration of an MRI system with a gas delivery
system according to embodiments of the present invention.

Figure 1B is a schematic illustration of an MRI system with an alternate gas
delivery system according to embodiments of the present invention. |

Figure 1C is a schematic illustration of an MRI system and gas delivery
system similar to those shown in Figures 1A and 1B but with an imaging gateway/
interface according to embodiments of the present invention.

Figure 2A is a schematic illustration of another gas delivery system according
to embodiments of the present invention.

Figure 2B is a schematic illustration of yet another gas delivery/monitoring
system according to embodiments of the present invention.

| Figure 3 is a schematic illustration of another exemplary gas delivery system

according to embodiments of the present invention.
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Figure 4A is an illustration of a lung imaging coil jacket in communication
with a gateway interface and blocking network power supply according to
émbodiments of the present invention.

Figure 4B is a schematic illustration of an imaging system that can temporally
switch between the PFx and O2 gas mixture delivery and alternate gas delivery (e.g.
room air, 100% O2, etc) according to embodiments of the present invention.

Figures SA-5C are graphs of signal versus flip angle, each graph using a TR
of 10 ms and a TE of 1 ms (all other T numbers are also shown in ms units). Figure
5A is a signal plot of lung water. Figure 5B is a signal plot of SF6 and Figure SC is
a signal plot of PFP. (need some clarification in the figure) |

Figure 6 is a flow chart of operational steps that can be used to carry out
embodiments of the present invention.

Figure 7 is a schematic illustration of a data processing system that can be
used to carry out embodiments of the present invention.

| Figure 8 is a reproduction of in vivo images 3D GRE (Gradient refocused
echo) VIBE (Volumetric Interpolated Breath-hold Examination) of PFP of a pair of
human lungs using a perfluorinated gas and oxygen gas mixture in a single breath
hold.

Figure 9 is a panel of images of a patient's lung. The left images are 'H (base)
images, the right images are PFx (match) images and the center images are 3D fusion
images of 'H and PFx (typically shown color-coded). The top row of images
corresponds to transverse slices, the center row of images corresponds to coronal
slices and the bottom row of images corresponds to sagittal slices.

Figure 10 is a (typically color-coded) image of the lungs showing regional
lung morphometric information using 1H image data to demonstrate coverage of the
lungs according to embodiments of the present invention.

Figure 11 is a (typically color-coded) visualization of a series of lung images
obtained using PFx gas mixtures showing regional data of lung ventilation and/or
function (e.g. ventilation defects, deficiencies, gas trapping and the like) (shown in
panéls C-6 through C-20) using PFx and oxygen gas mixtures according to
embodiments of the present invention.

Figures 12A and 12B are examples of time-series images of a "leaking glove"
phantom housed in an acrylic sphere which allowed PFx to leak into the sphere via a
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small hole in the glove. The images illustrate data analyzed spatially to show contrast
between different concentrations of PFx analogous to ‘gas trapping’ according to
embodiments of the present invention.

Figure 13A and 13B illustrate two ROIs (Region of 1nterests) using the
leaking glove phantom. Figuré 13A shows two regions of interest ‘grown’ using é
seeded approach while 13B shows a region of the entire ‘object’.

Figure 14 is a graph of occurrences versus intensities of pixels/voxels of the
object illustrating that the intensity data/concentration differences can be analyzed
numerically according to embodiments of the present invention. This shows a
‘modal’ distribution of intensities analogous to gas trapping.

Figure 15 is a flow chart of exemplary image analysis steps that can be used
to identify ventilation defects and trapped gas volume according to embodiments of
the present invention.

Figure 16 is a schematic illustration of an image analysis protocol that can be
used to identify ventilation defects or abnormalities using extracted summary
parameters‘ according to embodiments of the present invention.

Figures 17A and 17B are charts of examples of extracted summary
parameters in slices of an image volume according to embodiments of the present
invention.

Figure 18 is a graph of PFx signal over time for regional analysis of
ventilation defects according to embodiments of the present invention.

Figuré 19 is a screen shot of an example of a overlay plot of
pnéumotachometer output over time with interposed MRI images at noted timelines
according to embodiments of the present invention.

Figures 20A and 20B are images and associated graphs of pixel count versus
PFx pixel intensity using a histogram ventilation defect analysis for different patients
according to embodiments of the present invention. Notably, both of the patients
have substantially the same FEV1 value but different defects.

Figure 21 is a schematic of a standardized compartment model of the lungs
that can be used to identify lung ventilation defect indexes for different patients

according to embodiments of the present invention.
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Figure 22 is a set of images taken at sequential times (and incremental gas
dose) for wash-in kinetic analysis of ventilation defect severity followed by wash-out
after switching to room air.

Figure 23 is an example of a graph, mean signal over time (based on a series
of images) of wash-in and wash out from a region of interest associated with images

shown in Figure 22.

Detailed Description

The present invention will now be described more fully hereinafter with
reference to the accompanying figures, in which embodiments of the invention are
shown. This invention may, however, be embodied in many different forms and
should not be construed as limited to the embodiments set forth herein. Like numbers
refer to like elements throughout. In the figures, certain layers, components or
features may be exaggerated for clarity, and broken lines illustrate optional features or
operations unless specified otherwise. In addition, the sequence of operations (or
steps) is not limited to the order presented in the figures and/or claims unless
specifically indicated otherwise. In the drawings, the thickness of lines, layers,
features, components and/or regions may be exaggerated for clarity and broken lines
illustrate optional features or operations, unless specified otherwise. Features
described with respect to one figure or embodiment can be associated with another
embodiment of figure although not specifically described or shown as such.

It will be understood that when a feature, such as a layer, region or substrate, |
is referred to as being "on" another feature or element, it can be directly on the other
feature or element or intervening features and/or elements may also be present. In
contrast, when an element is referred to as being "directly on" another feature or
element, there are no intervening elements present. It will also be understood that,
when a feature or element is referred to as being "connected", "attached" or "coupled"l
to another feature or element, it can be directly connected, attached or coupled to the
other element or intervening elements may be present. In contrast, when a feature or
element is referred to as being "directly connected", "directly attached" or "directly
coupled" to another element, there are no intervening elements present. Although
described or shown with respect to one embodiment, the features so described or
shown can apply to other embodiments.
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The terminology used herein is for the purpose of describing particular
embodiments only and is not intended to be limiting of the invention. As used herein,
the singular forms "a", "an" and "the" are intended to include the plural forms as well,
unless the context clearly indicates otherwise. It will be further understood that the
terms "comprises" and/or "comprising," when used in this specification, specify the
presence of stated features, steps, operations, elements, and/or components, but do not
preclude the presence or addition of one or more other features, steps, operations,
elements, components, and/or groups thereof. As used herein, the term "and/or"
includes any and all combinations of one or more of the associated listed items.

It will be understood that although the terms "first" and "second" are used
herein to describe various components, regions, layers and/or sections, these regions,
layers and/or sections should not be limited by these terms. These terms are only used
to distinguish one component, region, layer or section from another component,
regidn, layer or section. Thus, a first component, region, layer or section discussed
below could be termed a second component, region, layer or section, and vice versd,
without departing from the teachings of the present invention. Like numbers refer to |
like elements throughout.

Unless otherwise defined, all terms (including technical and scientific terms)
used herein have the same meaning as commonly understood by one of ordinary skill
in the art to which this invention belongs. It will be further understood that terms,
such as those defined in commonly used dictionaries, should be interpreted as having
a meaning that is consistent with their meaning in the context of the specification and
relevant art and should not be interpreted in an idealized or overly formal sense unless
expressly so defined herein. Well-known functions or constructions may not be
described in detail for brevity and/or clarity.

In the description of the present invention that follows, certain terms are
employed to refer to the positional relationship of certain structures relative to other
structures. As used herein, the term “front” or “forward” and derivatives thereof refer
to the direction that the gas mixture flows during use toward a patient (and where
captured upon exhale, then away from a patient); this term is intended to be
synonymous with the term “downstream,” which is often used in manufacturing or
material flow environments to indicate that certain material traveling or being acted
upon is farther along in that process than other material. Conversely, the terms
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“rearward” and “upstream” and derivatives thereof refer to the direction opposite,

- respectively, the forward or downstream direction.

The term "circuit" refers to an entirely software embodiment or an
embodiment combining software and hardware aspects, features and/or components
(including, for example, a processor and software associated therewith embedded
therein and/or executable by, for programmatically directing and/or performing
certain described actions or method steps).

The term "map" refers to a rendered visualization of one or more selected
parameters, conditions, or behaviors of pulmonary (lung) tissue or airway using MR
image data, e.g., the map is a rendered partial or global anatomical map that shows
ventilation and/or perfusion information in a manner that illustrates relative degrees or
measures of function, typically using different colors, opacities and/or intensities.

The actual visualization can be shown on a screen or display so that the map
or ventilation information images and/or anatomical structure is in a flat 2-D and/or in
a 2-D projection image in what appears to be 3-D volumetric images with data
representing features with different visual characteristics such as with differing
intensity, opacity, color, texture and the like. A 4-D map can either illustrate a 3-D or
2-D projection image of the lung with movement (e.g., wall movement associated
with a respiratory cycle) or a 3-D map with ventilation information during inhale
and/or exhale.

The term "5-D visualization" means a 4-D visualization image (e.g:, a
dynamic/moving 3-D or 2-D projection image of a breathing lung) with functional
(ventilation) spatially encoded or correlated infofmation shown on the moving
visualization.

The term "programmatically" means that the operation or step can be directed
and/or carried out by a digital signal processor and/or computer program code.
Similarly, the term "electronically”" means that the step or operation can be carried out
in an automated manner using electronic components rather than manually or using,
any mental steps.

The terms "MRI scanner" or MR scanner" are used interchangeably to refer to
a Magnetic Resonance Imaging system and includes the high-field magnet and the |
operating components, e.g., the RF amplifier, gradient amplifiers and processors that
typically direct the pulse sequences and select the scan planes. Examples of current
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commercial scanners include: GE Healthcare: Signa 1.5T/3.0T; Philips Medical
Systems: Achieva 1.5T/3.0T; Integra 1.5T; Siemens: MAGNETOM Avanto;
MAGNETOM Espree; MAGNETOM Symphony; MAGNETOM Trio; and
MAGNETOM Verio. As is well known, the MR scanner can include a main
operating/control system that is housed in one or more cabinets that reside in an MR
control room while the MRI magnet resides in the MR scan suite. The control room
and scan room can be referred to as an MR suite and the two rooms are generally
separated by an RF shield wall.

The term "cine" refers to a series of images shown dynamically, e.g., a
breathing lung in motion during a respiratory cycle or cycles, and is typically carried
out by looping image slices of a stack of images of the lungs and/or lung airways to
form a dynamic series of images at a certain frame rate (typically stated in frames per
second "fps"). The frame rate may be adjusted by a user to have a faster or lower
speed for ease of review of lung function or the like.

The term "MRI compatible" means that the so-called component(s) is suitable
for use in an MRI environment and as such is typically made of a non-ferromagnetic
MRI compatible material(s) suitable to reside and/or operate in or prbximate a
conventional medical high magnetic field environment. The "MRI compatible"
component or device is "MR safe" when used in the MRI environment and has been
demonstrated to neither significantly affect the quality of the diagnostic information
nor have its operations affected by the MR system at the intended use position in an
MR system. These components or devices may meet the standards defined by ASTM
F2503-05. See, American Society for Testing and Materials (ASTM) International,
Designation: F2503-05. Standard Practice for Marking Medical Devices and Other
Items for Safety in the Magnetic Resonance Environment. ASTM International, West
Conshohocken, PA, 2005.

The term “high-magnetic field” refers to field strengths above about 0.5 T,
typically above 1.0T, and more typically between about 1.5T and 10T. Embodiments
of the invention may be particularly suitable for 3.0T systems, or higher field systems
such as future commercial systems at 4.0T, 5.0T, 6.0T and the like, but can also be
implemented at 1.5 T.

Generally stated, perfluorinated (which can be abbreviated by the term "PFx")
gases can be used as imaging agents during MRI to allow data capture of regional
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ventilation information. The term "perfluorinated gas" refers to inert medical grade
gases derived from common organic perfluorocarbon or other perfluorinated |
compounds with the hydrogen atoms replaced with fluorine atoms. For medical
administration to humans and animals, the PFx gas should be formulated as a medical
grade gas with toxic chemicals/elements removed or present at levels defined as
acceptable for medical use and with microbial limits in compliance with (and testing
performed to meet) regulatory microbe and medical grade guidelines, such as the
those stated in USP Chapter 1111 as issued by the United States Food and Drug
Administration in 2009 and USP 61 and 62. Examples of suitable PFx gases include -
sulfur hexafluoride gas (SF¢) and perfluoroalkanes, such as, but not limited to,
Perfluoropropane ("PFP", also known as C3Fs) that are gaseous at room temperatures
and pressures. The nominal room temperatures are believed to be between about 20-
25°C and 1 atm (sea level) but the gas mixture can be used at lower and higher
temperatures and a range of pressures, but below a pressure that can cause the gasto .
liquefy so as to maintain the composition of the gas. Other PFx gases may also be
suitable such as perfluoroethane, perfluorocyclobutane, and perfluoromethane. The
perfluorinated gas is at least thermally or equilibrium polarized by a static magnetic
field generated by a magnet that is large enough to contain the subject "S".
Embodiments of the invention can generate a representation of the
perfluorinated gas spatial distribution in the lungs/airways that includes at least one
dimension, but preferably 2 or 3 dimensions of the spatial distribution. In addition,
the representation can be provided in a fourth dimension (temporal) related to the
ventilation pattern of the gas including the inhalation and exhalation phase.
Embodiments of the invention use conventional ‘thermally’ polarized
perfluorinated gases (PFx) mixed with oxygen for use as inhaled inert MRI contrast
agents to image lung function, e.g., ventilation and various ventilation defects. These
PFx agents attain a relatively high thermal polarization exceptionally quickly, which,
coupled with a large F MR signal (magnetic moment) and molecular symmetry,
allows imaging ventilation with a quality similar to that of hyperpolarized RO'C MRI,
but at lower cost and with reduced technical complexity. SF6 has a T1 of about 2 ms
while perfluoropropane has a T1 of about 20 ms. Thus, because of the different
physicochemical properties and/or T1’s, one or the other may be more suitable for
different breathing patterns. The PFx gases can allow for rapid image acquisition
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with near real-time imaging of ventilation dynamics. The term "near real-time"
means that the ventilation dynamic images can be generated while a patient is in the
MRI scanner suite, typically within about 30 seconds to about 5 minutes from initial
signal acquisition. An entire lung evaluation image session can be relatively short,
typically betwéen about 5-30 minutes, and more typically between about 10-15
minutes. The images can be obtained in a (gated) cine mode with free-breathing
delivery.

