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Imaging water pathways in the human body provides an excellent way of measuring accu-
rately the blood flow directed to different organs. This makes it a powerful diagnostic tool
for a wide range of diseases that are related to perfusion and oxygenation. Although water
PET has a long history, its true potential has not made it into regular clinical practice. The
article highlights the potential of water PET in molecular imaging and suggests its prospec-
tive role in becoming an essential tool for the 21st century precision medicine in different
domains ranging from preclinical to clinical research and practice. The recent technical
advances in high-sensitivity PET imaging can play a key accelerating role in empowering
this technique, though there are still several challenges to overcome.

Semin Nucl Med 00:1-13 © 2023 The Author(s). Published by Elsevier Inc. This is an open
access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

Introduction tomography (PET) together with tracer amounts of oxygen-
15 labelled water ([1501H20).

Water is a key molecule that empowers life on our ['°O]H,0 has characteristics that make it an ideal tracer

planet. Indeed, about 60% of the human body con- for absolute quantification of blood flow (perfusion). Unlike
sists of water. It also is the main component of blood plasma many other tracers that are used as perfusion agents, such as
and following the flow of water can provide information on [*N]ammonia (['>N]NHs), Rubidium-82 chloride ([®2Rb]
perfusion. As blood flow may be altered in disease, imaging CD and ['®Flflurpiridaz, [°OJH,O is a freely diffusible and
water may help to differentiate healthy from diseased tissue. metabolically inert tracer. In addition, under normal and
Water can be imaged quantitatively using positron emission ischemic conditions, its extraction fraction is essentially
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100%, which means that the rate of [?O]H,0 uptake in tis-
sue is linearly related with actual blood flow, whereas this
relationship is non-linear for metabolically trapped tracers.

Oxygen-15 has a short half-life of 122 seconds, resulting
in short scan protocols and a relatively low overall radiation
burden. Consequently, a ['’OJH,0O scan can easily be
added to scan protocols with other established or novel
tracers. This provides the possibility to correct uptake of
those other tracers for flow effects. Quantification is reason-
ably easy using relatively straightforward kinetic analysis of
dynamic PET data, with a typical scanning duration of 5 to
10 minutes. On the other hand, due to the short half-life of
oxygen-15, an onsite cyclotron is needed for its produc-
tion. Ideally, this should be a dedicated (small size) cyclo-
tron in order to ensure optimal availability and minimal
impact on the production of other PET tracers within the
same facility.

Perfusion imaging using [?OJH,O PET is increasingly
being used by many centers throughout Europe, especially
for myocardium imaging. At present, [’OJH,O is not
approved by the Food and Drug Administration limiting its
clinical use in the United States of America. Under the Medi-
cal Device Regulations (MDR) in Europe, combined with
cGMP regulations, its use is possible. With the emergence of
digital PET and long axial field-of-view (LAFOV) PET, also
referred to as “Total Body PET,” dynamic imaging of ['°O]
H,O across large anatomical areas and organ systems within
a single scan has become feasible. As LAFOV PET enables the
measurement of the image derived arterial input function
without having to insert an arterial cannula, use of [° O]H,O
is expected to continue to expand within both research and
clinical applications providing comprehensive information
for more accurate diagnosis, precision therapy evaluation
and other applications.

The purpose of this review is to outline and dissect current
opportunities and challenges for ['?OJH,O PET, including
those related to its practical implementation, together with
business and financial aspects that may be relevant when set-
ting up ["’OJH,O PET at a nuclear medicine department
(Table 1).

Tahle 1 Advantages and Challenges of ['>OIH,O PET Studies

History

The use of [ISO]HZO to measure blood flow was first
reported by Ter-Pogossian et al.' Originally, the technique
was developed for the brain and, as no tomographic techni-
ques were available, detection sensitivity decreased with the
depth in tissues and recorded values of flow represented mix-
tures of grey and white matter.”’

Following the introduction of quantitative PET,” there was
renewed interest in the use of both [1SO]HZO and [150]02
to measure perfusion and oxygen metabolism, respectively.
Unfortunately, due to movement of detectors during a scan,
the first generation of commercial PET scanners’ was not
suitable for dynamic scanning and, therefore, use was made
of the oxygen-15 steady state inhalation technique.” In this
method blood flow is measured during continuous inhala-
tion of ['’0O]CO,, which essentially is the same as a continu-
ous infusion of ['’OJH,O due to the catalytic effect of
carbonic anhydrase in the pulmonary capillaries.” A full
description of its implementation for PET together with pre-
liminary results in healthy volunteers was provided by Frack-
owiak et al.” A few years later, an alternative technique based
on intravenous injection of ['?O]JH,0 was developed by Her-
scovitch et al.” and Raichle et al.'” This so-called autoradio-
graphic method was based on a method originally developed
by Kety."'

