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Abstract

Oxygen extraction fraction (OEF) and the cerebral metabolic rate of oxygen (CMRO2) are key 

cerebral physiological parameters to identify at-risk cerebrovascular patients and understand brain 

health and function. PET imaging with [15O]-oxygen tracers, either through continuous or bolus 

inhalation, provides non-invasive assessment of OEF and CMRO2. Numerous tracer delivery, PET 

acquisition, and kinetic modeling approaches have been adopted to map brain oxygenation. The 

purpose of this technical review is to critically evaluate different methods for [15O]-gas PET and 

its impact on the accuracy and reproducibility of OEF and CMRO2 measurements. We perform a 

meta-analysis of brain oxygenation PET studies in healthy volunteers and compare between 

continuous and bolus inhalation techniques. We also describe OEF metrics that have been used to 

detect hemodynamic impairment in cerebrovascular disease. For these patients, advanced 

techniques to accelerate the PET scans and potential synthesis with MRI to avoid arterial blood 

sampling would facilitate broader use of [15O]-oxygen PET for brain physiological assessment.
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1. Introduction

The human brain has an impressively high metabolic demand, consuming 20% of total 

oxygen used by the body (Magistretti and Pellerin, 1996; Gallagher et al., 1998), and suffers 

devastating consequences when this oxygen supply is disrupted. Impaired oxygen 

metabolism is a hallmark of stroke (Ackerman et al., 1981; Marchal et al., 1999; Baron et 

al., 1981), traumatic brain injury (Coles et al., 2004; Vespa et al., 2005), and tumors 

(Lammertsma et al., 1985; Ogawa et al., 1988), and is likely present in early 

neurodegeneration (Ishii et al., 1996). The ability to non-invasively image oxygen extraction 

fraction (OEF) in the brain and the cerebral metabolic rate of oxygen (CMRO2) has 

tremendous clinical value. In neurovascular disease, regional OEF assessment can identify 

acute stroke patients with viable tissue who stand to benefit from new revascularization 

treatments (Menon et al., 2015), particularly if they fall outside the established treatment 

guidelines (Albers et al., 2018). For investigations of neurocognitive processes (Fox and 

Raichle, 1986; Mintun et al., 2001), CMRO2 is the main parameter of interest as it is more 

robust than OEF to physiological variability, e.g. due to vasoactive substances such as 

medications or caffeine.

Although PET imaging with [15O]-gas tracers is considered the reference standard for OEF 

and CMRO2 measurements, past studies have adopted widely different approaches. 

Methodological sources of variability include radiotracer and delivery approach, PET 

scanner, image reconstruction, and model analysis. Understanding how methodological 

choices impact the accuracy and reliability of PET oxygenation estimates is critical to 

interpretation of these studies. While other reviews have nicely summarized the historical 

development of [15O]-gas PET (Baron and Jones, 2012) and its clinical impact (Okazawa 

and Kudo, 2009), this paper focuses on the technical considerations to measuring OEF and 

CMRO2 with [15 O]-oxygen. Recent approaches to quantify brain oxygenation without 

invasive arterial blood sampling and with shorter scan time are discussed. Semi-quantitative 

methods are compared for their efficacy to identify impaired OEF in patients with 

cerebrovascular disease. Finally, opportunities to leverage multi-modal imaging on 

simultaneous PET/MRI scanners to validate new, non-invasive oxygenation imaging 

methods are highlighted.

2. Theory for brain oxygenation imaging with [15O]-gas PET

2.1. [15O]-oxygen kinetic model

The key radiotracer to measure oxygen metabolism is [15O]-oxygen, which is breathed by 

the patient through continuous gas inhalation over a period of minutes, or through bolus 

inhalation. After [15O]-oxygen exchanges in the lungs and enters into the bloodstream, it is 

delivered by arterial blood (primarily bound to hemoglobin) to the brain. In the capillary 

bed, [15O]-oxygen is extracted from the vasculature into cerebral tissues, which is modeled 

by a single-tissue kinetic model (Mintun et al., 1984; Subramanyam et al., 1978) (Fig. 1a). 

This oxygen extraction is characterized by the percent OEF (a key parameter of interest) and 

is assumed to occur instantaneously (Subramanyam et al., 1978). Aerobic metabolic 

processes in brain tissues then convert [15O]-oxygen to metabolic [15O]-water, which also 

recirculates throughout the body. The presence of dissolved [15O]-oxygen in both the blood 
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and tissue compartments is negligible compared to [15O]-oxygen bound to hemoglobin and 

the [15O]-water metabolites (Frackowiak et al., 1980). During the imaging experiment, the 

temporal dynamics of these radiolabeled compounds depend on the delivery method for the 

[15O]-oxygen tracer. For the continuous method, temporal dynamics are mostly ignored, 

whereas for the bolus method, kinetic modeling aims to dissociate the effects of CMRO2 and 

CBF on the temporal PET curve.

2.2. Continuous versus bolus gas inhalation

Two primary delivery approaches, continuous gas inhalation and bolus inhalation, have been 

used for [15O]-oxygen PET. The initial studies adopted continuous inhalation of [15O]-

oxygen over several half-lives of the tracer so that the arterial (supply) and recirculation 

concentrations of [15O]-oxygen and [15O]-water reach equilibrium (Subramanyam et al., 

1978; Frackowiak et al., 1980). PET acquisition commences after this steady-state is 

achieved, and OEF and oxygen metabolism are assumed constant over the measurement 

period. Typical delivery flow rates are 0.5 L/min for 8–10 min before the start of imaging 

(Lenzi et al., 1981; Yamaguchi et al., 1986; Senda et al., 1988), which continues during the 

PET scan. The [15O]-oxygen dose delivered ranges from 400 to 2253 MBq/min during the 

experiment (Frackowiak et al., 1980; Leenders et al., 1990), resulting in total of up to 6.4–

51.8 GBq inhaled by the patient. Tracer activity and flow rate are monitored so that the 

concentration of the delivered gas tracer varies only by 2–3% (Frackowiak et al., 1980; 

Yamaguchi et al., 1986). Physiological equilibrium can be confirmed by monitoring a total-

head radioactivity curve with the PET detectors (Yamaguchi et al., 1986). Different 

breathing apparatus can be used for continuous [15O]-oxygen inhalation, which include 

light, disposable face masks (Frackowiak et al., 1980; Leenders et al., 1990); a standard 

oxygen mask with nasal cannula (Lebrun--Grandie et al., 1983); and a mouthpiece with a 

one-way valve (Subramanyam et al., 1978).

In contrast, bolus inhalation of [15O]-oxygen has become more prevalent in recent decades. 

In this paradigm, [15O]-oxygen is delivered through a short inhalation of up to 1 min 

(Mintun et al., 1984; Maeda et al., 2015; Shidahara et al., 2002), or through a single deep 

breath (Meyer et al., 1987; Ohta et al., 1992), e.g. with a 10-s breath hold. Because the 

necessary volume of gas tracer is smaller for bolus experiments, the [15O]-oxygen can be 

supplied from the cyclotron and contained in a lead-shielded respiration bag (Ohta et al., 

1992), and ultimately breathed by the subject through a short ventilator hose. The typical 

[15O]-oxygen bolus dose is considerably lower than for continuous inhalation (Table 1). For 

image acquisition, dynamic PET scans are started immediately with the [15O]-oxygen 

inhalation to capture the tracer kinetics, or a static PET scan is performed up to 20 s after the 

start of bolus inhalation for autoradiography.

The main advantages of bolus over continuous inhalation of [15O]-oxygen are lower 

radiation dose to the patient and shorter scan time (Fig. 2a). Due to the faster tracer delivery 

and reduced dose, bolus inhalation is more amenable to repeated, dynamic scans to assess 

OEF measurement reproducibility (Bremmer et al., 2011); different brain physiological 

states after pharmacological vasodilation (Okazawa et al., 2001a) or anesthesia (Kaisti et al., 

2003); and oxygen consumption changes during functional brain activity (Fox and Raichle, 
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1986; Mintun et al., 2002). Although the steady-state method has favorable signal-to-noise 

ratio (SNR) and provides measurements that are less sensitive to kinetic model assumptions 

(Huang et al., 1986), the requirement that brain physiology remains constant throughout the 

experiment is limiting. Physiological drift during a 10-min scan leads to largest 

measurement error for low OEF conditions, and up to 10% total error under even in normal 

conditions if OEF drifts by 2% per minute (Correia et al., 1985). Furthermore, both 

instability in cyclotron output and normal variations in patient respiration rate lead to 

changes in arterial blood concentration of [15O]-oxygen tracer. After reviewing over 600 

studies, Lammertsma et al. identified the mean coefficient of variation for arterial 

radioactivity concentration to be 5%, resulting in OEF errors of up to 6% (Lammertsma et 

al., 1988). Improving the robustness of OEF to changes in arterial radioactivity requires 

more sophisticated models that do not assume physiological equilibrium (Senda et al., 

1988). Even with reliable tracer delivery, steady-state OEF measurements are also more 

susceptible to errors from tissue heterogeneity, i.e. multiple tissue types and OEF values 

within a voxel (Correia et al., Fig. 5) (Correia et al., 1985). These tissue heterogeneity 

effects are most problematic at early time points (Huang et al., 1986) and for shorter PET 

time frames with increased noise (Kobayashi et al., 2008).

