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INDUCING AND MEASURING MYOCARDIAL
OXYGENATION CHANGES AS A MARKER
FOR HEART DISEASE

CROSS REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims the benefit of priority of
U.S. Provisional Patent Application No. 61/680,981 filed on
Aug. 8,2012, which is incorporated herein by reference in its
entirety.

FIELD

[0002] The present disclosure relates generally to methods
and systems for assessing heart function. More particularly,
the present disclosure relates to a method of using myocardial
oxygenation or blood flow in association with a breathing
maneuver to assess heart function.

BACKGROUND

[0003] Microvascular dysfunction is a hallmark of several
diseases, including coronary artery disease (CAD or coronary
atherosclerosis), most of them with high morbidity and mor-
tality rates. Typically, blood supply and oxygen to the heart
are affected, with consequences for longevity and quality of
life. Furthermore, in the cascade of developing atherosclero-
sis, the deterioration of microvascular function is considered
one of the first pathophysiological changes, occurring before
any detectable morphological abnormalities. Thus, microvas-
cular function is a target of choice for the early detection of
atherosclerosis and other diseases affecting the heart such as
diabetes, obesity, hypertension and hypercholesterolemia.
[0004] Currently, tests for coronary and microvascular
function are performed using surrogate markers and physical
or pharmacological stress (or vasodilatory) agents. Currently
used techniques include electrocardiography (ECG),
echocardiography, nuclear cardiology imaging (SPECT and
PET), computed tomography (CT), and cardiovascular mag-
netic resonance (CMR). Surrogate markers are related to
contractile function, tracer inflow or blood flow measure-
ments. These are expected to indicate reduced macrovascular
or microvascular function including the presence or absence
of a significant coronary artery stenosis.

[0005] However, the use of physical or vasodilatory stress
agents or exercise is contraindicated in some patients and
pharmacological stress agents have potential dangerous and
undesirable side effects and increase scan time and cost.
Furthermore, for visualizing the inflow of blood, nuclear
imaging uses a radioactive tracer, and CMR applies an intra-
venous bolus of an MRI contrast agent. This further impairs
patient safety (injection, allergies, side effects) and increases
scan preparation time and cost.

[0006] Myocardial oxygenation has also been used as a
marker forischemia and microvascular dysfunction. Oxygen-
ation-sensitive CMR (OS-CMR) using the blood oxygen-
level-dependent (BOLD) effect allows for non-invasive
monitoring of changes in myocardial tissue oxygenation. OS-
CMR detects changes in haemoglobin oxygenation by mak-
ing use of the fact that its magnetic properties change when
transitioning from oxygenated to deoxygenated status. While
oxygenated haemoglobin (oxyHb) is diamagnetic exhibiting
a weak stabilization of the magnetic field surrounding the
molecule, de-oxygenated haemoglobin (de-oxyHb) is para-
magnetic, de-stabilizing the surrounding field and thereby
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leading to a loss of magnetic field homogeneity, known as the
BOLD effect. CMR protocols sensitive to the BOLD effect
show a regional oxygenation-sensitive signal intensity (OS-
ST or BOLD-SI) drop in tissues with such a relative increase
of de-oxyHb, as seen in myocardial ischemia (Bauer et al.
1999; Wacker et al. 1999; Friedrich et al. 2003; Shea et al.
2005).

[0007] Several oxygenation-sensitive approaches have
been used to detect coronary artery disease, using myocardial
oxygenation changes in response to vasodilation by pharma-
cological agents such as adenosine or dipyridamole as a
marker for myocardial ischemia (Friedrich et al. 2003; Fieno
et al. 2004; Wacker et al. 1999; Bauer et al. 1999; Shea et al.
2005). While healthy vessels dilate and lead to an increase in
myocardial signal intensity (SI), myocardium subtended by
stenotic vessels show a blunted increase or a decrease in
myocardial BOLD-SI in response to the vasodilatory trigger
(Friedrich et al. 2003; Fieno et al. 2004; Wacker et al. 1999).
However, these pharmacological agents have undesirable
side effects such as bracycardia, arrhythmia, chest pain, bron-
chospasm, headache, nausea and heat waves. Furthermore,
the injection of such vasoactive substances requires intrave-
nous access and the availability of a medical doctor, addi-
tional cost for the vasodilatory agent, additional preparation
time, and a risk for adverse events related to the injected
agent.

[0008] Thus there remains a need for methods and systems
for assessing the vascular integrity of the heart and diagnos-
ing heart disease.

SUMMARY

[0009] Generally, the present disclosure provides a method
for assessing the vascular function of the heart and a system
for assessing heart function. In addition, disclosed herein is a
method of diagnosing heart disease by assessing oxygenation
of the heart, which is a reflection of the vascular integrity of
the heart.

[0010] Disclosed herein is a method of assessing heart
function or microvascular and/or macrovascular functionina
subject. The method involves measuring a change oxygen-
ation and/or blood flow in the heart or other organ of a subject
in response to atleast one breathing maneuver and comparing
the change in the oxygenation and/or blood flow compared to
acontrol. An abnormal response in the change in oxygenation
and/or blood flow is indicative of reduced heart or microvas-
cular and/or macrovascular function.

[0011] Also disclosed is a method of assessing heart func-
tion wherein the heart of a subject is imaged while the oxy-
genation of the heart is altered in response to at least one
breathing maneuver. The resulting image is segmented and
the signal intensity of a region of interest is compared to a
control. An abnormal change in signal intensity compared to
the control is indicative of reduced heart fanction.

[0012] The breathing maneuver may be a breath-hold or a
period of hyperventilation and may be voluntary or induced
by a machine. The control may be a baseline signal intensity
which may be obtained prior to or at the start of the breathing
maneuver. The control may also be a measured oxygenation
or blood flow in a healthy tissue within the image or a mea-
sured oxygenation or blood flow in a stored image of a refer-
ence tissue. The reference tissue may be a healthy myocar-
dium or other healthy organ or skeletal muscle.

[0013] The change in oxygenation may be measured using
an oxygen sensitive imaging technique such as blood oxygen
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level dependent magnetic resonance imaging (BOLD-MRI),
nuclear techniques, single-photon emission computed
tomography/SPECT, positron emission tomography/PET,
computed tomography/CT, echocardiography or other ultra-
sound, near infrared spectroscopy/NIRS, intravascular blood
flow measurements, fractional flow reserve, or impedance
measurements of the myocardium or other organ.

[0014] Themethods disclosed herein may be used to assess
microvascular or macrovascular function in the heart or other
organ or to assess disease related to microvascular or mac-
rovascular function such as heart disease or diseases of other
organs. Heart disease may be ischemic heart disease, coro-
nary heart disease, heart disease caused by arterial hyperten-
sion, diabetes mellitus, hypercholesterolemia, obesity, non-
ischemic cardiomyopathies, or myocardial inflammation,
congenital heart disease, valvular heart disease, stress-in-
duced cardiomyopathy, microvascular dysfunction or coro-
nary artery stenosis.

[0015] The methods disclosed herein do not include infu-
sion of a vasodilator in the subject. An abnormal change may
be a blunted increase compared to a control value, a lack of
increase compared to a control, a decrease compared to a
control or an increase compared to a control.

[0016] Also disclosed herein is a system for diagnosing
heart or other organ function comprising an imaging device
and a processor configured to assess heart or other organ
function according to the methods disclosed herein.

[0017] Other aspects and features of the present disclosure
will become apparent to those ordinarily skilled in the art
upon review of the following description of specific embodi-
ments in conjunction with the accompanying figures.

BRIEF DESCRIPTION OF THE DRAWINGS

[0018] Embodiments of the present disclosure will now be
described, by way of example only, with reference to the
attached Figures.

[0019] FIG.1 is a flow chart outlining the method accord-
ing to an embodiment;

[0020] FIG. 2 shows OS-SI in CMR analysis of 20 phases
of acardiac cycle in swine before and after a 60 s breath-hold,
[0021] FIG. 3 shows OS-CMR analysis of the myocardium
and the left ventricular blood pool during a 60 s breath-hold in
swine;

[0022] FIG. 4 shows the difference in paCO, (mmHg) plot-
ted against the %-change in myocardial SI (n=6) in swine;
[0023] FIG. 5 shows target baseline paO,/paCO, levels and
blood gas changes during a 60 s breath-hold in swine;
[0024] FIG. 6 shows mean % change+/-SEM in OS-SI
during a 60 s breath-hold in swine at multiple baseline blood
gas levels in the myocardium and the left ventricular blood
pool, as well as the myocardial SI corrected for left ventricu-
lar desaturation in swine;

[0025] FIG. 7 shows a correlation of changes of myocardial
ST with changes in capillary pCO, and a correlation between
myocardial SI and changes in paO, levels in swine;

[0026] FIG. 8 shows a correlation of changes in left ven-
tricular blood pool OS-SIwith changes in Sa0O,. The changes
in paO, with the corresponding change in SaO, for the
p0,=100/pCO,=50 mmHg versus the 80/50 mmHg level in
swine;

[0027] FIG. 9 shows changes in OS-SI in volunteers in
response to breathing maneuvers;

Jul. 16, 2015

[0028] FIG. 10 shows a difference in paCO, (mmHg) plot-
ted against the % change in myocardial SI in volunteers
during breathing maneuvers;

[0029] FIG. 11 is an illustration of breathing maneuvers
that may used in the method disclosed herein;

[0030] FIG. 12 shows the %-change of myocardial SI in
response to breathing maneuvers compared to % change of
myoacradial SI in response to adenosine (n=12, *p<0.05);
[0031] FIG. 13 shows the change in SI over time in
response to hyperventilation and breath-holds HVBH com-
pared to the SI in an image at the start of the breathing
maneuvers (n=12) with a non-linear regression line;

[0032] FIG. 14 is a coronary angiography image displaying
the placement of a perivascular flow probe on the left LAD of
a healthy animal;

[0033] FIG. 15 shows the %-change in coronary flow from
baseline levels as measured by a perivascular flow probe
placed on the LAD (¥*p<0.05, n=8);

[0034] FIG. 16. shows the %-change of myocardial SI in
response to breathing maneuvers obtained from a mid-apical
slice of an image of a heart; and

[0035] FIG. 17 shows the %-change of myocardial SI in a
mid slice and a mid-apical slice in comparison to the baseline
of pa0,=100 mmHg and paCO,=40 mmHg.