In these early methods, the volume of distribution of water
had to be fixed, as the use of a single static scan allowed for
estimation of only a single parameter. Currently, nearly all
[">0O]H,0 studies are based on dynamic scanning, and when
necessary, accompanied with simultaneous sampling of the
arterial plasma input function, providing more accurate
quantification of both blood flow and volume of distribution
of water.

Logistics and Workflow

Oxygen-15 with a half-life of 122 seconds is produced with a
cyclotron. Due to its short half-life, it is crucial to optimize

Advantages

Challenges

Very low radiation burden (ie, 100-500 ».Sv)
Fast dynamic imaging (ie, 6-10 minutes)

Approved for local clinical use in several countries

Superior quantification methods compared with other meth-
ods (eg, SPECT, MRI, CT, ['*NINH; or 82Rb PET)

CE marked software available

High heart-to-background contrast
Metabolically inert, freely diffusible (ideal)
Long axial field-of-view PET allows many more opportunities

Needs a lot of operational time of a conventional cyclotron, so a
dedicated cyclotron for '*O-water production is preferable

More expensive than other methods (e.g., SPECT, comparable
MRI methods)

Moderate image quality due to positron range, including gating

Clinical and preclinical scanners preferably are connected to an
efficient dose delivery system

Needs arterial cannulation for arterial input function if the heart
or a large artery is not within the field-of-view
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logistics of production and scanning, and to have the cyclo-
tron in close proximity of the scanner room.

There are several methods to produce oxygen-15 with a
cyclotron, the most often used is taking oxygen-15 in the
chemical form of the preproduced ['°O]O, gas as the starting
material and then convert it to ['’OJH,O. The first descrip-
tion of ["’O]H,0O production can be found in Clark and
Buckingham (1975), and in work of 1976 by the research
groups of Welch.'”'* The production was performed using a
cyclotron that accelerates deuterons in combination with a
low energy beam. To produce '’O via deuteron acceleration,
the target must be filled with a mixture of highly purified
nitrogen gas and a trace of oxygen gas. Because of this rela-
tively cheap starting gas mixture, this procedure is suitable
for a pass-through gas target, enabling continuous produc-
tion of ["’OJH,0. A detailed description of this process is
provided by Clark et al.'” The book “short-lived radioactive
gases for clinical use” by Clark and Buckingham describes a
complete overview of '’O radionuclide development
processes.

A recent publication has brought attention to the eventual
microbiological risks of radiopharmaceuticals, as their self-
sterilization potential is absent. This means that also the
microbiological risk of the instant production of ['’O]H,0
needs to be investigated in a systematic way in order to mini-
mize any microbiological risks.'©

One of the solutions to address microbiological risks in
combination with continuous [?OJH,0 production is to use
an examination room based device that has a fully disposable
and quickly replaceable sterile injection system, with inline
0.22 pum filters, valves and diffusion chamber next to the
patient, such as the Hidex radioactive water generator system
(Hidex Oy, Turku, Finland) which is also compatible with
the presence of high magnetic fields.'” Such a bedside system
not only allows for rapid patient flow, as little time is needed
to make the system ready for the next patient / injection, but
also allows for simultaneous monitoring of both bolus shape
and total delivered ['’OJH,O dose to the patient, in turn
improving repeatability of the overall ['>OJH,0 bolus shape.
Such a system requires the direct communication of the
injector and monitoring system with a cyclotron. Another
system with a similar bedside philosophy, yet also incorpo-
rating the entire tracer production at the bedside, in contrast
to the previous system, is the MedTrace system (MedTrace,
Horsholm, Denmark).'®

The introduction of medical cyclotrons designed for high
yield '®F-production, and thus proton only cyclotrons, had a
significant boost on the production of oxygen-15."" Conse-
quently, the production of ['?O]H,0 has changed from con-
tinuous to bolus for sites, as an alternative route to the
necessity for a dedicated (mini-)cyclotron for oxygen-15 pro-
duction. For example, the [+ OJH,0 bolus production at our
department (University Medical Center Groningen, Gronin-
gen, the Netherlands) makes use of an 18 MeV cyclotron
from IBA (IBA Radiopharma Solutions, Vlaams-Brabant, Bel-
gium) which accelerates hydrogen anions and converts them
into cations (ie, protons) by stripping the 2 electrons. Bom-
bardment with protons to nitrogen gas target initiates the

nuclear reaction: '’N(p,n)'°O. The target gas enrichment is
higher than 99% [1°NIN, with only a trace amount of O; to
a ratio of 39:1 v/v (Isotec Inc, obtained through Campro Sci-
entific, Veenendaal, The Netherlands).