Okazawa et al. directly compared the bolus and continuous inhalation methods within the 

same scan session for 7 healthy volunteers (Okazawa et al., 2001b). No statistical differences 

in global OEF between the bolus (47.2 ± 4%) and steady-state approaches (43.6 ± 3%) were 

observed. Global CMRO2 observed by the bolus method (3.19 ± 0.2 ml/100 g/min) was 

slightly higher than that observed by the steady-state method (2.87 ± 0.2 ml/100 g/min) 

(Okazawa et al., 2001b), particularly near major veins and sinuses, but the two methods were 

strongly correlated (Pearson R = 0.87). Based on this agreement, the authors suggested that 

the bolus method can simplify oxygen metabolism PET analysis while providing OEF and 

CMRO2 maps that are comparable with the steady-state method. Remaining discrepancies 

between the techniques should be explored in future comparisons, with careful control for 

the PET acquisition, assumptions about recirculating water, and correction for blood volume 

in tissue voxels.

2.3. Cerebral blood flow and cerebral blood volume

Full quantification of OEF and CMRO2 generally requires three separate PET scans with 

[15O]-oxygen gas, [15O]-water or [15O]-CO2 for blood flow, and [15O]-CO for blood 

volume. Although Fig. 2a depicts a representative ordering of these scans within an 

experiment, the order of the three tracer administrations is not fixed. The range of 

radioactivity doses used for the auxiliary PET tracers are also summarized in Table 1. A 

separate PET scan of cerebral blood flow (CBF) is acquired during inhalation of [15O]-CO2 

gas, which exchanges with water in the body through the carbonic anhydrase reaction. This 

reaction labels the exchanged water as a freely diffusible tracer to assess perfusion in vivo 

(Subramanyam et al., 1978). [15O]-CO2 is continuously inhaled for 8–10 min to reach 

steady-state before the start of PET scanning, similar to [15O]-oxygen. Alternatively, [15O]-

water can be administered directly as a perfusion tracer through intravenous injection. PET 

acquisition starts immediately with the [15O]-water bolus administration to provide dynamic 

frames for kinetic modeling or an autoradiographic scan (Hatazawa et al., 1995; Ibaraki et 
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al., 2008) of CBF. Technical aspects of perfusion measurement with [15O]-water PET have 

been previously reviewed in detail (Fan et al., 2016; Zeisig et al., 2014).

The resulting CBF map is important for accurate quantification of OEF from [15O]-oxygen 

PET. For steady-state [15O]-oxygen experiments, the PET signal at equilibrium is 

proportional to both OEF and CBF (Lammertsma and Jones, 1983), so OEF calculation 

involves a division of the [15O]-oxygen and [15O]-CO2 scans. On the other hand, the PET 

signal during bolus inhalation of [15O]-oxygen has a more complex, time-dependent 

relationship with OEF and CBF, as described by Mintun et al. (1984). CBF information thus 

is an essential component of OEF mapping, and also enables subsequent calculation of 

CMRO2 for each voxel as: CMRO2 = CBF x OEF x (arterial blood O2 content). In 

simulations, Huang et al. determined that the reliability of CMRO2 values depends heavily 

on the CBF condition (Huang et al., 1986). For low CBF and low OEF, relatively little 

[15O]-oxygen tracer is extracted into the tissue, leading to larger statistical noise and higher 

coefficient of variation of the CMRO2 estimate (e.g., 10% compared to only 2% in normal 

flow and oxygenation conditions). Fig. 2b summarizes the reliability of CMRO2 

quantification for different physiological conditions.

The final necessary PET scan measures cerebral blood volume (CBV) using inhalation of 

[15O]-CO gas (Grubb et al., 1978; Phelps et al., 1979). Because carbon monoxide binds 

favorably and irreversibly to hemoglobin in red blood cells, the tracer essentially acts as a 

blood pool agent. [15O]-CO gas is inhaled for 1–3 min, frequently with a mixture of room 

air and oxygen, before a static PET acquisition lasting 2–3 min to assess CBV. Quantitative 

CBV calculation requires assumption of the regional-to-large vessel hematocrit ratio, as 

hematocrit is lower in the capillaries (85–88% (Okazawa et al., 1996)) than in large vessels. 

Although the first PET CMRO2 measurements were performed without CBV information, 

ignoring CBV creates 10% CMRO2 error in high flow conditions and up to 20% error in low 

flow conditions (Huang et al., 1986). When OEF or CBF is low, there is minimal tissue 

signal from labelled metabolic water during an [15O]-oxygen PET experiment, and the 

presence of vascular, unextracted activity becomes comparatively important (Fig. 2b). This 

unextracted [15O]-oxygen activity is prominent in large sinuses and surrounding tissues 

(Hatazawa et al., 1995), and leads to OEF overestimation by 14% in gray matter and 8% in 

white matter (Okazawa et al., 2001b; Lammertsma and Jones, 1983).

Lammertsma et al. proposed a CBV correction factor for OEF, which mitigates this bias and 

reduces the measurement coefficient of variation, especially for low OEF and CBF 

conditions (Lammertsma and Jones, 1983). This correction assumed that the blood volume 

measured using [15O]-CO is purely venous, i.e. the venous fraction is 100%. However, for 

typical ranges of OEF, the intravascular radioactivity of [15O]-O2 will be different between 

arterial and venous vessels due to oxygen extraction. Therefore, the venous fraction of CBV 

should be assumed, and has been measured to be 80% in fixed tissue samples (Wiedeman, 

1963). For some steady-state PET corrections, the dependency of CBV on the regional-to-

large vessel hematocrit ratio cancels out because both [15O]-oxygen and [15O]-CO tracers 

are equally affected by changes in hematocrit (Lammertsma et al., 1987).
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To accommodate the use of multiple [15O]-PET tracers, most studies wait 7–10 min between 

the separate scans for the radioactivity to decay over several half-lives. If physiology 

changes between the scans, the error may be propagated to the final CMRO2 estimate. The 

largest errors are expected for low flow and low OEF conditions, with 1% error propagation 

leading to 5% CMRO2 bias (Huang et al., 1986). Eliminating one of the PET scans (e.g. by 

assuming a relationship between CBF and CBV and omitting the [15O]-CO acquisition) 

could reduce errors due to changes in physiology and simplify the scan procedure. However, 

an accurate relationship between CBF and CBV may not be known for pathological 

conditions. Alternatively, the uncertainty introduced by the lack of direct CBV measurement 

could be mitigated by slightly increasing the [15O]-oxygen dose. The resulting SNR gain 

would enable improved, simultaneous fits of multiple parameters (including blood volume) 

from dynamic PET, without increasing total radioactivity to the patient.

3. Methodological considerations for [15O]-oxygen PET

3.1. PET scanner and image acquisition

Image acquisition for [15O]-PET experiments has varied widely in scanner hardware and 

spatial resolution. Early 2-dimensional (2D) PET imaging was limited in spatial coverage, 

such as 1–4 axial slices on the ECAT (Phelps et al., 1978) or ECAT-II system (EG&G Ortec, 

Inc.), and up to 7 slices on the PETT VI system (Ter-Pogossian et al., 1982). In-plane spatial 

resolution ranged from 11.7 mm (Mintun et al., 1984) to 16 mm (Pantano et al., 1985), with 

slice separation between 14.4 mm (Herscovitch et al., 1985) and 19 mm (Lebrun-Grandie et 

al., 1983), (Pantano et al., 1985). Later scanners enabled 2D [15O]-PET with extended 

coverage and higher spatial resolution: for instance, 35 slices with 4.6–5.7 mm in-plane 

resolution and 4.0–5.3 mm slice thickness on the GE ADVANCE system (GE Medical 

System, Milwaukee) (Okazawa et al., 2001a); or 47 slices with 5.8 × 5.8 × 5.0 mm3 

resolution on the ECAT EXACT system (CTI Inc., Knoxville) (Maeda et al., 2015). These 

high-resolution images are smoothed during reconstruction using a Gaussian or Hanning 

filter with 5.5–7.0 mm full-width half maximum to improve SNR. While early PET scans 

corrected for attenuation using a transmission scan with an external source (68Ge/68Ga, 
68Ga/68Ga, or 137Cs), modern PET/CT scanners use a low-dose CT from the subject to 

perform attenuation correction.