It is also contemplated that from a ventilation information viewpoint,
embodiments of the present invention can evaluate the MR image data from the PFx
gas mixture to assess and/or measure gas trapping and can allow a temporal domain
analysis of gas trapping that is not easily obtained with current imaging strategies. .
In addition, or alternatively, sequential breath-hold images or time gated images can
identify wash-in and wash-out information. These embodiments can be used to grade
the severity of the ventilation defects an approach also not easily obtained with
current imaging strategies. Also, due to the relatively optimum relaxation conditions
due to dominance of spin rotation relaxation on these agents and the ability to obtain a
signal from the incoming gas delivery system, the contemplated systems may provide
a more quantitative analysis and display of lung ventilation and/or functional
information. Changes in signal intensity of the PFx mixtures are sensitive to local
oxygen concentration. In some embodiments, an estimate of oxygen gas exchange
(perfusion) can be accomplished using T1 weighed images, ratio or subtraction
images or calculated T1 images. It is noteworthy that these embodiments can employ
a PFx agent with longer T1 relaxation times, e.g., PFx agents having a T1 above about
10 ms, such as, for example, perfluoropropane. ;

Embodiments of the invention may be used with "free-breathing" delivery of
the PFx gas mixture in contrast to breath-hold methodologies. The term "free-
breathing" means that the subject is able to passively inhale and exhale the gas
mixture in a substantially normal breathing or respiratory cycle without the
requirement of "breath-hold" or a ventilator or regulated gas delivery system. It is
noted that "free-breathing” may be carried out by directing the subject to inhale or
exhale at a different rate, e.g., with faster or lower respiratory cycles, shallow or deep
breaths or a forced ventilation breath (e.g., FEV1/FEC). The respiration can be via
the nose and/or mouth but does not require that a patient actually hold his or her
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breath during the imaging. It is believed that the free-breathing delivery can provide
improved accuracy in information regarding actual lung ventilation in the human |
lung(s) where a combination of convection and diffusion provide the ventilation
dynamics over several breaths as the tidal volume is roughly 1/6th of the total volume.
It is possible that ventilation defects found with other conventional (e.g., breath-hold)
methods may not be accurate. In addition, "free-breathing”" may make the system
particularly suitable for patients with impaired breathing function and/or for pediatric
use.

The lung contains three primary components: air (during normal breathing),
blood and tissue. Generally stated, the structural and physiologic arrangement of
these components provides for gas exchange and (typically) efficient resistance to the
movement of air and blood. Also, the lung can provide for removal of particulate
matter in inspired air by a specialized transport mechanism referred to as mucocilliary
clearance (a homeostatic process). An example of a model used to describe geometric
and/or morphologic changes can be obtained from R. Weibel, Morphometry of the
Human Lung, Spinger-Verlag, Berlin, (1963), pp. 1-151; and The Physiology of
Breathing, Grune & Stratton, 1977, New York, pp. 60-79; 173-232. Itis
contemplated that embodiments of the invention can generate images with ventilation
data/patterns showing morphology and function based on the temporal and spatial
distribution of the '°F (and 'H) signals in the lung space and tissue.

Turning now to the figures, Figure 1A illustrates a system 10 with an MRI
scanner 20 and a gas delivery system 30. The MRI scanner 20 includes a high-field
magnet 20M (typically in the scan room of the MRI suite). The magnet is typically at
least about a 3.0T magnet, but embodiments of the system 10 may be used with a
1.5T magnet ora magnet at other higher field strengths. The MRI scanner 20
includes a control console 21 and a display 22. The display 22 can be integral with
the console 21 and/or may be provided in a clinician workstation to display images.
The scanner 20 can communicate with the body coil 23 typically included in the
magnet housing in the scan room via lead 25 to direct the pulse sequence and transmit
receive operation as is known to those of skill in the art.

The gas delivery system 30 includes a source 30s of perfluorinated gas and
oxygen gas mixture 30g. The oxygen gas is typically provided in a normoxic amount,
typically between about 20.5% to about 21 %. The oxygen level should be
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maintained above 19.2%. Other gases may be included in the blend (mixture) as
suitable for medical use. However, the PFx gas is typically provided in an amount
that is between about 20%-79% of the gas mixture, and more typically between about
40% to about 79%.

The gas delivery system 30 includes at least one conduit 33 (e.g., typically
flexible MRI compatible tubing) that extends from the source 30s to the delivery
device 30d located proximate the subject "S" in the magnet 20M. The system 30 can
include at least one valve 31 and flow regulator 32. The gas flow can be provided as a
demand flow rate (controlled by the patient) or at suitable flow rates as is known to
those of skill in the art and may vary by patient size age or breathing capacity.

The at least one conduit 33 can be provided as about a 15-50 mm diameter
tubing, typically about a 38 mm diameter tubing, and may be single-use disposable.
However, other size conduits may be used. Further, the subject can be isolated from
the system by a high efficiency spirometry filter situated just after the delivery device
30d. The delivery device 30d can be in any suitable form, typically a mask or
mouthpiece. However, the delivery device 30d can comprise an intubation tube as
appropriate for a particular patient. The system 10 can include at least one oxygen
sensor 40 that can be placed along the gas delivery path. An electrical and/or optical
lead can extend from the sensor to the oxygen level monitor 42. Alternately, the
(non—destructiVe) oxygen sensor system may continuously sample the source gas 30s
using a pump system and return the gas to the source. The sensor 40 may also
communicate with the monitor 42 wirelessly, e.g. Bluetooth.

As shown, the oxygen sensor 40 is placed proximate the delivery device 30d
to confirm that the correct oxygen level is present in the gas mixture just prior to
delivery to a patient. This sensor 40 can reside inside or outside of the magnet 20M.
However, in other embodiments, the sensor 40 can reside upstream of the delivery
device, such as proximate the source 30s. In other embodiments, a plurality of
oxygen sensors 40 (Figures 2, 3) can be used to provide redundancy in the oxygen
verification/monitoring system. In some embodiments, a pulse oximetry system, such
as a finger tip pulse oximetry system (for example, In Vivo MVS 3155 or the NONIN
7500F0) can also be used to measure patient oxygen saturation level (SpO2) (not
shown) while the patient is in position in the scanner bore. A small drop in oxygen
saturation (SpO2 about 1-2%) may be expected, in particular if breathhold techniques
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are used. The SpO2 may be monitored for larger changes which could determine if
the study is to be terminated. A minimum SpO2 can be set with an alarm feature on
most oximetry systems.

The source 30s can comprise two separate gas supplies, one for oxygen and
one for PFx that can be mixed in situ at a clinical use site, such as in real time or prior
to the procedure, to provide the desired blend for the procedure and mohitor for
and/or filter any undesired microbes. A monitor can include one or more lasers or
other sensor(s) to confirm the correct oxygen percentage is present. In such an
embodiment, the microbial levels can be determined on the source gases
independently.

In other embodiments, the PFx gas and oxygen gas 30g may be supplied as a
pre-mixed gas at low pressure in a pressurized canister 30¢ (Figure 2). For example,
an 8 inch diameter 52 inch canister of SF6 (at about 79%) and O, (at about 21%) at
234 psig can provide about 472 liters of the SF¢ gas mixture. An 8 inch diameter 52
inch canister of PFP (at about 79%) and O, (at about 21%) at 68 psig can provide
about 136 liters of the gas mixture, Smaller (e.g., personal use) size canisters or
larger canisters may be used. Suitable medical grade gas mixtures can be obtained
from Air Liquide, Scott Medical Products, Plumsteadsville, PA. The source 30s can ‘
be placed in the control room or in the scan room or even outside the MR suite and
ﬂoWably directed into the suite via delivery lines, If placed in the scan room (inside

the RF shield), then aluminum or other suitable MRI-compatible material can be used

' to form the canister or components of the system. The gases are supplied at low

pressure so that the dense gas component remains in the gaseous state under normal
operating conditions of about 21 degrees C or room temperature. Because both
components are in the gaseous phase at this temperature, the component ratio of the
mix that is drawn out of the cylinder will remain constant.

Exposures to low temperatures should be avoided (store and use above about
5° C/41 °F or, in sofne embodiments, above about 10° C/50 °F) as condensation of one
of the components (namely, the SF¢ or C3Fg) may occur, thereby disturbing the
component ratio of the vapor phase. In such a situation, the gas cylinder can be
warmed to room temperature and ‘mixed’ by rotation of the cylinder and the
concentration checked as previously described, particularly, the oxygen level by an
oxygen sensor 40. Thus, where pre-mixed pressurized gas sources are used, a low
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temperature indicator or sensor can be placed on or in the container 30s. The gas
mixture is formulated to have a "dew point" of 0 degrees C so that it will not condense
above this temperature. The vapor pressure of PFP at 0 degrees C is 60.41 psi and the
vapor pressure of SF6 at 0 degrees C is 182.01 psi. To determine the overall pressure
of the mixture (at 0 degrees C), the vapor pressure is divided by the concentration o.f
the mixture. Then this number can be multiplied by 294/273 (degree Kelvin to degi‘ee
C conversion) to find the pressure at 21 degrees C/ 70 degrees F. |

For 79% PFP:
60.41/0.79=76.46 psia @ 0° C x 294/273=82.35 psia @ 21° C -14.7 = 67.65

psig@ 21°C.

For 79% SF6:
182.01/0.79=230.39 psia @ 0° C x 294/273=248.11 psia @ 21° C-
14,7=233.41 psig @ 21° C.

Figures 1A and 1C illustrate a display 22 configured with a user interface
(UT) 221. The display 22 can present a ventilation map or a display of lungs with
regional ventilation information data. For example, the ventilation map can comprise
a 3-D anatomical map of at least a region of the lung with spatially correlated
intensity data associated with, for example, gas trapping and/or wash in and wash out
of a PFx gas, taken from MR image data incorporated therein. The UI 221 may also
be configured to display intensity histograms (pixel intensity over time), typically
correlated to a lung/ventilation defect, a ventilation defect (numeric or alphanumeric)
index and the like. The UI 22I can be configured to allow a user to zoom, crop,
rotate, or select views of the map. The UI 221 can include multiple different GUI
(Graphic User Input) controls for different functions and/or actions. The GUI
controls may also be a toggle, a touch screen with direction sensitivity to pull in a
desired direction or other graphic or physical inputs.

The UI 221 can include a list of user selectable images associated with the
procedure that can be selected for viewing by a user. The UI 221 can also include
GUI controls that allow a user to select two or more of the images, typically maps, to
be shown together (overlaid and registered such as fused 'H and "F lung images).
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As shown in Figure 1C, the display 22 can be provided in or associated with a stand
alone workstation 60 in communication with the MRI scanner 20. The workstation 60
can include a circuit (e.g., ASIC and/or processor with software) that includes or
executes patt or all of the computer readable program code for generating the
ventilation map(s), ventilation images with regional ventilation information, and/or
cines of a breathing lung showing lung function. However, part or all of the circuit
can reside in the MRI scanner 20 or in one more remote processors.

Optionally, an MRI scanner interface 66 may be used to allow communication
between the workstation 60 and the scanner 20. The interface 66 and/or circuit may
be hardware, software or a combination of same. The interface 66 and/or circuit may
reside partially or totally in the scanner 20, partially or totally in the workstation 60,
or partially or totally in a discrete device therebetween. The display 20 can be
configured to render or generate near real-time visualizations of the target anatomical
space/lungs using MRI image data. |

Figure 1B illustrates that the system 10' can include an MRI compatible
anesthesia delivery system 38 that provides an anesthesia (such as a general
anesthesia) along with the gas mixture from the source 30s. Where this type of |
anesthesia-based system is used, the oxygen can be at a level that is between about
20-21%, the anesthesia gas can be at a level between about 5-20 %, typically about
15%, and the PFx gas can be at a level of between about 75%-59%.

Figure 1B also illustrates that the system 10' can include a patient monitor 39 -
which can monitor oxygen level in the delivery gas 38¢g as well as other patient vital
signs. The patient monitor 39 can be separate from or integral with the anesthesia
delivery system 38 monitoring system.

Figure 1B also illustrates that the system 10' can also include a Pp
transmit/receive lung coil 28. The coil 28 is tuned to a selected frequency range
associated with '°F for the MRI field strength in use (e.g., about 115 MHz fora3 T
syétem) and positioned on a subject/patient to transmit the excitation pulses and to
detect responses to the pulse sequence generated by the MRI unit. The coil 28 can be
a quadrature coil in a relatively flexible wrap-around (vest-or jacket-like)
configuration (Figure 4A) with conductors positioned on both the front and back of
the chest. Alternately, a semi-rigid or rigid coil configuration is also possible using
‘birdcage’ geometry, ‘phased array’ geometries and or parallel imaging geometries.
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A suitable (prototype) coil is made by Clinical MR Solutions, Brookfield, WI. In
other embodiments, the coil 28 can be a multi-piece (e.g., two-piece) coil that
provides the front and back (top and bottom) conductors for signal transmit/receive
(Tx/Rx). Different coil sizes may be used for different size patients, e.g., S, M, L,
child and the like, each having different radial and/or longitudinal extension and/or fit.
Examples of other coil types known to those of skill in the art include a bird cage
configuration, a Helmholtz pair, and a phased array.

Embodiments of the present invention use multifrequency imaging, e.g.,
concurrent 1H and “F imaging. Thus, the system 10 can be configured to scan using
'H imaging either with the body coil 23 (the °F ¢oil 28 can be "H blocked) or with a
two frequency array or other coil and operational arrangement with the lung coil 28 in
positidn. Other embodiments of the present invention can use parallel imaging to
improve the speed of acquisition or decrease the specific absorbed radiation (SAR) of
the acquisition.,

Figure 1C illustrates that the system 10 can include an interface/gateway 50
with a blocking circuit S0C that can be in communication with the coil 28. The coil
28 is actively proton-blocked to allow 'H imaging through the coil 28 or coil 23 while
the coil 28 is in place on the subject. The MR scanner can transmit either 1H or 19F
frequencies in one embodiment of the invention and in other embodiments may
alternate the frequencies in real time or simultaneously transmit 1H and 19F
frequencies for image formation and acquisition. In all embodiments the 19F coil will
be statically or dynamically disabled during the 1H transmission.

The interface/gateway 50 can be connected to the coil 28 via lead 27 and to a
channel associated with the scanner via lead 27,. The interface/gateway 50 can reside
in the control room or in the scan room. The gateway/interface 50 with blocking
circuit 50¢ will be discussed further below.

Figure 2A illustrates another example of a delivery system 30. As shown, the
system 30 includes a pressurized canister 30¢ with the PFx/O; gas mixture 30g. The
canister 30¢ can include a flow regulator 33 and valve 31. The canister 30s can also
include a temperature sensor 36 to confirm that the canister 30s has not been exposed
to elevated temperatures so that the mixture is suitable for dispensing. The sensor 36
can be a sensor that changes color if exposed to a temperature above the defined
threshold (e.g., green is "good" and red is "bad"). The sensor 36 can include or be in
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communication with an electronic monitor 36m with a power source (such as an on-
board battery) that can provide an audio and/or visual alert if the canister 30¢ has been
exposed to an undesired temperature (e.g., a temperature below about 5° C/41 ° F).
The electronic monitor 36m can also include a circuit that can receive and hold data
indicative of the date/time filled and store temperature readings taken at desired
intervals, such as, for example, every 10 seconds to every 30 minutes, typically every
1-10 minutes. The electronic monitor 36m can include a circuit with memory that
holds the temperature information (and lot number, supplier and/or other relevant gas
information) and the memory and/or monitor can form part of the patient record. If,
during or after filling the canister 30¢ with the gas mixture 30g, the canister 30c¢ has
been exposed to an undesired temperature, the length and date of the over-exposure
can be identified to allow a user to address the shipment/handling issue. In such a
situation, thé gas cylinder can optionally be warmed to room temperature and ‘mixed’
by rotation of the cylinder and the concentration checked as previously described by
an oxygen sensor 40.

