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Abstract 

Although positron emission tomography (PET) remains the gold standard for quantify-

ing cerebral blood flow (CBF) and cerebral metabolic rate of oxygen (CMRO2), the procedures 

are invasive and complex, requiring arterial sampling and accounting for blood-borne activity. 

Non-invasive methods generally require extracting an image-derived input function (IDIF) 

from the carotid arteries; however, these methods are sensitive to partial volume errors due to 

the poor spatial resolution of PET. Hybrid PET/magnetic resonance imaging (MRI) offers an 

alternative non-invasive approach by using MRI to calibrate PET data. PET/MR imaging of 

oxidative metabolism (PMROx) is a reference-based approach that uses whole-brain (WB) 

measurements of oxygen extraction fraction and CBF to calibrate [15O]O2-PET data. Similarly, 

PET/MR imaging of CBF (PMRFlow) requires only WB CBF to calibrate dynamic [15O]H2O-

PET data. Both methods avoid the need for invasive arterial sampling while maintaining the 

ability to quantify CBF and CMRO2. 

This thesis contains the theoretical framework of PMROx, along with error analyses 

and an assessment on PET data acquired from healthy participants (n = 10), followed by its 

validation in an animal model by comparison to PET-alone measurements (n = 8). Additionally, 

the MRI-perfusion technique arterial spin labeling was used to further simplify PMROx by 

replacing [15O]H2O-PET, and PMROx was demonstrated to be sensitive to anesthetics-induced 

changes in metabolism. The accuracy of a PMRFlow approach of obtaining the IDIF (PMR-

FlowIDIF) from the WB [15O]H2O time-activity curve (TAC) was assessed in a porcine model 

by comparison to PET-only CBF measurements (n = 12). The ability of the method to remove 

blood-borne signal was demonstrated by generating CBF images for healthy individuals 

(n = 13). 

In summary, results demonstrated the feasibility of producing quantitative CBF and 

CMRO2 images by PET/MRI without the need for invasive blood sampling. PMROx circum-

vents many of the complexities of traditional PET CMRO2 imaging and has the potential to 

reduce PET imaging to [15O]O2 only. PMRFlowIDIF is an easy-to-implement method that ben-

efits from the high signal-to-noise ratio of the WB TAC and does not require vessel segmen-

tation. Future studies involving human participants are required to fully validate these 
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approaches, both in the healthy brain and in disorders characterized by disruptions in cerebral 

hemodynamics and metabolism. 
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Summary for lay audience 

The brain is a complex organ that requires constant supply of blood and oxygen. As a 

consequence, tissue damage can occur within minutes to hours when supply of oxygen is in-

terrupted. Measurements of cerebral blood flow and oxygen consumption with medical imag-

ing modalities play an important role in assessing diseases such as carotid artery stenosis, as 

well as in understanding a variety of disorders, such as diabetes, drug addiction, and cancer. 

Over the years, research has also focused on answering questions regarding its role in neuro-

degenerative diseases, such as Alzheimer’s and Parkinson’s disease.  

Imaging blood flow and oxygen consumption in the human brain is challenging. The 

gold standard is an imaging modality known as PET; however, the procedure is complex, in-

vasive, and not readily accessible. One alternative is an emerging imaging technology that 

incorporates PET and MRI into a single hybrid scanner that can simplify the procedure. The 

aim of this thesis is to present non-invasive and fast alternatives to the PET procedure by using 

MRI measurements as reference. Here, the theory behind the proposed approaches is presented, 

together with their validation in an animal model. 

In summary, results demonstrate the possibility of imaging cerebral blood flow and 

oxygen use by PET/MRI. When used in research studies, these approaches have the potential 

to help us better understand the role of interruptions in energy delivery and production in cer-

ebral disorders. They can also help researchers develop more accessible imaging tools. 
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Chapter 1 

1 Introduction 

1.1 Cerebral hemodynamics and metabolism 

The brain not only requires a constant supply of energy to maintain normal function, 

but pound for pound, it uses far more energy than any other organ. Despite only accounting for 

2% of body mass, the adult human brain accounts for nearly 15% of total cardiac output, 20% 

of total oxygen utilization, and 25% of glucose consumption. As it has negligible energy re-

serves, the brain is also extremely sensitive to disruptions in energy supply, with irreversible 

damage occurring within minutes following a significant drop in blood flow. Blood is delivered 

to the brain via the carotid and vertebral arteries. When it reaches the small arterioles and 

capillaries, oxygen exchange occurs with the surrounding tissue, along with delivery of glucose 

and nutrients, such as vitamins.1 The draining blood is collected in the cerebral venous system, 

which drains into the internal jugular veins. The superior cerebral veins collect blood from the 

cortex and white matter above the corpus callosum and drains into the superior sagittal sinus. 