The product of the nuclear reaction is ['’OJH,0 in gas
form. This is transferred to a specific module where it is
mixed with hydrogen gas and passed through a palladium
column heated up to 150 °C. The [?OJH,O production
module contains a disposable sterile cartridge, in which the
produced [Y°OJH,0 is collected and mixed with a sterile
0.9% saline solution to obtain a final product suitable for
patient administration. The sterile cartridge needs to be
assembled before installation within the module. To guaran-
tee a sterile product, the entire lead shielded module is
placed within a Class A laminar flow (LAF) cabinet, and for
[1°0OJH,O this is checked afterwards due to its short half-life.

Finally, in addition to automated (bedside/other) systems
which help standardize the ['’OJH,O bolus delivery, it is
important to note that having reliable, validated and regula-
tory approved software packages are essential to deploy
['°0OlH,0 reliably in clinical practice. Given the benefits of
[°OIH,0, especially for assessment of myocardial perfusion,
well-known software packages are available for [°O]JH,0
water studies in this area, such as the Carimas, aQuant, and
Cardiac Vuer.”"

Preclinical

Small animal imaging is a useful resource to understand
health and disease, and treatment mechanisms in mammals.
Preclinical PET offers the advantage of studying the same mol-
ecules in animals before using these in humans. This is also
the case with [P’O]H,0, however, there are some practical
limitations and difficulties to perform such scans. Within
these, the very short half-life of '°O makes very close proxim-
ity to a cyclotron a necessity. Although clinical installations
may be designed with this in mind, preclinical imaging facili-
ties often do not make use of [*>O]H,O PET as it is seen as
too complex.”” Nevertheless some scientists have warm inter-
est in studying the biological response to [°’OJH,O. For
example, the SAFIR collaboration in Zurich has dedicated a
lot of resources to build a pioneering PET insert for preclinical
PET -magnetic resonance image (PET-MRI) that aims to allow
measuring relatively high injected dose (eg, 500 MBq) of
['°OIH,0O with short frames (up to 5 s) and high resolution
(ie, 2 mm) for at least 10 minutes after its injection in order to
study the rat brain with higher detail than ever before.”

Brain Applications

[ISO]Hzo brain PET in a preclinical setting has mostly been
used to study cerebral perfusion in rats. In animal models of
stroke, ['° OJH,O PET was successfully used to measure
changes in perfusion after occlusion of the middle cerebral
artery”” ™ or anterior cerebral artery.’’ For example, Martin
et al.”” showed hypoperfusion during middle cerebral artery

occlusion followed by reperfusion immediately after the
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occlusion was released. Then, hypoperfusion could be
observed at days 1 and 2, and hyperperfusion at days 4 and 7.

While [">OJH,O PET has widely been used to study brain
activation in humans, such studies in rats are limited. Wehrl
et al.’' studied brain activation after whisker stimulation
using ['’OJH,0 PET and compared the findings with blood-
oxygen-level-dependent (BOLD) functional MRI (fMRI)
measurements. Interestingly, it was shown that the intensity,
shape and location of the [° OJH,0O PET signal differed from
that of the BOLD-fMRI response. As the physiological basis
of BOLD-fMRI is not completely understood, this highlights
the potential role of ['>OJH,0O PET in studying brain activa-
tion complementary to fMRIL

Cardiovascular Applications

Preclinical assessment of myocardial blood flow (MBF) using
['°OJH,0 has predominantly been used in pigs and dogs
and less frequently in rodents. In some of the earlier studies,
['°OJH,O PET was validated by comparing measured MBF
results with microsphere data. These (ischemic) animal mod-
els were useful for cardiac validation and repeatability stud-
ies, mainly applied with the single-tissue-compartment
model, and sometimes including the perfusable tissue frac-
tion (PTF), which provides a quantitative MBF value that is
more robust to partial volume effects. Past research has
shown that values of ['’OJH,O correlate consistently with
microsphere data, and that the inclusion of PTF could help
to identify both tissue perfusion and viability with [°O]
H,0.””" When compared to quantification with other PET
radiotracers available for blood flow (eg, [13N]NH3), water
shows the best correlation to microspheres quantification,
confirming the absolute correlation of ["?O]H,0 perfusion
with MBF.”*

Oncology Applications

['°OJH,0 concentration shows a linear relationship with sig-
nal intensity as measured with PET, particular at short acqui-
sition time, which reflects tissue perfusion. Therefore, this
technique is able to absolutely quantify tumor perfusion.”
However, only a very limited number of small animal studies
have been reported using [1SO]H20 for the assessment of
tumor blood flow. """

As discussed earlier, there is a perceived lack of small ani-
mal-studies, which reason may be twofold. The relatively
long positron range of 0 (Rypean = 3.0 mm), compared to
other PET radionuclides such as '®F. As usually tumors
growing in mice are less than 1 cm wide, it makes ['>O]H,0
PET less ideal, with large partial volume effects, potentially
invalidating quantitative methods.””