As shown in Figure 2A, the system 30 can include a conventional Douglas
bag arrangemeht with continuous monitoring of the source gas 30g oxygen level using
oxygen analyzer 42 with a pump in fluid communication with a sampling supply line
43 and return line 45, Thus, the system 30 can provide a continuous (circulating)
sampling system of the gas mixture 30g.

| As shdwn in Figure 2A the system 30 can include a flow path 33 with a
microbe filter 51 (such as a 0.22 micron millipore filter) residing between an intake-
side D‘ouglas bag 55 and a high-efficiency spirometer filter 53. The Douglas bag 55
can be between about 1-200 liters and is typically about a 25 liter bag. The high
efficiency spirometer filter can provide low flow resistance and suitable a bacterial &
Viral filter, e.g., a bacterial filtration efficiency of about 99.9999%. In this example,
the microbe filter is a Cole Parmer, Vernon Hills, IL, Nylon Sterile Syringe Filters;
Pore Size;0.20,microns Item#: EW-02915-04. The spirometer filter can include a
Resp Therapy Filter Item#: MQ 303 from Vacumed, Ventura, CA. The oxygen
analyzer can include the Oxigraf Oxygen Analyzer Item #: 07-0006. The one way
valves can be obtained from Vacumed (Item# R5010). The non-rebreathing T-valve
can be obtained from Vacumed Item# 1464. Other components such as the tubing,
Douglas Bags and connectors can also be obtained from Vacumed.
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The flow path 33 can also include a mouthpiece 30d in communication with a
one-way breathing valve 35, The inhale gas flows into the mouthpiece 30d. The
mouthpiece 30d can include or be in communication with a (non-rebreathing) "Y"
valve and/or a one-way valve 35 to allow for free-breathing. The system 30 can also
optionally include a laser oxygen level sensor 40 downstream of the spirometer filter
53. The system 30 can also include another (high efficiency) spirometer filter 53
residing downstream of the mouthpiece 30d in communication with the exhale
Douglas bag 56 (where used). The exhale-side Douglas bag 56 can be larger than the
inhale-side bag 55, typically at least four times as large, such as, for example, about
15 O liters. The tubing forming the flow path 33 and the valve 35 and mouthpiece 30d
can be single-use disposable. The system can include a three-way pneumatically
controlled valve 44v connected to the pneumatic control 44 in the control room.

Figure 2B illustrates a system 30' similar to that shown in Figure 2A.
Featﬁres described with the above system 30 can be included with this system 30" and
features described with this system 30" can be used with the above system 30 although
not specifically described or shown therewith. Further, not all components shown
with either system 30, 30" are required for either one.

The system 30' shown in Figure 2B can also include an MRI compatible
pneumotachometer 34 positioned along the intake flow path 33i with a connecting
line 33/ extending to an amplifier and data recorder 34A. The amplifier/recorder 34A
typically resides in the MR control room but may also reside offsite or even in the
magnet room (with proper shielding). The system 30' may also include An MRI
compatible pneumotachometer 134 along the outgoing flow path 330. This
pneumotachometer 134 may also include a line 134/ that connects to an amplifier/data
recorder 134A. Although shown as two pneumotachometers 34, 134, these may be
integrated into a single device. The recorder 134A may also reside in the control
room but can reside elsewhere (offsite or in the magnet room). A single, typically
dual channel, recorder may be used instead of two recorders as shown. The system
may include a dryer 37 in fluid communication with and upstream of the outgoing
pneumotachometer 134 to dry gas in the expiratory gas flow path. Inspire and expire
data from the pneumotachometers 34, 134, typically via the associated recorders 34A,
134A, can be used to provide an MRI respiratory gating input 20G for the gateway
interface circuit 50 of the MR Scanner used to obtain MR image signal in a manner
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that is gated to the respiratory cycle. The pneumotachometers can be Lilly type
pneumotachometers.

The system 30' may also include a receiving chamber 110 in fluid
communication with the outgoing flow 330 path residing downstream of the
pneumotachometer 134 (where used). The chamber 110 can be a "mixing" chamber
that collects a desired volume of output gas from the patient. The term "mixing"
means that more than one sequential breath is allowed to equilibrate before external
sampling of the oxygen and carbon dioxide levels. An alternative is to sample the
exhaled gases at the valve 35. The system 30' can include an analyzer 112 that
connects 111 to the chamber 110 that analyzes the content of the mixing chamber
110. The analyzer can be a real-time oxygen/CO2 analyzer. The term "real-time"
means that the analysis can be carried out within about 1 second or less, typically
substantially concurrently with, a measurement or reading at the chamber 110 or
valve 35. The analyzer 112 can provide data for VO2 assessment/determination. The
analyzer 112 can reside in the MR control room but may also reside remote of the
control room or even in the magnet room (with proper shielding).

In some embodiments, a time constant t for PFx/O2 and room air can be
determined or used to calibrate the signal intensity and/or to help define the desired
times for obtaining image data for "gas trapping" evaluation. The volume "V" and/or
content of the "V inhale and the V exhale can be sampled. Vroom air and V PFx can
be eétablished based on interpolations of N2/PFx at different concentrations (O,
sampled, CO, sampled). For example, for an input of 21%0, and 79% PFx, the
output gas in the chamber 110 downstream of the patient or sampled at valve 35 can
be analyzed. In a sample, there can be O, and CO,, N3 and H,O. The H,0 can be
captured in a dfyer 37 (weighed over a number of breaths). With the sequential
breaths of the PFx mixture, the output gas is 79% Pfx (due to the extremely low
solubility in water), oxygen (~14%), CO, and water. With the water ‘trapped’ in the
drying system 37, it is possible to know the composition of both the input gas mixture
(certificate of analysis) and the output gas mixture with the sampling systems so that
global exchange of oxygen can be determined. This data can act as a defining factor

in the regional analysis of the 19F lung images.
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Figure 3 illustrates another embodiment of the delivery system 30 and/or
further or alternative features that can be used with any of the delivery systems
described or illustrated herein.

The system 30 may include a single flexible bag to assist in the passive
delivery of the gas 30g, such as a Douglas bag 55. The bag 55 can include a
temperature sensor 55t and the system 30 can include a plurality of oxygen sensors 40
of the same or different types to confirm that the oxygen level is at a desired level -
prior to delivery to a subject/patient.

The system 30 may also optionally include a scale or other weighing device
133 that can communicate with the electronic monitor 42 to alert a user if the supply
is below a certain amount, e.g., when less than 5 liters remain, or when below a
certain weight corresponding to a low level of the gas mixture. The monitor 42 can
be the same monitor as the oxygen monitor or may be a separate monitor.

The pressurized canister 30¢ of premixed gas 30g can be held in a portable
insulated case. The case can include insulation that can help keep the canister above
about 10° C/50 °F during transport and/or storage. The case can include a
thermometer or other temperatures sensor that communicates with an on-board
heat/cool source so as to be temperature controlled. The case can hold a single
canister 30c¢ or a plurality of canisters. The canister 30¢ can hold a single patient
bolus supply or multiple-patient bolus amounts. Examples of suitable single patient
bolus supplies include about 1-100 liters, typically about 10-25 liters. The electronic
monitor 36m, where used, can reside inside the case or outside the case. The .
temperature sensor 36 can be placed inside the case instead of directly on a canister in
the case or in addition to individual sensors 36 on each canister 30¢. A single monitor
36m can monitor the tefnperature of all temperature sensors for the respective
canisters in the case. The case can optionally include a scale or other weighing device
that can communicate with the electronic monitor to alert a user if the supply is below
a certain amount, e.g., when less than about 10% of the "full" weight remains.
Alternately a pressure sensor sampling at 35 can also detect a empty delivery bag at
55. Each canister 30c¢ in the case can be in communication with such a scale or a
single "dispensing" position in the case can include the scale and the canister 30¢ in

active use can be placed in this position for capacity/level sensing so that the delivery
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of the gas mixture 30g during a procedure is not disrupted by an inadvertent "empty"
gas source.

Figure 4A illustrates that the interface/gateway S0 can also include a power
supply and two operational modes as shown in Figure 4A. The gateway/interface S0
can include safety indicators for the blocking circuit SO0C as shown in Figure 4A.
The lung (also known as "chest") coil can be configured to be "proton-blocked"
allowing the MR scanner body coil to be used to make a proton image of the subject
in substantially the same position as the subject during the 'F image. Thus, the
proton blocked chest coil allows the body coil to obtain supplemental proton-based
data image (without the interference of the F ¢oil) which can be combined in a
signal processor to provide a more detailed diagnostic evaluation of the target region
of interest. The blocking circuit can be of a passive crossed diode design, active pin
diode design or combination design. The purpose of the blocking circuitry when
activated is to provide a high impedance at the 1H frequency. Indicators on the
blocking circuit power supply include general power (110V) available, blocking
voltage (100 V reverse bias or -100 V) available during 1H transmit and blocking
voltage disabled (10 V forward bias or +10 V) during 19F transmit. The coil 28 and
the interface/gateway 50 can be used with all other embodiments of the invention. ‘

Figure 4A also illustrates that the coil 28 can be a relatively flexible wrap-
around vest- or jacket-like coil with conductors positioned on both the front and back
of the chest. The rectangular dimensions can be about 30-40 cm by about 110-140 cm
to give nominal coverage of about 38-40 cm diameter which may be particularly
suitable for most adult patients.

For a 3.0T system, the 'H resonance is nominally 123-128 MHz while the Pp
resonance is about 115 MHz, These frequencies are relatively close. Thus, as
discussed above the coil 28 can be proton blocked to allow 'Y imaging while the
subject S is in the scanner 20M. The interface/gateway 50 can be configured to allow
a user to manually select and/or the system 20 to electronically select either a 'H
imaging mode or a F imaging mode.

During at least a portion of the imaging session, before, after or during
delivery of the gas mixture 30g, the body coil 23 can collect 'H signal while the lung
coil 28 collects °F signal, thus allowing substantially concurrent, generally
simultaneous, 'H imaging with '°F imaging. It is also contemplated that two

-32-



WO 2011/103138 PCT/US2011/025011

10

15

20

25

30

frequency array coil can be used to obtain the two different frequency image data
signals concurrently.

' The system 20 can be configured to transmit and receive excitation pulses at
both the 'H and "°F resonances during a single imaging session and acquire image
data signals using the body coil 23 and the lung coil 28. To evaluate "wash in", "wash
out" or other ventilation information, the '°F imaging can continue for a plurality of
respiratory cycles before, during and/or after the gas mixture 30g delivery, while the ,

patient breathes room air. For a "wash out" cycle from saturation of the gas mixture

in the lungs, the wash out cycle can be carried out for as long as there is detectable R

| signal, which is believed to be between about 2-10 respiratory cycles in duration. The

air breathing intake imaging with F in lung spaces/tissue may allow gas trapping
evaluation in both a regional and temporal manner. Examples of such images are
shown in Figure 22.

The system 10 can be configured to generate cine images of the lungs and lung
spaces/airways. The cine images can be gated to the respiratory cycle. Gated
imaging techniques are known. See, e.g., U.S. Patent Application Publication No.
2008/0132778, the contents of which are hereby incorporated by reference as if
recited in full herein.

As shown in Figure 4B, the system 10 can include an automated cycling
system that electronically controls the gas delivery system 30 using, for example, a
valve 30v; located proximate the patient to close the flow path 33f and a valve 30v;
residing between the air intake and the mask or mouthpiece 30d to open the air flow
path 33a to allow the patient to breathe air during a portion of the imaging session.
Typically, the patient will breathe normal room air for the first 1-5 minutes with 'H
MRI Tx/Rx operation. The patient will then be changed over to the gas mixture 30g
for 1-10 minutes, then switched back to room air, during which time F signal can be
obtained. The system 10 can then close the air flow path 33a and open the gas flow
path 33f to deliver the PFx gas mixture 30g. The dispensing member (e.g., mask,
nasal input or mouthpiece) can also be associated with a (one-way and/or "Y" ) valve
55 that directs the exhaled room air or gas mixture to a downstream container such as
a bag which can be a Douglas bag 56 (Figure 2A, 2B).

As shown, the gateway/interface 50 can include a respiration control circuit
50R that electronically controls the opening and closing of the valves 30vy, 30v;
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during the imaging session. However, the valves may also or alternatively allow for
manual operation, However, the air to gas mixture control circuit SOR can be a
separate circuit in a different device and can, for example, be interfaced to the scanner
20 or a dedicated workstation.

The use of medical grade inert PFx gas and oxygen gas mixtures as imaging
agents during MRI can provide regional ventilation information. The PFx gas attains
a relatively high thermal polarization exceptionally quickly which coupled with the
large '°F MR signal, allowing for imaging ventilation with a quality similar to that of
hyperpolarized 129%¢ MRI, but at lower cost and with reduced technical complexity.
Additional parameters such as ‘gas trapping’, ‘wash-in’ and ‘wash-out’ time/dose
curVes and ventilation defect severity can be determined with these mixtures. Oxygen
extraction can be indirectly determined from images obtained proximal to inspiration
and compared to images >2 seconds post inspiration.

The scanner 20 can be configured to employ suitable MRI pulse sequences,
including, for example, a gradient echo sequence in both or either 2D and 3D modes,
such as a GRE (gradient recalled echo) sequence and the GRE VIBE (Volume
Interpolated Breath hold Examination) sequence modified for very fast imaging. Both
of these pulse sequences allow physiologic gating and standard imaging modes which
allow for washout measurements of regional ventilation. The currently contemplated
imaging methodologies do not have extraneous background signal, thus allowing the
use of non-selective excitations and extremely short echo times (TE) on the order of
about 500 microseconds (us) at high pixel bandwidths (BW) of about 1500 Hz/pixel
(appropriate for SF6) and a lower BW of about 200 Hz/pixel) with a TE of about 0.8-
1.2 milliseconds (ms) for PFP (because of the longer T2 and T2* for this agent). A
3D image (5 mm in-plane resolution and 15 mm slices) can be sampled in a few
seconds, which allows a full 3-D volumetric reconstruction. Voxel dimensions caﬁ be
any suitable volumes but are typically 5 mm in-plane and 10-20 mm slices. However,
it is also contemplated that alternate or optimized pulse sequences will be developed -
for use with the PFx gas mixtures in the future.

The pulse sequence can be generated to use a suitable flip angle to obtain the
signal data of the target gas. Figures SA-5C illustrate examples of signal plots
(signal versus flip angle) for TR=10ms and TE=1ms (TR refers to the repetition time
and TE refers to echo time). For lung parenchyma (Figure SA), the T1 is about 1200
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ms, and T2* is about 1.8 ms. As shown in Figure 5B, for SF6, T1=2 ms and T2*=1

~ms, As shown in Figure 5C, for PFP, T1=20 ms, T2*=10 ms. T1 is the decay time

constant (T1) corresponding to the gas polarization life and T2* is a transverse
relaxation time.