Blood from lower portions of the brain, including the cerebellum, is drained by internal veins 

that merge with the straight sinus.2 

Cerebral blood flow (CBF) is directly proportional to cerebral perfusion pressure (CPP), 

which is defined as the difference between mean arterial pressure and intracranial pressure (or 

the cerebral venous pressure, whichever is higher), and is inversely proportional to vascular 

resistance. The latter is mostly driven by diameter changes in arterioles, which occur in re-

sponse to changes in CPP. Constancy of CBF is obtained by a mechanism known as cerebral 

autoregulation, in which a variety of physiological factors are involved in regulating cerebral 

circulation to maintain a constant supply of blood. In addition, CBF can be altered in response 

to neuronal activity, i.e., neurovascular coupling.3 Figure 1.1 shows the predicted relationship 

between CBF and CPP across the normal cerebral autoregulation range, in which changes in 

cerebral blood volume (CBV) help maintain a constant CBF, as well as in the hypo- and hyper-

perfusion extremes. More recent models suggest that the limits of the autoregulation plateau 

vary considerably due to multiple factors, including changes in cardiac output, carbon dioxide 

blood levels, and cerebrovascular diseases.4,5 
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Figure 1.1. Cerebral autoregulation. Graph illustrates the theoretical change in CBF as a function of 

CPP, where the range of normal cerebral autoregulation is predicted to be between 50 and 150 mmHg. 

In this range, CBV is adjusted through alterations in vessel diameter to maintain constant CBF. Damage 

due ischemia may occur in low perfusion condition (hypo-perfusion). The low CPP levels in combina-

tion with low CBF leads to vessel passive collapse during hypo-perfusion, while high CPP leads to 

vessel passive dilation during hyper-perfusion as the vessels reach their vasoconstriction limit. 

 

More than half of the oxygen required by the brain tissue at rest is extracted from the 

capillaries, and as the demand for energy increases due to neuronal activation, so does perfu-

sion and oxygen utilization due to neurovascular coupling.3 Under normal condition, the oxy-

gen extraction fraction (OEF) is coupled to perfusion in such way that an increase in CBF leads 

to a reduction in OEF (and vice-versa) to maintain constant O2 delivery, since energy produc-

tion is overwhelmingly aerobic. This CBF-metabolism coupling is non-linear such that large 

increases in CBF are associated with smaller increases in the cerebral metabolic rate of oxygen 

(CMRO2).
6 

1.2 Clinical relevance 

Estimates of cerebral hemodynamics and metabolism play an important role in under-

standing cerebrovascular diseases,7 such as stroke,8,9 carotid stenosis and occlusion,10 and Mo-

yamoya disease.11 Given the critical function of flow-metabolic coupling to brain health, 
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hemodynamic and metabolic dysfunction is also relevant to diabetes,12 drug addiction,13 can-

cer,14 and neurodegenerative diseases,15 including mild cognitive impairment,16 Alzheimer’s17 

and Parkinson’s disease,18 frontotemporal dementia,19 and dementia with Lewy bodies.20 

One of the most important applications of CBF, OEF and CMRO2 imaging is to assess 

cerebral ischemia caused by cerebrovascular diseases such as carotid stenosis and stroke.21–23 

In these cases, constant oxygen delivery is maintained despite low CBF levels by increasing 

OEF; however, this compensatory mechanism will fail below a certain CBF threshold 

(~20 mL/100 g/min), resulting in irreversible tissue damage (Figure 1.2).24 Therefore, measur-

ing OEF and CMRO2 can help assess tissue viability9,25 and decide if invasive revascularization 

surgery, such as carotid endarterectomy, would be beneficial (Figure 1.3).26–29 Positron emis-

sion tomography (PET) imaging of OEF and CMRO2 with [15O]O2 has proven fundamental in 

identifying the time window for reperfusion treatment with positive outcomes in acute stroke.30 

Furthermore, abnormal increases in OEF are associated with increased risk of stroke in patients 

with carotid artery occlusion (Figure 1.4).31,32 

 
Figure 1.2. CBV, CBF, OEF and CMRO2 in stage 2 hemodynamic failure. In this case, cerebral auto-

regulation acted by increasing CBV (top-left) to stabilize CBF (bottom-left); however, due to the stage 

of hemodynamic failure, autoregulatory vasodilation is not enough and ischemic regions can be ob-

served (arrows). Then, the CBF-metabolism coupling acted by increasing OEF (bottom-right) to main-

tain normal oxidative metabolism (CMRO2, top-right). This figure was reproduced from Derdeyn et al. 

(2002), Brain,24 with permission provided by Oxford University Press and Copyright Clearance Center. 
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Preop. 

 
  

Postop. 

