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Parametric imaging of myocardial
blood flow and viability using [15O]H2O
and PET/CT
PET using [15O]H2O is a powerful tool for imaging coronary artery disease, being capable of quantifying
myocardial blood flow and coronary flow reserve. Historically, its application in the clinic has remained
limited due to technical and infrastructural difficulties and the lack of clinically useful images of myocardial
blood flow. Recently, several of these difficulties have been overcome. This review provides a comparison
of [15O]H2O with the other most widely used myocardial blood flow tracers, [13N]NH3 and 82Rb. In addition,
an overview is given of tracer kinetic modeling of [15O]H2O data and of calculating parametric images of
both myocardial blood flow and myocardial viability.
KEYWORDS: [15O]H2O n coronary artery disease n myocardial blood flow n myocardial
viability n parametric images n PET n PET/CT

PET is the unrivalled image modality to visualize and measure a wide range of (patho)
physiological processes in vivo, depending on
the positron emitting tracer being used. Its use
in assessing regional myocardial blood flow
(MBF) has been demonstrated [1–6] , reforming noninvasive imaging of coronary artery
disease (CAD). In contrast to SPECT, which
is the clinical standard for qualitative assessment of MBF using 99mTc-sestamibi, PET is
inherently quantitative due to the possibility of
exact attenuation correction. PET can be used
for both qualitative and quantitative studies of
MBF due to its high temporal and spatial resolution and high reproducibility [7–9] . Indeed,
MBF measured with [15O]H2O correlated well
with MBF measured with microspheres on
both 2D [1,2,10] and 3D [11] scanners, and the
method has high reproducibility [9] . In addition,
radiation burden of MBF imaging with PET is
much lower compared with SPECT (0.5–10 vs
6–20 mSv) [12,13] . It has also been shown that
PET is more cost effective in diagnosing CAD
despite higher single scan costs [14] , mainly due
to its higher specificity. The specificity and
sensitivity of 82Rb, the most widely used tracer,
are 89 and 90% [15] , respectively versus 53–76
and 80–84% for SPECT [16,17] . A recent study
showed the excellent specificity and sensitivity
of quantitative MBF measurements using [15O]
H2O alone (92 and 95%, respectively, on a pervessel basis) and in combination with CT coronary angiography (99 and 93%, respectively, on
a per-vessel basis) [18] .
Several different tracers have been used for
visualizing and quantifying MBF [1–4,15,19–21]

of which [13N]NH3, 82Rb and [15O]H2O are the
most widely used (Table 1) . Their short half-lives
enable MBF to be studied under both normal
resting and pharmacologically induced stress
conditions in the same scanning session. This is
in contrast with for example, 18F-labeled tracers
(half-life 110 min) [22] , which require the patient
to undergo PET scans on 2 days or protocols
consisting of a single scan with dual injections,
which may lead to associated errors in quantification of MBF. Introduction of hybrid PET/
CT scanners enables additional CT angiography and calcium scoring [15] in the same session, providing both functional and anatomical
information for diagnosis of CAD [13] .
Quantification of MBF using appropriate
tracer kinetic models (Figure 1) has several benefits [23] . Its main advantage lies in the ability
to diagnose patients with triple vessel disease
or balanced CAD. These patients have a global
reduction in MBF and qualitative studies may
fail to uncover the disease or only select regions
supplied by arteries with the most severe stenoses [24] . Quantification can also be used to
exclude ischemia in symptomatic patients when
heterogeneous but sufficiently high MBF values
are found. Furthermore, absolute MBF can be
used to calculate coronary flow reserve, defined
as the ratio of stress and rest MBF, and coronary vascular resistance. These parameters may
be of great clinical importance [24–29] and can
also be used to study effects of interventions. In
short, quantitative MBF measurements provide
a wealth of information and diagnostic accuracy is expected to be higher than for qualitative
analyses.
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Table 1. Overview of relevant properties of 82Rb, 13N[NH3] and [15O]H2O.
Tracer characteristic

82

Rb

t1/2

76 s

[13N]NH3

[15O]H2O

9.6 min

122 s

Scan duration
~30 min
(rest + stress)
Average positron range 2.8 mm

~1.5 h

~30 min

0.4 mm

1.1 mm

Production
Radiation dose
(3D mode)
Kinetics
Remarks

Generator
~1–3 mSv†

Cyclotron
~1 mSv

Cyclotron
~0.5 mSv

Uptake
Determination of LVEF
possible
Extraction nonlinear
with flow
Prompt g-photon in
14% of decays

Uptake
Determination of LVEF
possible
Extraction nonlinear
with flow
Radioactive metabolites
in blood

Clearance
MBF and viability from a
single scan
Nonattenuation corrected
scans possible
Low contrast between
myocardium and blood in
dynamic images

†
For 82Rb different values have been reported in literature [12,102].
LVEF: Left ventricular ejection fraction; MBF: Myocardial blood flow.