Figure 6 illustrates exemplary operations that can be used to carry out
methods contemplated by embodiments of the present invention. A perfluorinated gas
and oxygen gas mixture is administered/delivered to a patient (block 100).
Optionally, the delivery is a free-breathing delivery of the gas mixture during the
image data acquisition (block 105) (note that step105 could breath-held, free
breathing or paced breathing where pacing could be accomplished with a visual or
aural (tone) for the subject to match their breathing pattern). MR image data of the
lungs and/or lung airways of the patient are obtained during and/or after the delivering
step (block 110). At least one of the following is generated using the obtained MR
image data: (a) Cine MRI images of lung {/entilation; (b) gated dynamic MRI images
of lung ventilation; and (c) color-coded static images showing regional ventilation
information over at least a portion of at least one respiratory cycle; (d) at least one
ventilation function index (which can include at least one different index for each of
the right and left lung or other compartmentalized measures for more site-specific
information rather than the global conventional FEV measures); (e) aregional percent
defect assessment based on MRI PFx (intensity) image data (that can also be for each
of the right and left lungs); and (f) an overlay plot using pneumotachometer data and
MRI lung 1H and 19F images (block 120). The system may also be configured to
display or provide FEV1 measures using both oxygen and the PFx gas used for the
MRI images. It is contemplated that pulmonologists may be able to interpret the new
data better if conventional FEV1 measures are provided as a "baseline" or reference
information (at least while the new technolo gy is initially clinically implemented to
facilitate clinician acceptance and understanding of the new measures of ventilation
defects).

In some embodiments, the generating step generates a 3-D cine of lung
function/ventilation (typically including image data collected based on free-breathing
of the PFx and O2 gas mixture) (block 124). The cine images may be gated to the
respiratory cycle and obtained over a plurality of breathing cycles using signal
averaging.
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Optionally, the method can also include the step of monitoring the oxygen
level of the gas mixture and/or the patient during the delivery and/or obtaining step
(block 107).

Optionally, but typically, air-breath "H MR images of the patient are obtained
before or after the PFx images during a single imaging session (block 112). This can
be performed to include "wash in" and "wash out periods" which may provide gas
trapping or other ventilation defect information. See, e.g., Figures 15-19,22 and 23.
Optionally, lung ventilation information is displayed with a color-coded map of
ventilation and/or perfusion with the abnormalities, defects, or deficiencies indicated
in at least one visually dominant manner such as color, intensity and/or opacity based
on the obtained MRI data (block 114).

Optionally, visualizations of the lungs and/or lung airways are displayed so
that the visualizations include image data from both air-breaths using 'H image data
and PFx gas breaths using F MR image data (block 122).

The static and/or dynamic ventilation images can be based on fused images of
registered 'H image data and F image data obtained concurrently during a single -
imaging session.

The systems can include pneuomtachometers in the gas flow path (inspire side

and expire side) that ca be used to obtain airflow data used to gate the MR image
acquisition (block 125). The systems/methods can be configured to automatically
take VO2 measurements using a sensor on a collection chamber in the expire gas flow
path during the imaging session while the patient is in the MR Scanner (block 126).

In some embodiments, baseline ventilation images can be electronically
compared to ventilation images taken during or after treatment with a therépeutic
agent to analyze effect on lung function. The electronic comparison can be based on
intensity differences of spatially correlated imaging data or changes in gas trapping
function of the lung and the like.

Generally stated, in some embodiments, a patient is positioned in a bore of an
MRI scanner magnet 20M and exposed to a magnetic field. As is well known to
those of skill in the art, the MRI scanner 20 typically includes a super-conducting
magnet 20M, gradient coils (with associated power supplies), a body and/or surface
coil (transmit/receive RF coil), and a RF amplifier for generating RF pulses set at

predetermined frequenoies. The RF pulse(s) is transmitted to the patient with a
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defined pulse sequence and flip angle(s) to excite the target nuclei. The body 23 and
surface (lung) coil 28 are each tuned to a different selected frequency range to
transmit the excitation pulses and to receive signal in response to the TX pulse
sequence generated by the MRI unit.

Thc patient inhales a quantity of the PFx/O2 gas mixture into the pulmonary
region (j.e., lungs and trachea). After inhalation, the patient can hold his or her breath
for a predetermined time such as 5-20 seconds. This can be described as a “breath-
hold” delivery. However, in other embodiments, the patient can freely inhale the
PFx/02 gas mixture during the image session and signal acquisition.

During or shortly after inhalation of a suitable amount of gas mixture, the MRI
scanner delivers a desired pulse sequence typically with a large flip angle, such as, for
example, a flip angle of about 40 degrees for PFP and a TR of 5Sms. As used herein,
the term "large flip angle" refers to a flip angle which is greater than about 30 degrees
and up to 90 degrees.

The patient can then freely breathe air from the room and additional Pp sighal
can be obtained during additional respiratory cycles. The dissipation or trapping of
the signal can be evaluated to assess regional or global measures of ventilation.

Figure 15 illustrates a series of steps that can be carried out along a time line
to obtain different MRI signal data using both 1H and 19F MRI. As shown, the MR
Scanner can be loaded (e.g., activated or selected to run) with 1H and 19F protocols
(coils, pulse sequences, gating, etc...) (block 200). A smart frace and region grow
algorithm can be used to outline a lung cavity or cavities using IH MRI (block 210).
The region grow algorithm can be used to define the airspace(s) using 19F MRI
(block 220). An example time course is set out at the right side margin, from time t=0
which is set to match the delivery of PFx/O, gas to time N, which is a few breath
cycles after the cessation of the PFx gas/O, mixture and the intake of air (which is
shown at time t=2). During the time sequence, MRI image data can be obtained. At
time t=0 to t=2, during a "wash in" period of PFx gas to an equilibrium or saturation |
period (t=2), image data is obtained (including images and/or cine images). The
previously defined lung cavity outline and airspace regions can be used. The image
data can be used to show a ventilation defect, by subtracting the lung airspace from
the lung cavity (blocks 225, 227, 229). The PFx gas/Oé mixture can be shut off and
the patient can intake air (t=3). Image data can be obtained during the "wash out"
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period times t=3 to t=n. The trapped volume of gas can be defined based on the lung
airspace images (blocks 231, 233).

Figure 16 is a schematic illustration of region based image analysis using both
1H and 19F (registered) MRI image data. As shown, two image data sets are
obtained, one 1H MRI data set 250; and one 19F MRI data set 250,. The two image
sets are aligned using, for example, 3-D normalized mutual information co-
registration (block 255). This matrix can be electronically stored for future use.
Lung masks can be created using the 1H MRI data set 2504, the masks can be created
using Region Growing and LiveWire or other suitable algorithms (block 252).
{Examples of such algorithms are described in numerous texts, for example, in
“Handbook of Medical Imaging: Processing and Analysis”, Isaac N Bankman, Ed.,
Academic Press, 2000} The masks can be filtered (e.g., weighted rank) and optionally
dilated (block 254). These masks can be applied to the registered 19F images 255R
(e.g., NMI co-registered 19F image data). Summary parameters can be extracted
from the 19F MRI image data using the applied masks (block 260). Summary
parameters can be extracted by volume and/or slice, including, for example, pixel
intensity, pixel count, histogram, summary statistics, 2D shape factors and the like.
The term "summary statistics" includes, for example, mean, variance, range, etc. and
the term "2-D shape factors" includes, for example, centroids, pixel weighted
centroids, etc.

Figures 17A and 17B are tables of summary parameter data that is generated
for one volume and a plurality of slices. The ventilation defect score (or "index") for
Figure 17A is 39 while that for Figure 17B is 116. The ventilation defect score can
be determined by calculating the centroid in each slice as well as the image pixel
intensity weighted centroid in each slice. By summing the difference (x and y
positions) of these parameters, a volume displacement score can be obtained. For
instance, if the image is homogeneous in intensity the ventilation defect score
("VDS") would be zero. Larger values of the VDS give a single global index of
inhomogeneous image intensity.

Figure 18 illustrates a regional analysis using data from a graph of F Prx
signal "S" over time of the PFx gas. At a defined time (t=x), a ventilation defect can
be identified based on a defined range or threshold value. This defect can be based on
the value at the defined time (or ranges of values), and/or may include the slope or
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area under the curve of a respective line. As shown, a substantially flat line from t=0
to t=x can indicate a major ventilation defect (shown as 100%) while the upper liné
with the larger value at time t=x indicates no ventilation defect. The intermediate line
indicates a decrease in function, shown as a 50% ventilation defect. In practice, thé
time can incorporate a few hundred seconds of image acquisition of a temporal array
of data (e.g., Figure 22) and the ventilation defects can rank based on regions that
show asymptoﬁc local signal maxima (no ventilation defect).

| Figure 19 illustrates an example of an overlay plot or output display that can
be provided to a clinician at a local worksite or a remote station. The display includes
a time line of airflow data of the patient 302 using at least one pneumotachometer
with an overlay of MRI images, including one or more of images 305, 310, 320, 325,
330, taken at a corresponding time during the recording (with both air and PFx gas
intake). The images can be thumbnail images that are shown over the airflow data or
may be provided in an adjacent panel or windows. A Ul associated with a display
that shows the overlay plot 300 can be configured to allow a user to select one image
to enlarge it on the overlay or in a separate window for ease of viewing.

Air flow rate is determined directly from the calibrated pneumotachometer 34
and volume is determined by integrating air flow with respect to time. In practice, as
the data is digitized the trapezoidal rule applies.

For example, as shown inspire and expire breath hold normal air 1H images
can be shown proximate to the time during the breath hold reflected by the airflow
timeline. The inspire image can be before or after the expire image. The MRI
frequency can be adjusted and may be marked on the overlay 300 as shown by text
reference 315 (but arrows, different colors, or other indicia may also or alternatively
be used). Inspire and Expire breath hold 19F MRI images may be obtained 320, 325
over sequential or non-sequential breatholds (Figure 22, shows 8 sequential
breathholds) and shown on the overlay plot 300. A cine run of MR images 330
during free breathing of the PFx gas/O, mixture can be obtained and also shown or be
accessible via a thumbnail and/or viewing panel or window on the display shown as
on the overlay plot 300.

Figures 20A and 20B illustrate a respective graph of pixel count versus PFx
pixel intensity for each of a right and left lung of two different patients. While the
PEV1 of each patient is almost exactly the same, the one of the left is an FEV1 of
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0.62 for a 68 year old whilé the one on the right is 0.61 for a 54 year old, the
histogram ventilation defect analysis shows a large defect difference.

Certain embodiments are directed to generating a ventilation defect alpha
numeric or numeric index that can be used to facilitate clinician and patient
understanding or use of the PFx image data. The index can be right and left lung
specific, e.g., an index for each lung of a patient such as R-10 (large right lung
ventilation defect) and L-3 (lesser ventilation defect in the left lung).

The index can be provided as a series of indices for each lung based on a
standardized compartmentalized model of the lung. An example of a
compartmentalized model 380 of the lungs is shown in Figure 21. The model can be
a quadrant or other multi-compartment 2-D or 3-D model based on the PFx/O; gas
MRI pixel signal. Each compartment of the model can be evaluated and/or populated
using pixel intensity data and assigned an index that is provided on a scale that
represents a low or no ventilation defect to a major or total ventilation defect. The-
scale can go from low to high or high to low. For example, the model can have
between 1-20 éOmpartments and a patient can have an associated number of
measures, e.g., for twelve compartments each compartment can have a defined
associated identifier such as R1-R12 (right lung) and L1-L12 (left lung), with each
having an associated measure of ventilation defect, e.g., from 0-10 or 0-100 and the
like. This same data can be provided in a visual "virtual" lung model or as a data set
for a clinician to use. It is contemplated that a more regionalized quantitative
assessment of ventilation defects can help treat or track disease progression relative to
the global FEV1 measure currently used. The index or indices can be provided along
with conventional FEV1 measures to facilitate clinician acceptance or use (and allow
the clinician some historical evaluation information that may be helpful when
deciding on a therapeutic course of action).

The index can be provided as an integrated index (e.g., alphanumerical or
numerical) which indicates the defect rating in each defined region or as a global lung
index (typically, at least one per lung). The indexes can be provided as a ventilation
defect index map showing a spatial distribution (pixel wise) of the lungs. The
distribution can be based on histogram data or other image signal data associated with

19F at equilibrium and/or wash-in and/or wash-out.
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Embodiments of the present invention may take the form of an entirely
software embodiment or (more likely) an embodiment combining software and
hardware aspects, all generally referred to herein as a "circuit" or "module."
Furthermore, the present invention may take the form of a computer program product
on a computer-usable storage medium having computer-usable program code
embodied in the medium. Any suitable computer readable medium may be utilized
including hard disks, CD-ROMs, optical storage devices, a transmission media such
as those supporting the Internet or an intranet, or magnetic storage devices. Some
circuits, modules or routines may be written in assembly language or even micro-code
to enhance performance and/or memory usage. It will be further appreciated that the
functionality of any or all of the program modules may also be implemented using
discrete hardware components, one or more application specific integrated circuits
(ASICs), or a programmed digital signal processor or microcontroller. Embodiments
of the present invention are not limited to a particular programming language.

Computer program code for carrying out operations of the present invention
may be written in an object oriented programming language such as Java®, Smalltalk
or C++. However, the computer program code for carrying out operations of the
present invention may also be written in conventional procedural programming
languages, such as the "C" programming language. The program code may execute
entirely on the user's computer, partly on the user's computer, as a stand-alone
software package, partly on the user’s computer and partly on another computer, local
and/or remote or entirely on the other local or remote computer. In the latter scenario,
the other local or remote computer may be connected to the user’s computer through a
local area network (LAN) or a wide area network (WAN), or the connection may be
made to an external computer (for example, through the Internet using an Internet
Service Provider).

The present invention is described herein, in part, with reference to flowchart
illustrations and/or block diagrams of methods, apparatus (systems) and computer
program products according to embodiments of the invention. it will be understood
that each block of the flowchart illustrations and/or block diagrams, and combinations
of blocks in the flowchart illustrations and/or block diagrams, can be implemented by
computer program instructions. These computer program instructions may be
provided to a processor of a general purpose computer, special purpose computer, or
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other programmable data processing apparatus to produce a machine, such that the -
instructions, which execute via the processor of the computer or other pro grammable
data processing apparatus, create means for implementing the functions/acts specified
in the flowchart and/or block diagram block or blocks,

These oomputer program instructions may also be stored in a computer-
readable memory that can direct a computer or other programmable data processing
apparatus to function in a particular manner, such that the instructions stored in the
oomputer—readable memory produce an article of manufacture including instruction
means which implement the function/act specified in the flowchart and/or block
diagrarn block or blocks.

The computer program instructions may also be loaded onto a computer or
other programmable data processing apparatus to cause a series of operational steps to
be performed on the computer or other programmable apparatus to produce a
computer implemented process such that the instructions which execute on the
computer or other programmable apparatus provide steps for implementing some or
all of the functions/acts specified in the flowchart and/or block diagram block or
blocks.

The flowcharts and block diagrams of certain of the figures herein illustrate
exemplary architecture, functionality, and operation of possible implementations of
embodiments of the present invention. In this regard, each block in the flow charts or
block diagrams represents a module, segment, or portion of code, which comprises
one or more executable instructions for implementing the specified logical
function(s). It should also be noted that in some alternative implementations, the
functions noted in the blocks may occur out of the order noted in the figures. For
example, two blocks shown in succession may in fact be executed substantially
concurrently or the blocks may sometimes be executed in the reverse order or two or
more blocks may be combined, depending upon the functionality involved. |

Figure 7 is a schematic illustration of a circuit or data processing system 190
that can be used with the system 10. The circuits and/or data processing systems 190
data processing systems may be incorporated in a digital signal processor in any
suitable device or devices. As shown in Figure 7, the processor 410 communicates
with an MRI scanner 20 and with memory 414 via an address/data bus 448. The
processor 410 can be any commercially available or custom microprocessor. The
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MRI Scanner 20 and/or processor 410 can communicate with an image analysis
circuit 199 and/or repiratory gating interface circuit 50C. The memory 414 is
representative of the overall hierarchy of memory devices containing the software and
data used to implement the functionality of the data processing system. The memory
414 can include, but is not limited to, the following types of devices: cache, ROM,
PROM, EPROM, EEPROM, flash memory, SRAM, and DRAM,

Figure 7 illustrates that the memory 414 may include several categories of
software and data used in the data processing system: the operating system 449; the
application programs 454; the input/output (I/O) device drivers 458; and data 455.
The data 455 can include patient-specific image data. Figure 7 also illustrates the
application programs 454 can include a PFx Image Mode Data Collection Module
450, a 1H Image Mode Data Collection Module 452, and a Cine and/or Regional
Ventilation Information Image Data or Analysis Module 453.