Clinical Applications

Clinical PET/CT imaging is a key resource to evaluate the
(patho)physiological processes underlying some of the most
important diseases in the human body. PET/CT offers the

advantage of adding information about the physiology on
top of the anatomical evaluation. Particularly with [150]
H,O, there is the possibility to truly quantify absolute and
regional blood flow supply to different organs, as this tracer
has a perfect linear relationship with the arterial circulation.
This opens up an opportunity of evaluating diverse organs
for a wide variety of pathological processes, as differences in
the hemodynamic status of tissues have been described
between healthy and unhealthy states.

Brain Applications

In the brain, [ISO]HZO PET can provide valuable insights in
cerebral hemodynamic changes under healthy (eg, aging,
task-based activities) and diseased (eg, neurodegenerative
diseases, psychiatric disorders) conditions. Cerebral meta-
bolic rate of O, consumption (CMRO,), cerebral blood flow
(CBF), and the balance between those 2, that is, oxygen
extraction fraction (OEF), are important indicators of possi-
ble disease related changes in brain function™ with [°0]
H,O being a reliable method to measure CBF."** An exam-
ple of ['’OJH,0 brain PET scan from a healthy volunteer is
depicted in Fig. 1.

In a pathophysiological context, many diseases in the brain
are highly associated with changes in CBF, either being the
main manifestation of the underlying pathophysiological
process of a disease, such as the case of cerebrovascular dis-
orders (CVD) or playing a secondary—but still important—
role in disease onset and progression. In a study from Scar-
meas and colleagues, CBF was negatively associated with
overall cognitive reserves and worse prognosis for Alz-
heimer’s disease (AD).”’ In another study, Xu and colleagues
assessed CBF using both ['’OJH,0 and arterial spin labelling
(ASL) imaging. They reported a significant age-related
decrease in CBF in patients with mild cognitive impairment
(MCID). AD patients showed an even more pronounced
decrease in CBF when compared with their control counter-
parts, suggesting a significant effect of AD in the CBF.*
These findings confirm the possibility of using CBF measure-
ments as a biomarker for diagnosis of AD but this may also
function as a biomarker to observe early signs of the
disease. """ Although AD is the most studied neurodegener-
ative disorder, other ones such as Parkinson’s disease and
Huntington’s disease (PD and HD, respectively) also showed
altered blood flow comparable to a reduced metabolic activ-
ity in cortical and subcortical areas of the brain.’' "
Therefore, CBF change clearly plays a key role in neurode-
generative disorders, although it is not clear to what extent
such modifications would lead to disease onset or hasten dis-
ease progression. On that note, it is possible that ['>OJH,0
PET can provide another method to assess disease onset and
progression in a neurodegenerative context, especially when
used in combination with other imaging techniques.

Another possible use of ['?OJH,O PET is the assessment
of blood flow in psychiatric conditions. ["?OJH,0 has been
used in many psychiatric disorders, with CBF being highly
variable on a disease-dependent basis. Studies in Major
Depressive Disorder (MDD) have shown significantly
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Figure 1 Single-tissue compartment model parametric brain images with ['>O]H,0O PET from a healthy volunteer from
left to right the images correspond to cerebral blood flow (CBF ml-min~'-g™ "), volume of distribution (V1 - mL-cm ™)
and arterial blood volume (V, - mL/g). From top to bottom transaxial, sagittal, and coronal slices. In general, CBF illus-
trates the influx into grey matter (mainly shown with red and orange) and V exhibits the ratio between the tracer con-
centration in the target tissue (light blue). In the transaxial planes CBF, the caudate nucleus and posterior limb of
internal capsule can be identified mainly in red or yellow, respectively. In the same plane of V, is depicted part of the
cerebral arterial circle (Willis), anterior communicating artery in the joint of the anterior cerebral left and right arteries
and left and right posterior cerebral arteries. In the sagittal plane of CBF and Vr can be identified in red and yellow
(CBF) and light blue (Vy), respectively, the thalamus. In the sagittal plane of V4 can be distinguished the internal
carotid artery in its cavernous portion. In the coronal plane can be observed in red and yellow from the CBF, the cor-
pus callosum. Finally, in the coronal plane of V4 can be recognized the right and left common carotid arteries and their

bifurcations into external and internal carotid arteries.