Despite these benefits, clinical use of quantitative cardiac PET has remained limited, mainly
due to the difficulty of quantitative analysis and
limited tracer availability. 13N, 15O and 82Rb have
very short half-lives of 9.6 min, 122 s and 76 s,
respectively, forcing on-site tracer production.
Furthermore, kinetic analysis, required for quantification, can only be performed when specialized software is available and scan statistics of earlier generations of PET scanners were insufficient
to calculate MBF on a voxel-by-voxel basis.
Recent developments, such as improvements
in detector efficiency and electronics, development of advanced analysis software and introduction of 3D scanners and hybrid PET/CT systems have partially overcome these limitations,
improving the feasibility of quantitative MBF
imaging. Perfusion scans can now be combined
with calcium scoring and CT angiography yielding complementary anatomical and functional

Artery

Comparison of [15O]H2O with other
MBF tracers
At present, there are three MBF tracers in
common use (Table 1) :

K1

 [15O]H2O, which diffuses freely into and out
of the myocardium;

Myocardium

k3

Bound space

k2
Vein

 [13N]NH3, which rapidly diffuses into the
myocardium where it becomes metabolically
bound;
 The potassium analog 82Rb.

Figure 1. Compartment model used for
quantification of myocardial blood flow.
For [15O]H2O and 82Rb, only K1 and k2 are used,
while for [13N]NH3, k3 must be included.
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information. Furthermore, introduction of CT
attenuation correction decreases scan time and
risk of patient motion between scans, increasing
reliability of quantification. It should be noted,
however, that slow CT rather than ‘snapshot’
CT scans are required, since both PET perfusion
and slow CT scans are taken over several cardiac
cycles, while ‘snapshot’ CT scans are not, leading
to potential misalignment between PET and CT.
Finally, the latest generation of PET/CT systems
enable [15O]H2O scans with sufficient counting
statistics to calculate parametric images of MBF
and myocardial viability within only several minutes [30,31] . This review will first discuss advantages and disadvantages of [15O]H2O compared
with other MBF tracers. Next, quantification of
MBF using [15O]H2O on a voxel-by-voxel basis
will be discussed.
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Initial results have shown that for diagnosing
CAD, all three tracers have similar diagnostic
accuracy: 92% for [15O]H2O [18] and 90% for
82
Rb and [13N]NH3 [15] , respectively. Although
future science group
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[15O]H2O

5

[13N]NH3
4

3
K1

use of [15O]H2O in clinical practice has remained
limited, it has several properties that make it the
gold standard for noninvasive quantification of
MBF. First and most importantly, [15O]H2O is
freely diffusible with complete first pass extraction (Figure 2) , even at the very high MBF levels commonly found in hyperemic conditions.
In addition, [15O]H 2O is metabolically inert.
Therefore, changes in myocardial tissue concentrations are solely dependent on MBF and
not on metabolic effects or extraction fractions,
making quantification of MBF with [15O]H2O
straightforward.
In contrast to [15O]H2O, first pass extraction
of [13N]NH3 and 82Rb is not complete. Uptake
of [13N]NH3 in myocardium is by active transport or diffusion, while 82Rb is actively taken
up into myocardium. This leads to an incomplete extraction for both tracers, although for
[13N]NH3 extraction is still very high and linear
over a wide range of MBF values. By contrast,
first pass extraction of 82Rb is only around 65%
and it decreases rapidly with increasing MBF
(i.e., during pharmacologically induced stress)
(Figure 2) . Although correction factors [32–34] can
be applied, they increase noise levels, especially
for higher (stress) MBF values. Therefore, quantification of MBF using 82Rb has remained very
limited.
The short half-life of 15O (122 s) enables fast
protocols, including rest and pharmacologically
induced stress scans with high patient throughput. Generally, after 5–10 half-lives, activity
from the first scan is so low that it does not
affect the second scan, enabling stress-rest protocols with a total duration of less than 30 min.
Similar or even shorter protocol durations can
be obtained with 82Rb due to its half-life of only
76 s, further increasing patient throughput. The
half-life of [13N]NH3, however, is significantly
longer (9.6 min), and hence protocol durations are increased. This greatly reduces patient
throughput or poses a logistic challenge. At least,
it decreases patient comfort due to the much
longer total scan protocol than for [15O]H2O
and 82Rb.
A unique feature of [15O]H2O is that MBF
is calculated from tracer washout rather than
uptake, since MBF is the only factor determining tracer washout. This has several implications. First, MBF calculated with [15O]H 2O
represents MBF in perfusable nonscar tissue.
Since there is no or negligible uptake of [15O]
H2O in scar tissue, measured washout rates are
washout rates in perfusable tissue only. Hence,
calculated MBF is MBF of perfusable (viable)
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Figure 2. Relationship between K1 (extraction x MBF) and MBF for [15O]H2O,
[13N]NH3 [33] and 82Rb [34] . For all tracers other than [15O]H2O, the relationship
between K1 and MBF is nonlinear due to decreasing extraction. Without correction,
perfusion is underestimated for these tracers.
MBF: Myocardial blood flow.