A major advance in scanner hardware has been 3-dimensional (3D) acquisition of all axial 

lines of response without the use of collimating septa (DeGrado et al., 1994). True 3D PET 

provides higher sensitivity, which enables lower radiation dose or higher spatial resolution. 

[15O]-gas PET scanned in 3D mode recently achieved 4.8-mm resolution on the Philips 

Gemini TF PET/CT scanner (Magota et al., 2017); 4.5-mm resolution on the GE Discovery 

PET/CT 710 scanner (Wagatsuma et al., 2017); and 4.3-mm intrinsic in-plane resolution on 

the Siemens ECAT HR þ scanner (Hattori et al., 2004). Ibaraki et al. directly compared 2D 

acquisition (SET-2300W scanner, Shimadzu Corp.) to 3D acquisition (SET-3000GCT/M 

scanner, Shimadzu Corp.) of [15O]-oxygen PET on the same day in healthy volunteers 

(Ibaraki et al., 2008). 3D acquisition was achieved with only a quarter of the tracer dose used 

in 2D scans, but also greatly increased the number of scattered photons in the image. While 

scatter comprises only 10% of detected photons in 2D scans, the fraction of scattered 
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photons is much higher for 3D scans due to the presence of [15O]-oxygen remaining in the 

gas mask, respiratory airways, and nasal passages (Ibaraki et al., 2011; Hori et al., 2014) 

(Fig. 2a). Standard scatter correction routines have difficulty correcting for scatter from 

outside the field-of-view, such as residual tracer in the gas delivery lines.

Increased scatter in 3D gas PET can lead to erroneously high values for gray-to-white matter 

ratio of CMRO2 and requires correction. Ibaraki et al. applied a dual-energy hybrid approach 

(Ferreira et al., 2002) to account for scatter, based on knowledge that scattered photons have 

a lower energy distribution (below 480 keV) than the standard energy window (300–700 

keV) for detecting PET photons. With appropriate scatter correction, gray matter CMRO2 

was not different for 3D acquisition (3.8 ± 0.7 ml/100 g/min) versus 2D acquisition (3.5 ± 

0.5 ml/100 g/min), except focally in the pons, parahippocampus, and midbrain outside the 

center of the field-of-view (Ibaraki et al., 2008) (Fig. 3). Model-based correction estimates 

the total single scatter outside the primary emitting object, and then scales the scatter 

distribution tail in sinogram space (Wangerin et al., 2018). Tail-scaling methods can be 

combined with Monte Carlo simulation (Magota et al., 2017) to achieve scatter correction 

during 3D [15O]-gas PET without “cold” artifacts near areas of high activity such as the gas 

mask.

External shields attached to the scanner or near the subject have also been tested to reduce 

scatter photons from large amounts of [15O]-tracer in the lungs and blood pools outside the 

field of view. The removable external shields primarily comprise of lead (Ibaraki et al., 

2011; Spinks et al., 1998; Thompson et al., 2001), although steel alloy with tungsten-

impregnated rubber have also been adopted (Wagatsuma et al., 2017). For instance, Ibaraki 

et al. combined a 20-mm thick lead plate attached laterally to the PET detector ring 

(corresponding to 97% attenuation of 511-keV gamma rays) with removable 7-mm thick, 

lead neck-shield plates (corresponding to 70% attenuation of 511-kEv gamma rays) around 

the gantry bed (Ibaraki et al., 2011). Annular geometries for neck shields have also been 

used to improve the noise-equivalent count rate of [15O]-PET images by 25% (Spinks et al., 

1998) and to reduce the random counts rate by an approximate factor of 1.5 when positioned 

above the subject’s shoulders (Thompson et al., 2001).

3.2. Tissue heterogeneity

The achievable spatial resolution is important because tissue heterogeneity within a voxel 

can lead to substantial errors in OEF and CMRO2 even in carefully controlled experiments 

(Correia et al., 1985) (Fig. 2b). For steady-state [15O]-oxygen PET, OEF values are 

underestimated in low OEF conditions (e.g. tumors), even without considering potential 

CBF errors (Lammertsma and Jones, 1992). Correia et al. simulated that tissue heterogeneity 

is a substantial problem when gray matter comprises 20–40% of the voxel volume, in large 

part because of propagated error in CBF. In such voxels, if the true gray matter OEF 

doubles, [15O]-oxygen PET will underestimate OEF by 12%; and if true gray matter OEF is 

halved, PET will overestimate OEF by 14% (Correia et al., 1985). Similarly, Sadato et al. 

also observed up to 20% error in OEF and CMRO2 for voxels with low gray matter fraction 

(less than 25%) from independent simulations (Sadato et al., 1993). On the other hand, bolus 

[15O]-oxygen PET provides a more linear relationship between PET counts and the 
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underlying physiology with less tissue heterogeneity effect, even if the shape of the input 

curve varies (Iida et al., 1991).

The effect of tissue heterogeneity also depends on PET scan time (Fig. 2a). Steady-state PET 

scans typically last 3–6 min, and a longer scan duration improves the SNR (Shidahara et al., 

2008) of the acquired image and reduces quantitative bias. Shorter procedures have been 

simulated by sampling PET counts during the buildup and near-equilibrium phases of [15O]-

tracer accumulation, before the steady-state (Sadato et al., 1993). Although quantification 

can be achieved from “steady-state” scans acquired only 3 min after [15O]-O2 inhalation, 

such protocols are susceptible to error from tissue heterogeneity and to CMRO2 

underestimation. Furthermore, static scans cannot correct for delay and dispersion of the 

tracer relative to the blood input function. This correction requires dynamic acquisition, 

which has different sensitivity to tissue heterogeneity errors, depending on the PET detectors 

and SNR over time.

3.3. Arterial blood sampling

The goal of arterial blood sampling in dynamic [15O]-oxygen studies is to characterize the 

tracer input function for kinetic modeling. Sampling is often performed manually with 0.5–5 

ml of arterial blood taken from the radial or brachial artery at multiple time points after 

tracer administration. The sampling rate is faster immediately after tracer inhalation (e.g., 

every 5 s) (Mintun et al., 1984; Meyer et al., 1987), while later blood samples can be 

acquired with larger time intervals (e.g., every 30 s) (Ohta et al., 1992; Okazawa et al., 

2001b). Radioactivity in the blood samples is measured with a scintillation detector that has 

been cross-calibrated with the PET scanner. Automated sampling has also been performed 

with infusion pumps (Kudomi et al., 2013) and detectors such as the Pico-Count 

radioactivity detector (Okazawa et al., 2001a) (Bio-scan, Inc., Washington D.C.); Veenstra 

Instruments sampler (Boellaard et al., 2001) (now Comecer Group, Netherlands); Allogg 

system (Alogg AB, Mariefred, Sweden); and the Twilite system (Zhang et al., 2014) 

(SwissTrace GmbH, Menzingen, Switzerland). Flow rates for continuous blood sampling 

range from 2 to 10 ml/min, and automated samples are often cross-calibrated against manual 

samples in the same experiment. The input function requires correction for time delay and 

dispersion between the peripheral arteries (from where blood is drawn) and carotid arteries 

that supply the brain.

For [15O]-oxygen scans, the input function should also be corrected for radiolabeled 

metabolites. Blood samples are centrifuged to separate plasma from red blood cells, and the 

plasma radioactivity is assumed to only reflect recirculating metabolic [15O]-water. Whole-

blood and plasma radioactivity (e.g., 1.5 ml whole blood and 0.5 ml plasma) from the same 

time point are then measured by the well counter. By having both whole blood ([15O]-

oxygen plus [15O]-water) and plasma ([15O]-water) radioactive concentrations, the 

contribution of metabolic [15O]-water to the input curve can be corrected, especially as it 

accumulates during later periods after 2 min (Fig. 1). Correction for recirculating [15O]-

water is more challenging for bolus inhalation experiments because continuous blood 

sampling and multiple measurements of [15O] radioactivity are necessary during the PET 

scan. The calculation for bolus experiments thus often requires additional assumptions about 
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the temporal evolution of metabolite radioactivity. On the other hand, in steady-state [15O]-

oxygen experiments, this plasma correction requires only a single blood sample (Frackowiak 

et al., 1980) or up to three samples (Yamaguchi et al., 1986; Leenders et al., 1990) during the 

PET acquisition at equilibrium. As only a few blood samples are needed, the steady-state 

method is less labor-intensive for blood sampling and may require less medical staff than 

bolus inhalation. Modeling approaches have assumed a constant rate of [15O]-water 

metabolite production in arterial blood to measure CMRO2 without the need for plasma 

separation with a centrifuge (Iida et al., 1993). Three or four total arterial blood samples are 

also common for [15O]-CO scans to quantify CBV (Shidahara et al., 2002; Hatazawa et al., 

1995; Ibaraki et al., 2008; Hattori et al., 2004), while flow quantification for [15O]-water 

PET usually depends on dynamic blood sampling procedures.