DETAILED DESCRIPTION

[0036] Generally, the present disclosure provides methods
and a system for assessing heart function using non-invasive
MR (or other) imaging. The degree and homogeneity of the
response may serve as indicators of regional and/or global
vascular function.

[0037] More particularly, the present disclosure relates to a
method of assessing heart disease by measuring the distribu-
tion of oxygen and or blood flow in the heart in response to
breathing maneuvers. Disclosed herein is a method of assess-
ing heart function or microvascular/macrovascular function
in a subject. An embodiment of the method involves measur-
ing a change oxygenation and/or blood flow in the heart or
other organ of the subject in response to at least one breathing
maneuver and comparing the change in the oxygenation and/
or blood flow compared to a control. An abnormal response in
the change in oxygenation and/or blood flow is indicative of
reduced heart or microvascular/macrovascular function.
[0038] Also disclosed is a method of assessing heart func-
tion wherein the heart of a subject is imaged while the oxy-
genation of the heart is altered in response to at least one
breathing maneuver. The resulting image is segmented and
the signal intensity of a region of interest is compared to a
control. An abnormal change in signal intensity compared to
the control is indicative of reduced heart function.

[0039] A system for diagnosing heart or other organ func-
tion is disclosed which comprises an imaging device and a
processor configured to assess heart or other organ function
according to the disclosed methods.

[0040] The methods disclosed herein are easy to perform
and are relatively inexpensive. They allow for the measure-
ment of changes in oxygenation and/or blood flow without the
injection of vasodilators which are costly and induce unpleas-
ant side effects. Furthermore, the methods disclosed herein
are non-invasive and non-surgical and require very little
preparation time in comparison to prior art methods that
require the preparation of vasodilators for injection.

[0041] FIG. 1is a flow chart outlining the steps of a method
disclosed herein. At step 102, a change in at least one of
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oxygenation and blood flow in a heart in response to a breath-
ing maneuver is measured. The change in oxygenation may
be measured by imaging the heart at step 104, segmenting the
image at step 106 and determining a signal intensity of a
region of interest at step 108. At step 110, the signal intensity
determined at step 108 or the change in oxygenation or blood
flow measured at step 102 is compared to a control. At step
112 heart function is assessed in accordance with the com-
parison result, wherein an abnormal change in oxygenation or
blood flow in the heart compared to the control is indicative of
reduced heart function.

[0042] As used herein, the term “heart function”is meant to
include vascular function, for example, microvascular or
macrovascular function. A diseased heart may show reduced
function compared to a normal heart, whereas an athlete’s
heart may show increased function relative to a normal heart.
The methods disclosed herein may be used to assess
decreased or increased heart function relative to a normal or
control heart.

[0043] As used herein, the term “heart disease” is meant to
include any disease relating to the heart. These include but are
not limited to ischemic heart disease or heart disease caused
by arterial hypertension, diabetes mellitus, hypercholester-
olemia, obesity, non-ischemic cardiomyopathies, myocardial
inflammation, congenital heart disease, valvular heart dis-
ease, stress-induced cardiomyopathy, or infiltrative myocar-
dial disorders. The disease may be microvascular disease (for
example in hypertension, diabetes, sleep apnea, hypercholes-
terolemia, “syndrome X", immunologic and rheumatologic
diseases) or macrovascular (stenotic coronary artery disease)
disorders. Additional examples of heart disease include but
are not limited to cardiomegaly, and stress-induced angina.
[0044] “Assessing” heart disease or heart function includes
but is not limited to diagnosing heart disease, predicting the
risk of developing heart disease, and monitoring the progres-
sion of heart disease. For example, assessing includes diag-
nosing heart disease in subjects with chest pain of unknown
origin, or for diagnosing subjects with atypical symptoms
consistent with coronary atherosclerosis. The method may
also be used to assess whether a subject is at risk of develop-
ing heart disease (i.e. a large-scale population wide screening
for cardiovascular risk) or assessing whether the disease has
initiated or developed in a subject at risk of developing heart
disease. Therefore, “assessing” is meant to include predicting
risk for developing heart disease and risk stratification of
subjects. This includes predicting the risk of developing
hypertension, hypercholesterolemia, diabetes or other sys-
temic disease, which may affect microvascular or microvas-
cular function in the myocardium. Assessment may include
assessing the severity of coronary artery stenosis in patients
with known coronary artery disease. Assessing may include
monitoring disease progression in individuals diagnosed with
heart disease. This may include subjects receiving treatment
or subjects who are not receiving treatment. For example,
assessing includes evaluating the impact of therapeutic inter-
ventions such as medications, exercise programs or the like
on the established heart disease, and in particular, microvas-
cular function and oxygenation.

[0045] Assessing heart disease may also include determin-
ing whether significant coronary artery stenoses are present in
the preoperative workup of subjects scheduled for surgery or
during interventional revascularization in coronary artery dis-
ease. In addition the term “assessing heart disease” is meant
to include the assessment of the impact of non-ischemic car-
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diovascular disease (e.g. infiltrative or inflammatory myocar-
dial disease) on microvascular function and oxygenation or
for assessment of the impact of systemic diseases (e.g. viral
infection) on microvascular function and oxygenation. It is
also possible to use the methods described herein to stratify or
“assess” the risk of developing heart disease for family mem-
bers considered at increased risk for coronary atherosclerosis.
[0046] “Assessing” heart function may include testing for
healthy subjects and monitoring cardiovascular health over
time, or monitoring a change in heart function in response to
an exercise program or change in lifestyle, which may include
changes in exercise or changes to food and fluid intake.
[0047] The term “risk factors” is meant to include any
factor that results in a predisposition to heart disease and
would be known to a person of skill in the art. Risk factors
related to heart disease such as coronary atherosclerosis
include but are not limited to hypertension, diabetes, obesity,
age, sex, genetic disposition, smoking, or previous heart dis-
ease. Risk factors may also include but are not limited to
iatrogenic factors (e.g. secondary to radiation therapy), infec-
tion, inflammation, and neoplasm.

[0048] As used herein a “subject” refers to any human or
animal that would benefit from the assessment of heart func-
tion. Non-limiting examples of a subject include humans,
non-human mammals, companion mammals, livestock and
the like. A subject can further be a healthy human or animal
that will provide useful information to understanding and
diagnosing heart disease or further improving the protocol or
technical specifications of OS-CMR.

[0049] A subject at risk may be a subject that does not show
any signs of having heart disease; a subject that shows signs of
the disease but has not yet been diagnosed; a subject that has
been diagnosed but has not undergone treatment; a subject
that has undergone treatment.

[0050] Theterm “breathing maneuvers” is meant to include
any alteration to the natural, unconscious control of breath-
ing. Unconscious control of breathing is mediated by special-
ized centers in the brainstem which automatically regulate the
rate and depth of breathing. Thus, breathing maneuvers may
include, for example, a change in the rate or the depth of the
breath. Breath-holds and hyperventilation are examples of
breathing maneuvers. Breathing maneuvers may be voluntary
(i.e. in response to conscious control of breathing) or induced
mechanically. Certain embodiments use multiple breathing
maneuvers or combinations of breathing maneuvers.

[0051] As used herein the term “breath-hold” is used inter-
changeably with “apnea” and refers to the suspension of
breathing. The term “hyperventilation” defines a breathing
rate that is faster than the momentary resting breathing rate of
the subject or a breathing rate faster than the rate required to
maintain physiologic paCO, levels (40+/-5 mmHg) for ven-
tilated subjects. The suspension of breathing may be induced
mechanically through manipulation of specialized devices
(e.g. ventilation bag) or machines such as a ventilator or may
be induced naturally and voluntarily without the use of an
external machine. In patients with other pre-existing diseases
(e.g. pulmonary diseases) the paCO, levels may be different
from those naturally defined as physiologic. A person of skill
in the art would be able to define the appropriate baseline
pCO, levels and baseline respiratory rate for those subjects.
Specialized machines may allow for a fine-tuned change of
blood carbon dioxide and/or oxygen using simultaneous
blood gas analysis and feedback mechanisms to regulate the
inhaled gas composition. An example of a suitable machine
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for regulating inhaled gas composition is a Harvard ventila-
tor, but other machines would be known to a person skilled in
the art. In one embodiment, breath-holds may be achieved in
an anaesthetized ventilated model. In another embodiment
standardized voluntary breathing maneuvers were used.

[0052] Breath-holds may be from 5 seconds to 3 minutes in
length. In a preferred embodiment a breath-hold is about 1
minute. A breath-hold may be 5 seconds, 10 seconds, 15
seconds, 20 seconds, 25 seconds, 30 seconds, 35 seconds, 40
seconds, 45 seconds, 50 seconds, 55 seconds, 60 seconds, 65
seconds, 70 seconds, 75 seconds, 80 seconds, 85 seconds, 90
seconds, 95 seconds, 100 seconds, 105 seconds, 110 seconds,
115 seconds, 120 seconds, 125 seconds, 130 seconds, 135
seconds, 140 seconds, 145 seconds, 150 seconds, 155 sec-
onds, 160 seconds, 165 seconds, 170 seconds, 175 seconds or
180 seconds. A breath-hold may also be maximal. By maxi-
mal it is intended to mean the maximum length of time a
subject may voluntarily hold their breath. Multiple breath-
holds may be used in the methods described herein.