tissue only. This enables calculation of the perfusable tissue fraction (PTF), the fraction of tissue in a region of interest (ROI) or voxel capable
of rapidly exchanging water with the blood pool.
In viable segments this results in an absolute correction for partial volume, whilst in (partially)
nonviable segments this represents a measure for
viability. It is important to note that this feature
may lead to different estimates of MBF in nonviable segments compared with other MBF tracers,
where MBF represents MBF as a mean for both
viable and nonviable tissue. More of this feature
will be described below.
Another implication is that MBF, calculated
from [15O]H 2O scans, is relatively insensitive
to misalignment between [15O]H2O and (CT)
transmission scans [35] . Misalignment between
emission and transmission data occurs in
approximately 25% of all scans [36–43] and may
lead to errors in absolute radioactivity concentrations. Washout rates, however, are insensitive to
this mismatch and MBF values were found to
be unaffected by misalignment between PET
and CT. A recent study [44] showed that CT
transmission scanning could even be omitted
entirely and still provide accurate MBF values
and parametric MBF images.
A drawback of both [15O]H2O and [13N]NH3
is that both isotopes require an on-site cyclotron
for production, whilst 82Rb is obtained from an
82
Sr/82Rb generator. Due to the short half-lives
www.futuremedicine.com
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of 15O and 13N, the cyclotron must be located in
close proximity to the PET scanner and this may
lead to infrastructural challenges. The latter is
especially true for [15O]H2O, which requires final
production very near to the scanner in order to
reduce radiation dose to staff. For 82Rb, specialized infusion systems [45] are available, enabling
a direct connection between the generator and
patient, reducing the dose to the staff, eliminating infrastructural difficulties and enabling rapid
administration of the tracer. Bedside production
and administration systems have also been developed for [15O]H2O, but they are not yet provided
commercially.
Since [15O]H 2O is freely diffusible, intravascular concentrations remain high and, consequently, there are no (qualitative) uptake
images that can be used for quick visual analysis.
Hence, quantification is required for analysis of
[15O]H2O scans, increasing postprocessing time.
Furthermore, signal-to-noise ratios are relatively
lower due to the lack of active transport and/or
trapping in tissue. While the need for quantification is not strictly a disadvantage of [15O]H2O, it
has hampered widespread clinical use due to the
increased postprocessing time required to obtain
MBF images. In addition, with the previous
generation of 2D PET scanners, signal-to-noise
ratios were too low to allow for voxel-by-voxel
calculations. [13N]NH3 and 82Rb both provide
diagnostic images of the relative tracer distribution that can be used immediately after reconstruction for qualitative assessment of perfusion
defects. Recent developments, however, enable
rapid calculation of parametric (i.e., voxel-byvoxel) MBF images using [15O]H2O, as will be
described below.
A drawback of 82Rb is the high energy
(3.15 MeV) of the emitted positron, and hence
the relatively long positron flight, compared with
[15O]H2O and [13N]NH3 [46] . This can significantly degrade image quality and quantitative
accuracy. Furthermore, 82Rb emits a photon in
14% of all decays, which may lead to further
errors in quantification. Recently, a correction
method for these prompt gammas has been proposed [47] , but effects on quantification of MBF
have not been reported.

Absolute quantification of MBF
using [15O]H2O
 Compartment model
Quantification of MBF is based on the model
first proposed by Kety and Schmidt [48–50] for
calculation of cerebral blood flow using nitrous
oxide. Using conservation of mass and assuming
714
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that tracer distribution is instantly homogeneous
within a compartment, for an inert and freely
diffusable tracer, the change in tissue concentration in a region is equal to the difference in
arterial and venous blood concentrations, multiplied by the amount of blood flowing through
the region (MBF):
dC T = MBF $ ^C t - C t
A^ h
V ^ hh
dt

(1)

in which CT(t), C A(t) and CV(t) represent tracer
concentrations in tissue, arterial and venous
compartments, respectively. This equation can
be rewritten, using the blood–tissue partition
coefficient (p) and an additional parameter for
the extraction (E) of the tracer:
dC T = K $ C t - k $ C t
1
A^ h
2
T^ h
dt

(2)

where K1 = E*MBF, k 2 = E*MBF/p and p represents the blood–tissue partition coefficient
of the tracer used. This differential equation
can be solved and yields the basic equation for
the single tissue compartment model used for
quantification of MBF using [15O]H2O:
(3)