3.4. Kinetic modeling and parameter estimation

The final outputs of the [15O]-PET procedures are quantitative, parametric maps or regional 

values of OEF (%) and CMRO2 (ml oxygen/100 g/min). These parameters are calculated 

from the [15O]-tracer tissue radioactivity, arterial blood input functions, and the appropriate 

kinetic model equations (Mintun et al., 1984; Frackowiak et al., 1980; Ohta et al., 1992; 

Grubb et al., 1978). Model fits in the literature have often been performed sequentially, i.e. 

parameters such as CBF and CBV are calculated first from separate scans and then 

incorporated into the OEF and CMRO2 fitting procedures. Some dynamic methods also fit 

for the water partition coefficient between the vascular and tissue compartments during the 

modeling, instead of assuming a fixed value as in steady-state methods. For group analysis 

to compare subject cohorts or different scan techniques, parametric oxygenation maps are 

normalized into a brain template such as the Talaraich (Okazawa et al., 2001b) or Montreal 

Neurological Institute space, using structural information from a separate MRI or CT scan.

There are two approaches to calculate OEF and CMRO2 using the bolus inhalation method, 

which correspond to slightly different compartment models. For the one-tissue model by 

Mintun et al. (1984) that is depicted in Fig. 1, autoradiographic (static) PET scans from 

[15O]-oxygen and [15O]-water are fed into a look-up table for image calculation. On the 

other hand, a different one-tissue compartment model has also been used to obtain CMRO2 

first. In this “one-step approach”, CMRO2 is first measured directly through the equation:

CMRO2 = K1 x arterial blood O2 concentration

where K1 is the tracer delivery rate. Because K1 = OEF x CBF, in this latter method, OEF is 

determined after the CMRO2 calculation with use of a separate CBF image. The latter one-

tissue model has been implemented using weighted-integration (Ohta et al., 1992) and 

mathematical approaches (Kudomi et al., 2005). To calculate CMRO2, the arterial blood O2 

concentration is determined from the partial pressure of oxygen (PaO2), pH, and hematocrit 

values, with an assumed amount of binding of oxygen to hemoglobin molecules (Collins et 

al., 2015). This relationship is characterized by the oxygen dissociation curve, and in 

practice the arterial blood O2 concentration is often indirectly measured through pulse 

oximetry.

Fan et al. Page 9

Neuroimage. Author manuscript; available in PMC 2020 October 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



More sophisticated parameter estimation approaches have also been adopted to quantify 

OEF and CMRO2. Chen et al. implemented a Bayesian framework to compute CMRO2 from 

multiple dynamic [15O]-PET studies (Chen et al., 1988), which treats CBF and CBV values 

from separate PET scans as approximations with some level of measurement uncertainty. 

The Bayesian formulation incorporates prior information about the intermediate CBF and 

CBV parameters to improve CMRO2 estimates in the presence of substantial signal noise, 

but may be biased in pathological conditions where the priors are inaccurate. Similarly, Ho 

et al. proposed a simultaneous least-squares approach that jointly analyzes dynamic [15O]-

oxygen and [15O]-water data (Ho et al., 1998), avoiding the need to first estimate 

intermediate parameters (CBF and the volume of distribution). CMRO2 calculated by the 

simultaneous least-squares method was also robust to noise, with less than 2% observed 

error. Holden et al. extended this concept further by estimating multiple parameters 

(CMRO2, CBF, arterial input, blood-brain coefficient, CBV) from a single [15O]-oxygen 

dynamic time course (Holden et al., 1988). This method performed well if the assumed 

relative distribution volume for water is appropriately selected, and suggests that full 

CMRO2 mapping from a single [15O]-oxygen PET scan is possible, given adequate image 

SNR and appropriate modeling.

3.5. Practical implementation of [15O]-gas experiments

The successful administration of gas radiotracers necessitates unique safety and procedural 

considerations. Several radiochemistry production routes exist to generate [15O]-tracers 

(Dick et al., 2015), which may be sampled with an oxygen gas trap for radiochemical purity 

assays. Once produced, the [15O]-gases are regulated and shipped to the imaging scanner 

through systems that vary from site to site. For instance, some sites have cyclotrons that are 

located up to several thousand feet from the scanner, and require shielded delivery through 

pneumatic tubes and an inhalation controller at the scanner location. The inhalation 

controller is a circuit that regulates the gas tracer delivery rate and consists of components 

such as a mass flow controller, a radioactive detector, and a flow meter (Iguchi et al., 2018). 

Investigators should check for gas leaks using the flow meter and a test carrier gas before the 

start of each experiment. Furthermore, technologists should clarify how to quickly open or 

secure respiration tubing during the study to minimize radiation exposure.

At the scanner end, the tracer dose to be breathed is monitored using a radiation detector 

such as an ionization chamber. The chamber encloses the inhalation bag (2–3 L) that holds 

the tracer gas and is commonly lead-shielded. It applies an electric field to directly ionize the 

gas tracer and measure the tracer dose. The ionization chamber dose measurement should be 

accurately calibrated, which depends on the inhalation bag geometry and may be difficult to 

cross-calibrate with standard well counters that only hold smaller samples. Patients also 

should be suitably prepared for the gas tracer administration. Participants may be cued, for 

example, to take a deep breath at a certain time point determined by the investigator to 

achieve a target bolus tracer dose. The participants may be similarly prompted to exhale 

deeply back into the respiration bag, to measure and subtract out any residual, exhaled tracer 

and safely contain it. Depending on local and health physics safety requirements, the air of 

the entire PET room may be exhausted at a rate of up to 20 complete air changes per hour 

(Iguchi et al., 2018). This air flow ensures that exhaled or leaked gas tracer does not become 
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trapped in the scanner facility and add unnecessary radiation to the subject or to 

investigators. A separate gamma ray monitor can be placed outside the room exhaust duct to 

monitor the gaseous radioactivity carried out of the PET room.

4. Normal range and reproducibility of quantitative oxygen extraction and 

metabolism

4.1. Meta-analysis of OEF and CMRO2 values in healthy volunteers from [15O]-PET

To understand the normative range for brain oxygen usage, we performed a meta-analysis of 

quantitative PET studies that reported OEF and CMRO2 in the gray and white matter of 

healthy volunteers. Fifteen [15O]-oxygen PET studies that fulfilled these criteria were 

identified based on a PubMed search of the terms “oxygen PET” and “O-15 PET”. Random-

effects meta-analysis was performed (Hedges, 1983), which assumes that the observed 

studies are a random sample from a larger population of studies and have (randomly) 

different study effect sizes. Forest plots of the mean values and effect sizes for OEF (Fig. 4) 

and CMRO2 (Fig. 5) across individual studies were generated in Stata version 16 software 

(StataCorp, College Station, TX). Sub-group meta-analysis was used to separate gray and 

white matter values as well as bolus versus continuous inhalation methods, resulting in four 

sub-groups of PET studies.

OEF was not different between gray matter (mean 0.43, confidence interval CI: 0.41–0.45) 

and white matter (0.42, CI: 0.39–0.44) when considered across all studies (Fig. 4). The 

continuous inhalation method tended to measure higher OEF values by a few percent 

absolute oxygenation than bolus inhalation (P = 0.01). Variation in OEF values across 

studies includes both true study-to-study variation (“heterogeneity”) and random variation. 

For each sub-group in the meta-analysis, we calculated the I2 statistic, which is a ratio of the 

estimated “true” heterogeneity among studies to the total observed variation (Higgins and 

Thompson, 2002). Thus, the I2 statistic reflects the inconsistency across studies; a lower I2 

indicates more consistency across studies. Generally, each sub-group showed large 

heterogeneity between studies, with large I2 values of greater than 80%, except for white 

matter OEF values in bolus inhalation studies, which had a moderate I2 value of 48.7%. This 

heterogeneity reflects wide variation in specific imaging methods adopted by investigators, 

as well as different delineation of regions of interest. OEF values in our meta-analysis were 

concordant with the overall cortical OEF of 0.44 ± 0.06 previously reported for 11 PET 

centers (70 subjects) in Japan (Ito et al., 2004).

