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Abstract: Myocardial ischemia, resulting from imbalance in myocardial oxygen supply and demand, can be
quantitatively assessed by positron emission tomography (PET) with absolute measures of myocardial blood flow and
oxygen consumption rate (MVO2). Cardiac Magnetic Resonance (CMR) has notable advantages over PET, with no
radiation, high spatial resolution, faster scan times, and excellent soft tissue contrast. We have developed and validated
new quantitative CMR oximetry techniques, including measurements of hyperemic myocardial oxygen extraction fraction
and MVO2 through Fick’s Law. These may lead to a new understanding of roles of myocardial microcirculation in
myocardial ischemia. Other cardiac oximetry methods for directly quantifying MVO2 with 17O-labelled water are also
under investigation. Quantitative CMR oximetry is a promising, non-invasive, non-radiation approach for exploring the
myocardial metabolism’s role in cardiac patients.
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INTRODUCTION
The heart can develop only a small oxygen debt, so
oxygen supply and demand must match to maintain the
normal cardiac contraction. Atherosclerotic stenosis in the
macrocirculatory system (coronary arteries) causes a reduction in the blood supply. It is at the microcirculatory level
that, when oxygen demand cannot be met by supply, myocardial ischemia occurs. Myocardial hypoxemia results in
arrhythmia, angina, and regional or global impairment of
ventricular function [1]. Severe and prolonged imbalance
between oxygen supply and demand will eventually lead to
myocardial infarction. In addition, ischemia may still present
even though the coronary artery flow is maintained due to an
imbalance between oxygen supply and demand secondary to
the increased myocardial metabolic requirements. As with
severe systemic hypertension, the whole heart becomes
ischemic. Measuring and quantifying the balance of myocardial oxygenation would provide direct assessment of the
status of myocardial oxidative metabolism and ischemic
status.
In myocardial tissue, the quantitative oxygenation can be
described by two parameters: myocardial oxygen extraction
fraction (OEF) and oxygen consumption rate (MVO2).
Myocardial OEF reflects the fraction of oxygen extracted by
myocardial tissue for oxidative metabolism, defined as
([O2]artery – [O2]vein)/ [O2]artery. MVO2 reflects the total myocardial oxygen consumption per gram of tissue. Cardiac PET
remains the the gold standard for absolute quantification of
regional myocardial perfusion and oxygen metabolism [2].
Currently, it is capable of accurately quantifying regional
myocardial blood flow (MBF) with 15O-water [3-5] and
MVO2 with 11C-acetate [6-8]. The use of 15O2-labeled oxy-

gen gas has also allowed absolute measurements of myocardial oxygen extraction fraction (OEF) and MVO2 [9, 10].
However, low spatial resolution (not suitable for the detection of subendocardial perfusion defects), ionizing radiation,
limited availability, and relatively long acquisition time and
high cost discourage the widespread use of PET for these
purposes.
Cardiac magnetic resonance imaging (CMR) is a noninvasive imaging modality that provides excellent spatial
resolution and soft tissue contrast, does not require iodinated
contrast media or ionizing radiation, is widely available, and
is capable of measuring cardiac function. It has been shown
that CMR can measure absolute MBF and myocardial blood
volume (MBV) via first-pass methods [11] and hyperemic
OEF with the blood oxygen level-dependent (BOLD) technique [12]. CMR also can provide an estimation of hyperemic MVO2 through an application of Fick’s Law that gives
us MVO2 ∝ OEF × MBF. These four indices of myocardial
function – OEF, MBF, MBV, and MVO2 – have been the
focus of our recent investigations.
Stress imaging is now widely used for the diagnosis of
myocardial ischemia. Exercise or administration of the
vasodilator adenosine or b-adrenergic agonist dobutamine is
common mode of inducing cardiac stress. The end point is
stress-induced ischemia due to a mismatch between oxygen
supply and demand. On the other hand, myocardial perfusion, as quantified by MBF and blood volume (MBV), is
changed during stress, either through arterial vasodilation, or
secondary to the increased myocardial oxygen demand
(dobutamine or exercise). All of these physiological parameters could be quantified by CMR in one imaging session.
METHODS
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MBF and MBV
MBF represents myocardial perfusion and is approximately 1 mL/min/g at rest and can increase up to 4-5
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mL/min/g during stress. MBV at rest is approximately 6-12
mL/g and can increase 50-100% during stress [11].
Traditionally, MBV has been paid less attention, partially
because it is less sensitive to the changes in the setting of
upstream coronary artery flow and is difficult to measure
accurately non-invasively. Recently, myocardial contrast
echocardiography (MCE) [13] and electron-beam CT
(EBCT) [14] have demonstrated proportional, but nonlinear,
associations between MBV and MBF in normal animals at
settings of different pharmacologically induced hyperemia. It
appears that MBV plays a mediate role for the physiologic
regulation of MBF and coronary blood flow. For instance,
when MBF increases during adenosine injection without
elevation of myocardial oxygen consumption, MBV remains
constant. However, when MBF increases secondary to
increases in myocardial oxygen consumption during exercise
or dobutamine stress, MBV begins to increase. Accurate
assessment of MBV may provide additional information
about myocardial microcirculation in terms of capillary
recruitment and oxygen demand [15]. At the setting of
coronary artery stenosis, it was found that the magnitude of