C T ^ t h = K $ C A ^ t h 7 e- k $ t
2

1

in which ⊗ denotes the convolution integral.
The first study reporting on the use of [15O]
H2O to assess MBF, compared [15O]H2O derived
results with the gold standard (i.e., infusion of
radiolabeled microspheres directly into a coronary artery) [1] . Using the method described
above, a good correlation between both MBF
estimates was found, validating the quantitative
accuracy of [15O]H2O. Furthermore, it was confirmed that the extraction fraction of [15O]H2O
was near complete (E = 1) and constant over a
wide range of physiological MBF levels, proving
that [15O]H2O is indeed a freely diffusible tracer
that can be used to quantify MBF.
 Corrections for partial volume
effects & spill-over
One of the technical issues related to the heart
is the relatively thin myocardial wall compared
with the limited resolution of PET scanners.
Activity concentrations in structures smaller
than the resolution of the scanners are therefore
underestimated. Therefore, only a fraction of the
counts in an ROI or voxel originates from myocardial tissue, while the rest is due to spill-over,
primarily from blood. For accurate quantification, it is important to correct for these effects.
Several correction methods have been proposed,
future science group

Parametric imaging of myocardial blood flow & viability using [15O]H2O & PET/CT

but these rely on the actual dimensions of the
myocardial wall [51] , which are not always known.
Iida et al. introduced an additional parameter,
PTF, in the kinetic model of Equation 3 to correct
for partial volume effects [2,3] . PTF represents
the fraction of tissue within an ROI or voxel
that is capable of rapidly exchanging [15O]H2O
with blood (Figure 3) . In order to prevent over
determination of Equation 3, p needed to be fixed
to a constant value of 0.91 ml∙g-1 [52] . Equation 3
was therefore modified into
C T ^ t h = PTF $ MBF $ C A ^ t h 7 e -

MBF $ t
p

VOI

Perfusable tissue
Myocardium
Nonperfusable tissue

(4)

PTF was found to accurately correct for partial
volume effects, yielding results that correlated
well with those obtained with radiolabeled
microspheres [10,53] . Furthermore, when ROI
size increased, MBF remained constant and
PTF decreased, indeed showing that MBF was
insensitive to partial volume effects.
In addition to an exact correction for partial
volume effects, introduction of PTF had another
important implication. As MBF is calculated
from the rate of washout of [15O]H2O from the
myocardium rather than its rate of uptake, [15O]
H2O is capable of distinguishing between regions
with a low fraction of perfusable tissue (i.e., scar
tissue) and regions with reduced MBF. In other
words, pure infarction shows reduced PTF but
normal MBF, while ischemia shows normal PTF
but reduced MBF. More details are given in the
‘Perfusable tissue index’ section below.
Spill-over from blood into myocardium poses
another challenge in absolute quantification of
MBF. Especially when the tracer is injected as
a bolus, a high spill-over contribution is present
during the first pass of the bolus. Furthermore,
the myocardium itself has a non-negligible blood
volume. Several correction methods have been
proposed. The first was to use an additional
[15O]CO scan [2,54] and subtract this (scaled)
scan from the [15O]H2O images. The result is
an [15O]H 2O image, free from intravascular
activity, to which E quation 4 could be applied.
However, there is a risk of motion between scans,
which can reduce quantitative accuracy.
An alternative solution was developed by
adding an additional parameter VA representing arterial blood volume and spill-over from
the left ventricle [3,52,53] into the kinetic model.
At first, no correction for venous blood volume
was included in the model, as venous and tissue
concentrations are similar, and hence can not
be distinguished. However, spill-over from the
right ventricle into the myocardium did affect
future science group
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Figure 3. Volume of interest containing both perfusable and nonperfusable
tissues. Due to spill-over and partial volume effects, VOI size is larger than total
tissue size. Perfusable tissue fraction represents the fraction of viable tissue within
the VOI, excluding nonperfusable scar tissue. Total anatomical tissue fraction
represents the fraction of tissue within a VOI, including both perfusable and
nonperfusable tissue.
VOI: Volume of interest.
Adapted from [57] .

obtained values of MBF and especially PTF
Neglecting the early phase of [15O]H2O
scans, in which spill-over from the right ventricle
is most severe, yielded accurate MBF values in
the septum, although PTF was overestimated
[56] . To solve this issue, an additional parameter V RV to correct for spill-over from the right
ventricle in the very early phase of the scans was
incorporated and validated [55] , leading to the
final model of Equation 5 :
[55,56] .