On the other hand, CMRO2 was substantially higher in gray matter (4.45 ml/100 g/min, CI: 

3.93–4.98) compared to white matter (1.68 ml/100 g/min, CI:1.54–1.82) (Fig. 5). Even 

larger heterogeneity was observed across studies, with I2 values mostly greater than 95%, 

except for white matter CMRO2 in bolus inhalation studies, which showed a moderate I2 

value of 69%. This higher variance may reflect the added CBF measurement uncertainty 

used in computing CMRO2 values, individual variations in blood oxygen concentration, and 

variable methods across studies. A variety of correction approaches for vascular PET counts 

have also been adopted, which may lead to over-correction in veins for bolus inhalation 

scans or CMRO2 overestimation in Ohta’s one-step calculation approach (Ohta et al., 1992). 
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Due to this large measurement heterogeneity, no difference in CMRO2 values was found 

between continuous versus bolus inhalation techniques (P = 0.273). One caveat to this 

observation is that steady-state studies in this meta-analysis are generally older than bolus 

inhalation studies, such that some of the CMRO2 differences may be attributed to the 

evolution of PET scanner technologies over multiple decades. CMRO2 from bolus inhalation 

studies in our meta-analysis (3.8 ml/100 g/min) was more similar to the mean cortical 

CMRO2 (3.3 ± 0.5 ml/100 g/min) reported for 11 Japanese PET centers in the literature (Ito 

et al., 2004).

4.2. Measurement reproducibility

The value of [15O]-PET to identify pathophysiology in disease depends on the reliability of 

the OEF and CMRO2 measurements across subjects and from session to session. In 10 

healthy volunteers and 24 patients with head injury, Coles et al. characterized the inter-

subject (between individuals) coefficient of variation (CoV) of oxygenation scans using 

steady-state 2-dimensional PET (Coles et al., 2006). The inter-subject CoV between healthy 

individuals was 7.3% for OEF and 12.8% for CMRO2. Neurological patients, on the other 

hand, exhibited higher CoV of 22.5% for OEF and 23.2% for CMRO2, which may reflect 

disease-specific differences in oxygen utilization. Part of the inter-subject CoV is driven by 

physiological differences, such as in hematocrit values between people (Ibaraki et al., 2010) 

or in intermediate parameters such as CBV of up to 15.2% in healthy volunteers and 22.5% 

in patients (Coles et al., 2006). Ito et al. found that within a center, [15O]-PET measurements 

are relatively stable, showing only 0.2% within-center CoV in OEF and a moderate CoV of 

18.9% in CMRO2 estimates (Ito et al., 2004). However, acquisitions differ across research 

sites and can contribute up to 76.8% variation in CMRO2 quantification between centers (Ito 

et al., 2004), suggesting that technique harmonization is important to adopt [15O]-oxygen 

PET in multi-center trials.

Bremmer et al. performed test-retest [15O]-PET studies in seven healthy volunteers (mean 

age 69 years), with scan sessions separated by 3–54 days (Bremmer et al., 2011). In the 

whole brain, day-to-day CoV was 9.3% for OEF and 5.3% for CMRO2 as measured by a 

brief inhalation PET method. Some of the test-retest CoV can be attributed to underlying 

physiological fluctuations, including larger variation in OEF values that accompany day-to-

day changes in brain perfusion. On the other hand, the day-to-day variability of CMRO2 

estimates was very low and may reflect healthy neurovascular coupling in control subjects to 

maintain stable brain oxygen metabolism during brain function (Rhodes et al., 1981). The 

day-to-day reproducibility of left-to-right ratios of these parameters was even more robust, 

with less than 1.5% CoV for OEF ratios and less than 4.0% CoV for CMRO2 ratios in gray 

matter vascular territories (Bremmer et al., 2011). This finding suggests that left-right ratios 

of OEF and CMRO2 will be highly useful in patients with asymmetric disease (e.g., 

unilateral steno-occlusion), due to their excellent test-retest repeatability.
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5. Identification of hemodynamic impairment with [15O]-PET in 

cerebrovascular disease

Quantitative [15O]-oxygen PET provides critical assessment of the stages of hemodynamic 

failure in carotid occlusion (Grubb et al., 1998; Derdeyn et al., 1998), distinguishing of 

disease-driven metabolic changes from the brain’s compensatory mechanisms (Derdeyn et 

al., 1999a), and prediction of future stroke risk based on high, abnormal OEF (“misery 

perfusion”) (Hokari et al., 2009; Yamauchi et al., 1999) or loss of cerebrovascular reserve 

(Nariai et al., 1995, 1998; Gibbs et al., 1984). Longitudinal studies (Wise et al., 1983) of 

cerebrovascular patients have determined absolute OEF thresholds above which brain tissue 

is considered at-risk, based on PET imaging in a comparable healthy cohort. For instance, 

Yamauchi et al. identified abnormal OEF as absolute hemispheric OEF values above the 

upper 95% confidence limits in 10 age-matched healthy volunteers (Yamauchi et al., 1999), 

and Hokari et al. identified elevated OEF as values greater than 2 standard deviations above 

the healthy control mean (Hokari et al., 2009). Absolute OEF thresholds ranged from 

0.5086, 92 to 0.5993, and elevated OEF independently predicted an increased 5-year risk of 

stroke in the hemisphere ipsilateral to the carotid artery occlusion. Fig. 6a illustrates 

longitudinal [15O]-PET imaging in three patients with unilateral occlusive carotid artery 

disease. Focal areas of high absolute OEF (ranging from 0.51 to 0.58) corresponded to 

eventual lesion development on follow-up MRI after 9–24 months (Hokari et al., 2009).

Full OEF quantification, which requires arterial blood sampling and sophisticated image 

analysis, is unfortunately not always practical in clinical imaging studies. Multiple relative 

OEF metrics to detect hemodynamic impairment that avoid some of these challenges have 

been proposed as alternatives (Fig. 6b). Even when absolute quantification is possible, many 

studies calculated a relative OEF asymmetry index using a ratio of OEF in the ischemic to 

normal-appearing hemispheres (Derdeyn et al., 1998; Powers et al., 1984, 1987; Okazawa et 

al., 2007). OEF images are first registered to a brain template space, and detection of 

elevated OEF is based on the asymmetry index between the two hemispheres. This metric 

has been used to show the effectiveness of extra-cranial to intracranial bypass surgery to 

reduce OEF in the symptomatic hemisphere of patients with carotid artery occlusion 

(Powers et al., 1984). One advantage of the asymmetry index is that the unaffected 

hemisphere serves as a “control” within the same patient, and the ratio accounts for normal 

global OEF variations between individuals. However, the asymmetry index is less 

informative for patients with bilateral disease.

Use of a count-based asymmetry index (Grubb et al., 1998; Derdeyn et al., 1999b), which 

calculates the ratio between hemispheres directly from the observed PET counts, further 

simplifies OEF assessment in patients. In the count-based approach, the [15O]-oxygen PET 

scan is divided by the [15O]-water PET scan after normalizing each image to the same 

template space. This ratio is expected to be linear with quantitative OEF (except for small 

contributions from unbound oxygen tracer and recirculating water) (Grubb et al., 1998), and 

simplifies the image processing as kinetic models are not required. Derdeyn et al. directly 

compared count-based to full quantitative OEF methods to stratify patients with 

symptomatic carotid occlusion and monitor ischemic events throughout an average 3-year 
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period. Both quantitative and count-based OEF metrics were predictive of stroke during 

follow-up, and receiver operator curve (ROC) analysis showed that count-based OEF 

asymmetry showed overall higher sensitivity and specificity. Because the count-based 

method derives directly from the measured PET counts, its accuracy depends on the duration 

of the acquired scan, with longer scans showing better agreement with calculated OEF 

asymmetry indices (Kobayashi et al., 2008). For patients with bilateral disease, alternative 

reference regions such as the cerebellum have been used to normalize [15O]-oxygen PET 

counts and are also predictive of recurrent stroke (Jiang et al., 2010). Table 2 summarizes 

literature using multiple OEF approaches to assess hemodynamic impairment in 

cerebrovascular disease, and the corresponding thresholds derived from healthy controls in 

the same studies.

Different clinically feasible OEF metrics have been directly compared in larger clinical 

imaging trials of cerebrovascular patients. The St. Louis Carotid Occlusion Study 

(STLCOS), for instance, recruited 81 patients with symptomatic carotid artery occlusion into 

a prospective trial to test whether increased OEF predicts future stroke risk (Grubb et al., 

1998). Based on data from this trial, ROC analysis revealed that the count-based ratio had 

the highest area under the curve (AUC = 0.815) performance, followed by absolute OEF 

(AUC = 0.769) and the OEF ratio between hemispheres (AUC = 0.737) (Derdeyn et al., 

2001). These observations were only partially consistent with previous comparisons done in 

a similar cohort (Yamauchi et al., 1999), and highlight that the selection of OEF threshold 

and consideration of bilateral disease can strongly influence patient stratification.