As will be appreciated by those of skill in‘ the art, the operating systems 449
may be any operating system suitable for use with a data processing system, such as
08/2, AIX, DOS, 0S/390 or System390 from International Business Machines
Corporation, Armonk, NY, Windows CE, Windows NT, Windows95, Windows98,

‘Windows2000, WindowsXP or other Windows versions from Microsoft Corporation,

Redmond, WA, Unix or Linux or FreeBSD, Palm OS from Palm, Inc., Mac OS from |
Appie Computer, LabView, or proprietary operating systems. The 1/O device drivers
458 typically include software routines accessed through the opérating systetﬁ 449 by
the application programs 454 to communicate with devices such as I/O data port(s)‘,
data storage 455 and certain memory 414 components. The application programs 454
are illustrative of the programs that implement the various features of the data
processing system and can include at least one application, which supports operations
according to embodiments of the present invention. Finally, the data 455 represents
the static and dynamic data used by the application programs 454, the operating
system 449, the /0 device drivers 458, and other software programs that may reside
in the memory 414.

While the present invention is illustrated, for example, with reference to the
Modules 450, 452, 453 being application programs in Figure 7, as will be appreciated
by those of skill in the art, other configurations may also be utilized while still
beneﬁﬁng from the teachings of the present invention. For example, the Modules
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450, 452,453 and/or may also be incorporated into the operating system 449, the I/O
device drivers 458 or other such logical division of the data processing system. Thlis,
the ‘present invention should not be construed as limited to the configuration of
Figure 7 which is intended to encompass any configuration capable of carrying out
the 6pe1'ations described herein. Further, one or more of modules, i.e.,, Modules 450,
452,453 can communicate with or be incorporated totally or partially in other
components, such as an MRI scanner 20, interface/gateway 50, image analysis circﬁit ,
199 and/or workstation 60.

The I/O data port can be used to transfer information between the data
processing system, the workstation, the MRI scanner, the interface/gateway 50, the
image analysis circuit 199 and/or another computer system or a network (e.g., the
Internet) or to other devices or circuits controlled by the processor. These
components may be conventional components such as those used in many
conventional data processing systems, which may be configured in accordance with
the present invention to operate as described herein.

The 'F image data can be used to evaluate or assess pulmonary physiology
and/or function. The image data can assess injury associated with and/or arising from
disease states or conditions and other sources such as, for example, drugs used to treat
cancer or other conditions, as well as chemical exposure (such as ingestion/inhalation
of a poison or gas), environmental exposure, insect bites, snake venom, animal bites,
viral, staff, or bacterial infections, as well as pulmonary status due to other disease
states, infectious or otherwise, aging, trauma, and the like.

Embodiments of the invention can generate image data to assess, evaluate,
diagnose, or monitor one or more of: a potential bioreaction to a transplant, such as
lung transplant rejection, environmental lung disorders, pneumonitis/fibrosis,
pulmonary hypertension, pulmonary inflammation such as interstitial and/or alveolar
inflammation, interstitial lung diseases or disorders, pulmonary and/or alveolar edema
with or without alveolar hemorrhage, pulmonary emboli, drug-induced pulmonary
disorders, diffuse lung disorders, chronic obstructive pulmonary disease, emphysema, '
as.thmél, pneumoconiosis, tuberculosis, pleural thickening, cystic fibrosis,
pneumothorax, non-cardiogenic pulmonary edema, angioneurotic edema,
angioedema, type I alveolar epithelial cell necrosis, hyaline membrane formation,
diffuse alveolar damage such as proliferation of atypical type II pneumocytes,
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interstitial fibrosis, interstitial and/or alveolar infiltrates, alveolar septal edema,

~ chronic pneumonitis/fibrosis, bronchospasm, bronchialitis obliterans, alveolar

hemorrhage, aspiration pneumonia, hyercapnic respiratory failure, alveolitis/fibrosis
syndrome, systemic lupus erythematosus, chronic eosinophilic pneumonia, acute
respiratory distress syndrome, and the like.

The lung can be a target of drug toxicity which can be evaluated by
embodiments of the present invention. It is known for example, that many
medications, including chemotherapeutic drugs, anti-inflammatory drugs, anti-
microbial agents, cardiac drugs and anticonvulsants can cause lung injury including
lung toxicity that can be progressive and result in respiratory failure. See Diffuse
Lung Disorders: A Comprehensive Clinical-Radiological Overview, Ch. 19, Drug-
Induced Pulmonary Disorders, (Springer-Verlag London Ltd, 1999), the contents of
which are hereby incorporated by reference as if recited in full herein. Examples of
drug-induced Iung disorders that may be able to be evaluated according to
embodiments of the present invention include, but are not limited to:
pneumonitis/fibrosis, interstitial lung disease, interstitial or pulmonary honeycombing
and/or fibrosis, hypersensitivity lung disease, non-cardiogenic pulmonary edema,
systemic lupus erythematosus, bronchiolitis obliterans, pulmonary-renal syndrome,
brorichospasm, alveolar hypoventilation, cancer chemotherapy-induced lung disease,
pulmonary nodules, acute chest pain syndrome, pulmonary infiltrates, pleural effusion
and interstitial infiltrates, angioedema, cellular atypia, diffuse reticular or
reticulonodular infiltrates, bilateral interstitial infiltrates, reduced diffusing capacity,
parenchymal damage with alveolar epithelial hyperplasia and fibrosis and/or atypia, -
early onset pulmonary fibrosis, late-onset pulmonary fibrosis, subacute interstitial
lung disease. | |

Some of the above-conditions have been known to occur with specific drugs,
such as mitomycin and bleomycin, and, in certain embodiments of the invention, the
PFX gas mixtures can be used to evaluate a patient that is being treated with the
potentially problematic drug to allow earlier intervention or alternate treatments
should a lung exhibit a drug-induced disorder.

In some situations, patients can experience the onset of lung injury at the early
onset of treatment with a therapeutic agent or in a certain environment. However,
presentation of the injury can be delayed. In certain situations, the symptoms can
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present acutely with rapid deterioration. In either case, earlier identification of the
problem can allow eatlier intervention,

Non-Limiting Examples will be discussed below.

EXAMPLE 1
Breath-Hold Imaging
Figures 8 and 9 illustrate 3D in-vivo human lung iniages of a healthy 60 year
old male obtained using MRI of a PFx/oxygen mixture. It is believed that this
imaging methodology has the potential to be a ‘game-changing’ approach to
evaluation and understanding of regional human lung ventilation as well as in the

efficacy evaluation of pharmaceuticals involved in the treatment of lung disease.

~ Figure 8 is a panel of images obtained using a single breath hold of PFP. Figure 8

shows 3D slice partitions of the 19F PFx images (scan time 15 seconds). Note the
signal in the gas mixture delivery tube in the top frames of Figure 8. Itis
contemplated that this signal data can be used as an external calibration standard for
PFx signal.

Figure 9 is a panel of three sets of images with the center set being a 3D
fusion of 'H images (which are shown on the far left set of images as "base" images)
co-registered with the PFx images (shown as the set on images on the far right). The
left panel are 'H (base) images, the right images are PFx (match) images and the
center images are 3D fusion images of 'H and PFx (typically shown color-coded).
The top row of images corresponds to transverse slices. The center row of images
corresponds to coronal slices and the bottom row of images corresponds to sagittal
slices. The images shown in Figures 8 and 9 are 3D breath-hold images using PFP.
The registered 'H images shown in Figure 9 were obtained with the body coil
concurrently with F signal obtained with the lung coil while the lung coil was
actively proton blocked.

The PFP images were obtained using a 3D Gradient Refocused Echo (GRE)
VIBE technique with a TR of 15 ms, a TE of 1.2 ms (non-selective excitation), pixel
bandwidth of 200 Hz, 64x64 pts, FOV=35 ¢m and coronal slice thickness of 15 mm in
a single 15 second breath hold. Voxel volume was 0.78 cm® with a nominal SNR of
15:1. One feature of imaging such agents is the lack of extraneous background signal
allowing the use of non-selective excitation. Subjects were monitored for oxygen
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saturation continuously during the procedure with a fingertip pulse oximeter (In Vivo
MYVS 3155).

Conventional 15 second breath hold studies typically exhibit a small drop in
oxygen saturation by pulse oximetry (Sa02). A similar drop of about 1-2% was
observed during breath-hold imaging while breathing the PFx/O2 mixtures. It is
believed that with agents like PFP with longer T1's (and longer T2*), very fast
imaging may benefit from flip angle optimization (e.g., at a TR of about 5 ms, the
optimum flip angle may be about 40 degrees).

NEX (number of excitations) can be balanced against pixel bandwidth to
optimize SNR for different breathing patterns, free breathing and/or short versus long
breath-holds, FEV type manuvers, etc.

It is contemplated that, due to the optimum relaxation conditions resulting
from dominance of spin rotation relaxation on the PFx gas agents and the ability to
get a signal from the incoming gas delivery system, embodiments of the present

invention can allow a more quantitative analysis and display of lung ventilation.

EXAMPLE 2
MRI Cine Images of Lung Function

Cine irhages of breathing lungs can be generated as a "movie of breathing"
that shows lung air spaces as they fill and evacuate during a respiratory cycle
(including inhalation to exhalation) or during a FEV1 maneuver to visualize or show
where the gas goes or stays and/or ventilation defects. The image data can be
obtained over a plurality of respiratory cycles and the corresponding images (e.g.,
image slices) can be co-registered illustrating anatomy changes and ventilation data
during the respiratory cycle.

The cine images can be gated cine images. That is, the respiratory waveform
can be monitored and the image data registered (gated) to the part of the cycle during
which it was obtained. A typical respiratory cycle (inhale to exhale) is about 2-5
seconds long. Several images can be taken, each in less than one second, and
temporally registered or matched to the associated part of the respiratory cycle. The
image data can be obtained over time and used to fill in the k-space (synchronized to
the respiratory cycle). The signal data can be averaged to improve SNR or track
ventilation information over the respiratory cycle.
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In this context, ‘gating’ is taken to mean any of a variety of strategies to detect
and follow the respiratory cycle. One example would be any of several types of
respiratory bellows affixed about the chest and/or abdomen of the subject and further
communicating with some form of pressure or motion transducer that allows the
respiratory cycle to be monitored by the MRI system so that image acquisition can be
synchronized with the respiration of the subject. In another embodiment the |
respiratory cycle may be monitored with optical or other means to detect chest wall or
abdomen motion. In another embodiment so called ‘navigator’ signals from the MRI
data may be used to track the respiratory cycle. In all cases such signals would
interface to the MRI system for synchronization of the MRI acquisition to the
respiratory cycle of the subject. This synchronization can take the form of acquiring a
complete MRi acquisition in a portion of the respiratory cycle and/or segmenting the
MRI acquisition over segments of the respiratory cycle and ‘recombining’ them
during the reconstruction of the MRI images. One embodiment of this last approach

is the basis for ‘cine’ type imaging.

EXAMPLE 3
. Free-Breathing Scans

F gas (and 'H) images of the human lung and airways can be obtained in
free-breathing delivery to extract regional lung ventilation information. This imaging
may be carried out so that the ventilation defects are shown or identified in near real-
time. Particular disease states may make one of the PFx agents preferable over
another such as where breathing cycle time for respiratory/gated imaging may be
disease dependent.

The PFx gas agents will allow very rapid imaging with the possibility of near
real time imaging of ventilation dynamics. '

The image signal acquisition can be carried out to provide gated/cine images
with free breathing strategies. Other cycle-based image generation techniques can
also be used, such as, for example, spiral and propeller with passive "free-breathing”
delivery of the PFx/O2 gas mixtures and room air to provide dynamic visualizations
or cines of lung motion (which can include ventilation information/data for both

inhale and exhale portions of the breathing cycle).
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EXAMPLE 4
Global and Regional Ventilation Evaluation by '°F and "H MRI

It is contemplated that a global and/or regional evaluation can be catried out in
several manners including a spatial image analysis and/or in a histogram (local or
global). The imaging session can be described as having "early phase", "equilibrium
phase", "room air" phase and, where used, an "FEV1" maneuver phase.

The "early phase" is associated to the first few breaths or during a temporally
carly part of a "breath-hold" signal acquisition during (for the free breathing) or after
(for the breath hold) delivery of the PFx/O2 gas mixture. The "equilibrium phase” is
after the early phase. The FEV1 maneuver can be carried out while the patientis ina
supine position on the scanner bed. The signal acquisition can be during the
maneuver or at the end of a forced expiratory maneuver. The "room air" phase is

associated to the period after the patient intakes room air rather than the PFx gas

mixture. The signal acquisition typically occurs for several breathing cycles until P

~ signal is no longer detectable.

Global ventilation defects can be identified by the overall sum of ventilation
defects for both lungs during one or more of each of the different phases. In this
embodiment‘, the total signal distribution in the segmented lung can be evaluated by
histogram or ‘tiles’ evaluation for multimodal distribution. Regional ventilation caﬁ
be evaluated using segmentation of the lung and by partition (reconstructed slice).
Equilibrium image data and/or images can be compared to corresponding early-phase
and/or room-air image data and/or images for regional ventilation evaluation. A
ventilation defect can be identified in the signal data by a different pixel/voxel value
relative to neighboring pixel/voxel values and/or changes in pixel/voxel intensity in
subsequent image ‘frames’.

Data from the room air phase can be used to evaluate gas-trapping in a
regional as well as a temporal manner. Slope analysis or other mathematical
intérro gation can be used to identify the location and volume of the gas-trapping
regions.

Figures 10 and 11 illustrate images that can indicate ventilation defects
(and/or gas trapping) as well as other information regarding regional lung function.
The PFx gas image data can be presented so that is shown in one color and the
anatomical structure can be shown in another (or several others). Figure 10 illustrates
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an example of a hydrogen (1H) image that provides a morphologic/morphmetric
framework for functional evaluation. Figure 11 illustrates a series of color-coded
PFx images during a breathing cycle as the PFx gas is taken in and exhaled from the
lungs. These segmented images allow the calculation of ventilation defects and with
temporal data, gas trapping. Again, because of the relaxation characteristics, it should
be feasible to generate quantitative images of ventilation dynamics, ventilation defects
and "gas trapping" in a matter of a few minutes of scanning with several liters of the
gases. It is noteworthy that the medical grades of these gases in such mixtures with
oxygen are currently in the price range of between about 7-15 dollars per liter. Thus,
even multi-liter quantities for use as imaging contrast agents are not prohibitively
expensive.