C T ^ t h = PTF $ MBF $ C A ^ t h 7 e -

MBF $ t
p

+ VA $ C A ^ t h + VRV $ C RV ^ t h
(5)

However it is important to note that since the
concentrations of venous blood and perfusable
tissue are similar, V RV only represents spill-over
from the right ventricle (primarily determined
during the first pass) and not venous blood
volume. By contrast, VA represents both spillover from the left ventricle and actual arterial
blood volume within the myocardium. Using
V RV, both MBF and PTF values in the septum
were no longer significantly different from other
regions in the heart, indicating that the spill-over
corrections were accurate. Nevertheless, actual
venous blood volume is still included in PTF.
 Perfusable tissue index
Shortly after its introduction as a correction
for partial volume effects, it was suggested that
PTF could also be used as a marker for myocardial viability [3] . In infarct regions, there was
a discrepancy between PTF and extravascular
density (later renamed to anatomical tissue fraction [ATF]), as PTF was reduced while ATF
www.futuremedicine.com
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remained constant (Figure 3) . This is due to the
presence of nonperfusable tissue (i.e., necrotic
tissue incapable of rapidly exchanging [15O]
H2O with blood). The ratio of PTF and ATF,
termed perfusable tissue index (PTI), was validated as a marker of myocardial viability [57] and
is calculated using Equation 6 :
PTF
PTI = PTF =
ATF 1.06 $ ^ Tx norm - VCOh

(6)

where Txnorm is a normalized transmission scan,
VCO represents the blood volume fraction based
on an [15O]CO scan and 1.06 represents the
density of blood. In several studies [57–63] it
was found that PTI could be used to predict
functional recovery after treatment, showing a
significantly reduced PTI in infarct regions compared with remote control regions. This was confirmed in a study where PTI was compared with
ex vivo histochemical data in an animal model
of myocardial infarction [64] . Furthermore, it
was shown that dysfunctional tissue (i.e., tissue
with low MBF but preserved PTI at rest) was
capable of regaining its contractility, in contrast
to dysfunctional tissue with reduced PTI. PTI
in the septum was, however, significantly higher
than in other regions due to spill-over from the
right ventricle.
Despite these results, clinical use of PTI has
remained controversial since it was shown in a
simulation study that heterogeneity in MBF, as
commonly found in infarct regions, resulted
in a negative bias in PTI [65] . Furthermore, the
requirement of an additional [15O]CO scan has
made routine application of PTI impractical. A
recent study [31] showed that PTI could also be
calculated using fitted blood volume fractions
based on [15O]H 2O scans (i.e., VA and V RV in
Equation 5) instead of an additional [15O]CO scan:
PTI =

PTF
1.06 $ ^ Tx norm - VA - VRV h

(7)

This enabled simultaneous assessment of
both MBF and myocardial viability using just
a [15O]H2O scan.
 Input functions
In order to solve the compartment model underlying Equations 3–5, it is imperative to measure the
arterial input function CA(t) accurately. The gold
standard for obtaining C A(t) is arterial sampling
with an on-line blood sampler [2] . However, a
blood curve obtained with arterial sampling
has to be corrected for dispersion and delay,
introducing additional uncertainties in quantification. Additionally, arterial cannulation is
716
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required, which can be a burden to the patient
and is less suitable for routine clinical use. For
clinical applicability, noninvasive alternatives
have to be found. In a direct comparison with
arterial sampling [52] , the use of C A(t) obtained
directly from the PET scan itself by extracting
the time–activity curve of the left atrium, left
ventricle or aorta (image-derived input function [IDIF]) was validated. The blood pool was
visualized using [15O]CO on which an ROI
was drawn. This region was then transferred to
the [15O]H2O images and C A(t) was extracted.
However, C A(t) was overestimated due to spillover from the myocardium. A method to correct
for this spill-over was presented [66] , enabling
more accurate and noninvasive quantification
of MBF using [15O]H2O.
However, there were still some issues with
IDIF, especially considering the administration
protocol, which greatly influences IDIF. When
[15O]H2O was injected as a bolus on older scanners, the high count rates commonly found in
the early phase of a scan caused a large loss of
sensitivity due to detector dead time. An alternative method of administering [15O]H2O was
implemented using [15O]CO2 inhalation [10,53] .
[15O]CO2 is rapidly converted into [15O]H2O in
the lungs and, therefore, inhalation of [15O]CO2
is similar to an infusion of [15O]H2O and high
count rates in the early phase of the scan are
avoided. The method provided MBF values similar to those obtained with microspheres when
using an IDIF from the left atrium, showing
both the feasibility of the administration protocol and the validity of IDIF. However, it was
expected that quantification of MBF and PTF in
the septum would be inaccurate due to the complex spill-over from both left and right ventricles.
This was later confirmed in a study in which
bolus injection, slow infusion and inhalation of
[15O]CO2 were compared [56] . Blood volume in
the septum was underestimated using [15O]CO2
inhalation whilst PTF was significantly higher
than in other regions due to right-ventricular
spill-over. Furthermore, PTF, and consequently
PTI, showed a large bias in the septum. Results
obtained with arterial sampling and bolus injection were the most reproducible, when the early
phase was neglected, but slow infusion provided the most reproducible noninvasive results.
When PTF and PTI were of interest, the use of
[15O]CO2 was not recommended. Another study
several years later showed that IDIF was also
feasible with bolus injection [55] . In this study,
the early phase was not neglected as count rate
capabilities of the scanner used were sufficient to
future science group
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Figure 4. Parametric myocardial blood flow images at (A) rest and (B) stress for a patient
without perfusion abnormalities.