[0053] Inanembodiment the methods are performed using
standardized breathing maneuvers. For example, the breath-
ing maneuver may be a period of hyperventilation. The meth-
ods may include multiple periods of hyperventilation or
breath-holding or a combination of periods of hyperventila-
tion and breath-holding. Forexample, three minutes of hyper-
ventilation, followed by 30 seconds of breath-holding may be
used in the methods disclosed herein.

[0054] In an embodiment, the pCO, (arterial, peripheral or
end-tidal) and pO, (arterial, peripheral, inspiratory or expira-
tory gas concentrations) or SpO, are adjusted to a baseline
level of a target e.g. paO, of 100 mmHg and a target paCO, of
40 mmHg, SpO, of 95-98%.

[0055] Changes in oxygenation or blood flow induced by
breathing maneuvers may be measured using any diagnostic
technique capable of detecting regional or global variations of
myocardial perfusion or oxygenation. Examples include but
are not limited to oxygenation-sensitive CMR, nuclear cardi-
ology techniques (single-photon emission computed tomog-
raphy/SPECT, positron emission tomography/PET, com-
puted tomography/CT, echocardiography, near infrared
spectroscopy/NIRS intravascular blood flow measurements
such as fractional flow reserve, or impedance measurements
of the myocardium. In an embodiment, T2* weighted steady-
state-free-precession (SSFP) protocolsina 1.5 T MRI system
were used. In a further embodiment, a 3.0 T MRI system was
used. Appropriate diagnostic techniques would be knownto a
person of skill in the art.

[0056] Inanembodiment the method comprises inducing a
breath-hold in a subject; measuring the change in oxygen-
ation-sensitive magnetic resonance signal intensity or T2* in
the heart of the subject during breathing maneuvers; and
assessing heart disease, wherein heart disease is indicated by
an abnormal response, typically a lack of increase or even
decrease ini0S-CMR signal intensity or T2* in oxygenation-
sensitive images compared to a control. The image of the
subject may be obtained by OS-CMR and segmented accord-
ing to procedures that are known to a person skilled in the art.
Segments of the heart may then be compared and myocardial
segments that are subtended by vessels with stenosis may be
identified as regions with decreased signal intensity or T2*
relative to other segments, which represent normal tissue. In
one embodiment the control is a myocardial segment within
the heart that is “normal” and does not show evidence of an
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abnormal response which would indicate abnormal
microvascular function or stenosis of a related coronary
artery.

[0057] The control may be an image obtained by OS-CMR,
or signal intensity ranges or T2* that have been previously
obtained from a subject with a normal (or non-diseased)
heart. The control may also be data or images that relate to
blood flow in a normal heart or reference organ. The image or
data may have been previously stored in a database. In an
embodiment the signal intensities of the subject are compared
to the signal intensities or T2* obtained from the stored
image. The stored control images may be categorized accord-
ing to age, sex, type of disease, for example, and a control may
be “matched” to the subject. The control tissue may further be
healthy myocardium within the same scan from the same
subject that shows OS-SI changes in an expected manner
which pre-defines healthy myocardium, it may be myocar-
dium where the normal SI is exhibited by normalization with
reference tissue (e.g. skeletal muscle) or it may be the refer-
ence tissue itself that is compared to segments suspected of
cardiac disease.

[0058] Baseline STorT2* (at aresting state) BOLD images
may be obtained in or on one or several standardized short
and/or long axis slices. OS-SI or T2* during or after a breath-
ing maneuver may be compared to the baseline values. Dur-
ing breath-holds, continuous image acquisitions are possible.
In hyperventilation maneuvers images may be acquired after
the breathing maneuvers in a short breath-hold. Images can
also be obtained during free breathing in navigator monitored
or gated free breathing sequences. In these sequences SI or
T2* changes can be compared during changes of respiratory
rate (e.g. changing from the normal baseline respiratory rate
to hyperventilation (respiratory rate 20-40/min)) which may
also include breath-holding (respiratory rate=0/min). Breath-
holding will lead to an increase in pCO, and thus lead to an
increase in blood flow and myocardial oxygenation in healthy
myocardial tissue that can be measured with OS-CMR.
Hyperventilation will result in the opposite. Myocardium
with microvascular dysfunction is expected to show a differ-
ent behaviour in OS-CMR as compared to healthy myocar-
dium to breathing maneuver challenges. Signal intensity or
T2* evolution can be analyzed by comparing baseline values
to the mean or maximal deflection (maximal/minimal SI/T2*
changes) at specific time points during or at the end of the
maneuver or the signal evolution over time. In the latter case
the slope of the SI/T2* change (% change SI/s) may be
indicative of healthy or disecased myocardium.

[0059] Myocardial borders may be manually traced by the
reader or automatically by evaluation software. The myocar-
dium may be assessed based on defined segments, e.g. the
“AHA segmentation model”. The SI or T2* changes may be
compared to the control or baseline images or signals in a
database or other myocardial segments. The increase/de-
crease (absolute SI or T2* changes, changes in % from the
control or baseline, SI/T2* changes over time, maximal or
minimal SI or T2%) in BOLD-SI or T2* images would be
deemed normal or pathologic. The T2* mapping technique
defines a diagnostic threshold value of which myocardial
segments are deemed healthy or diseased. In such a case
breathing maneuver images may not need to be compared to
baseline images.

[0060] The administration of adenosine in patients with
severe coronary artery stenosis is currently used in clinical
applications and leads to either a blunted increase, a lack of
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increase or a decrease of myocardial oxygenation in related
myocardial regions compared to a normal control (Luu et al.,
in preparation; Friedrich et al., 2003). In these studies, BOLD
MRI was used to detect myocardial ischemia related to severe
coronary stenoses in patients with stress-induced angina.
Since the change in signal intensity in normal tissue using
breathing maneuvers is improved relative to those seen using
adenosine, it follows that the instant methods may be used to
assess heart disease and heart function.

[0061] The threshold value for observed changes of myo-
cardial oxygenation may change in response to subject-re-
lated factors such as age, gender, level of physical fitness, and
the disorder to be assessed as well as technical conditions
related to altitude and technology used for measurement (MR
field strength, nuclear cardiology tracers, flow probes). Cut-
off values related to an increase of myocardial blood flow by
a minimum of 100% or an increase of the OS-MR signal
intensity of a minimum of 3% may be used as an indicator of
a preserved response. Similarly, a decrease in change in OS-
MR signal intensity of 3% relative to a control may be suffi-
cient to discriminate diseased heart (or reduced heart func-
tion) from normal heart. These values will also be subject to
the precise breathing maneuver protocol, the field strength
and the used MR protocol (“sequence”).

[0062] The method disclosed herein may be used to assess
ischemic heart disease or heart disease caused by arterial
hypertension, diabetes mellitus, hypercholesterolemia, or
obesity, non-ischemic cardiomyopathies, myocardial inflam-
mation, congenital heart disease, valvular heart disease,
stress-induced cardiomyopathy, or infiltrative myocardial
disorders. The disease may be microvascular disease (for
example in hypertension, diabetes, sleep apnea, hypercholes-
terolemia, “syndrome X, immunologic and rheumatologic
diseases) or macrovascular (stenotic coronary artery disease)
disorders. The methods may also be used to assess the func-
tion of a normal heart.

[0063] Disclosed herein is a system that uses changes of
oxygenation in the heart muscle or blood flow as a marker for
heart disease or involvement of the heart in systemic disease
by combining an imaging device or a device to measure blood
flow, e.g. an MRI scanner, with a processor configured to
assess heart function. The processor is a programmable pro-
cessor such as a microprocessor. The system allows for mea-
surement of the response of the oxygen metabolism or blood
flow in the heart muscle and using the resulting changes of
myocardial oxygen or blood flow as a marker for assessing
heart function, including but not limited to the diagnosis of
microvascular and macrovascular disease. A normal response
is closely linked to a healthy microvascular environment. An
abnormal response may be used as a diagnostic marker for
diseases of the small vessels. The system may be offered as a
specific combination of an MRI scanner with a device to alter
breathing pattems.

[0064] The method or system may be used in hospitals,
clinics or private practices. In an embodiment, the method or
system may be combined with blood tests and genomic analy-
sis to allow for a comprehensive stratification or classification
of the atherosclerotic risk of a subject. In another embodi-
ment, the method or system may comprise a combination of
devices to modify blood gases along with breath-holds and
MRI of the heart for diagnostic purposes or to assess heart
function.

[0065] Themethod or system may also be used to assess the
microvascular response in the brain, kidneys or other organs.
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Indeed, BOLD imaging has been used for many years in the
field of cognitive neuroscience. Both, simple T2* estimates of
oxygenation and more advanced quantitative BOLD tech-
niques have been used to detect oxygenation changes in dif-
ferent brain disorders. T2* measurements have been pro-
posed to delineate the penumbra in acute stroke (Tamura et
al., 2002; Morita et al., 2008). Furthermore, BOLD imaging
has the potential to assess oxygenation status of brain
tumours (Brown and Wilson, 2004). Many other brain disor-
ders such as Alzheimer disease, Parkinson disease and Hun-
tington disease have been associated with alterations in cere-
bral oxygenation metabolism (Christen et al, 2012).
Oxygenation-sensitive CMR has also been applied to assess
endothelial function in skeletal muscle (Utz et al., 2005) and
oxygenation of kidneys (Mason, 2006). Thus, the methods
disclosed herein that result in changes in oxygen sensitive
CMR may be used to assess these diseases.

[0066] To gain a better understanding of the invention
described herein, the following examples are set forth. It
should be understood that these examples are for illustrative
purposes only. Therefore, they should not limit the scope of
the invention in any way.