Airway spaces (e.g., alveolar spaces) can be imaged and biomarkers
associated with different disease states, conditions or physiologies can be identified.
Drug efficacy for treating different conditions may also be evaluated (for acute or

chronic effect).

EXAMPLE 5
Gas Trapping and Histogram Analysis

From a ventilation information viewpoint, it should be easier to get at a more
direct method of measuring gas trapping and should allow a temporal domain analysis
of gas trapping not easily obtained with current imaging strategies.

Gas trapping should be readily and quantitatively evaluated by cycling
between the inert PFx/O2 gas/oxygen mixture and room air (see, e.g., the discussion
with respect to Figure 4B above).

It is contemplated that, because one can cycle between the administration of
PFx gas and room air, the loss of PFx signal over time can be monitored as a measure
of "gas trapping." Unlike some perfluorinated compounds that have sensitivity to
dissolved oxygen and have been used as an oxygen probe, both SF6 and PFP have a
dominant spin rotation relaxation mechanism and are essentially insensitive to the
paramagnetic effect of molecular oxygen (triplet ground state). This allows spin
density imaging that is proportional to the amount of PFx. This action can be used for
ventilation evaluation as discussed above and for the evaluation of gas trapping. This
approach should allow evaluation of both the volume of gas trapping as well as the
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timé course of the gas trapping. This latter temporal measure may provide a new
dimension for the evaluation of gas trapping that is not currently available, even with
high resolution CT (HRCT).

Figures 12A and 12B illustrate a "leaking glove" phantom which represents
an example of temporal evaluation. In this example, a latex glove was inflated in an
acrylic sphere with a small hole in the glove, allowing the glove to leak PFx into the
sphere. Figures 12A and 12B (two exemplary time-separated images) shows contrast
between two concentrations of PFx in the sphere. Note the increase in the signal
intensity as the gas leaks from the glove into the acrylic sphere (this is analogous to
what would be seen with gas trapping after changing to room air).

| ~ Figures 13A and 13B illustrate two ROIs based on intensity from one frame
of the ‘leaking glove’ phantom. The first ROI (Region 1, brighter ROI) is primarily
on the interior of the object with a lighter shade than Region 2. The second ROI
(Region 2) is primarily on the perimeter surrounding the Region 1 ROI and has a
darker shadé. The data can be analyzed spatially as shown in Figures 13A and 13B,
such as with region growing. Figure 13A shows two regions of interest ‘grown’
using a seeded approach while 13B shows a region of the entire ‘object’.

Alternatively, as shown in Figure 14, the intensities of the object can be
sampled (occurrences versus intensity). Figure 14 is a vigintile plot of the intensities
extracted from the whole object, clearly demonstrating two intensity distributions.
Table 1 below illustrates the mean and SD intensity and volume of the two ROlIs in

the left image and for the whole object.

TABLE 1: Signal and Volume Data of Glove in Sphere Phantom

Region Signal Mean | Signal SD | Volume (cc) |
Region A ROI on left image (Figure 12A) | 353 38 159
Region B ROT on left image (Figure 12A) | 184 61 185
Whole Object right image (Figure 12B) 262 98 344

The image data can be obtained over a plurality of breathing or respiratory -
cycles and the corresponding images (e.g., image slices) can be co-registered.
Ventilation defects may also be identified by evaluating co-registered images

of pixels/voxels using a linear function. If the slope of the intensity of co-registered
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pixels/voxels in a ROl is substantially zero, then there is no change in intensity and a
gas trap may be identified. Alternatively, if the slope is negative, then the region

likely does not have a gas trap.

EXAMPLE 6
Spirometer Values Correlated with Regional Image Ventilation Data

Spirometric data can be collected in the supine position as MRI is carried out
while the patient is in this position, as supine position will change resting functional
residual capacity volume and likely influence FEV1/FVC. The spirometer
measurements can be made in the MRI suite just before the MRI session using an
MRI compatible portable spirometry system. The density of MRI gas mixtures will
differ from the air density in the room. Spirometry can be carried out on a patient
with both room air and the gas mixture (at least until an effect adjustment factor can

be determined).

EXAMPLE 7
Clinical Trials
The question of regional ventilation in disorders such as COPD and other lung

pathologies or status, such as cystic fibrosis and lung transplants, is becoming
increésingly important. A recent editorial in the New England Journal of Medicine
addressed the issue of using changes in FEV1 (Forced Expiratory Volume in 1
second) as an endpoint in treatment trials (Reilly 2008). The comments were related
to the UPLIFT (Understanding Potential Long-Term Impacts on Function with
Tiotropium) trial (tiotropium vs. placebo) [NCT00144339] (Tashkin, Celli et al.
2008). In this study, reported in the same issue, patients using standard respiratory
medications (except inhaled anticholinergic drugs) were randomized to their existing
treatment with either tiotropium or placebo and followed for a 4-year period. While
the treatment group using tiotropium had improvements in lung function, QOL
(quality of life) and fewer exacerbations in the 4-year study; there was no significant
change in the rate of decline in FEV1 either before of after bronchodilation. In a
separate study called TORCH (Towards a Revolution in COPD Health), trial patients
were randomized to a combination treatment (fluticasone and salmeterol), each of the

agents alone or placebo [NCT00268216] (Calverley, Anderson et al. 2007). TORCH
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patients were followed for a 3-year period where the primary outcome was death from
any cause. The reduction in mortality did not reach statistical validity although there
were benefits in secondary outcomes (e.g. frequency of exacerbations, spirometric
values). The difference in FEV1 for the dual agent arm versus placebo was 0.092
liters (95%C1 0.075 — 0.108, p<0.001), although the mean baseline FEV1 for the
treated and placebo group was 1.24 and 1.26 liters respectively, yielding a 7%
difference in the FEV1, a difference not generally considered clinically relevant. The
dominant question in the editorial and one facing studies of COPD is the |
heterogeneity of the disorder and the current lack of a good diagnostic tool for
stratification/screening of potential subjects for a treatment study.

The image data provided by embodiments of the invention can be particularly
suitable for diagnosing lung diseases or conditions in patients, monitoring animals in
drug discovery programs, monitoring patients in and screening participants for
clinical trials and assessing therapeutic efficacy of therapeutic treatments on lung '

physiology/conditions and diseases.

EXAMPLE 8
Assessing Regional Failure
In lung transplantation, evidence of regional failure is typically followed with
bronchoscopy under sedation to evaluate pending failure of the transplant. In cystic
fibrosis, a similar tactic exists for evaluation of the child’s lungs using bronchoscopy
under sedation. Embodiments of the invention can provide an alternative relatively

simple, non-invasive measure of ventilation using MRI image data.

EXAMPLE 9
Histograms
Ventilation defects can be identified using at least one histogram of mean
intensity voxels from MRI data of the perfluorinated gas. The histogram can
represent a percentage versus mean intensity of voxels within a region of interest or
identify clusters of voxels/pixels of similar intensity and/or those that have a

statistically significant variance from "normal" intensity voxels/pixels.
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The characteristic of the pixels/voxels that is evaluated via one or more

~ histograms may include intensity, color, saturation and/or other characteristics of

individual pixels/voxels as well as relative characteristics of multiple pixels/voxels,
such as contrast ratios or the like. The evaluation can be carried out electronically and
the results of the evaluation can be provided to a user or may be provided for further
analysis. For example, a comparison of a first (baseline) image and a second image
may be performed and a difference in average intensity may be provided as results to
auser. Furthermore, a histogram of the characteristic and/or differences in the
characteristic between the baseline and comparison images may be determined and
provided as a result. Additionally, the histogram could be pattern matched to a library
of histogram profiles that are characteristic of particular injuries, diseases and/or
conditions. The results of the determination may, for example, be provided as part of

a graphic user interface.

EXAMPLE 10
Identifying Biomarkers for Disease States
The image data provided by embodiments of the invention can be particularly
suitable for identifying genotypes of a lung disease, such as COPD, or assessing

whether the patient has large and/or small airway disease.

EXAMPLE 11
Lung Ventilation Defect Indexes
Lung specific or further detailed regional measures of ventilation defects (and
severity) can be generated using a lung ventilation index, e.g., R-5, L10. A
standardized compartmental model of the lungs can be used to define multiple indexes
in defined locations of each lung representing degrees or measures of ventilation

defects.

EXAMPLE 12
Display with multiple MRI lung images and flow data Output
A workstation can have a display that can concurrently show multiple MRI
lung images including "breath hold" inspire and expire images of room air and/or PFx

gas, cine free breathing PFx gas F19 images and wash-in and/or wash-out PFx F19
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images. The display can show the images in a timeline corresponding to a graph or

output of pneumotachomoeter data,

EXAMPLE 13

Ventilation Defect Severity analysis using wash-in and/or wash-out
parameters

Figure 22 shows an array of images obtained during sequential breath holds
while breathing the PFx mixtures to ‘equilibrium’. Frames 1-5 are wash-in and
frames 6-8 are wash-out after switching to room air. Note that the kinetics of wash-in
and wash-out do not have to be equivalent. Figure 23 shows an example of a ‘wash-
in’/out plot from a region of interest analysis of Figure 22 that can indicate an intake
defect (during wash in and/or at equilibrium) and/or gas trapping (during wash out)
and the like.

 The présént invention finds use for both veterinary and medical applications as
well as animal studies for drug discovery and the like. The present invention may be
advantageously employed for diagnostic evaluation and/or treatment of subjects, in
particular human subjects, because it may be safer (e.g., less toxic) than other
methods known in the art (e.g., radioactive methods). In general, the inventive
methods may be more readily accepted because they can avoid radioactivity or toxic
levels of chemicals or other agents. Subjects according to the present invention can
be any animal subject, and are preferably mammalian subjects (e.g., humans, canines,
felines, bovines, caprines, ovines, equines, rodents, porcines, and/or lagomorphs), and
more preferably are human subjects.

Tt is contemplated that embodiments of the present invention can be used to
identify ventilation defect volume and location(s), ventilation defect severity, wash-in,
wash-out, and/or ventilation dynamics which may be correlated to 1H data.

The foregoing is illustrative of the present invention and is not to be construed
as limiting thereof. Although a few exemplary embodiments of this invention have
been described, those skilled in the art will readily appreciate that many modifications
are possible in the exemplary embodiments without materially departing from the
novel teachings and advantages of this invention. Accordingly, all such modifications
are intended to be included within the scope of this invention as defined in the claims.
In the claims, means-plus-function clauses are intended to cover the structures
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described herein as performing the recited function and not only structural equivalents
but also equivalent structures, Therefore, it is to be understood that the foregoing is
illustrative of the present invention and is not to be construed as limited to the specific
embodiments disclosed, and that modifications to the disclosed embodiments, as well
5  as other embodiments, are intended to be included within the scope of the appended
claims. The invention is defined by the following claims, with equivalents of the

claims to be included therein.
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THAT WHICH IS CLAIMED IS:

1. A post-collection analysis ventilation assessment method, comprising:

generating at least one of the following using pre-acquired F magnetic
resonance image (MRI) signal data of a patient associated with a perfluorinated gas
and oxygen mixture:

(i) a cine of free-breathing images of the lungs of the subject illustratinga
temporal and spatial distribution of the perfluorinated gas in the lung space and lungs
of the subject to provide ventilation image data over at least one respiratory cycle;

(ii) at least one ventilation defect index for each of the right and left lungs;

(iii) a ventilation defect map showing a spatial distribution (pixel wise) of the
lungs;

(iv) a visual output to a display, the output including a time sequence of
airflow data of the subject with a plurality of MRI images positioned aligned with an
acquisition time, in the time sequence;

(v) a ventilation pattern associated with a forced ejection volume;

(vi) at least one histogram associated with wash-in and/or wash-out of the gas
mixture;

(vii) at least one regional ventilation defect model showing intensity variation
pixel to pixel;

(viii) gas trapping images using wash in and/or wash out 1F MRI signal data;

(ix) a visual output of a graphic analysis fit to a lung model of ventilation
wash-in and/or wash-out with a plurality of MRI images depicting functional
information;

(x) a pattern of signal intensity depicting gas exchange to capillary blood flow
based on relaxation parameters (T1 and/or T2) and an impact of local oxygen
concentration on the relaxation parameters; and

(xi) at least one histogram associated with wash-in and/or wash-out of the

delivered gas mixture.

2. A method of obtaining image data of the lungs and/or airways of a
subject, comprising: |

positioning a subject in a magnetic field associated with a high-field magnet of
an MRI scanner;
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delivering a medical grade gas mixture to the lung space of the subject, the gas
mixture comprising between about 20-79% inert perfluorinated gas and at least about
21% oxygen gas;

“acquiring "°F magnetic resonance image (MRI) signal data associated with the
delivered perfluorinated gas and oxygen mixture; and

generating at least one of the following using the acquired signal data:

(i) a cine of free-breathing images of the lungs of the subject illustrating a
temporal and spatial distribution of the perfluorinated gas in the lung space and lungs
of the subject to provide ventilation image data over at least one respiratory cycle;

(i) at least one ventilation defect index for each of the right and left lungs;

(iii) a ventilation defect index map showing a spatial distribution (pixel wise)
of the lungs;

(iv) a visual output to a display, the output including a time sequence of
airflow data of the subject with a plurality of MRI images positioned aligned with an
acquisition time, in the time sequence;

(v) a ventilation pattern associated with a forced ejection volume;

(vi) at least one histogram associated with wash-in and/or wash-out of the gas
mixture;

(vii) at least one regional ventilation defect model showing intensity variation
pixel to pixel;

(viii) gas trapping images using wash in and/or wash out 'F MRI signal data;

(ix) a visual output of a graphic analysis fit to a lung model of ventilation
wash-in and/or wash-out with a plurality of MRI images depicting functional
information;

(x) a pattern of signal intensity depicting gas exchange to capillary blood flow
based on relaxation parameters (T1 and/or T2) and an impact of local oxygen
concentration on the relaxation parameters; and

| (xi) at least one histogram associated with wash-in and/or wash-out of the

delivered gas mixture.

3. The method of Claim 2, wherein the delivering step is carried out via single

or multiple breath-holds, or free breathing over a plurality of respiratory cycles.
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4. The method of Claim 1 or 2, wherein the generating step is carried out to
generate free breathing cine images of the lungs of the subject illustrating a temporal
and spatial distribution of the perfluorinated gas in the lung space and lungs of the

subject to provide ventilation image data over at least one respiratory cycle.

5. The method of Claim 1 or 2, further comprising generating at least one
ventilation defect index and/or at least one graph of pixel intensity over a defined time

to identify a ventilation defect for each of a right and left lung of the subject.

6. The method of Claim 2, further comprising:
“terminating the delivering step after a desired time; then
allowing the subject to breathe room air while remaining in the magnetic field
of the MRI scanner; then
acquiring additional 9F MRI signal data gas while the patient breathes room
air; and
evaluating ventilation data associated with gas trapping using the additionally

acquired MRI signal data.

7. The method of Claim 6, wherein the evaluating step is carried out using

histograms of pixel/voxel data of the acquired F signal data.

8. The method of Claim 2, further comprising using a pneumotachometer in
the inspire flow path and a pnuemotachometer in an expire flow path of the subject to

obtain data used to gate signal acquisition to the subject's respiratory cycle .

9. The method of Claim 2, further comprising obtaining oxygen and CO, data
associated with a gas sample collected from an expire gas flow path downstream of
the subject in substantially real time while the subject resides inside a bore of a

magnet of the MRI Scanner.