accurately measure the early phase. Furthermore,
introduction of right-ventricular spill-over correction, as mentioned above, enabled accurate
fitting of the early phase in the septum.
The introduction of 3D PET scanners and
new detector materials improved sensitivity and
count rate capabilities of PET scanners, yielding a statistical advantage over conventional
2D scanners [67] . A validation study using a 3D
PET scanner [11] showed that, even with bolus
injection and using the early phase of the scan,
accurate MBF results could be obtained.

is preferred, for which a number of automated
techniques [68–74] became available, extracting
underlying time-activity curves automatically
from dynamic data. Feasibility of extracting
IDIF using these techniques was shown for
[15O]H2O [75–77] , eliminating the need for an
additional [15O]CO scan for manual ROI definition. This reduced analysis time considerably.
In a recent study [30] several of these techniques
were compared in a clinical setting, showing the
feasibility of these techniques for rapid analysis
of [15O]H2O scans.

 Automatic definition of
input functions
In the first studies using IDIF, ROI were drawn
manually on a blood pool image obtained with
[15O]CO. This is labor intensive, observer dependent, sensitive to motion between scans and it
requires an additional [15O]CO scan. Hence,
obtaining IDIF from the [15O]H2O scan itself

Parametric imaging
The lack of clinically useful uptake images has
remained a major drawback of [15O]H2O and
has limited its clinical use. Manual definition of
heart segments is labor intensive, observer dependent and all information regarding flow heterogeneity within a segment is lost. Furthermore,
it has been shown that flow heterogeneity,
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Figure 5. Parametric myocardial blood flow images at (A) rest and (B) stress for a patient
with a perfusion abnormality in the antero-septal region.
Color scales are equal to those in Figure 4.
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commonly seen in infarcted regions, may result
in negative bias in PTI [65] . To overcome these
issues, it is desirable to calculate MBF (Figures 4–7)
and PTI (Figure 8) for each voxel, yielding parametric images of MBF and PTI at the highest
possible resolution. Parametric images can be
used for both visual assessment of regional MBF
and for quantification of MBF, as they are inherently quantitative. Finally, information regarding flow heterogeneity is retained in parametric
images.
In order to calculate parametric images,
E quation 5 has to be solved for every voxel in a
dynamic scan. Typical image sizes are, for
example, 144 × 144 × 45 or 128 × 128 × 63
voxels, resulting in 933,120 and 1,032,192 voxels, respectively. The gold standard for fitting
E quation 5 is nonlinear least square regression.
However, this is computationally demanding
and therefore not feasible for such large numbers of voxels. Furthermore, voxel noise levels
are high and nonlinear least square regression
is sensitive to noise, resulting in noisy images
of low quality.
 Basis function implementation in
calculation of parametric MBF images
Several methods [78–82] have been developed
for rapid calculation of parametric images. The
most commonly used method is the basis function method, originally developed by Gunn et al.
[81] , which has been used for a variety of tracers,
including [15O]H2O, both in oncology [83,84] and
cardiology [30,80,82] . In this method, the nonlinear term of Equation 5 is predefined for a range of
MBFi values using:
B i ^ t h = MBFi $ C A ^ t h 7 e -

MBFi $ t
p

(8)

This can be substituted in Equation 5, yielding:
C T ^ t h = PTF $ B i ^ t h + VA $ C A ^ t h + VRV $ C RV ^ t h