(a)

In CMR, first-pass perfusion imaging is the most
accurate method for measuring MBF and MBV. While
increasing efforts have been made to develop non-contrast
arterial spin labeling (ASL) methods to measure MBF, MBV
measurement still needs an intravascular contrast agent with
this approach, as reported previously [17]. To quantify MBF
& MBV from CMR first-perfusion images, a modelindependent deconvolution algorithm (i.e., without certain
modeling or assumption of vascular structure) was developed for the rapid measurement of MBF and MBV maps
using blood pool contrast agents. The accuracy was validated
against the comparable microsphere [18] and radio-labelled
red blood cell [19] methods, respectively. In addition, a
wavelet denoising algorithm was also developed to address
low signal-to-noise ratio (SNR) inherent to the saturationrecovery turboFLASH sequence used in first-pass perfusion
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increase in MBV is proportional to the severity of stenosis.
One could even speculated that measuring MBV heterogeneity may allow detection of coronary artery stenosis at
rest without eliciting stress or vasodilation [16].
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Fig. (1). Examples of MBV maps with moderate (75% area stenosis) (a) and severe (95% area stenosis) (b) stenosis in anterior descending
coronary arteries in dogs during dobutamine-induced hyperemia. The color scale for MBV is from 0 to 0.3 mL/g. The stenosis-subtended
anterior regions had similar reduction in MBF (not shown), but MBV in the same regions reveals difference with lower intensity in map (b)
(arrows). Correlation between MBV and rate-pressure product (RPP) in (c) clearly demonstrates the association of MBV with myocardial
oxygen demand, which can differentiate the severities of the stenoses.
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imaging [20]. The procedure operates on both the relationships between adjacent pixels and the same pixels over time
series, making it particularly useful with first-pass dynamic
images.
This technical advance may allow for further exploration
in the use of MRI to assess the pathophysiology of coronary
artery disease and other cardiac/metabolic diseases involving
impaired myocardial microcirculation. For instance, MBV
was found to be more tightly associated with cardiac work
than MBF, and appeared to differentiate between moderate
and severe stenosis under dobutamine stress [21] (Fig. 1). In
these cases, MBV increases with the elevation in oxygen
demand, but acute coronary stenosis diminishes the MBV
reserve. Such observation is similar as other findings that
chronic infarction induced consistent elevated resting MBV
and reduced MBV reserve in the infracted rat heart, in
comparison with sham operated rat heart [22]. In addition,
when measurement of MVO2 can be performed in the same
imaging session of CMR, MBV appears to have a close
relationship with MVO2 when inotropic stimulation (as with
dobutamine) induces relatively large changes in MVO2 [11].
In this animal study, during dipyridamole induced vasodilation, MBF reserve had a closer relationship to MVO2 reserve
than MBV reserve. When MVO2 was more significantly
altered with dobutamine induced hyperemia, MBV reserve
was more closely associated with MVO2 reserve. These
results are in agreement with MCE findings that minor
increases in MVO2 can be met by increases in MBF alone;
but major MVO2 increases require increases in MBV as well
[23]. In addition to these animal studies, studies are also on
the way to gain the understanding of different roles of MBV
and MBF in cardiac patients. Changes in MBV appeared to
be associated with the perfusion states of intermediate