Example 1

[0067] An anaesthetized ventilated porcine model to assess
changes in myocardial oxygenation due to controlled apnea at
physiologic baseline levels:

[0068] Methods
[0069] Animal Preparation Protocol
[0070] Nine juvenile male pigs (24.360.2 kg) were pre-

medicated with 600 mg Ketamine, 10 mg Midazolam and 2
mg Fentanyl i.m., then anaesthetized with 20-25 mg/kg Thio-
pental to establish an appropriate anaesthesia depth. They
were intubated with a standard cuffed endotracheal tube (ID
5.5-6 mm) and ventilated with a Harvard Ventilator. Anaes-
thesia was maintained with an intravenous drip (1-3 mg/h
Midazolam, 1.6-4.8 mg/h Fentanyl) and a nitrous oxide/Isof-
lurane (0.6-1.5%) gas narcosis. To prevent arrhythmia, the
animals received a continuous Lidocaine infusion (1 mg/min)
The right carotid artery and the femoral artery were cannu-
lated for invasive blood pressure and arterial blood gas mea-
surements throughout the experiment. The left jugular and
femoral vein were cannulated for intravenous infusions.
Monitoring of anaesthesia and haemodynamics included
BtCO,, FiO,/FiN20, 3-lead ECG, invasive blood pressure
and arterial blood gases.

[0071] MRI Imaging Protocol

[0072] After preparation, the animals were transferred to a
clinical 1.5 T MRI system (Avanto™, Siemens Healthcare,
Erlangen, Germany) Custom 12 m long ventilator tubing
connected the ventilator from outside the MR suite. Blood
gases were adjusted to a target paO, of 100 mmHg and a
paCO, of 40 mmHg. Then, BOLD-sensitive steady-state-
free-precession (SSFP) cine images were acquired in mid
left-ventricular short axis views (slice thickness 10 mm, TE
2.78 ms, TR 5.56 ms, flip angle 90°, FOV variable, matrix
128x72). Each cine loop was composed of 20 phases covering
the entire cardiac cycle, obtained by retrospective ECG gat-
ing. BOLD-SSFP cines were acquired during a 1 min breath-
hold. Breath-holds were induced by switching off the venti-
lator Immediately after resuming ventilation an arterial blood
sample was taken to determine the changes in blood gas levels
over the one minute breath-hold. Blood gases were utilized to
calculate the approximate arterial haemoglobin saturation
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using a dissociation curve tool (Varjavand 2000) based on the
equations of Kelman and Severinghaus (Kelman 1966; Sev-
eringhaus 1979).

[0073]

[0074] The images were analyzed using certified software
for CMR image analysis (cmr*?, Circle Cardiovascular Imag-
ing Inc., Calgary, AB, Canada). Image quality was graded
prior to SI measurement using visual assessment based on a
1-4 scale: 1=good image quality, 2=mildly impaired image
quality resulting in <10% of the total myocardial area
excluded, 3=limited image quality resulting in >10% of the
myocardium excluded, 4=a severely non-analyzable image.
The mean myocardial SI in the BOLD-sensitive images was
automatically calculated after manual tracing of endocardial
and epicardial contours in all images of each cine series.
Additionally, a region of interest was defined in the centre of
the left ventricular (LV) lumen for assessing SI changes in the
arterial blood during the breath-hold.

[0075] FIG. 2 shows OS-SI in CMR analysis of 20 phases
of a cardiac cycle before and after a 60 s breath-hold. For the
entire cardiac cycle, the area under the curve (AUC) was
calculated from the signal intensity of all 20 phases and
expressed as percent change SI between baseline and the end
of the breath-hold.

[0076]

[0077] To determine the SI changes resulting from apnea,
the AUC of the first two image sequences were compared to
those of'the last two images of the breath-hold using a paired
t-test. Additionally, differences in blood gases and cardiovas-
cular parameters over the breath-hold were analyzed with a
paired t-test. Pearson’s correlation was performed to deter-
mine if there were relationships between the %-change SIand
changes in blood gases, heart rate and blood pressure. Values
are expressed as mean+SEM. Statistical analysis was calcu-
lated with GraphPad Prism (GraphPad Software, San Diego,
Calif) and deemed significant if p<0.05.

[0078]

[0079] One pig was excluded due to a pre-existing severe
myocardial wall motion abnormality at baseline. Two pigs
died in a sudden cardiac arrest during the preparation of the
blood vessels, leaving 6 pigs for the data analysis. Overall,
BOLD image quality was good in this study as visual assess-
ment yielded a mean score of 1.3+£0.3. One pig had 10%-15%
of the myocardium excluded in the anterolateral and infero-
lateral segments due to susceptibility artifacts and two other
pigs had, 10% exclusions in the inferoseptal, inferior and
inferolateral segments.

[0080]

[0081] The paCQO, significantly increased from 41x0.4 to
47+1 mmHg during apnea (p<0.001) accompanied by a sig-
nificant decrease in pH from 7.40£0.02 to 7.35+0.01 (p=0.
009) as shown in Table 1. Also, there was a significant
decrease in pa0, from 100x2 to 65£5 mmHg (p=0.003). As a
result of the changing paO,, paCO, and pH levels, the calcu-
lated SaO, dropped by 9.9#3.5% (p=0.037). There was no
change in heart rate but all animals, however, showed a sig-
nificant drop in blood pressures (p<0.05).

Image Analysis

Statistical Analysis

Results

Blood Gases and Cardiovascular Parameters
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TABLE 1

Changes of arterial blood gases, blood pressure and heart
rate in swine before and after a 60 second breath-hold.

After
Baseline Apnea
(n=06) (n=06) p Value
Arterial blood gates [mmHg]
paCo, 41+04 47+ 1 <0.001
pa0, 100 +2 65+5 0.003
pH 740£0.02 7352001  0.009
Arterial blood pressures [mmHg]
Systolic 100 + 11 85+ 18 0.013
Mean 74 +9 64+ 13 0.035
Diastolic 39+£9 50£11 0.029
Heart rate [beats/min] 110+ 14 114 £ 14 0.448

Mean (#SEM) arterial partial pressures (mmHg) of blood gases, invasive blood pressures
from the femoral artery and heart rate (n + 6).
doi:10.1371/journal. pone.0053282.t001

[0082] CMR Results

[0083] FIG. 3 shows OS-CMR analysis of the myocardium
and the left ventricular blood pool during a 60 s breath-hold in
swine. Between 6 and 8 BOLD SSFP cine series were
acquired during the apneic periods. During apnea, there was
a strong, yet non-significant trend for an increase of myocar-
dial ST (4.8+2.2%; p=0.077).

[0084] FIG. 4 shows that that the increase in myocardial ST
was linearly correlated with the change in paCO, (r=0.90,
p=0.010) while there was no correlation between myocardial
SI changes and changes of paO,. SI in the LV blood pool
decreased during apnea by 8.0£3.0% (p=0.047). The relative
drop in blood pool SI detected by oxygenation-sensitive MR
was similar to the 9.9+3.5% (p=0.037) drop in calculated
Sa0,. Heart rate was not correlated with changes in SI.

Example 2

[0085] An anaesthetized ventilated porcine model to assess
changes in myocardial oxygenation due to controlled apnea
from a wider range of baseline paCO, and paQO, levels.

[0086] Methods
[0087] Anaesthesia and Animal Protocol
[0088] Nine juvenile male pigs (24.3+0.2 kg) wereused for

this study. The anesthesia and animal preparation was iden-
tical to that explained in part A.

[0089] Experimental Protocol

[0090] FIG. 5 shows a range of paQO,/paCO, levels that
were used as a target baseline and blood gas changes that
occurred during a 60 s breath-hold in swine. Six baseline
blood gas levels were targeted (paO,: 100 and 80 mmHg;
paCO,: 30, 40 and 50 mmHg) by modulating the ratio of
inspiratory O,/N,O gas fraction and the ventilation rate. This
way hypocapnia and hypercapnia were assessed in combina-
tion with normoxemia or hypoxemia in addition to a normal
blood gas level previously published (Guensch et al. 2012).
Once a level was attained, a 60 s breath-hold was induced by
pausing ventilation at end-expiration Immediately after
resuming ventilation, a second arterial blood sample was
taken to determine the changes in blood gas levels over the
breath-hold. Blood gases were utilized to calculate the
approximate arterial hemoglobin saturation using a dissocia-
tion curve tool (Varjavand 2000) based on the equations of
Kelman (Kelman 1966) and Severinghaus (Severinghaus
1979).
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[0091] CMR Imaging Protocol

[0092] All imaging was performed in a clinical 1.5 T MRI
system using a body matrix coil (Avanto®, Siemens Health-
care, Erlangen, Germany) Single slice BOLD-sensitive
steady-state-free-precession (SSFP) cine images were
acquired continuously throughout a 60 s breath-hold of the
mid left-ventricular short axis (Slice Thickness 10 mm, Echo
Time 2.78 ms, Repetition Time 44.48 ms, Flip Angle 90°,
Field of View 280x157.5, matrix 128%x72). Each cine series
was composed of 20 phases covering the entire cardiac cycle,
obtained by retrospective ECG gating.

[0093] Image Analysis

[0094] Mean SI of the left ventricular (LV) myocardium
and arterial blood was obtained from images using certified
software for CMR image analysis (cmr*?, Circle Cardiovas-
cular Imaging Inc., Calgary, AB, Canada). Myocardial SI was
defined by the manual tracing of endocardial and epicardial
contours, and the arterial blood by a region of interest in the
LV lumen. For each cine, the area under the curve (AUC) was
calculated from the signal intensity ofall 20 phases to provide
a single value for each acquisition.

[0095] The SI from the first two cines of the breath-hold
were compared to the final two cines and expressed as percent
change SI measured across a 60 s breath-hold. The % change
in SIis reported for both the myocardium (MyoSI) and theleft
ventricular blood pool (LVbpSI). To compensate for the two
competing effects of arterial desaturation and increase in
CO,-mediated blood flow, the difference between LV-blood
pool SI change and myocardial SI change is reported as
calculated SI change (SI_,,.). This myocardial SI corrected
for desaturation calculates as SI_,, =MyoSI(%)-LVbpSI(%).
[0096] Statistical Analysis

[0097] Changesin values atbaseline and after a breath-hold
were compared using paired t-tests. Changes in SI of both the
myocardium and blood pool were compared to the changes in
paCO,, pa0,, heart rate (HR), mean arterial blood pressure
(MAP) and calculated SaO, with linear correlation and mul-
tiple regression analysis. Statistical analysis was considered

significant if ¥*P<0.05.
[0098] Results
[0099] For each level there were 6 successful subjects due

to two premature deaths and one to a pre-existing cardiac
abnormality. All images were of sufficient image quality and
none were excluded.