decreased blood flow in the posterior cingulate, insula, orbi-
tofrontal cortex, and temporal cortex.””® Regarding depres-
sion disorder, Dunn and colleagues reported a lack of
correlation between blood flow and glucose metabolism in
unipolar depression patients, a behavior not observed in
patients with bipolar disorder, even when both groups of
patients were clinically stable and on fixed-dose medication
for at least 3 months.”” To assess whether changes in CBF
could be observed after treatment, 1 study assessed the
effects of deep brain stimulation (DBS) on CBF using [1°0]
H,O PET in patients with treatment-refractory depression.
The authors reported a significant CBF increase in prefrontal
cortex in subjects submitted to DBS with significant symp-
tom improvement compared with non-responders, and the
increase in CBF remained after discontinuation of stimula-
tion, suggesting long-lasting effects of DBS.”’ In anxiety-

related disorders, the main use of ['°’OJH,O PET was to
assess CBF in post-traumatic stress disorder (PTSD). Two
studies showed a significant change in ['>O]H,0 PET signal
in the prefrontal cortex, cingulate cortex, insular cortex,
amygdala and hippocampus that correlated with adrenocorti-
cotropic hormone in combat veterans with PTSD when com-
pared to age-matched controls.”””” One study compared
blood flow in healthy controls, and combat veterans with
and without PTSD. [15O]HZO PET imaging showed differen-
ces in CBF between healthy controls and both combat vet-
eran groups when all groups were exposed to an aversive
stimulatory event during the scan. Interestingly, combat vet-
erans with PTSD had altered neural responses in the medial
prefrontal cortex and amygdala when compared with veter-
ans without PTSD, suggesting disease-specific activation and
change in blood flow in these specific regions.”’ These results
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Figure 2 Representative rest and adenosine stress myocardial perfusion by [’ OJH,O PET (A) The figure shows vertical
long axis, horizontal long axis, and short axis of rest (left) and adenosine stress (right) myocardial perfusion. (B) 17-
segments polar maps of stress rest (left) and stress (right) myocardial perfusion.

show the current use of ['’OJH,O PET for measurement of
CBF in psychiatric disorders and, although not fully
explored, opens the possibility of observing the changes of
blood flow during the course of a treatment. Additionally,
['°O]H,0 PET may be able to map different disease patterns
that may be interesting in the basic understanding of psychi-
atric disorders and may contribute to devise a more individu-
alized and precise treatment protocol for these neurological
disorders.

In summary, there is a wide range of possibilities for using
['°O]H,0 PET imaging both for a better comprehension of
the healthy brain,”" but also as a possible imaging marker for
brain disorders. In combination with other PET tracers such
as ['®F]fluorodeoxyglucose (['*FIFDG), or other imaging
modalities such as MRI, it might be possible to map different
brain patterns, and improve diagnosis and treatment

accuracy. o2

Cardiovascular Applications

In nuclear cardiology, ['’OJH,0 is considered the gold stan-
dard for quantification of MBE.%>°" In fact, other well-estab-
lished tracers available for quantification of MBF, that is,
[13N]NH3 and [®?Rb]Cl, have been validated against [*°0]
H,0. Since ['’O]H,0 is freely diffusible across capillary and
cell membranes, has an extraction fraction of essentially
100%, and is metabolically inert, it is the ideal tracer for
MBF measurements along the entire spectrum of coronary
artery disease (CAD). However, as it is not (metabolically)
retained in tissues, voxel-based kinetic modelling is time con-
suming and sensitive to noise. Nevertheless, since the basis
function method of the single-tissue compartment model,
incorporating right ventricle spill-over, was implemented, it

has been possible to automatically generate parametric
images of absolute MBF in only a short time frame.”” An
example of parametric images from myocardial perfusion
imaging by ['?OJH,O PET is given in Fig. 2, complemented
by their corresponding values in Table 2.