coronary artery stenosis [24] and the changes in MVO2 [25].
These techniques thus could provide a comprehensive
evaluation of coronary stenosis severity [26].
Because no blood pool contrast agent is approved by
United State Food and Drug Administration for routine
CMR, measurement of MBV using blood pool agent is not
practical in human. One exception is MultiHance (Bracco
Diagnostic, Princeton, New Jersey), which demonstrates
partial vascular retention. When one uses a small dosage of
MultiHance (e.g., 0.0 2 mmol/kg) for the first-pass perfusion
imaging, it can be treated as a blood pool agent and the
MBV obtained appears to be correct [27]. Nevertheless,
systematic validation is needed and the role of MBV should
be further explored in large cohorts of study in cardiac
patients.
OEF
A CMR method was developed early on to derive
hyperemic myocardial OEF by taking advantage of the socalled BOLD effect in myocardial T2 [12]. When myocardial
flow increases during hyperemia, normal myocardial T2 will
increase secondary to reduced deoxyhemoglobin concentration. A two compartment diffusion model was generated to
calculate hyperemic OEF, based on known or assumed
resting OEF. The original data acquisition used a multicontrast, 2-D segmented turbo spin-echo (TSE) sequence to
generate T2-weighted images, as well as pixel-by-pixel T2
maps.
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The two-compartment approach is briefly summarized in
the relationship below, without consideration of spin
exchanges between intra- and extra-vascular spaces on the
time scale of transverse relaxation:
TE
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where T2b and T2t are the T2 values of blood and tissue,
respectively. The variable τ is the inter-echo spacing in the
TSE sequence. The constants A', B', and C' can be derived
from an established intravascular model obtained at 1.5 T
[28], and the subject-specific parameters R20t andR21t can be
calculated using at least two T2 measurements at rest with
different τ values [29].
In a validation study in a canine model, PET imaging was
used as the gold standard to measure myocardial transmural
OEF and MVO2. Overall there were no significant errors and
the CMR oximetry results were closely correlated with gold
standard PET measurements [30] (Fig. 2a). In the latest
development, another T2 sequence, bright-blood T2-prepared-gradient-echo or T2-prepared TrueFISP sequence, was
modified to calculate myocardial T2 maps within one breathhold. The diffusion model was simplified and the model
parameters R20t and R21t can be obtained in one T2 measurement at rest with up to 5 different TEs (and thus 5 different
echo spacings τ) [14]. Resting OEF in the coronary sinus,
representing global myocardial OEF, can also be calculated
through a blood-oxygen model. The main limitations of the
sequence are relatively low spatial resolution and sensitivity
to both respiratory and cardiac motion, particularly at higher
heart rates. Further technical improvement can be performed
in the areas of reducing motion artifacts and acquiring more
TEs to increase the precision and accuracy of myocardial T2
measurements.
MVO2
Measurements of global left ventricular MVO2 and whole
body oxygen consumption VO2 were reported by Yang et al.
[31]. Both data are very comparable with reported PET and
other invasive methods (MVO2: 11±3 ml/min per 100 g LV
mass vs. 10±3 ml/min per 100 g LV mass; VO2: 3.8±0.8
ml/min/kg body weight vs. 3.5 ml/min/kg body weight).
Furthermore, the reproducibility of their measurements are
relatively high (coefficient of repeatability of 1.0 ml/min per
100 g LV mass).
To measure regional left ventricular MVO2 during hyperemia, Fick’s priciple was used:

MVO2 = 1.39 ! [Hb ]! OEF ! MBF ! Ya

(2)

where [Hb] is the hemoglobin concentration of the blood
(0.14 g/mL), 1.39 represents the maximum binding capacity
of oxygen per unit mass of hemoglobin (mL/g), and Ya is
arterial oxygen saturation (0.95). In a validation study of
hyperemic MVO2 quantifications in a canine model by
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Fig. (2). Correlation of OEF and MVO2 measured with MRI and PET.
McCommis et al. [17], CMR measurements slightly overestimated PET results, but with a very strong linear correlation (slope, 0.83; intercept, 1.41; r = 0.86, P < 0.001) (Fig.
2b). These technical developments demonstrated promising
alternatives to nuclear techniques because they could be used
for serial assessments of myocardial oxygenation in settings
of regional or global myocardial ischemia.
CLINICAL APPLICATIONS
Coronary Artery Disease
Current CMR methods have been developed and evaluated in canine models for the indicators of myocardial oxygen
supply and demand: MBF & MBV (supply), and OEF &
MVO2 (demand). The emerging relationship discovered in
our canine model between MBV, MBF, and MVO2 suggests
that, in settings of increased cardiac exertion – i.e. demand –
the blood flow acts as a primary reserve for normal
mechanical function of the heart, while MBV serves as a
secondary reserve, signifying increased capillary recruitment. This may have clinical implications in patients with
myocardial ischemia, either induced by epicardial coronary
artery stenosis or dysfunctional microcirculation. Furthermore, impaired myocardial perfusion is not necessary to
induce myocardial ischemia if oxygen supply and demand
remain balanced. In a recent publication for a clinical study
in patients with coronary artery disease using oxygensensitive MRI and PET, Karamitsos et al., [32] found that
40% of myocardial segments with impaired hyperemic blood
flow showed normal myocardial oxygenation at the time.
Integrated CMR perfusion and oxygenation methods will
likely to facilitate the comprehensive evaluation of these
patients.
Another important aspect in CMR-based diagnosis is to
detect subendocardial ischemia, a common form of
myocardial ischemia. The subendocardium is the most at risk
for ischemia because its blood, and therefore oxygen, supply
has to travel the furthest. Thus, in the setting of increased
oxygen demand, elevated left ventricle (LV) end-diastolic
pressure and LV contraction force (e.g. exercise or
dobutamine infusion), the subendocardium is the most likely
to experience ischemia. Unfortunately, ischemia is not easily
detected and measured in the subendocardium. The electro-

cardiogram was the first noninvasive method developed with
this capability, but ECG evidence of subendocardial ischemia by itself can be confused with transmural ischemia
and/or electrolyte abnormalities. Real-time stress echocardiography with contrast may also detect subendocardial
ischemia, but is limited in patients with poor acoustic
windows (e.g., obese patients - who are often diabetic). They
also do not directly measure subendocardial ischemia, but
rather indirectly through its results. Thus, echo-derived
measures should be less sensitive than direct ones. CMR will
have the potential to directly detect altered subendocardial
oxygenation. Nevertheless, diagnosis will require increasing
the spatial resolution to approximately 1 x 1 mm2 with
adequate SNR, which should be achieved in the near future.
Cardiomyopathy
Because quantitative CMR perfusion and oxygenation
imaging can potentially accurately detect myocardial
ischemia, they can be used not only in diagnosis, but also to
monitor the efficacy of treatment in patients with hypertensive hypertrophy, diabetic cardiomyopathy, obesity, and
other form of heart failure. Zheng et al., reported impaired
OEF during vasodilation in overweight and severely obese
patients [33]. A linear correlation was found between hyperemic myocardial OEF and body-mass index (BMI). One
important index in clinical cardiology, called cardiac
efficiency, is determined by the ratio of cardiac mechanic
work to MVO2. It was reported that resting MVO2 in
hypertensive hypertrophy patients is similar to that in
normotensive volunteers, but cardiac efficiency and myocardial blood flow reserve are significantly reduced [34, 35]. In
diabetic hearts, resting MVO2 is found to be elevated with
concomitant decrease in cardiac efficiency [36]. However,
these studies had to use different imaging modalities (PET,
ultrasound, CMR) in order to obtain the cardiac efficiency.
Because CMR allows for accurate quantification of
myocardial mass and mechanic work, cardiac efficiency can
be quantified in the same imaging session, even in the
absence of angiographically significant coronary artery stenosis. Further measurements quantifying cardiac metabolism
in patients prone to heart failure and a variety of cardiomyopathy may lead to the development of new protocols which
elucidate microcirculatory dysfunction and its related cardiac
remodeling.
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