For each predefined value MBFi Equation 9 is
linear, which can be solved with high computational speed. For each voxel, the MBFi value
that provided the best fit is entered in the parametric MBF image together with its corresponding PTF, VA and V RV values (Figures 4 & 8) . It was
shown that basis function method had favorable noise properties compared to nonlinear least
square regression [80] and that parametric images
of diagnostic quality could be obtained [30] .
 Parametric PTI images
Generating parametric PTI images has long
been impractical because of the need to align
transmission, [15O]CO and [15O]H 2O scans.
The high risk of misalignment (patient movement), added to the cumbersome scanning
protocol, has limited the use of PTI in general
and ruled out parametric imaging of PTI. A
recent study [31] , however, showed that arterial
and venous blood volume and spill-over fractions, obtained directly from a [15O]H 2O scan,
could be used as an alternative for [15O]CO
in both an animal model and in patients with
ischemic cardiomyopathy. Using low-dose CT
scans instead of traditional transmission scans
further reduced the time required for measurement of PTI. Furthermore, PTI could be calculated directly using only a single [15O]H 2O
PET/CT scan. Since parametric images of PTF
and blood volume fractions are also obtained
during calculation of parametric MBF images,
this enabled calculation of parametric PTI
images in addition to MBF images, enabling
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Figure 6. Parametric myocardial blood flow images at (A) rest and (B) stress for a patient
with triple vessel disease. During stress myocardial blood flow is reduced in the entire left
ventricle. Qualitative evaluation would have resulted in a false-negative diagnosis.
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Figure 7. Parametric myocardial blood flow images at (A) rest and (B) stress for a patient
with severe ischemic cardiomyopathy and an old myocardial infarction in the anterior wall.
Myocardial blood flow is reduced globally during stress and, at rest, also in the anterior region,
indicative of a myocardial infarction with reduced perfusion reserve in the remainder of the
myocardium.

simultaneous assessment of MBF and viability
on a voxel level (Figure 8) .

Discussion
 Direct comparison of [15O]H2O with
82
Rb & [13N]NH3
A limited number of studies compared quantification of MBF using [15O]H2O with [13N]NH3 or
82
Rb. One recent study [85] compared quantification of MBF with [15O]H2O and 82Rb in smokers
and healthy controls during rest and cold pressor
testing. A poor agreement was found (intraclass
correlation coefficient of 0.48), indicating that
quantification using 82Rb remains difficult. For
[13N]NH3, more studies have been performed.
One study [8] compared both [13N]NH3 and [15O]
H2O with the microsphere technique in dogs and
found that both methods correlated highly with
microsphere-derived flow values. Correlation of
MBF measured with [13N]NH3 and [15O]H2O,
however, was not reported. Another study [86]
compared [13N]NH3 and [15O]H2O in humans,
showing excellent correlation and no significant differences in MBF in healthy volunteers
(y = 0.02 + 1.02x; r = 0.99) over a wide range of
MBF values. In a different study [87] only including patients with chronic ischemic cardiomyopathy, however, no correlation was found between
[15O]H2O- and [13N]NH3-based MBF values. A
possible explanation is that scar tissue could be
present in dysfunctional tissue. Taking this into
account by multiplying [15O]H2O-based MBF
with PTI, a significant, although poor, correlation
was found in these segments. It has to be noted,
however, that these direct comparisons were performed on previous generation scanners with low
future science group

signal-to-noise ratios, which can have a major
impact on precision of quantification of MBF,
reducing correlation between obtained results.
 Future developments
Implementation of time of flight in
routine generation of parametric
MBF images

Introduction of new detector materials and
improvements in detector timing resolution have
enabled implementation of time of flight (TF)
information in standard reconstruction protocols
on state-of-the-art scanners [88] . In a number of
studies, the benefits of TF reconstructions on
image quality [89–91] and tumor-detection [92–95]
have been shown. These studies have demonstrated improved image quality or similar image
quality with lower injected dose.
Although the benefits of TF on image quality are clear, the benefits cannot be translated
directly to parametric image quality. Since
parametric images are calculated from dynamic
images, accuracy of fits rather than myocardiumto-background ratios or detection rates should be
improved in order to increase parametric image
quality. However, TF should improve signal-tonoise ratios as well, which in turn should lead
to more accurate fits, and hence to increased
parametric image quality. The real benefit of
TF, however, needs to be determined in a direct
comparison.
Application of cardiac & respiratory
gating

Although perfusable tissue fraction corrects for
cardiac motion-induced partial volume effects,
www.futuremedicine.com
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Figure 8. Parametric images of (A) perfusable tissue fraction, (B) total blood volume
(VA+VRV), (C) perfusable tissue index and (D) anatomical tissue fraction for the patient
shown in Figure 4 .

parametric images are still blurred due to cardiac and respiratory motion. Furthermore, differentiating between endocardial and epicardial
MBF is difficult without cardiac gating, but it
may yield important diagnostic information.
To date, signal-to-noise ratios have been insufficient in order to apply cardiac or respiratory
gating to dynamic studies, although it has not
been studied on state-of-the-art PET/CT scanners. Motion freezing techniques [96,97] have
been proposed to improve signal-to-noise ratios
in gated myocardial perfusion studies. Ideally,
this should enable dual-gated PET for dynamic
studies rather than for static studies [98–100] only,
yielding nonblurred images of MBF. However,
motion freezing requires clearly defined borders
of the myocardium, which are difficult to obtain
in dynamic [15O]H2O images.

limited. Energy and coincidence windows were
chosen for optimal sensitivity. In dynamic studies, required for parametric imaging of MBF,
the range of count rates is much broader and
a different trade-off between sensitivity and
counting capabilities could be made.
Optimizing the coincidence window for
higher count rates may decrease the large number of random coincidences, while sensitivity
should remain similar or decrease only slightly.
This is expected to decrease dead-times at higher
count rates, which is likely to improve quantitative accuracy. A similar rationale may be used
for the energy window, where the scatter fraction may be reduced at the expense of a slightly
lower sensitivity.