The Carotid Occlusion Surgery Study (COSS) (Grubb et al., 2003) subsequently enrolled 

patients with carotid artery stenosis and OEF impairment detected by [15O]-PET, who were 

randomized to receive medical treatment (N = 98) or extra-to intracranial bypass surgery (N 
= 97). Disappointingly, the COSS trial failed to show a benefit of bypass surgery in reducing 

two-year stroke rate and was prematurely terminated (Powers et al., 2011). Later reanalysis 

(Carlson et al., 2011), however, suggested that the count-based ratio PET method used in the 

study may not have adequately identified patients with hemodynamic impairment who could 

benefit from surgery. Some of the methodological compromises in COSS, including use of 

relative metrics to facilitate multi-center participation and lowering the OEF threshold to 

increase patient enrollment, thus may have confounded the study conclusions about the 

surgery’s efficacy in carotid artery disease (Carlson et al., 2011). These technical confounds 

point to the continued need for clinically feasible, accurate OEF imaging development, i.e., 

to select between new endovascular therapies to manage asymptomatic carotid artery disease 

(Marshall et al., 2018), for which treatment guidelines are outdated and mixed.

6. Advanced techniques for PET oxygenation imaging

6.1. Reducing scan time

To make OEF and CMRO2 images more easily attainable, technical improvements have 

aimed to shorten the necessary scan time for [15O]-PET. Kudomi et al. proposed a dual 

autoradiography approach that acquires PET images during rapid administration of two 

tracers, [15O]-oxygen and [15O]-water, in a span of 3 min (Kudomi et al., 2005). The 

analysis utilizes a look-up table formulation that mathematically accounts for residual 
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radioactivity from the first tracer and quantifies OEF, CBF, and CMRO2, regardless of which 

of the two tracers was administered first. Combined with dynamic PET acquisition, this 

dual-tracer method was extended to estimate and account for blood volume, using a “single-

step” CMRO2 calculation and basis function reconstructions (Kudomi et al., 2013). This 

updated technique can only compute V0 (the arterial-to-capillary blood volume) for vascular 

corrections and not the total CBV (which includes venous volume). Although the dual-tracer 

approach led to increased statistical noise in the estimated parameters, it provided accurate 

absolute OEF and CMRO2 values (within 7% of reference acquisitions) in a total scan time 

of under 15 min.

Based on promising simulations (Huang et al., 1986), Meyer et al. implemented a nonlinear 

regression to estimate multiple parameters (CBF, OEF, CBV, CMRO2) from a single, 

dynamic [15O]-oxygen PET scan (Meyer et al., 1987). Although use of a single tracer 

markedly reduced the scan time and radiation dose, only regional CMRO2 (and not the other 

parameters) could be reliably fit. Additionally, the quality of the CMRO2 fit was only 

acceptable for data during the first minute after [15O]-oxygen bolus inhalation, suggesting 

the model is valid primarily for short time frames that are subject to high statistical noise. 

Ohta et al. compared different kinetic models of brain physiology, for instance with different 

representations of recirculating [15O]-water, to model a single dynamic [15O]-oxygen scan 

(Ohta et al., 1992). Using time-weighted integration, the study measured accurate CMRO2 

values from the initial 3 min of dynamic [15O]-oxygen uptake after inhalation. While 

CMRO2 estimates had favorable noise properties in the normal range of oxygen 

consumption, the “one-step method” was sensitive to delays between the arterial input 

function and the brain (Ohta et al., 1992), and requires proper time shift correction for 

accurate analysis (Islam et al., 2017a). Beyond shorter scan times, the single-step approach 

offers the advantage of removing physiological drifts in CBF and CBV that occur between 

separate [15O]-oxygen and [15O]-water and [15O]-CO scans.

6.2. Reducing the invasiveness of PET input functions

The technical challenge and invasiveness of arterial blood sampling limits the accessibility 

of quantitative [15O]-PET methods. Even when blood sampling is available, peristaltic pump 

failures or inadequate access to peripheral arteries may result in failures (Su et al., 2017). An 

image-derived input function (IDIF) alternative that does not require blood sampling is thus 

ideal, especially as global OEF and CMRO2 may vary both in healthy controls and patients. 

The advent of total-body PET scanners, with large axial field-of-view that includes the heart, 

enables IDIFs to be estimated from the aorta (Badawi et al., 2019; Zhang et al., 2020). IDIF 

methods for [15O]-water have been proposed (Islam et al., 2017b; Okazawa et al., 2018; 

Boellaard et al., 2005; Khalighi et al., 2018), some benefitting from structural localization of 

cervical arteries on MRI angiography in the same subject. Unlike [15O]-water, however, 

[15O]-oxygen is consumed by tissues and requires advanced IDIF techniques to separate 

radiolabeled metabolites from the parent tracer in PET blood voxels.

Kudomi et al. developed an IDIF approach for [15O]-oxygen that parameterizes the IDIF 

formula based on the underlying [15O]-oxygen exponential kinetic model (Kudomi et al., 

2018). This IDIF expression assumed a constant generation rate of recirculating water (k) 

Fan et al. Page 15

Neuroimage. Author manuscript; available in PMC 2020 October 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



and analytical relationships with the brain tissue activity curves measured by PET. For in 

vivo datasets, the IDIF rate constants were jointly estimated from multiple observed tissue 

curves, and mean values of the rate parameters were used to generate the final IDIF for OEF 

and CMRO2 analysis. During sequential inhalation of [15O]-water and [15O]-CO2, the 

estimated IDIFs showed great fidelity (R2 correlation = 0.97) to measured input functions 

from blood in cerebrovascular patients (Kudomi et al., 2018).

When calculating IDIFs from smaller vessels such as the carotid arteries, potential artifacts 

should be corrected based on vessel geometry, as visualized on co-registered MR 

angiograms or black-blood images (Iguchi et al., 2013). IDIFs require correction for small 

recovery coefficients (which lead to underestimation in larger PET voxels) depending on 

vessel size; and correction for spill-in artifacts from adjacent tissue (which lead to 

overestimation at later time points). Su et al. implemented an IDIF method for [15O]-oxygen 

that included a recovery coefficient correction for cervical arteries (automatically segmented 

on MR angiogram) and a PET spatial resolution of 8 mm (Su et al., 2017). The IDIF was 

also parameterized based on rate constants in the kinetic model, and assumed a constant 

production rate of metabolic water of k = 0.072 min −1. The authors directly compared IDIF- 

and blood-based quantification of hemodynamic parameters from [15O]-oxygen PET in 

healthy controls. Intra-class correlation between the two methods was high for CBF (ICC = 

0.85) and CMRO2 (ICC = 0.82), but was lower for CBV (ICC = 0.44), likely because the 

CBV estimate had the most noise and least physiological variation across volunteers (Su et 

al., 2017).

7. Comparison with MRI and opportunities with simultaneous PET/MRI

7.1. Cerebral blood volume assessment by MRI

Non-invasive MRI approaches (Hua et al., 2019) to measure CBV may enable corrections 

for tracer in the blood pool during [15O]-oxygen PET studies, without the need for a separate 

[15O]-CO scan. CBV imaging also provides important assessment of brain blood flow auto-

regulation in its own right, and is a sensitive indicator of tissue viability in cerebrovascular 

disease, tumors (van Westen et al., 2011), and dementia (Mak et al., 2012). The MRI 

methods include dynamic susceptibility contrast (DSC) (Welker et al., 2015), which tracks a 

bolus of gadolinium contrast to measure relative CBF and CBV; as well as vascular space 

occupancy (VASO) (Lu et al., 2005), which maps relative CBV without contrast injection. 

VASO MRI uses a blood-nulling, non-selective inversion recovery sequence to distinguish 

between blood and tissue within a voxel, based on different T1 relaxation times in the two 

compartments. VASO is often used to detect relative CBV changes during functional 

paradigms, although absolute CBV quantification is possible with contrast agent if T2/T2* 

relaxation and acquisition effects are carefully considered (Lu et al., 2005; Uh et al., 2009).

If MRI scans of CBV are available in the same individual, the high-resolution CBV image 

(~1.5 mm) could take the place of the [15O]-CO PET scan in kinetic modeling (Fig. 7a). 

Such a multi-modal approach to would benefit from simultaneous acquisition offered by 

hybrid PET/MRI scanners. Using a porcine model, Østergaard et al. directly compared 

absolute CBV values from DSC MRI (after normalization of contrast dose and CBF) to 

separate [15O]-CO PET scans in the same animals (Ostergaard et al., 1998). Although PET 
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and MRI CBV values showed strong correlations, PET values were 2.5 times larger than 

absolute MRI values, which may reflect different sensitivity of MRI to smaller brain vessels. 