[0100] Image Quality

[0101] FIG. 6 shows mean % change+/-SEM in OS-SI
during a 60 s breath-hold from several baseline blood gas
levels in the myocardium, the left ventricular blood pool as
well as the myocardial S1 corrected for left ventricular desatu-
ration. The initial baseline SI did not differ between the dif-
ferent levels and the %-change SI is the reported value. The
MyoSI showed a similar trend of increasing SI of at least
5.2% for each level (FIG. 6). On the other hand the LVbpSI
decreased, but the degree of change differed between some
levels. The decrease was not as pronounced in the normox-
emic levels (paO, 100 mmHg), yet a larger and significant
drop of at least 11% (*P<0.02) was observed in the hypox-
emic levels (paO, 80 mmHg). The same effect was seen in the
SaQ, calculation. There was an increase in the calculated
myocardial ST of at least 17% in the hypoxic levels (*P<0.01)
and at least 10% for the levels 100/30 and 100/40 (¥*P<0.05),
with 100/50 to be the only level with a non-significant
increase (+7.8%, P=0.08).
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[0102] Blood Gas Analysis

[0103] PaCO, and paO, levels were analyzed for all blood
samples (n=6) except for the post breath-hold oxygen tension
from 1 animal of the 80/40 level resulting in n=5. Analysis of
the arterial blood samples (FIG. 5) from each level showed
that paCO, increased significantly while the oxygen partial
pressures all decreased by a minimum of 25 mmHg after a 60
s breath-hold. These changes were consistent among all the
levels. Like the changes in LVbpSI, there was a greater
decrease in calculated SaO, in the hypoxemic levels com-
pared to the normoxemic levels.

[0104] Relationship of Signal Intensity to Blood Gas Lev-
els
[0105] FIG. 7 shows a correlation of changes of myocardial

ST and changes in capillary pCO2 and correlation of myocar-
dial SI and changes in the paO, levels in swine. For the
normoxemic levels, correlations were present between myo-
cardial SI and both paCO, (r=0.50, P=0.03) and paO, (r=-0.
57, P=0.01). Multiple regression showed that both of these
parameters could be combined to explain the changes in SI
(R?=0.42, F, ,5=5.43, P=0.02).

[0106] FIG. 8 shows a correlation between changes in left
ventricular blood pool OS-SI and changes in Sa0,. Blood
pool OS-SI was found to be moderately correlated to the
change in Sa0, (r=0.46, P<0.01). Analysis of the myocardial
ST was divided into hypoxemic and normoxemic levels. In the
hypoxemic levels no relationship was observed between
myocardial SI and any blood gases. The changes in paO, with
the corresponding change in SaO, for the pO,=100/pCO,=50
mmHg versus 80/50 mmHg level in swine.

[0107] Relationship of Signal Intensity to Cardiovascular
Parameters
[0108] There was no correlation between myocardial

BOLD-SI changes and heart rate or mean arterial blood pres-
sure. However there was a moderate negative correlation
between HR and left ventricular blood pool SI (r=0.47, P=0.
049).

Example 3

Changes in Myocardial Oxygenation in Healthy
Volunteers Performing Breathing Maneuvers

[0109] Anaesthetics, which can affect coronary vascular
tone, are a confounding factor in a model when trying to
assess vascular function. It is possible that voluntary breath-
ing maneuvers such as hyperventilation or a breath-hold can
induce changes in myocardial oxygenation detectable by
oxygen sensitive CMR.

[0110] Experimental Protocol

[0111] Eight healthy volunteers and six aquatic athletes
were recruited to perform breathing maneuvers in a 1.5 T
clinical MRI scanner (Siemens Avanto, Siemens, Erlangen
Germany). Volunteers were required to be a minimum age of
18 years and provide informed consent. Aquatic athletes had
to be able to comfortably hold their breath for at least 60
seconds. Exclusion criteria consisted of any conditions of
previous or known cardiovascular disease, respiratory dis-
ease, vasoactive medication, pregnancy, consumption of cof-
fee, tea or cigarettes 12 h prior to the scan, as well as general
exclusion criteria for MRI exams. The healthy normal volun-
teers performed three breathing maneuvers; a free maximal
breath-hold and two sets of hyperventilation of 1 and 2 min-
utes each. Aquatic athletes were asked to perform a timed 60
s breath-hold as well as a free maximal breath-hold. Using a
32-channel cardiac phased array coil, BOLD-sensitive
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steady-state-free-precession (SSFP) gradient echo cine
images were continuously acquired during the breath-holds
in mid left-ventricular short axis views (slice thickness 10
mm, TE 2.78 ms, TR 5.56 ms, FA 90°, FOV 280x157.5,
matrix 128%x72), (Vohringer et al. 2010; Guensch et al. 2012;
Dharmakumar et al. 2006). For the acquisition of hyperven-
tilation images, two baseline cines and two post-hyperventi-
lation cines were acquired during a short breath-hold. Each
cine loop was composed of 20 phases covering the entire
cardiac cycle, obtained by retrospective ECG gating. Prior to
and immediately after breathing maneuver, capillary pO, and
pCO, were acquired. With respect to “immediately after” it is
meant that the signal intensity is measured as soon as possible
after the breathing maneuver is complete. It has been shown
that the myocardial response to breathing maneuvers is
diminished within three natural breaths after completion of
the breathing maneuver. The hands were warmed to arterial-
ize the blood.

[0112]

[0113] The images were analyzed with certified software
for CMR images (cmr*?, Circle Cardiovascular Imaging Inc.,
Calgary, AB, Canada). Image quality was graded prior to SI
measurement using visual assessment based on a 1-4 scale:
1=good image quality, 2=mildly impaired image quality
resulting in <10% of the total myocardial area excluded,
3=limited image quality resulting in >10% of the myocar-
dium or>1 phases fromthe cine to be excluded, 4=image with
insufficient quality for analysis. The mean myocardial SI in
the images was automatically calculated after manual tracing
of endocardial and epicardial contours of all images. Addi-
tionally, left ventricular blood pool contours were traced to
assess changes of SI caused by changes in arterial haemoglo-
bin saturation (Guensch et al. 2012).

[0114] For the breath-hold experiments the first two cine
series of the breath-hold were averaged for all cardiac phases
and compared to the final two cines. If breath-holds were
shorter resulting in four or less cine series, only the first cine
was compared to the final one. For the hyperventilation
experiments the two baseline scans were averaged accord-
ingly and compared to two post-hyperventilation images. The
area under the curve (AUC) was calculated from the signal
intensity of all 20 phases and expressed as percent change SI
from baseline to provide a single SI value incorporating rep-
resentative data of the entire cardiac cycle.

Image Analysis
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[0115] All images were analyzed by two readers and the
average change in myocardial SI from both readers was
reported.

[0116] Statistical Analysis

[0117] To determine the SI changes resulting from the
breathing maneuvers the AUC from the beginning of the
breath-hold/before hyperventilation were compared to those
at the end of the breath-hold or after hyperventilation, respec-
tively, using a paired t-test and expressed as % change-SI. A
one-way ANOVA and a Tukey-Kramer post-hoc test were
used to compare the % change-SI between the different
breathing maneuvers. Inter-observer variability of the MR
analysis was assessed with an intraclass correlation. The
changes in blood gases from baseline and after a breathing
maneuver were analyzed using a paired t-test and correlation
was calculated between the changes of BOLD-SI, blood
gases and heart rate. A D’ Agostino’s-Pearson normality test
was performed to assess normal distribution within the data
points. Multiple regression analysis was performed with
these variables using blood gases and heart rate as the inde-
pendent variables and BOLD-SI as the response variable to
determine which factor was primarily responsible for the
variation in BOLD-SI. Additionally, analyses were also per-
formed with normalization for heart rate (SI/HR). P<0.05 was
regarded statistically significant. Statistical analysis was
completed with SPSS version 19 (SPSS, Chicago, 111.) and
Graph Pad Prism (GraphPad Software, San Diego, Calif.).
[0118] Results

[0119] There were five breathing maneuver groups avail-
able for analysis: 1-minute hyperventilation (HV60 s, n=7),
2-minute hyperventilation (HV120 s, n=5), short free breath-
hold (BH35 s, n=6), timed 60-second breath-hold (BHSS s,
n=6) and long free breath-hold (BH117 s, n=5). In the HY 60
s experiment, one volunteer had to be excluded due to insuf-
ficient image quality. In the HV120 s group, two studies had
to be excluded due to poor image quality whereas one volun-
teer had to abort the experiment due to hyperventilation side
effects. One volunteer was excluded from the timed 60 s
breath-hold due to bad image quality. Subjects whose breath-
ing maneuvers did not meet pre-defined criteria, were reallo-
cated to the appropriate breathing maneuver group prior to
image analysis.

[0120] Blood Gas Analysis

[0121] Capillary pO, dropped significantly by 16.3 mmHg
after the longest breath-hold, BH117 s (P=0.04). There was
no change in pO, observed in the other experiments. In both
hyperventilation experiments there was a significant drop in
capillary pCO, (Table 2).

TABLE 2

Changes of cardiovascular parameters at different blood gas baseline

levels during a 60 s breath-hold in swine.