10. The method of Claim 1 or 2, wherein the perfluorinated gas mixture
comprises a medical grade perfluoropropane gas that is in the gaseous state at room
temperature and pressure.
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11. The method of Claim 1 or 2, further comprising generating a visual output
to a display, the output including a time sequence of airflow data of the subject with a
plurality of '°F MRI images positioned aligned with an acquisition time, in the time

sequence.

12. The method of Claim 1 or 2, further comprising:
obtaining a set of 'H MRI lung images of the subject;
registering F MRI lung images associated with the acquired F image data;
creating a set of lung masks using the 'H MRI images;
“applying the created masks to the registered F images; then
extracting selected summary parameters from the F image data to assess

ventilation defects.

13. The method of Claim 2, further comprising, after the positioning step:

directing the subject to carry out a forced ejection volume (FEV) of the
delivered gas mixture;

acquiring F MRI signal data during and/or after the forced ejection of the gas
mixture; and

evaluating a ventilation pattern based on the acquired MRI signal data

associated with the FEV procedure.

14. The method of Claim 2, further comprising having the subject carry out a
spirometry procedure while the subject is in a supine position proximate in time to the

positioning step.

15. The method of Claim 1 or 2, wherein the generating step is carried out to
genérate at least one histogram of pixel/voxel image intensity data using the acquired
MRI signal data to electronically identify ventilation defects using the at least one

histogram image intensity data.

16. The method of Claim 2, wherein the MRI scanner comprises a body coil,
and wherein the acquiring step comprises acquiring the F MRI signal data from a
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flexible lung coil positioned about the subject, the method further comprising proton
blocking the lung coil and substantially concurrently acquiring 'H and "F MR image

signal data.

17.  The method of Claim 2, further comprising generating gated images
with image data registered to a respiratory cycle so that the acquiring step is
performed over several respiratory cycles, and wherein the generated gated cine
images are generated in near real-time and show breathing lungs of the patient with

temporal and spatially distributed ventilation data.

18. An MRI system, comprising:
an MRI scanner comprising a magnet with a magnetic field and a body coil
configured to obtain "H MRI signal data;
a lung coil configured to obtain 9% MRI signal data and sized and configured
to reside proximate a patient;
an MRI scanner interface in communication with the scanner and the lung
coil, the interface comprising a proton blocking circuit; and
a gas delivery system comprising:
a gas mixture source comprising perfluourinated gas in a level that is
between about 20-79% and oxygen gas in a level that is at least about 20.5%;
a gas flow path in communication with the gas mixture source
comprising at least one conduit extending from the gas mixture source to a
free-breathing dispensing member residing over, on or in a patient while the
patient resides inside the magnetic field to deliver the gas mixture to the
patient; and
at least one oxygen sensor in communication with the gas mixture;
wherein, in operation, the MRI system is configured to obtain 'H and °F MRI
signal data of lungs and associated lung airspaces of the patient and generate images
showing a temporal and spatial distribution of the perfluorinated gas in the lungs,
wherein the system is configured to acquire the F MRI signal data while the patient
carries out at least one of (a) free-breathing of the gas mixture during equilibrium and
wash in and/or wash out for a plurality of respiratory cycles, (b) a single or a plurality
of breath holds of the gas mixture; and (c) an FEV of the gas mixture,
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wherein the system is configured to generate at least one of the following:

(i) a cine of free-breathing images of the lungs of the subject illustrating a
temporal and spatial distribution of the perfluorinated gas in the lung space and lungs
of the subject to provide ventilation image data over at least one respiratory cycle;

(i) at least one ventilation defect index for each of the right and left lungs;

(iii) a ventilation defect index map showing a spatial distribution (pixel wise)
of the lungs;

(iv) a visual output to a display, the output including a time sequence of
airflow data of the subject with a plurality of MRI images positioned aligned with an
acquisition time, in the time sequence;

(v) a ventilation pattern associated with a forced ejection volume;

(vi) at least one histogram associated with wash-in and/or wash-out of the gas
mixture;

(vii) at least one regional ventilation defect model showing intensity variation
pif(el to pixel;

(viii) gas trapping images using wash in and/or wash out F MRI signal data;

(ix) a visual output of a graphic analysis fit to a lung model of ventilation
wash-in and/or wash-out with a plurality of MRI images depicting functional
information;

(x) a pattern of signal intensity depicting gas exchange to capillary blood flow
based on relaxation parameters (T1 and/or T2) and an impact of local oxygen
concentration on the relaxation parameters; and

(xi) at least one histogram associated with wash-in and/or wash-out of the

delivered gas mixture.

19. The system of Claim 18, wherein the MRI system is configured to
substantially concurrently obtain the obtain 'H and "F MRI signal data of the lungs,
and wherein the system comprises an image analysis circuit that is configured to ‘
electronically terminate the gas delivery and allow the patient to breathe room air for

a plurality of respiratory cycles.

20. The system of Claim 18, further comprising:
a display in communication with the MRI scanner; and
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a respiratory cycle gating circuit and an image analysis circuit in
communication with the MRI scanner, wherein the MRI system is configured to
generate gated fi‘ee-breathing cine images with image data registered to a respiratofy
cycle using F image data acquired over a plurality of patient respiratory cycles, and
wherein the display is configured to present the gated cine images in near real-time
showing the lungs of the patient with temporal and spatially distributed ventilation

data associated with the '°F image data.

21. The system of Claim 20, wherein the gas flow path includes an inspire gas
flow path and an expire gas flow path, the system further comprising a first
| pneuinotachometer residing in the inspire gas flow path and a second
pneumotachometer residing in the expire gas flow path, and wherein the respiratory

gating circuit is configured to use pneumotachometer data for respiratory gating input.

22. The MRI system of Claim 18, wherein the system comprises an image
analysis circuit that is configured to register F MRI lung images to a set of 'H MRI
lung images of the subject, create lung masks from the 'H MRI images, apply the
created masks to the registered 19F images, then extract summary parameters from the

F image data to assess ventilation defects.

23. The MRI system of Claim 22, wherein the summary parameters are
extracted by volume and slice and include at least one of the following: pixel

intensity, pixel count, histogram, summary statistics and 2-D shape factors.

24, The MRI system of Claim 18, further comprising a gas chamber in fluid
communication with an expire portion of the gas flow path positioned upstream of a
- Douglas bag for gas capture, the gas chamber is in communication with a chemical
analyzer configured to analyze oxygen and carbon dioxide content in substantially

real time.

25. The MRI system of Claim 18, further comprising a display and an image
analysis circuit in communication with the MRI Scanner, the image analysis circuit
configured to generate an overlay presentation of patient airflow data over time
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aligned with a plurality of MRI images taken at different points in time including
inspire and expire breath-hold images of air, wash-in and wash out images of the

perfluorinated gas mixture and free-breathing perfluorinated cine MRI images.

26. A gas delivery system for an MRI system, comprising:
a medical grade gas mixture source of perfluorinated gas and oxygen gas;
a mouthpiece and/or mask residing downstream of the gas mixture source
configured to reside inside a magnetic field of the MRI system; and
an inspire flow path extending from the gas mixture source to the mouthpiece
and/or mask, the flow path comprising:
a first Douglas bag in fluid communication with the gas mixture
source; and
a first spirometer filter residing downstream of the first Douglas bag,
wherein the gas delivery system is a passive system that allows a patient to "breath-

hold" and freely breathe the gas mixture.

27. The gas delivery system of Claim 26, further comprising an enclosed
expire gas flow path residing downstream of the mouthpiece or mask, the system
further comprising:

a one-way valve in communication with the mouthpiece and/or mask residing
downstream of the first spirometer filter;

a second spirometer filter residing downstream of the mouthpiece and/or mask
in the expire gas flow path; and

a second Douglas bag with a larger size than the first Douglas bag residing

downstream of the second spirometer filter.

28. The gas delivery system of Claim 26, further comprising an enclosed
expire gas flow path residing downstream of the mouthpiece or mask, the system
further comprising:

a first pneumotachometer in fluid communication with the inspire gas flow
path;

| a second pneumotachometer in fluid communication with the expire gas flow
pathmask;
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at least one pneumotachometer recorder in communication with the first and
second pneumotachometers;

a gating circuit interface in communication with the at least one recorder
configured to provide MRI respiratory gating input;

a gas chamber in the expire gas flow path upstream of a Douglas gas recovery
bag; and

a gas analyzer in communication with the gas chamber configured to analyze

oxygen and carbon dioxide content of gas in the chamber.

29. A cine of free-breathing '°F MRI images showing breathing lungs with a
temporal and spatial distribution of perfluorinated gas associated with a ventilation

pattern.

30. At least one right lung ventilation defect index and at least one left lung
ventilation defect index, wherein the respective at least one index is determined based
on MRI pixel signal intensity to thereby provide a patient-specific measure of lung

function.

31. A regional ventilation defect graph showing right and left lung ventilation
of 'F pixel signal intensity of perfluorinated gas in a subject's lungs over a defined
time with signal intensity at the defined time used to identify a ventilation defect for

each of a right and left lung of the subject.

32. A trifunctional medical grade gas composition for administration to a
human patient for generating MRI images, comprising about 21% oxygen gas and
between about 20% to about 78% inert perfluorinated gas, and between about 1-15%

anesthesia gas.

33. A system to assess ventilation in a patient's lung(s), comprising:
a circuit configured to generate at least one of the following using pre-
acquired '°F magnetic resonance image (MRI) signal data of a patient associated with

a perfluorinated gas and oxygen mixture:
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(i) a cine of free-breathing images of the lungs of the subject illustrating a
temporal and spaﬁal distribution of the perfluorinated gas in the lung space and lungs
of the subject to provide ventilation image data over at least one respiratory cycle;

(ii) at least one ventilation defect index for each of the right and left lungs;

(iii) a ventilation defect index map showing a spatial distribution (pixel wise)
of the lungs;

| (iv) a visual output to a display, the output including a time sequence of
airflow data of the subject with a plurality of MRI images positioned aligned with an
acquisition time, in the time sequence;

(v) a ventilation pattern associated with a forced ejection volume;

(vi) at least one histogram associated with wash-in and/or wash-out of the gas
mixture;

(vii) at least one regional ventilation defect model showing intensity variation
pixel to pixel;

(viii) gas trapping images using wash in and/or wash out 19F MRI signal data;

(ix) a visual output of a graphic analysis fit to a lung model of ventilation
wash-in and/or wash-out with a plurality of MRI images depicting functional
information;,

(x) a pattern of signal intensity depicting gas exchange to capillary blood flow
based on relaxation parameters (T1 and/or T2) and an impact of local oxygen
concentration on the relaxation parameters; and

(xi) at least one histogram associated with wash-in and/or wash-out of the

delivered gas mixture.

-66-



WO 2011/103138

—
(==}

1/23

PCT/US2011/025011

PFx AND 02 MIXTURE
SOURCE

305

R
SHIELD

3 \D;]—_\ 309
G

-3

l

'/@
l OXYGEN LEVEL
MONITOR

KZS

> 42

21
u 1

DISPLAY
22

MRI SCANNER

FIG. 1A

Y

2]

20/



WO 2011/103138

PCT/US2011/025011

2/23
/]0'
39 38
1/ 1/
PATIENT ANESTHESIA PFx AND 02
- DELIVERY MIXTURE
MONITOR - SYSTEM SOURCE
30
(\ 38
20M
4 N
MAGNET 40 30
X504
281—~| conL i
\ S
______________ | e
N 93 1l
{
25 DISPLAY
Y
| MRISCANNER
27J
NP

FIG. 1B




WO 2011/103138 PCT/US2011/025011

3/23
PFx AND 02
MIXTURE
SOURCE 0
"\
20M 33
r -
MAGNET
- 2 S L 30d
= (0IL OXYGEN LEVEL
MONITOR
40 i 42
\
27
N
50
IMAGING INTERFACE/ 20
GATEWAY WITH
BLOCKING CIRCUIT 15 J
\ \\ ™1 MRI SCANNER
0 -1 _
66 —_| |
‘ 2
DISPLAY 1%
FI6. 1C WORKSTATION |\— 40




WO 2011/103138 PCT/US2011/025011

4/13
30
\! MR SCAN SUITE MR CONTROL ROOM
41
el
SAMPLING LINES WITH PUMP
53~ DA~
SAMPLING RETURN LINE
32
31
DOUGLAS
BAG 133 ~30g
e
................... i 645
MRI MAGNET 20M SHIELD ROOM &?IUNRD(EER 30c
WALL
| 308
| @@/
! 36

| FIG. 2A \30



PCT/US2011/025011

5/23

W g9z 914

nouynwazg | MO0t
I LA N0 IV |
m 20)/N3NO | Ll
w WL T3 _
w Al |
m I0dNT SNLLYS RHOLVHLISHA T¥W OL—= WOZ LINOYW LYW
| | AN —
W - WA WEL | INLHOSIES VIONDAN — 9
“ RENOYY
" ; , e —
w b MR LT dostes wovionmang /AL
N 9vg V191G

WO 2011/103138

WOO0Y T04INOD ¥W 11INS NYIS AW

N 00N,
Ty
e (SILTWY : 4
09 (WSS ) NOLLBHIG MO LUSLOATE 1)
........ T04INDD SY9 J1VHNI - m
NOILLVS 9 AT RADIBN NIV . _"
om | A ILLYWNING i / P |
m 14/ * ““
[T TN i
T \okxo | NOLDRMIA MO - 7 NOLDYIO MoY
44 | S49 TTYHNI \ OLL ygammE - :
_ _
_




WO 2011/103138 PCT/US2011/025011

6/23

R

______

=3
. L)
e R
RS oo i >
1 ] .
! N
J N SOOI A



WO 2011/103138 PCT/US2011/025011

7/23

"
w.,.;Hu _
o °
o ol
= 1 =
o \ o3
.Ml‘
7
E__ﬂi\—SOP
O ‘ O
O O
O
52 53
19/ o o Ii
IAGING ? 500 ? INAGING

F16.4A



WO 2011/103138 PCT/US2011/025011

8/23

304 /30(
___________________________ _| GATEWAY | SCANNER
"1 50 - T
RESPIRATORY 1
o _| CONTROLLER
LUNG SR
(OIL 978

/]H

BODY
ol r

FI6. 4B 23




WO 2011/103138 PCT/US2011/025011

9/23
11 =1200, T2* =1.8, TR =10, TE =1
4
3_
‘_

0 T T T T T ]
0 25 50 75 100 125 150
FIG. 5A FLIP ANGLE
LUNG WATER

T =2,12"=1,TR =10, TE =1

10-
30-
%20—
10

0 T T T T T 1

0 25 50 75 100 125 150

FIG. 5B FLIP ANGLE
SF6

T1 =20, 12* =10, TR =10, TE =1
50

40-
= %0-
2 204

10+

0 T T T T T 1
0 25 50 75 100 125 150
FI6. 5(C FLIP ANGLE

PP




WO 2011/103138

______________________________

OBTAIN AIR-BREATH TH MR
IMAGES OF THE PATIENT

IMAGES DURING A SINGLE
IMAGING SESSION.

DISPLAY LUNG VENTILATION
INFORMATION WITH A COLOR-
CODED MAP OF VENTILATION
AND/OR PERFUSTON WITH
THE ABNORMALITIES, DEFECTS,
OR DEFICTENCIES INDICATED
IN AT LEAST ONE VISUALLY
DOMINANT MANNER SUCH AS
COLOR, INTENSITY AND/OR
OPACITY BASED ON THE
OBTAINED MRI DATA.