A later clinical study in Moyamoya disease found moderate correlations (R2 = 0.47 to 0.58) 

between DSC and [15O]-CO PET for relative CBV, with excellent specificity but limited 

sensitivity to abnormal CBV in patients (Tanaka et al., 2006). Similarly, arterial spin labeling 

MRI moderately correlated with [15O]-water PET for arterial CBV across healthy 

volunteers, but MRI values were only 27% of the PET values on average (Heijtel et al., 

2016). These discrepancies derive from imaging and physiological sources, and should be 

considered in order to combine MRI-based CBV measures with PET, with the goal of 

reducing the radiation and scan time of [15O]-gas PET studies.

7.2. Novel MRI methods to image oxygenation

Emerging MRI techniques have also aimed to non-invasively image brain oxygenation, 

based on deoxyhemoglobin effects on quantitative blood oxygen level dependent (BOLD) 

signal (He and Yablonskiy, 2007; An and Lin, 2000), magnetic susceptibility (Wehrli et al., 

2017; Fan et al., 2014; Zhang et al., 2015), and T2 relaxation values in venous blood (Bolar 

et al., 2011; Lu and Ge, 2008). These nascent MRI methods are promising and show 

excellent inter-site robustness for global OEF measurements (Liu et al., 2016), but few have 

been directly compared to the PET reference standard. Simultaneous PET/MRI will 

facilitate head-to-head comparisons and optimization of oxygenation MRI relative to [15O]-

gas PET by ensuring that the same physiological state is observed by each modality. 

Previous meta-analysis has shown that improved CBF correspondence between PET and 

MRI is achieved if the scans are spaced closely together in time (Fan et al., 2016), 

minimizing the effect of natural fluctuations due to time of day, diet, and caffeine. Similar 

benefits are expected in comparing OEF by the two modalities, especially if multiple 

physiological states are observed, e.g. after vasodilation (Puig et al., 2019). Furthermore, 

global OEF MRI measurements from the superior sagittal sinus are more widespread and 

have been compared to each other with some success (Barhoum et al., 2015). Whole-brain 

OEF information from MRI could thus be used as a scaling factor (Ishii et al., 2020) for 

simultaneous [15O]-oxygen PET/MRI studies and eliminate the need for invasive arterial 

blood sampling. Initial simulations suggest that global scaling of PET images with MRI-

derived flow and whole-brain CMRO2 measures is robust to signal variations related to 

recirculating water and CBV (Narciso et al., 2019). Human [15O]-gas studies with hybrid 

PET/MRI are currently underway in the community.

Kudo et al. compared quantitative susceptibility mapping (QSM) MRI assessment of OEF 

with [15O]-oxygen PET scans in 26 patients with unilateral cerebrovascular disease and 10 

healthy controls, separated by a mean interval of 10 days (Kudo et al., 2016). The specific 

QSM MRI technique was performed at 3 T with spatial resolution of 0.66 × 1.6 × 2.0 mm3. 

Vein susceptibility was measured to calculate OEF in venous blood relative to water, and 

averaged over larger volumes of interest in the brain using a sliding window computation 

(Fig. 7b). Significant correlation of the OEF ratio (affected to normal hemisphere) was 

observed between QSM-OEF and PET-OEF (R = 0.62, P < 0.001) (Kudo et al., 2016). 

Correspondingly, QSM-OEF had good sensitivity (63%) and specificity (89%) in identifying 

abnormal, elevated OEF in the patients, when compared to PET. In a separate cohort of 
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unilateral cerebrovascular patients, Uwano et al. found a similar correlation between QSM-

OEF and PET-OEF (R = 0.69, P < 0.001), but better overall QSM performance in detecting 

elevated OEF in middle cerebral artery territories (sensitivity of 82% and specificity of 86%) 

(Uwano et al., 2017). This slight improvement was attributed to larger magnetic 

susceptibility effects at 7 T, so that MRI OEF values were derived from a larger number of 

smaller veins and with fewer partial volume errors. Nonetheless, residual bias between PET 

and MRI OEF was seen, and point to future MRI optimization and careful multi-modal OEF 

comparisons with simultaneous PET/MRI.

Given multi-modal information, advanced machine learning algorithms provide powerful 

strategies to synthesize high quality, accurate OEF and CMRO2 maps. Despite its relative 

accessibility and flexibility, OEF measurement by MRI is often hindered by complex 

contributions of multiple physiological parameters and low deoxyhemoglobin signal, as with 

quantitative BOLD MRI. A recently proposed solution to these limitations is use of an 

artificial neural network to emulate the curve-fitting of dynamic quantitative BOLD signals 

and estimate OEF (Hubertus et al., 2019). This image transformation network takes the 

multi-echo gradient echo signals and magnetic susceptibility maps as inputs and outputs a 

final OEF map. The neural network provided smaller inter-subject variation in OEF that was 

more in line with PET literature, compared to standard quasi-Newton fitting of quantitative 

BOLD. However, the network training was performed purely on numerical datasets with 

simulated noise (Hubertus et al., 2019), which does not realistically model all acquisition 

and physiological features of OEF images. If paired oxygenation-sensitive MRI and [15O]-

gas PET signals are available, particularly from a simultaneous PET/MRI acquisition, a 

similar network can be trained using PET as the “gold standard” to enhance OEF 

performance. This model structure has already been successful in predicting PET-like CBF 

maps from MRI-only inputs in healthy volunteers and cerebrovascular patients, using paired 

[15O]-PET and arterial spin labeling MRI scans from a simultaneous PET/MRI scanner 

(Guo et al., 2019). Given the complexity of [15O]-oxygen PET, there is great potential for 

deep neural networks to synthesize multiple MRI inputs (both physiological and structural) 

to generate high-SNR, PET-like maps of OEF and CMRO2 that are more widely available.

8. Conclusion

The ability to non-invasively assess oxygenation and oxygen metabolism in the brain offers 

critical insight into cerebrovascular disorders and early metabolic injury during cognitive 

aging and dementia. [15O]-oxygen PET is an accepted imaging technique to measure OEF 

and CMRO2, but technical understanding of different methods adopted in existing studies is 

important to accurately interpret physiological findings in health and disease across various 

sites. Continued optimization to accelerate and reduce the invasiveness of [15O]-oxygen 

PET, as well as its synergy with emergent oxygenation MRI approaches on hybrid scanners, 

offer innovative avenues to develop robust, clinical imaging of brain OEF and CMRO2.
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Fig. 1. 
(a) One-tissue kinetic model (Mintun et al., 1984) of [15O]-oxygen delivery through the 

blood circulation after inhalation, and uptake by cerebral tissues with oxygen extraction 

fraction (OEF). The dotted line indicates recirculation of the [15O]-water metabolites 

through the bloodstream and is detected within the same PET voxels at later time points. (b) 

Red curves indicate example radioactivity time courses in arterial blood that is typically 

detected by invasive blood sampling in steady-state (equilibrium) and bolus inhalation 

[15O]-oxygen studies. For bolus inhalation, the contribution of recirculating [15O]-water to 

the PET signal is relevant primarily after 2–3 min of accumulation.
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Fig. 2. 
Schematic of PET imaging acquisition and physiological modeling considerations to 

accurately measure oxygen extraction fraction (OEF) and the cerebral metabolic rate of 

oxygen (CMRO2) with [15O]-oxygen PET. (a) Acquisition choices include steady-state 

(continuous) or bolus tracer administration; PET scan duration; and the imaging scanner 

hardware and reconstruction, including scatter correction (Hattori et al., 2004). (b) 

Physiological corrections include modeling of the tracer in the blood pool through a separate 

image of cerebral blood volume (Okazawa et al., 2001b). Tissue heterogeneity (Bremmer et 

al., 2011; Iguchi et al., 2018), i.e. the presence of multiple tissue types within a single voxel, 

is also a critical physiological concern especially for conditions of low perfusion and low 

OEF where comparatively little [15O]-oxygen tracer is extracted.
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Fig. 3. 
Comparison of hemodynamic maps from [15O]-oxygen PET in the same heathy subject 

acquired with a 2D scanner; or a 3D scanner without scatter correction and with hybrid dual-

energy (HDE) scatter correction. Differences between 2D PET and uncorrected 3D PET 

images were observed in 8 of 13 brain regions, but gray-to-white ratios of all parameters 

were consistent between 2D and 3D PET after scatter correction. This figure was originally 

published in Journal of Nuclear Medicine: Ibaraki et al., J Nucl Med 2008 (49): 50–59.
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Fig. 4. 
Forest plot illustrating random-effects meta-analysis and heterogeneity tests of oxygen 

extraction fraction (OEF) in healthy volunteers. OEF values are shown for gray and white 

matter regions, as measured by bolus-inhalation versus continuous-inhalation [15O]-oxygen 