Optimization of energy & coincidence
windows for dynamic scanning

Generally, 82Rb is preferred in clinical use due
to its ease of production and the fact that no
large initial investments have to be made.
The 82Sr/ 82Rb generator is commercially supplied and replenished every 28 days with new

The current generation of PET and PET/CT
scanners is optimized for whole body oncological studies, in which the range of count rates is
720
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Routine implementation of [15O]H2O
& costs
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cyclotron-produced 82Sr. At present, costs are
approximately €20,000 per 28 days. Use of
[15O]H 2O or [13N]NH3 requires large initial
investments because of the installation of a
cyclotron. However, once a cyclotron is available, additional costs for staff are minimal since
production of both tracers requires minimal
intervention and can be performed by a single
nuclear medicine technologist. Moreover, additional tracer production costs per patient are very
limited. At a facility with high patient throughput a cyclotron can generate enough [15O]H2O
or [13N]NH3 to utilize more than one scanner,
while an 82Rb generator can not. Furthermore,
a cyclotron opens the possibility to produce a
much wider range of PET tracers, which otherwise have to be purchased ([18F]FDG) or are not
available at all (any 11C-labeled tracer). The costs
of an on-site standard PET cyclotron are around
€2 million with a similar amount for maintenance costs over a period of 10 years. Acquiring
a cyclotron solely for generation of [15O]H2O or
[13N]NH3 on a single scanner may therefore not
be cost effective in comparison with 82Rb. On the
other hand, a standard PET cyclotron, producing
protons with energies above 9 MeV, is not necessary for production of [15O]H2O since it can be
produced using 3 MeV deuterons [101] . If a small,
self-shielded low-energy deuteron cyclotron specifically for production of [15O]H2O would be
available, it could considerably reduce initial
investment as well as maintenance costs and
result in competitive overall per-patient costs.

Future perspective
In a limited number of centers, [15O]H2O is routinely used for clinical assessment of myocardial

REVIEW

blood flow. Only recently, its excellent diagnostic
accuracy has been demonstrated. Practical considerations, such as the requirement of an on-site
cyclotron, its relatively low signal-to-noise ratio
and the lack of qualitative uptake images that are
proportional to flow, have hampered widespread
use of [15O]H2O. However, several of these issues
have recently been overcome. Within a few minutes [30,31] , parametric MBF and PTI images of
diagnostic quality can be obtained as alternatives
to qualitative uptake images, with the obvious
additional advantage of yielding quantitative
MBF rather than radioactivity concentrations.
Furthermore, introduction of small, self-shielded
cyclotrons dedicated to the production of 15O
(low energy) should overcome one of the major
limitations of [15O]H2O, namely costs of production and availability. Finally, only recently,
it has been demonstrated that the diagnostic
accuracy of [15O]H2O [18] is similar to that of
the more commonly used qualitative tracers 82Rb
and [13N]NH3. These factors may increase routine clinical applicability of this tracer, which
is superior for absolute quantification of myocardial blood flow, although the actual clinical
benefit of quantitative MBF imaging remains to
be determined.
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Executive summary
Three different tracers for quantification of myocardial blood flow
 82Rb, most commonly used, yields qualitative uptake images and is generator produced; however, quantification of myocardial blood
flow (MBF) is difficult.
 [13N]NH3, good quality images and relatively good quantitative results. However, a cyclotron is required for production of 13N.
 [15O]H2O, ideal for quantification of MBF due to its complete extraction, while measurement of viability can be performed
simultaneously. However, no visual analysis is possible without quantification and cyclotron is required for production of 15O.
Quantification of MBF & viability using [15O]H2O is straightforward
 Simple, single compartment model.
 Corrections for spill-over and partial volume effects included.
 Inherent measure for myocardial viability.
 Reproducible and accurate image-derived input functions available.
Newest generation of PET scanners enables accurate parametric imaging
 Visual interpretation of absolute quantitative results possible.
 Basis function methods to accelerate calculations.
 Images of MBF, viability and blood volume produced.
 Introduction of low energy cyclotrons may reduce scanning costs considerably, while improvements in detector efficiencies and improved
software enable visual assessment of absolute MBF. This paves the way for more widespread use of [15O]H2O in the clinical setting.
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