PO, pCO,

n Baseline Post P Baseline Post P
Hyperventilation 5 568=x18 56337 0738 29.0x0.7 203=x04 <0.001%
(120s)
Hyperventilation 7  63.1x42 61.7£34 0.696 27915 220+1.2 0.002%
(60 s)
Breath-hold (35 s) 6 54727 62026 0101 29113 293x08 0.880
Breath-hold (60 s) 6 563:40 62139 038 27.1x£24 279x13 0.695
Breath-hold (117 s) 5 609x24 446+37 0040% 253+28 27.7+£20 0.119

*Statistically significant
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[0122] CMR Results

[0123] FIG. 9 shows the changes in OS-SI in volunteers
with different breathing maneuvers: 1 min hyperventilation, 2
min hyperventilation, free short breath-holds (normal volun-
teers), 1 min timed breath-hold as well as a long free breath-
hold (aquatic athletes). In the 2 min (HV120 s) group, myo-
cardial SI decreased by -7.5+1.8% (P=0.02). In contrast,
myocardial Sl increased by 8.2+2.8% (P=0.04) after the long-
est breath-hold (BH117 s). Although not significant, the
HV60 s group shows a trend for a SI decrease, while an
increase was observed in the BH35 s and BHS8 s cohorts. A
change in arterial blood SI in the left ventricle was only
observed in the BH117 s group (-6.8%, P=0.02). ANCOVA
analysis showed a difference between at least two breathing
maneuver groups when comparing the %-change in SI (F,
24=4.7, P<0.01).

[0124] Statistical Results

[0125] FIG. 10 shows the statistical analysis of the differ-
ence in paCO, (mmHg) plotted against the % change in myo-
cardial SI in volunteers during breathing maneuvers. The
D’ Agostino’s-Pearson normality test showed a normal distri-
bution within the data points. Both the CO, values and the
myocardial SI changes passed the normality test. When vari-
ables were assessed individually, a correlation was found
between myocardial ST and pCO2. A negative correlation was
found between heart rate and both CO, (r=-0.62, P<0.01) and
myocardial BOLD-SI (r=-0.43, P=0.02), but regression
analysis showed the variance inflation factor (VIF) between
pCO, and HR was <10so the variables were assessed together
in one model with multiple regression. While pCQO,, pO, and
heart rate can explain changes seen in myocardial SI (r*=0.35,
F;,s=4.4, P=0.01), CO, was the only variable which was
independently correlated with myocardial SI changes. More-
over, there was no direct relationship found between the abso-
lute myocardial SI and HR. When a correction for HR was
performed, the relative SI change was more pronounced for
both, breath-hold and hyperventilation experiments. With
these values corrected for heart rate, the increases in SI after
each breath-hold was significantly different from the changes
caused by hyperventilation (F,,,=8.8, P<0.05). ANOVA
showed a stronger correlation with pCO, changes, when SI
was corrected for heart rate (r=0.68, P<0.01).

[0126] Image Quality

[0127] Outof33scans, 13 (39%) were graded as good, with
the highest score of 1. Images with minor artifacts were
graded medium image quality (n=13, 39%) and three images
were graded as poor (n=3, 9%), resulting in 29 of the 33 scans
being analyzable (88%). Four studies (12%) were non-ana-
lyzable due to breathing artifacts and thus excluded from the

analysis. Intraclass correlation between the two observers
was excellent (ICC=0.90. [0.80; 0.95]).

Example 4

[0128] Assessing microvascular function with breathing
maneuvers in healthy volunteers:an oxygenation-sensitive 3
T-CMR approach.

SUMMARY

[0129] This study compares the effects of breathing maneu-
vers (breath-holds, hyperventilation), a combination of the
two maneuvers (referred to as hyperventilation-breath-holds)
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in healthy volunteers at 3 Tesla and compares this to the
current gold standard adenosine to induce coronary hypet-
aemia.

[0130] Methods
[0131] Experimental Protocol
[0132] Fourteen healthy subjects were recruited to perform

breathing-maneuvers and undergo intravenous adenosine
infusionina 3.0 T clinical MRI scanner (Siemens MAGNE-
TOM Skyra, Siemens, Erlangen Germany) at the Montreal
Heart Institute. Volunteers were required to have a minimum
age of 18 years and be able to give informed consent. Exclu-
sion criteria were any conditions of known cardiovascular or
respiratory disease, medication with vaso-active effects,
pregnancy, consumption of coffee, tea or cigarettes 12 h prior
to the scan, as well as general exclusion criteria for MRI
exams such as implanted ferromagnetic objects and claustro-
phobia.

[0133] FIG. 11 is an illustration of exemplary breathing
maneuvers that may be used with the method disclosed
herein. The left panel shows a 15-20 s breath-hold; the middle
panel shows a maximal breath-hold from baseline breathing;
and the right panel shows a 120 s period of hyperventilation
followed by a maximal breath-hold.

[0134] MRI Protocol

[0135] The OS images are an ECG-triggered steady state
free precession (SSFP) and acquire 15-25 images across the
cardiac cycle, thus allowing a specific phase to be chosen (flip
angle: 35, temporal resolution: 42.6 ms, echo time: 17.78 ms,
echo spacing: 3.4 ms). These images were obtained for 1 SAX
slice in the mid-left ventricle. Three breathing maneuvers
were performed. A baseline OS-SSFP image with one mea-
surement was obtained at baseline. After which the volunteer
hyperventilated for 60 s and then performed a maximal long
breath-hold (HVBH) for as long as they could without dia-
phragm motion. With time to normalize in between maneu-
vers volunteers performed a timed 20 s breath-hold (BH20 s)
and a maximal long breath-hold from normal respiration
(LBH). OS-SSFP with multiple measurements imaged
throughout the entire breath-holds.

[0136] For the adenosine infusion OS-SSFP images with 1
measurement were acquired at baseline and between 2:30-
330 min after the start of continuous infusion of a standard
dose of adenosine (140 m/kg/min)

[0137] Throughout each procedure heart rate and SpO,
monitored with a pulse oximeter on the finger were recorded.
[0138] Post-Exam Questionnaire

[0139] After the exam, volunteers completed a question-
naire in which they were asked to rank the difficulty of each
maneuver. Bach question also asked if side effects occurred
and if they disappeared once the maneuver was done, and to
describe any side effects.

[0140] When asked to rank the maneuvers, adenosine was
ranked last, LBH and HVBH were tied, although the differ-
ences were not significant, and the BH20 s was ranked as
significantly the easiest maneuver (*p<0.01). Of these 12
volunteers, 7 experienced side effects in response to adenos-
ine including tightness in the chest, difficulty breathing and
increased heart rate. All side effects disappeared once the
drug infusion was stopped. None of the side effects seen with
adenosine treatment were experienced in response to breath-
ing maneuvers.

[0141] Image-Analysis

[0142] The images were analyzed with certified software
for CMR image analysis (cvi*®, Circle Cardiovascular
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Imaging Inc., Calgary, AB, Canada). The mean myocardial SI
in the BOLD-sensitive images was automatically calculated
after manual tracing of endocardial and epicardial contours in
all images of each cine series. The myocardium was further
split up into the AHA based segmentation. Automatic soft-
ware segmentation was performed after user-define posterior
and exterior insertion points. Additionally, left ventricular
blood pool contours were traced in order to assess changes in
arterial haemoglobin saturation. As OS-SSFP imaging
obtains 15-25 images for each cardiac cycle, only OS-SI from
systole was used for analysis. End-systole was chosen to
analyze as there is more myocardium in the imaging plane
providing more voxels and a greater change in signal. During
the extended breath-holds multiple measurements are
acquired in one series. Thus data is assessed as the change in
ST over time and both the final %-change in SI is presented as
well as the value and time when the myocardial SI peaked at
its highest value.

[0143] Reporting of Image Quality

[0144] Images were graded a score of 1 to 4 dependent on
the readers visual interpretation: 1=good image quality,
2=mildly impaired image quality resulting in 5-15% of the
myocardium excluded, 3=limited image quality resulting in
>15% area exclusion or >1 excluded segment, 4=non-analyz-
able image. Individual segments were excluded if >33% of
the segment area was excluded.

[0145] Statistical Analysis:

[0146] Datais expressed as mean+SEM. Paired t-tests were
used to compare signal intensity from the start and end of a
maneuver. ANOVA was used to assess the difference between
groups. For the long breath-holds with signal plotted over
time, a non-linear regression was performed along with pro-
viding the max peak, and slope of the increase. Both of these
values may be used to distinguish healthy versus ischemic
tissue. The ranking of the maneuvers of the questionnaires
was analyzed with a Friedman’s non-parametric test. Statis-
tical analysis was completed with SPSS version 21 (SPSS,
Chicago, I11.) and Graph Pad Prism (GraphPad Software, San
Diego, Calif.).

[0147] Results

[0148] Twelve volunteers successfully completed the exam
as one was excluded because of pre-existing sleep apnea and
the other withdrew at the beginning of the exam because of
claustrophobia (n=12).

[0149] CMR Results

[0150] FIG. 12 shows a comparison between the change in
myocardial SI induced by hyperventilation alone (HV),
hyperventilation followed by breath-hold (HVBH), a 20 s
breath-hold (BH20 s), a long breath-hold (LBH) and that
induced by adenosine. The %-change between the beginning
and end of each maneuver is shown for the HVBH, BH20 s,
LBH, and adenosine (n=12, *p<0.05). When assessing global
myocardial SI, the gold standard method of using adenosine
to induce vasodilation caused an increase of 2.9+1.7%. Sig-
nificant changes were observed in response to some of the
breathing maneuvers. For example, the SI change induced by
hyperventilation was a decrease by 11.4+3.3% (*p=0.01),
whereas the SI change from the beginning to end of the
subsequent breath-hold was an increase of 14.7+4.4% (*p<0.
01). Additionally this increase from the breath-hold after
hyperventilation (HVBH) was significantly greater than
observed with adenosine (*p=0.02) and the long breath-hold
(LBH). Both the HVBH and LBH were maximal breath-
holds, but after HYBH the mean time of the breath-hold was
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62.4+5.7 s, and 49.7+19.3 s after the breath-hold starting
from a normal breathing rate. The long breath-hold or the 20
s breath-hold from normal respiration did not show a differ-
ence when comparing the start and end point.