PET. Error bars account for sample size and the red diamonds indicate group averages. The 

τ2 values are the between-study variances and the I2 statistic reflects inconsistency across 

studies; a lower I2 represents more consistency across studies. Test of group differences 

showed higher OEF values measured by steady-state PET than bolus inhalation PET.
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Fig. 5. 
Forest plot illustrating random-effects meta-analysis and heterogeneity tests of cerebral 

metabolic rate of oxygen (CMRO2) in healthy volunteers, delineated by gray and white 

matter and [15O]-gas delivery method. Error bars account for sample size and the red 

diamonds indicate group averages. The τ2 values are the between-study variances and the I2 

statistic reflects inconsistency across studies; a lower I2 represents more consistency across 

studies. Gray matter CMRO2 was larger than white matter CMRO2. However, no significant 
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difference in CMRO2 values was observed between bolus versus steady-steady PET 

methods.
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Fig. 6. 
(a) Baseline hemodynamic images from [15O]-oxygen PET in three patients with unilateral 

occlusive carotid artery disease. Focal areas of high absolute oxygen extraction fraction 

(OEF ranging from 0.51 to 0.58) corresponded to eventual lesion development on follow-up 

structural MRI after 9–24 months (arrowheads). Reproduced with permission from Hokari et 

al., Surgical Neurology 2009. (b) Schematic of different OEF metrics calculated from [15O]-

PET that have been used by clinical studies to identify hemodynamic impairment in 

cerebrovascular patients. Absolute threshold and an asymmetry index are two metrics to 

evaluate pathophysiology based on the underlying OEF map after kinetic modeling. 

Alternatively, an asymmetry index or normalized index (based on the cerebellum) can also 

be calculated based solely on the ratio of counts from the [15O]-oxygen and [15O]-water 

scans (Derdeyn et al., 2001). Adapted with permission from Derdeyn et al., Radiology 1999.
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Fig. 7. 
(a) Top and middle rows illustrate representative cerebral blood volume (CBV) maps 

quantified from [15O]-CO PET in a healthy control and from fast, dynamic PET modeling 

with [15O]-oxygen and [15O]-water. The PET maps are reproduced with permission from 

Kudomi et al., J Cereb Blood Flow Metab 2013. Dynamic susceptibility contrast MRI maps 

of CBV after deconvolution with RAPID software is shown in a separate healthy volunteer 

for comparison and exhibits higher spatial resolution features in soft tissue. (b) Quantitative 

susceptibility mapping (QSM) MRI and [15O]-oxygen PET reference images of oxygen 

extraction fraction in two patients with chronic ischemia. Structural MRI images have 

overlaid regions of interest in the middle cerebral artery territory. Good correspondence 
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between PET and MRI is observed in OEF asymmetry between the affected versus normal 

hemisphere of the patients. Figure is reproduced with permission from Uwano et al., Stroke 
2017.
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Table 1

Radiotracer dose ranges for [15O]-gas PET scans.

Radiotracer Measurement Radioactivity dose (mCi) Radioactivity dose (MBq)

[15O]-oxygen (continuous inhalation) Oxygen extraction fraction, oxygen 
metabolism

172–1400 640019–5180023

[15O]-oxygen (bolus inhalation) Oxygen extraction fraction, oxygen 
metabolism

30–80 111027, 28–300017, 25, 26

[15O]-CO2 (continuous inhalation) Cerebral blood flow 7.5–172 27820–640019

[15O]-H2O (bolus inhalation) Cerebral blood flow 15–40 55530–148038

[15O]-CO (bolus inhalation) Cerebral blood volume 35–80 130037, 39–300026
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Table 2

[15O]-oxygen PET of brain OEF impairment in studies of cerebrovascular disease.

Study Patient cohort Number of 
patients

OEF threshold Fraction of 
patients with 
impairment

Approach: Quantitative OEF values

Yamauchi et al., J Nucl Med 1999 
(Yamauchi et al., 1999)

Symptomatic stenosis or occlusion 
of ICA or MCA (>70%)

40 0.533 17.5%

Derdeyn et al., J Nud Med 2001 (Derdeyn et 
al., 2001)

Symptomatic athero-sclerotic ICA 
occlusion

68 0.590 48.5%

Okazawa et al., EJNMMI 2007 (Okazawa et 
al., 2007)

Unilateral steno-occlusion of major 
cerebral artery (>70%)

115 0.510 32.0%

Hokari et al., J Nud Med 2008 (Hokari et al., 
2008)

Severe stenosis (>90%) or 
occlusion of ipsilateral ICA or 
MCA

65 0.500 22.1%

Hokari et al., Surgical Neurology 2009 
(Hokari et al., 2009)

Severe stenosis (>90%) or 
occlusion of ipsilateral ICA or 
MCA

20 0.500 45.0%

Approach: Asymmetry index based on absolute OEF

Powers et al., Neurology 1984 (Powers et al., 
1984)

Symptomatic ICA steno-occlusive 
disease

17 1.08 11.8%

Powers et al., Annals Internal Med 1987 
(Powers et al., 1987)

Unilateral stenosis of common 
carotid (>66%)

19 1.14 21.1%

Grubb et al., JAMA 1998 (Grubb et al., 
1998) (STLCOS trial)

Symptomatic occlusion of one or 
both ICAs

81 1.08 48.1%

Derdeyn et al., Am J Neuroradiol 1998 
(Derdeyn et al., 1998)

Symptomatic occlusion or stenosis 
of Ml segment of MCA

10 1.10 20.0%

Yamauchi et al., J Nucl Med 1999 
(Yamauchi et al., 1999)

Symptomatic stenosis or occlusion 
of ICA or MCA (>70%)

40 1.09 35.0%

Derdeyn et al., Radiology 1999 (Derdeyn et 
al., 1999b)

Symptomatic athero-sclerotic ICA 
occlusion

68 1.08 45.6%

Ibaraki et al., Ann Nucl Med 2004 (Ibaraki et 
al., 2004)

Unilateral steno-occlusive disease 
of ICA or MCA (>80%)

6 1.20 16.7%

Okazawa et al., EJNMMI 2007 (Okazawa et 
al., 2007)

Unilateral steno-occlusion of major 
cerebral artery (>70%)

115 1.12 -

Kobayashi et al., J Nucl Med 2008 
(Kobayashi et al, 2008)

Steno-occlusive disease (>70%) of 
ICA or MCA

25 1.17 12.0%

Chida et al., J Nucl Med 2011 (Chida etal., 
2011)

Unilateral MCA or ICA occlusive 
disease (>50%)

34 1.09 18.6%

Kudo et al., JCBFM 2016 (Kudo et al., 2016) Unilateral MCA or ICA steno-
occlusive disease

26 1.09 30.8%

Uwano et al., Stroke 2017 (Uwano et al., 
2017)

Unilateral MCA or ICA steno-
occlusive disease

41 1.09 26.8%

Approach: Asymmetry index based on ratio of raw PET counts

Grubb et al., JAMA 1998 (Grubb et al., 
1998) (STLCOS trial)

Symptomatic occlusion of one or 
both ICAs

81 1.062 48.1%

Derdeyn et al., Radiology 1999 (Derdeyn et 
al., 1999b)

Symptomatic athero-sclerotic ICA 
occlusion

68 1.06 61.7%

Kobayashi et al., J Nud Med 2008 
(Kobayashi et al., 2008)

Steno-occlusive disease (>70%) of 
ICA or MCA

25 1.12 12.0%

Jiang et al., JCBFM 2010 (Jiang et al., 2010) Symptomatic athero-sclerotic ICA 
occlusion

33 1.07 47.4%
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Study Patient cohort Number of 
patients

OEF threshold Fraction of 
patients with 
impairment

Powers et al., JAMA 2011 (Powers et al., 
2011) (COSS trial)

Symptomatic athero-sclerotic ICA 
occlusion

195 1.13 -

Approach: Normalization to cerebellum reference

Ibaraki et al., Ann Nucl Med 2004 (Ibaraki et 
al., 2004)

Unilateral steno-occlusive disease 
of ICA or MCA (>80%)

6 1.21 -

Jiang et al., JCBFM 2010 (Jiang et al., 2010) Symptomatic athero-sclerotic ICA 
occlusion

33 1.10 35.1%

COSS = Carotid Occlusion Surgery Study; ICA = internal carotid artery; MCA = middle cerebral artery; STLCOS = St. Louis Carotid Occlusion 
Study.
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