According to data from the PACIFIC trial, [">0O]H,0 PET
had higher accuracy for detecting myocardial ischemia than
CT and myocardial scintigraphy.”® In addition, combining
[">0O]H,0 PET derived MBF with anatomical features such
as CT derived coronary artery stenosis severity and plaque
morphology, produces the highest prognostic value for all-
cause mortality and myocardial infarction.”” After successful
revascularization of the coronary arteries in patients with
CAD, [ISO]HZO PET derived MBF significantly improved
along with improved fractional flow reserve.*

Myocardial viability has been successfully assessed from
different [*>O]H,O PET derived parameters, such as reduced
resting MBF, PTF, and perfusable tissue index (PTI), in vari-
ous experimental models against MRL.*” PTI and PTF have
been used to successfully predict (near) transmural Late Gad-
olinium Enhancement (LGE) on MRI, with LGE in turn serv-
ing as an (imperfect) surrogate marker of myocardial
viability. Furthermore, the fast kinetics of [’OJH,0O allows
for shorter scanning time, and real-time measurement of
MBF during exercise (eg, with the use of a bicycle/ergometer)
positioned appropriately inside the PET scanner as a way to
avoid the use of pharmacologically induced stress (eg, using
adenosine or regadenoson).””

Finally, the use of ['’OJH,0 PET-MRI in the heart has
the potential to combine cardiac perfusion imaging with a
library of sequences commonly used in cardiac MRI (eg, ejec-
tion fraction, intravascular flow measurements, tissue
characterization).”""*
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Tahle 2 Myocardial Blood Flow (MBF) in Stress and Rest Phase, Myocardial Flow Reserve (MFR), and Perfusable Tissue Index

(PTD Corresponding to Figure 2

MBF Rest MBF Stress MFR
Segment (mL/g/min) (mL/g/min) (mL/g/min) PTI Rest PTI Stress
1 1.0 2.7 2.7 0.61 0.65
2 0.8 2.3 2.9 0.78 0.78
3 0.7 2 2.8 0.85 0.73
4 0.7 2.4 3.4 0.77 0.59
5 0.7 2.4 4.3 0.79 0.71
6 0.9 2.7 3.0 0.64 0.72
7 1.3 29 2.2 0.57 0.75
8 0.9 2.7 3.0 0.70 0.82
9 0.8 25 3.1 0.79 0.83
10 0.8 2.4 3.0 0.81 0.71
11 0.7 2.4 3.4 0.80 0.71
12 0.9 2.9 3.2 0.73 0.87
13 1.3 2.7 21 0.61 0.78
14 0.9 2.8 3.1 0.71 0.81
15 0.9 2.2 2.4 0.76 0.64
16 0.9 2.4 2.7 0.77 0.75
17 1.3 2.1 1.6 0.71 0.66

Miscellaneous: Tissue, Limb, and Organ
Perfusion

Peripheral vascular disease (PVD) is an entity caused by dis-
function in the circulatory system, which results from dam-
age, occlusion and/or inflammation of arteries and/or veins,
excluding brain and heart vasculature. Most relevant diseases
encompassed under the PVD umbrella include peripheral
arterial disease (PAD), chronic venous insufficiency (CVI),
and deep vein thrombosis (DVT).”” PAD is an atherosclerotic
disease that, when affecting the lower extremities, results in
skeletal muscle ischemia, intermittent claudication, and, in
more severe stages of disease, limb amputation and death.
Several techniques have been used for the evaluation and
detection of PVD, including ankle—brachial indices, duplex
ultrasound, MRI, CT angiography, single photon emission
computed tomography (SPECT), and PET. The ankle-bra-
chial index is a widely applied diagnostic tool for the detec-
tion of PAD that uses the blood pressure differential between
upper and lower extremities to detect a functionally significant
arterial obstruction, but this technique can be problematic in
the setting of microvascular disease and medial calcification.
In vivo nuclear imaging approaches provide high sensitivity
and, when using biologically targeted radiotracers, potentially
offer novel methods for the investigation of PAD, with integra-
tion of perfusion and assessment of tissue oxygenation, metab-
olism, or biologic processes such as angiogenesis.”* ['*?OJH,0
PET is useful for repeated measurements of blood flow in the
same individual during a single scan session, at rest and during
exercise, or during vasodilator stress.”*"* A ["?O]JH,O rest-
stress PET study found significant differences in flow reserve
within the calves of PAD patients when compared with healthy
volunteers, and these differences correlated with thermodilu-
tion-derived flow reserve values.”” Another study found signif-
icantly reduced exercise-induced muscle blood flow in the

distal legs of PVD patients who were referred for lower-limb
amputation, suggesting that ['?OJH,O PET imaging may be a
valuable tool for determining the level of subsequent amputa-
tions.”® Kalliokoski et al. demonstrated that PET assessment of
skeletal muscle blood flow and oxygen uptake in lower-
extremities may be a useful tool for evaluating patient
responses to exercise training programs.’” Apart from assess-
ing (skeletal) muscle, [1SO]HZO PET imaging has also been
applied in the field of tendon studies in athletes during rest
and during exercise.”