[0151] FIG. 13 shows the change in SI over time of the
HVBH compared to the image at the start of the maneuver
(n=12) with a non-linear regression line.

[0152]
[0153] No full images were excluded due to image quality
and the scores ranged from 1-3 for each image: HV baseline
image (1: n=3, 2: n=8, 3: n=1), HVBH (1: n=1, 2: n=8, 3:
n=3), BH20 s (1: n=6, 2: n=6, 3: n=0), LBH (1: n=2, 2: n=8,
3: n=2), and the pre-adenosine (1: n=2, 2: n=8, 3: n=2) and
post-adenosine (1: n=2, 2: n=9, 3: n=1).

[0154] Fourteen volunteers participated in a 3 T MRI study,
twelve of which resulted in analyzable data. Hyperventilation
decreased SI by 11.4£3.3% whereas the following breath
hold increased the SI by 14.7+4.4%. This change from the
breath-hold was significantly greater than the change
observed with adenosine, which is the current clinical gold
standard for inducing myocardial hyperaemia. Furthermore,
the volunteers on the questionnaire ranked breathing maneu-
vers easier to perform than adenosine. When the SI of the
breath-hold was assessed over time, the peak myocardial ST
occurred prior to the end of the breath-hold, after which a
plateau or even a decrease was observed.

Image Quality

Example 5

[0155] Cardiovascular response of myocardial oxygen-
ation to breathing maneuvers in swine: an oxygenation-sen-
sitive 3 T-CMR approach.

[0156] Most oxygenation-sensitive studies are based on the
assumptions of the roles of coronary blood flow and hemo-
globin saturation on CMR signal. This study obtains invasive
measurements of the left anterior descending (LAD) coro-
nary artery flow and both arterial and coronary sinus blood
samples to assess blood gas levels. These parameters are
correlated to OS-SI and used to compare the response in
signal of breathing maneuvers to manually altered blood gas
levels and to adenosine.

[0157] Methods
[0158] Animal Procedure Protocol
[0159] Ten anaesthetized swine (30-35 kg) underwent

CMR imaging in a 3.0 T clinical scanner (Siemens MAGNE-
TOM Skyra, Siemens, Erlangen Germany) Animals were
pre-medicated with Telazol (6 mg/kg) and atropine (0.8 mg),
induced with 2-3 mg/kg propofol to reach an appropriate
anaesthesia depth, intubated and mechanically ventilated.
Anesthesia was maintained with continuous administration
of 12-20 mg/kg/h propofol and remifentanil for analgesia
0.5-2.0 pg/kg/h. A sternotomy was performed to provide
direct access to the heart so that a perivascular flow probe (2.5
mm, Transonic Systems, Inc., Ithica, N.Y.) could be placed
directly on the proximal LAD. Venous catheters were placed
for drug administration as well as a sheath was placed both in
the femoral artery and directly in the coronary sinus to obtain
blood samples. Quantitative coronary angiography (QCA)
was obtained after the procedures to verify coronary artery
stenosis was not created with the flow probe placement.
[0160] FIG. 14 is a coronary angiography image displaying
the placement of a perivascular flow probe on the LAD of a
healthy animal
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[0161] CMR Imaging Protocol

[0162] The majority of OS images are an ECG-triggered
steady state free precession (SSFP) and acquire 15-25 images
across the cardiac cycle, thus allowing a specific phase to be
chosen (flip angle: 35, temporal resolution: 42.6 ms, echo
time: 17.78 ms, echo spacing: 3.4 ms). These images were
obtained for three short axis (SAX) slices, from the mid
ventricle to the apex. An OS colour map was also used imag-
ing only in the systolic phase off 1 mid-SAX slice (ECG
triggered, flip angle: 35, temporal resolution: 238.1 ms, echo
time: 1.06 ms, echo spacing: 2.5 ms). This map is a OS-
sensitive T2%*/T2 map formulated from three data points of a
single-shot T2-prepared TrueFisp sequence. A standard ret-
rograde cine was used for the function, which was scanned
using 10-12 slices in a SAX stack (flip angle: 65, temporal
resolution: 39.24 ms, echo time: 1.43 ms, echo spacing: 3.3

ms).
[0163] Experimental Protocol
[0164] Nine different blood gas levels were achieved and

stabilized by manipulating ventilation rate, tidal volume and
the inspiratory gas concentration achieved by a mix of a pure
oxygen, medical air and nitrogen. These levels were com-
posed of a paCO, of hypocapnia (30 mmHg), normocapnia
(40 mmHg) or hypercapnia (50 mmHg) with a paO, level of
hypoxia (70 mmHg), normoxia (100 mmHg) or hyperoxia
(>250 mmHg). A targeted level was verified with on-site
blood gas analysis of the arterial blood. At each level left
ventricular function, oxygenation-sensitive SSFP and oxy-
genation-sensitive maps were acquired. For each measure-
ment the following parameters were recorded when the OS
images were obtained: the blood flow (ml/min) of the LAD
was measured in addition to invasive blood pressure, end-
tidal CO, gas pressure, heart rate, and SpO, measurements.
Blood samples of both the arterial and coronary sinus blood
gas were analyzed for partial pressures of O, and CO,, as well
as pH, hemoglobin saturation (SO,), hemoglobin concentra-
tion (Hb) and hematocrit (Het).

[0165] After the completion of the nine-targeted levels, a
breathing maneuver protocol was performed. As the breath-
ing maneuver involved transient and not stable blood gas
levels, only the OS-SSFP images were obtained. The imaging
occurred continuously throughout the breath-hold with an
acquisition every 3.5 s Immediately after new baseline mea-
surements, the animal underwent a 90 s breath-hold at end
expiration followed immediately by post-breath-hold mea-
surements. The second breathing maneuver involved 60 s of
hyperventilation from baseline values followed by a 90 s
breath-hold.

[0166] For a vasodilatory control, adenosine was infused
intravenously for 4 minutes at a dose of 140 pg/kg/min Mea-
surements and OS-SSFP images and OS-maps were obtained
at baseline and at 3 minutes after the start of infusion. After
allowing atleast 10 minutes for adenosine to wash-out, endot-
helin-1 (ET-1) was infused intravenously for 10 minutes at 50
ng/kg/min Measurements and OS-SSFP images and
OS-maps were obtained at baseline, 6 and 9 minutes after the
start of infusion. The animal was sacrificed with a bolus of
both 200 mg propofol and 40 mmol KCI.

[0167] Image Analysis

[0168] The images were analyzed with certified software
for CMR image analysis (cvi*®, Circle Cardiovascular
Imaging Inc., Calgary, AB, Canada). The mean myocardial SI
in the BOLD-sensitive images was automatically calculated
after manual tracing of endocardial and epicardial contours in
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all images of each cine series. The myocardium was further
automatically split up into the AHA based segmentation by
manually defining the anterior and posterior right ventricular
insertion point. Additionally, left ventricular blood pool con-
tours were traced in order to assess changes in arterial hae-
moglobin saturation. As OS-SSFP imaging obtains 15-25
images for each heart beat (cardiac cycle), only OS-SI from
systole was used for analysis. During the extended breath-
holds multiple measurements are acquired in one series. Thus
data is assessed as the change in SI over time and both the final
%-change in SI is presented as well as the value and time
when the myocardial SI peaked at its highest value.

[0169]

[0170] Datais expressed as mean+SEM. Paired t-tests were
used to compare signal intensity from the start and end of a
maneuver. ANOVAs were used to assess the difference
between groups. For the long breath-holds with signal plotted
over time, a non-linear regression was performed along with
providing the max peak, and slope of the increase. Data is
considered significant if p<0.05. Statistical analysis was com-
pleted with SPSS version 21 (SPSS, Chicago, I11.) and Graph
Pad Prism (GraphPad Software, San Diego, Calif.).

[0171] FIG. 15 shows the %-changes in coronary flow from
baseline levels as measured by a perivascular flow probe
placed onthe LAD (*p<0.05, n=8). A) The %-change induced
by altered blood gas levels compared to adenosine (aden-)-
and ET-6 and ET-8-induced changes, B) The change of coro-
nary blood flow in response to breathing maneuvers (90 s
breath-hold (LBH); 60 s hyperventilation (HV); and a 60 s
hyperventilation followed by a 90 s breath-hold (HVBH) in
comparison to % change in blood flow in response to adenos-
ine and ET-1. The breathing maneuvers caused significant
changes in flow (*p<0.02). In response to hyperventilation,
flow decreased by 34.0+8.1%, while the flow increased
96.7+31.0% in response to LBH and increased 346.1x115.
6% in response to HVBH. These increases were more pro-
nounced than the response induced by the drugs. For instance,
adenosine increased flow by 15.1£6.2% (*p=0.03) and ET-1
decreased flow non-significantly by 9.1+6.1%. In addition,
no significant changes in blood flow were observed in
response to alterations in blood gas levels. Thus, breathing
maneuvers are more effective at increasing blood flow when
compared to vasodilators or manipulating CO2 levels in the
blood.

[0172] FIG. 16 shows the peak %-change in SI of OS-SSFP
images from the mid and mid-apical myocardium in response
to breathing maneuvers (n=8, *p<0.05). The peak change in
signal intensity was the value that was the highest during the
maneuver.

[0173] FIG. 17 shows the %-change of myocardial SI from
mid slice and mid-apical slices of the myocardium in
response to changes in blood-gas levels in comparison to the
baseline of pa0,=100 mmHg and paCO,=40 mmHg (100/30,
100/50=normoxic; 70/30, 70/40, 70/50=hypoxic; 300/30,
300/40, 300/50=hyperoxic) Table 3 shows the mean (SEM)
%-change in global myocardial OS-SI of each blood gas level
in comparison to baseline, 100/40 as shown in FIG. 17 (n=8,
*p<0.05). Slice 1 is a mid-SAX slice and slice 2 is a mid-
apical SAX slice.