______________________________

{ DISPLAY VISUALIZATIONS
OF THE LUNGS AND/OR
LUNG AIRWAYS SO THAT THE
VISUALIZATIONS INCLUDE
IMAGE DATA FROM BOTH
AIR-BREATHS USING 1H
IMAGE DATA AND PFx GAS
BREATHS USING 19F MR
IMAGE DATA.

FIG. 6

BEFORE OR AFTER THEPFx i

S

bt ~ -,
'

10/23

DELIVER A PERFLUORINATED
GAS AND OXYGEN GAS
MIXTURETO A PATIENT.

100

Y

OBTAIN MR IMAGE DATA OF THE
LUNGS AND/OR LUNG AIRWAYS
OF THE PATIENT AFTER OR
DURING THE DELIVERING STEP.

110

Y

GENERATE AT LEAST ONE OF THE
FOLLOWING USING THE
OBTAINED MR IMAGE DATA:
(A) CINE MRI IMAGES OF LUNG
VENTILATION; (B) GATED DYNAMIC

MRI IMAGES OF LUNG VENTILATION;

(C) COLOR-CODED STATIC IMAGES
SHOWING REGIONAL VENTILATION
INFORMATION OVER AT LEAST A
PORTION OF AT LEAST ONE
RESPIRATORY CYCLE: (D) AT
LEAST ONE VENTILATION
FUNCTION INDEX {WHICH
CAN INCLUDE AT LEAST ONE
DIFFERENT INDEX FOR EACH OF
THE RIGHT AND LEFT LUNG OR
OTHER COMPARTMENTALIZED
MEASURES FOR MORE SITE SPECTFIC
INFORMATION RATHER
THAN THE GLOBAL CONVENTIONAL
FEV MEASURES); (E) A REGIONAL
PERCENT DEFECT ASSESSMENT
BASED ON MRI PFx INTENSITY
IMAGE DATA (THAT CAN ALSO BE
FOR EACH OF THE RIGHT AND LEFT
LUNGS); AND (F) AN OVERLAY PLOT
USING PNEUMOTACHOMETER DATA
AND MRI LUNG TH AND 19F IMAGES.

120

et -~ -~

'r--’

et~ — - -y

- - - - o

PCT/US2011/025011

..............................

THE DELIVERY INCLUDES
A FREE-BREATHING
DELIVERY OF THE GAS
DURING IMAGING.

105

MONITOR THE OXYGEN LEVEL
OF THE GAS MIXTURE AND/
OR THE PATIENT DURING
THE DELIVERY AND/OR
OBTAINING STEP.

______________________________

______________________________

THE GENERATING STEP
GENERATES A 3-D CINE OF
LUNG VENTILATION.

i USE PNEUOMATACHOMETERS
t INTHE GAS FLOW PATH
(INSPIRE SIDE AND EXPIRE
SIDE) TO OBTAIN
AIRFLOW DATA USED
TO GATE THE MR IMAGE
ACQUISITION.

AUTOMATICALLY TAKE V02
MEASUREMENTS USING A

SENSOR ON A COLLECTION

CHAMBER IN THE EXPIRE GAS
FLOW PATH DURING THE
IMAGING SESSION WHILE
THE PATIENT IS IN THE
MR SCANNER.




WO 2011/103138

PROCESSOR
410

&y

MRI SCANNER
20

448

PCT/US2011/025011

PFx IMAGE MODE
DATA COLLECTION
MODULE

450

1H IMAGE MODE
DATA COLLECTION
MODULE

452

CINE AND/OR
REGIONAL
VENTILATION
INFORMATION
IMAGE DATA
MODULE

453

DATA
455

APPLICATION
PROGRAMS
454

OPERATING SYSTEM
449

1/0 DEVICE DRIVERS
458

414

L

199
IMAGE
ANALYSIS
CIRCUIT

INTERFACE/GATEWAY
C(IRCUIT 50C
AND OPTIONAL
REPIRATORY GAS
CONTROL CIRCUIT
50R

FI6.7




WO 2011/103138 PCT/US2011/025011

12/23

FIG. 9



WO 2011/103138 PCT/US2011/025011

13/23

FI6. 10




WO 2011/103138

Image e 64 x84
View size 825 % 1031
WL 233 W, 487

Zoorn 189K Angke O
e 722 AlA- P)
Thikaesy 15.00 mm Location 57 50 mm

FI6. 13A

PCT/US2011/025011

Bk 10016019999, Yrage izé 64 x64 DAL 10010019999
View 2ize 825 1031
Wl I ww. 228

20223mM
1€ 161R 12
3

Zoow 12808 Angie © F&
923109 20230 1)
Hace h OsX

FI6. 13B



WO 2011/103138 PCT/US2011/025011

15/23
115 [
92
o 69
=
= 46
=
23 - H H
0 ] ” | | H H ” Iﬂ [ q
10 127 244 361 470 595
INTENSITY

FIG. 14



WO 2011/103138

PCT/US2011/025011

16/23
200
LOAD TH MRI AND +
19F MRI
Y 210 ‘ 220
USE SMART TRACEAND |/ USE REGION GROWTO |/
REGION GROW TO OUTLINE DEFINE AIRSPACE ON 19F
LUNG CAVITY ON TH MRI MRI
— ‘ 225
X
LUNG CAVITY - LUNG AIRSPACE - TIMEO
= VENTILATION DEFECT
\ ‘ 227
LUNG CAVITY - LUNG AIRSPACE -/ TIME ]
= VENTILATION DEFECT
229
|/
LUNG CAVITY - LUNG ATRSPACE
— VENTILATION DEFECT TIME 2
AIR
‘ 231
|/
LUNG AIRSPACE = TRAPPED
VOLUME TIME 3
233 .
|/
LUNG AIR\S/B?CE = TRAPPED
FIG. 15 UME TIME N




PCT/US2011/025011

WO 2011/103138

17/23

SYIIWVEVd
AYWWNS DVYIXT -9 d11S

STOVWI T¥W 461 QI¥3LSIIY
HL OL SHSYW T1V A1ddV -G d31S

SHSYW 3LVIIQ ¥ dA1S

(Y3111 INVY GILHOTIM HLIM

HLOOWS) SXSYW ¥3L1Hd -€ 431§

(IMIAIT
NY INIMOY9 NOI9Y) L3SYLVa
TYW HL NI SHSYW 31V3Y) -2 d11S

(XT4LYW 340LS) NOILVYLSIIY TWN
ONISN S13S I9VWI NOT1V -1 LS

SISATYNY 19YWI (3Sve NOIITY

~

J/

~

J

9] 9H XSV
3V1Ia ﬁ_z« OINVY
SO0V VS @7 E\f az_wm% EIIE]
e —~
\ SIOYWI 461 AIMIAT]
INNOD T3XId aNY INIMOYD
sl X | O SPTANY /1 Nora3) Ty
DITS A9 QNY 57 | HL WO SYSYW
|INMOA AT DVILX WRELEED
00z 1
Losz
TSI
4552 T4 61
657" |
NOLLYYISTOTH0) 'S
N 0 <&
bosz Losz
LIW 461 LYW HL




PCT/US2011/025011

WO 2011/103138

18/23

OO0 00 0 %] 6T ST 6] bC0] W[ 690 6E0] [GGhE[ 0] BOL6E | EECL OCERM ERSLOGRDNGOL 00 |
7 I I 3 A3 A A 0 7 O A0 AT 0 T AT S /AL [
A I TR V5 I OO I T Y 7 T 50 TV A b _
T I O O O T T O 5 T 7 O 5 77 T T 0 A YAV AV S
o I I T O I I O I 7Y ) 0 A VA A AR YA b G
1T I T N Y 7T IV O /7 O I A 5 1 |
@l ere ] ol SoRl e w9l S0y CRL[ EOEC| [0 T60] WER0E[ 1 EWSHD | vSUOL G960 (SITLOE*DAAD ] |
el EI0] el 68N STET WAl S| (BU] War] 990[ SO 190066 6| 0869 | [EEET ST UALTOE*DAAD £ |
WO asT] ww| St W% W | SET) 86Tl 90| €90 Wbl 0 SO0B | IS/C S0GEQST pASCLOEHIIED L

WO oy 9 SrO sreEl 9] OfSh[ T8L( eeog| LC0] LSO[ M09tk 9 S0€ER | 8997 STIE0E OLEA0EDIAN 1l

GTI sl sl esw e%el Wl W WU WE[ of0]  S0[ 0SSl 01 pOee8 | SBSAC TLESGLE CAGEL0SDA0 o 1

A S I I O T A I T 0 5 O I o VA A Tl A U _

Tl o5l el BIA] WE[ em] Ww| U] O] 00 LS0[ 80Tyl 91 6LOER | SBSHT ECURGOE ELLELOTDAIED _

oTLeo9l ogSl IRES OERE] w09( CGR| OLL] CITE] O] RO OUVE 9T QRSH/ | 89YSr SOTORT LEGCIOEDAN0 [

O ] versl GTOv| BT GkTh| I6T 0| [  VO[AOUET  E| WY/ | O [UIOET (L0019
go] e SOL[ Sl W] v ] EEw | OT| GveE]  pOOT  LOLI9EER] 6] 6% | 0T SSO0IL BAWEDIE0L  §

WY IO I AR MR R ] W[ AT M| OSOREE | Ve DUER U Wi W (WU VRN VW FWW DS AP
[0 To00 [e00 [600v DOLGy 600y [O% JS0T [BLSC OO0 [S90 [ [0 G019 (6668 |Gy%% L | DAROTIEL |1
W0 (T [0 (S % 5% ([@% (WU (600 [0 [0 TR0l [ Te6est [¥8LL [IES6 |80 | DAL |l
W (W7 (B |Wh 6% (W% [w (O 800 Jefo [90 [0l |94y (8L MOl [EIEL | DAOLL L
[0 (660 (o1 [I& Doy S0y [ [I6T (6680 (L0 [950 JIBOAT (61 98965 (GBI |Se980L [A91 | DABOLSL |l
I6 [9 [§0 [0 o0 8068 [¥%v  [86T (8060 [of0  [&50 |Uadr [0 |89609 (€86 |Ly9ME6l (8f61 | DAROLL |1
8 |67 |07 (U0 b0 |80 (s (WD O[O0 (B0 T190  Jewue% T [EFL) (WSOIC [SEUSAT (ST | DAROLEL |1
qy [y (0T (O (SW [0 [0 (00T [0 (40 [I50  [betloe [l 98189 (4817 |ELTOBT \SEET | DACROLEL |l
Iy [@F (8T (%% (8% [O15 [Mw 9T [6560 [6£0  [650  |oiaoze |6 |6U%) |BITC0 6090 WEST | DAROLEL |1
G (W7 (@0 [E (v e (A% [T [9000 [9r0  JiS0  Juece Jil |re) (Ol |9YO8T |Twi | DAROLOL |l
WU [0 [T (o0 (9w (096 [0 (60 [SS70 [0 |%0  [ICZ6eT [0 [80089 [L9/17 |IBA0SOC J0LC | DArdoLje |1
U0 (00T (T[S0 [ [9U%S [WETh [SEL[WED JEL0 (W0 Jerve (3 (SWsE) (€D [€SeISL jhell | DAROLE |l
T T S S S e R R VU A T (O (77U 7 LT A
0 [w0 00 (8 800 (W8 I [TE 106 ]SS0 [960 (99208 (8 [ S9€ct |LS€0L |SSSBO [SA | DAOLY |l

S L L O I M s e O L I Y Y

/131

911=SAA

v/ 34

6€=S0A



WO 2011/103138 PCT/US2011/025011

19/23
REGIONAL ANALYSIS
0% VENT.DEFECT
509% VENT.DEFECT
N
PFx
100% VENT.DEFlE(T
N T .
. TIME )

f=x

FIG. 18



WO 2011/103138 PCT/US2011/025011

Wz )

\ TETHH0
i
= A
=S Tl
Sos ~ Tl
{0140

150140

- —— CEHE0
=] L0540
_ /e 100

\ — S [/ Gtk
= — S |//FiE)

= S (/RS

= — =) — o

= gé A

= bl

= 3 &

& 1 TUW 361 GTOH-HLYI4g JUIdSNI i

e e

L T TUW 361 A10H-H1VI¥4 T41dSNI £

VxS w

== {03

= = — e

I TUWHL QT0H-HLY3¥8 TW1dX3 &

= 1_TUW AL A10H-ALY3NE 41dSNI
w o
o e
= O

AT



PCT/US2011/025011

WO 2011/103138

21/13

d0¢ 34

00SZ 0002

INNT 1431 -
INMT IHI —

TYNIIS TXId X4d

005L 0001 005

SISATVNV D3430 NOILYIILNIA WY490LSIH

0§
0
0§
001
051
002
058
00€
0s¢
00

INN0d 1IX1d

¥0¢ 34

AISNALNI TIXId X4d
000€ 005z 000C 005l 0001 005 O

N
\)
\

—

R Y

ONNT L431 - ,,
L\

)
3
T
kY
1
\
T

INNT LHO — =\

“

SISATVNY DD3430 NOILYTIINIA WYY§901SIH

0z
0
0Z
0F
09
08
001
0zl
ovl

INN0) 1X1d

19°0=1A34 oAb

29°0=1A3 TIYW A 89




WO 2011/103138 PCT/US2011/025011

22/13

WASHIN

h TITION DFE& o EAS TRAPPING

FI6. 22




WO 2011/103138

MEAN SIGNAL

501

40

30

20

10

23/13
WASHIN WASHOUT
A A A A
A
O
o U O

>0

IMAGE SET

FI6. 23

PCT/US2011/025011

0 MeanSignalPoorFill
A MeanSignalGasTrap



THMBW(EF)

[ i (S RIR) A ()
e (S IR) A (%)

HAT R E (TR AGE)

FRI& B A

RHA

L 5ER

H 20T S0k
ShEREELE

BEG®F)

patsnap

EAZECSEREMHITHBERNBUARRENRE , FE  AEVNEE

EP2536332A4 RF(REH) A 2014-01-15
EP2011745148 FER 2011-02-16
HRAZFE
MR AE
HRAE

CHARLES HAL CECIL
SOHER BRIAN J

CHARLES, HAL CECIL
SOHER, BRIAN J.

AB61B5/055 A61B5/00 A61B5/08 A61B5/087 A61M16/00 A61M16/10 A61M16/12 GO1R33/567

A61B5/0813 A61B5/055 A61B5/08 A61B5/082 A61B5/087 A61B5/7285 A61B2560/0223 A61B2576/02
A61M16/0054 A61M16/085 A61M16/1055 A61M16/107 A61M16/12 A61M2016/1025 A61M2202/0476
A61M2230/432 A61M2230/435 GO1R33/50 G01R33/5601 G01R33/56325 G01R33/56366 GO1R33
/5673

61/305025 2010-02-16 US
61/435599 2011-01-24 US

EP2536332A2

Espacenet

FERAEAFSEBEEYTEZHENMHAN/RIENMRIBGE RGNS
EARBHERENMSENESN20-79%. EASLFELSENESE
BYRBN1FEAREE (MRl ) EEHREERBE K.


https://share-analytics.zhihuiya.com/view/365cd674-1d31-444b-9297-26b4cea26c38
https://worldwide.espacenet.com/patent/search/family/044483541/publication/EP2536332A4?q=EP2536332A4