Another field of interest is quantification of regional liver
and splenic blood flow, where dynamic [0 OJH,O PET
shows promise for clinical use.”"** Different factors make
accurate estimation of liver blood flow difficult, such as the
dual blood flow supply (hepatic artery and portal vein), inac-
cessibility of the portal vein for direct flow measurements,
and changes in extraction kinetics in the pathological liver.”’
Despite these difficulties, standardized and routine quantifi-
cation of liver blood flow could translate into advances in
personalized therapies in patients with distinct hepatic
insults. Also, splenic blood flow could be important in the
analysis of regional hemodynamic of the spleen in patients
with hypersplenism, portal hypertension, after traumatic
spleen rupture, and in various other conditions.

Brown adipose tissue (BAT) has emerged as a potential tar-
get to combat obesity and diabetes, but novel strategies to
activate BAT are needed. PET with ['>O]H,O has been evalu-
ated for direct measurements of adipose tissue perfusion,”
resulting in a positive correlation with glucose uptake in
obese and nonobese healthy subjects, as well as in patients
with diabetes, including medical drug response monitor-
ing.”” Adenosine administration caused a maximal perfusion
effect in human supraclavicular BAT, indicating increased
oxidative metabolism.”
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Oncology Applications

One of the first applications of using ['’O]H,0 PET was to
visualize cerebral tumors by measuring the regional cerebral
blood flow together with oxygen utilisation.”” Furthermore,
the first application of [ISO]HZO PET outside the brain in
oncology was the measurement of regional blood flow (in
combination with oxygen utilization and blood volume) in
patients with breast carcinoma.””

Angiogenesis, the process in which new blood vessels orig-
inate from existing vasculature, is essential for tumor growth,
progression, and development of metastases,”””" leading to
increased blood flow in the tumor. Imaging of tumor blood
flow (TBF) for tumor characterization and treatment
response monitoring has therefore been studied in various
cancers, such as non-small cell lung cancer,”"%? colorectal
cancer,”>”? breast cancer,”*”” head and neck cancer,”® pros-
tate cancer,”’ and brain cancer.” The field of cancer drug
development would benefit from quantification of the vascu-
lar characteristics in tumors to assess the effectiveness of anti-
angiogenic agents, particularly the combination of ['>O]H,0
with another PET tracer.”” For example, antiangiogenic treat-
ment was expected to normalize perfusion and therefore
improve delivery of chemotherapy. However, a research
group from Amsterdam found that reduction in radiolabeled
docetaxel uptake was due to a reduction in perfusion after
bevacizumab as shown by a combined [ISO]HzO and ''C-
Docetaxel PET scan.””

The gold standard for (minimally invasive or even in
some cases completely noninvasive) quantitative measure-
ments of TBF is ["?OJH,O parametric PET”” and these
measurements can  be  performed  with  high
reproducibility.””'"*'" Using conventional PET systems
with an axial field-of-view (FOV) of 15 cm to 25 c¢m,'%?
an image derived input function (IDIF) for noninvasive
TBF quantification can only be obtained for studies where
the heart is in the (restricted) FOV, except for a recent
generation of scanners with dedicated bed motion proto-
cols allowing scanning of the heart area during a critical
phase after the injection and also covering the target anat-
omy, such as multiparametric PET technology.'”’ This
limitation is resolved by the recent introduction of LAFOV
PET,' %" where the heart together with all main organs
and regions of interest can be captured in a single view,
ensuring that an IDIF is also possible for structures further
away from the heart. The use of an input function mea-
sured from the blood pool has been validated successtully
in the past for cardiac studies”” and also for the brain by
lida et al. who combined 2 PET scanners to simulta-
neously image the brain and the heart in a single scanning
session.'”” Consequently, LAFOV dynamic scans allow
acquisition of TBF information for multiple lesions within
the FOV, which is important in case of intertumor hetero-
geneity. Given known associations of tumoral heterogene-
ity and resistance to targeted precision therapy, capturing
all lesions simultaneously is important for response moni-
toring,'”™ as overall patient response depends on the
response of the poorest lesion.'”

Multitracer Imaging

The short radioactive half-life of oxygen-15 (122 s) together
with the corresponding relatively low radiation exposure
allows for repeated ['°0O]H,0 PET acquisitions at 10 min
intervals. This, in turn, provides the possibility to directly
measure short-term therapy effects in a single imaging ses-
sion. Alternatively, a second scan can be performed using a
different tracer for further characterization of, for example,
tumor biology.*™ The use of more than 1 tracer in 1 scanning
session has not been uncommon in clinical research. For
example, at Hammersmith Hospital a usual scanning proto-
col involved imaging human participants with [*?OJH,0O to
measure cardiac perfusion, inhaled ['°0]CO to measure
blood volume and [*®F]FDG to measure cardiac viability and
metabolism. The 3 different types of information were used
to extract specific biological parameters to study hyperinsu-
linism in humans.'"”