Statistical Analysis:



US 2015/0196207 A1l

Jul. 16, 2015

TABLE 3 TABLE 5
Blood Gas Myocardial OS-SI (Y%-change) Maneuver Myocardium Blood Pool Corrected
Levels Slice 1 Slice 2 Hyperventilation -22+1.5 1513 -37+£1.6
(ns p <0.10) (ns p<0.10)
100/30 -3.4 (2.0) -0.3 (2.5) Hyperventilation
100/50 12 (1.3) 35 3.1) Breath-hold
70/30 -29 (2.4) 9.5 (9.8)
70/40 -4.3 (2.1) 2.5 (3.0) End value 02217 -14.4 £2.4% 14.6 £2.3%
70/50 1.0 (1.2) 3.8 (1.5)* Peak Value 45 +1.8% -9.4 +1.8% 14.0 £2.1%
300/30 -3.7 (1.6) 1.3 21 Long Breath-hold
300140 0.8 (-2.1) 23 (1.8)
300/50 0.1 (0.7) 4.0 (1.9 End value -30=1.6 -19.6 £4.3% 16.7 £ 4.3%
Peak Value 1.8 £0.8% -6.6 £2.1% 85 £2.2%
[0174] Similarly to the blood flow experiments, it was
shown that the % change of myocardial oxygenation was [0181] As both the volunteer data (example 4) and animal

increased in response to breathing maneuvers when com-
pared to the % change in response to alterations of blood
levels of CO, and O,.

[0175] The results of Blood Gas analysis studies are shown
in Table 4.
TABLE 4
O2er MvO2 Heart Rate
Blood Gas
Levels
100/30 0.99 (0.88) 167 (26.1) -5.0 (12.8)
100/50 0.42 (0/96) 412 (13.2) 26 2.7)
70/30 1.74 (0.83) 57.9 (23.3)* 2.1 (147)
70/40 153 (0.46)* 51.8 (23.3) 128 (5.3)
70/50 0.80 (0.38) 439 (17.9) 9.3 (3.0)*
300/30 0.64 (1.24) -155 (31.2) 43 (6.4)
300/40 -0.12 (1.0) -12.8 (32.7) -39 (5.6)
300/50 3.21 (3.5) 65.2 (73.6) -35 (4.8)
Breathing
Maneuvers
HV -1.21 (1.04) ~109.6 (44.6) -8.7 (11.6)
HVBH 0.86 (1.36) 3223 (80.9)* 13.7 (9.4)
LBH -2.11 (0.91) 593 (72.8) 183 (13.2)
Control Drug
Infusion
Adenosine -0.16 (0.39) 20.6 (15.8) =34 (1.2)*
ET-1 -0.11 (0.27) -309 (14.3) -122 (3.9)*
[0176] Mean (SEM) delta changes of oxygen extraction

(O,er) and myocardial oxygen consumption (MvQ,) were
calculated using the arterial and coronary sinus blood gas
measurements and the LAD flow measurements, as well as
the heart rate (n=8, *p<0.05).

[0177] Arterial pCO, and pO, were manually set to a
desired blood gas levels. PaCO, changed for the LBH 14.5%,
HV -153%, HVBH 25.5%, while paO2 for these levels
changed for the LBH -73% HV+73%, and -119% for the
HVBH. These values did not change during the control drug
infusions of adenosine and ET-1.

[0178] CMR Results

[0179] Animals underwent an involuntary breath-hold and
were not able to restart breathing when desired. Thus blood
gas analysis showed a large desaturation in arterial blood. For
the breath-holds, both the %-change from the baseline to the
end is plotted as well as from baseline to the peak myocardial
ST within the breath-hold.

[0180] Table 5 shows the %-change in SI of the OS-SSFP
images from the mid slice from the breathing maneuvers
(n=8, *p<0.05).

data (example 5) show, the breathing maneuvers show a more
consistent and significantly greater OS-SI increase than
adenosine. Adenosine is the current clinical gold-standard
method of inducing myocardial hyperemia. By incorporating
both hyperventilation and a breath-hold, subjects experience
a greater range of CO, changes, which is reflected in the
greater changes in OS-SI when combining the vasoconstric-
tive and vasodilative properties of both maneuvers. In a pre-
ferred embodiment, prior hyperventilation enables suffi-
ciently long breath-holds that result in a significant change in
OS-SL

[0182] Inaddition, the data show that breath-holds lead to a
consistent increase in myocardial blood flow, which leads to
a decrease of the myocardial de-oxyhemoglobin fraction,
which can be detected by OS-sensitive imaging in both an
anaesthetized ventilated porcine model as well as in healthy
volunteers performing breath-holds. In volunteers, controlled
hyperventilation leads to a drop in myocardial OS-SI indicat-
ing an increased relative fraction of de-oxyHb due to hypoc-
apnic vasoconstriction and/or increased myocardial work-
load. Further, the data indicates that breathing maneuvers are
a much stronger stimulus than merely adjusting target blood
gas levels. Without being bound by theory, it is possible that
there may be an additive effect of desaturation as well as
regulatory mechanisms of the autonomous nervous system
that lead to the observed increased SI change.

[0183] The invention being thus described, it will be obvi-
ous that the same may be varied in many ways. Such varia-
tions are note to be regarded as a departure for the spirit and
scope of the invention, and all such modifications would be
obvious to one skilled in the art intended to be included within
the scope of the following claims.
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1. A method of assessing heart function in a subject com-
prising:

measuring a change in at least one of oxygenation and

blood flow in the heart of the subject in response to at
least one breathing maneuver;
comparing the change in the at least one of measured
oxygenation and blood flow compared to a control; and

assessing heart function in accordance with the compari-
son result, wherein an abnormal response in at least one
of oxygenation and blood flow in the heart compared to
the control is indicative of reduced heart function.

2. The method of claim 1,

wherein measuring the change comprises:

imaging the heart, while oxygenation of the heart is altered

in response to the at least one breathing maneuver, to
produce an image,

segmenting the image, and

determining a signal intensity of a region of interest in a

segment of the image;

wherein comparing the change comprises comparing the

signal intensity to a control; and

wherein assessing heart or other organ function comprises

assessing heart function in accordance with the compari-
son result, wherein an abnormal change in the signal
intensity is indicative of reduced heart function.

3. The method of claim 1, wherein the breathing maneuver
comprises a breath-hold.

4. The method of claim 3, wherein the breathing maneuver
further comprises at least one period of hyperventilation.

5. The method of claim 3, wherein the breath-hold is vol-
untary.

6. The method of claim 3, wherein the breath-hold is
induced by a machine.

7. The method of claim 1, wherein the control is a baseline
signal intensity.

8. The method of claim 7, wherein the baseline signal
intensity is obtained prior to or at the start of the breathing
maneuver.

9. The method of claim 2, wherein the control comprises at
least one of measured oxygenation or blood flow in a healthy
tissue within the image and a measured oxygenation or blood
flow in a stored image of a reference tissue.

10. The method of claim 9, wherein the reference tissue is
at least one of healthy myocardium and a skeletal muscle.

11. The method of claim 1 or 2, claim 1, wherein the
oxygenation is measured using an oxygen sensitive imaging
technique.

12. The method of claim 11, wherein the oxygen sensitive
imaging technique comprises blood oxygen level dependent
magnetic resonance imaging (BOLD-MRI), nuclear tech-
niques, single-photon emission computed tomography/
SPECT, positron emission tomography/PET, computed
tomography/CT, echocardiography or other ultrasound, near
infrared spectroscopy/NIRS, intravascular blood flow mea-
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surements, fractional flow reserve, impedance measurements
of the myocardium or other organ, or a combination thereof.

13. The method of claim 1, wherein the heart function
comprises microvascular or macrovascular function.

14. The method of claim 1, wherein the reduced heart
function comprises heart disease.

15. The method of claim 14, wherein the heart disease
comprises ischemic heart disease, coronary heart disease,
heart disease caused by arterial hypertension, diabetes melli-
tus, hypercholesterolemia, obesity, non-ischemic cardiomyo-
pathies, or myocardial inflammation, congenital heart dis-
ease, valvular heart disease, stress-induced cardiomyopathy,
microvascular dysfunction or coronary artery stenosis.

16. The method of claim 1, wherein the method does not
include infusion of a vasodilator in the subject.

17. The method of claim 1, wherein the abnormal response
comprises a blunted increase compared to the control, a lack
of increase compared to the control, a decrease compared to
the control or an increase compared to the control.

18. A system for diagnosing heart function or other organ
function comprising:

an imaging device; and

a processor configured to assess heart function or other

organ function according to the method of claim 1.

19. A method of assessing microvascular or macrovascular
function in a subject comprising:

measuring a change in at least one of oxygenation and

blood flow in an organ of the subject in response to at
least one breathing maneuver;

Jul. 16, 2015

comparing the change in at least one of measured oxygen-
ation and blood flow compared to a control; and

assessing microvascular or macrovascular function in
accordance with the comparison result, wherein an
abnormal response in at least one of oxygenation and
blood flow in the organ compared to the control is indica-
tive of reduced microvascular or macrovascular func-
tion.

20. The method of claim 19, wherein:

measuring the change comprises:

imaging the organ while oxygenation of the organ is
altered in response to the at least one breathing
maneuver, to produce an image,

segmenting the image, and

determining a signal intensity of a region of interest in a
segment of the image;

comparing the change comprises comparing the signal

intensity to a control; and

assessing function comprises assessing microvascular or

macrovascular function in accordance with the compari-
son result, wherein an abnormal change in the signal
intensity is indicative of reduced microvascular or mac-
rovascular function.

21. A system for assessing microvascular or macrovascular
function comprising an imaging device and a processor con-
figured to assess microvascular or macrovascular function
according to the method of claim 19.
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