The advantage of fast decaying ['?OJH,O makes it a unique
radiotracer suitable for use in dual or even triple tracer PET
imaging in 1 session. In particular, the use of ['*°OJH,O PET
imaging would be greatly enhanced once it is routinely possi-
ble to accurately separate the signal of ['?O]H,0 and another
radiotracer once the 2 tracers are injected in the human body
at the same time. It has been demonstrated to be feasible to
separate the signal of multitracer scanning of a single ['°F]
FDG and 6 consecutive ['?OJH,0 bolus injections.''” This
approach could allow [°O]JH,O to measure how much
uptake of a coinjected tracer (eg, ['®FIFDG or ®°Zr-labelled
monoclonal antibodies) is related to changes in perfusion.

Implementation

Validation and Radiation Dose

A fundamental advantage of ['’O]H,0 used for PET imaging
is the ultra-low radiation dose of only 1.2 uSv-MBq ™" that is
delivered to a person.''" This corresponds to a dose as low
as approximately 500 uSv for standard PET scanners, which
could be meaningfully lowered even further with highly effi-
cient state-of-the-art (ie, LAFOV) PET scanners, as already
demonstrated with [18F]FDG.''* Furthermore, the develop-
ment of CT scanners with appropriate filters and acquisition
parameters can allow to achieve an ultra-low CT dose (e,
less than 100 /LSV),1 13 and this would make it possible to use
[OJH,O PET/CT as an imaging technique to scan even
healthy young volunteers for obtaining “health-related
knowledge,” as of today, pathophysiological knowledge is
“biased” as nuclear imaging techniques are performed only in
patients with strict clinical indications due to radiation bur-
den concerns. The fact that ultralow dose combined PET and
CT can approach the natural background radiation levels
could potentially permit the utilization of PET for measuring
the perfusion of the embryo in utero."'* This could offer new
insights regarding the perfusion in the materno-placental-
fetal system, and could allow the detection of significant
abnormalities in the development of the embryo’s organs at
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very early stages swiftly guiding clinicians to either interven-
tion or termination of pregnancy.' "

Challenges and Future Perspectives

The inert PET tracer [?OJH,O represents the accepted gold
standard for absolute quantification of tissue perfusion in
myocardium, brain and other variety of pathological condi-
tions including cancer. Multiple obstacles thus far have
blocked the routine use of PET perfusion imaging, including
dependence of a cyclotron, image processing, clinical stan-
dardization, regulatory approval, reimbursement, and feasible
clinical workflows.°*!1° Fortunately, some of these obstacles
have been overcome, especially with the introduction of mini
cyclotrons opening the door for PET perfusion imaging to
become standard clinical practice in more centers around the
world. In the foreseeable future, it is possible that LAFOV PET
perfusion imaging with ["?OJH,O will be able to be performed
in a single imaging session concurrent with standard PET
imaging techniques such as ['®*F]JFDG PET. This approach
could establish an efficient clinical workflow making [*°0]
H,O PET a valuable tool for better patient management espe-
cially when patients are scanned with LAFOV PET, where arte-
rial cannulation would be avoided, allowing a “true”
noninvasive approach. These scanners can measure brain and
heart perfusion, organ crosstalk, and absolute tumor blood
flow quantification in combination with glycolysis, which will
provide important complementary information regarding the
prognosis, treatment adequacy, and therapy response.

Furthermore, the application in the context of LAFOV can
allow for extending brain activation studies across the linked
organ axes / connected body systems, something that is sim-
ply not possible with current fMRI technologies.

Future developments in PET-MRI may allow for maximiz-
ing the synergistic benefits of PET and MRI in the context of
PET reconstruction, including positron range reduction''®
and more advanced PET image reconstruction utilizing infor-
mation from MRL''" Furthermore, simultaneous PET-MRI
could potentially offer motion compensation, which is
important for more accurate kinetic analysis.' '

Conclusion

['>0O]H,0 PET has been well established in various domains
of molecular imaging and particularly in myocardial perfu-
sion. Although many significant advantages, such as the min-
iscule radiation burden and absolute quantification of
perfusion, several challenges remain before transforming
['°0O]H,0 PET from a potential to an essential worldwide-
spread tool in the clinical routine and research.
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