 
Figure 1.3. Cerebral metabolism in pediatric patient with Moyamoya disease. Pre and post revascular-

ization surgery CBF, CBV, CMRO2 and OEF maps obtained with [15O]-PET in which CBF, OEF and 

CMRO2 returned to normal levels after revascularization surgery (see arrow). In these images, cold 

colours (blue) indicate low values, while warm colours (red) indicate high values. This figure was re-

produced from Kuroda et al. (2014), Stroke,28 with permission provided by Wolters Kluwer Health, 

Inc., and Copyright Clearance Center. 

 

 
Figure 1.4. Increased OEF in patients with carotid artery occlusion. CBF, CBV, CMRO2 and OEF 

measurements with [15O]-PET from three patients (A-C) with occlusive carotid artery disease in which 

hypoperfusion led to compensatory increases in OEF. In these examples, ipsilateral infarctions (arrows) 

were observed in follow-up magnetic resonance images near regions of increased OEF. In these images, 

cold colours (blue) indicate low values, while warm colours (red) indicate high values. This figure was 

reproduced from Hokari et al. (2009), Surgical Neurology,31 with permission provided by Elsevier and 

Copyright Clearance Center. 
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[15O]O2-PET has not only significantly contributed to understanding and managing cer-

ebrovascular diseases, but it has also been key to understanding cerebral metabolism regulation 

in the healthy brain. For example, the seminal study by Fox and Raichle showed that large 

increases in CBF yielded smaller CMRO2 changes during neuronal activation (visual task),33 

contradicting the initial concept of a one-to-one relationship between these quantities. In con-

trast, increases in the cerebral metabolic rate of glucose (CMRGlc) were similar in magnitude 

to CBF, indicating greater anaerobic glycolysis during functional activation (i.e., a shift to us-

ing lactate as fuel instead of undergoing phosphorylation). Thus, the total-to-oxidative glycol-

ysis difference was suggested as a metric of aerobic glycolysis (AG),34 which is present in the 

normal brain during resting state.35 Age-related reductions in regional AG have been observed 

(Figure 1.5),36 and lower AG is associated with higher tau deposition in early-stage Alz-

heimer’s disease patients.37 

 
Figure 1.5. Aerobic glycolysis reduction in normal aging. (A) Whole brain CMRGlc as a function of 

time obtained by performing a meta-analysis of 15 studies, in which AG decreases with age. (B) AG 

maps showing decreased values in older adults (right) when compared to young individuals (left). As 

AG measurements did not include other energy sources (e.g., lactate), negative values were observed. 

These figures were reproduced from Goyal et al. (2017), Cell Metabolism,36 with permission provided 

by Elsevier and Copyright Clearance Center. 

 

1.3 Quantification of cerebral hemodynamics and metabolism 

In 1944, Kety & Schmidt measured the difference between arterial and venous concen-

trations of nitrous oxide (N2O) to estimate global CBF.38 In their seminal study, the authors 

adapted Fick’s principle to characterize the arteriovenous concentration difference of N2O, 

which was later modified to include the blood-brain partition coefficient of N2O.39 
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Concomitant to measuring CBF, CMRO2 was determined by measuring the arteriovenous O2 

difference, and whole brain (WB) values for healthy young men were reported as 

3.3 ± 0.4 mL/100g/min and 54 ± 12 mL/100g/min for CMRO2 and CBF, respectively,39 mark-

ing the first record of these quantities in the literature. 

Soon after the method was developed, effects of CO2 on CBF were investigated, and 

evidence of increased CBF during CO2 inhalation was reported.40–42 However, substantial 

changes in CBF were not well explained by the small changes in mean transit times induced 

by increased CO2 arterial tension,43 which led to the hypothesis of the role of CBV in increasing 

CBF. Initial measures of CBV using [15O]carbon monoxide (CO) were acquired in monkeys 

with external scintillator detectors and the authors found that CBV changes were related to 

concurrent CBF changes by approximately the cube root: 𝐶𝐵𝑉 = 0.80 𝐶𝐵𝐹0.38.41,44 However, 

this CBV-CBF association, also known as the Grubb relationship, fails during pathological 

conditions.45  

With the introduction of short-lived radioisotopes in nuclear medicine,46 radiolabelled 

water was used as a CBF tracer in humans.47 The first study to measure regional cerebral oxy-

gen utilization in humans used a combination of [15O]-labelled water and oxyhemoglobin in-

jected into the carotid artery, and recorded the signals by scintillation probes;48 however, the 

invasiveness of the method limited its applicability. Later, a method was proposed to image 

OEF, CBF, and ultimately CMRO2, based on constant inhalation of [15O]O2 and [15O]CO2.
49–

51 As [15O]O2 is inhaled, it binds to hemoglobin and is delivered throughout the body. Once in 

the tissue, [15O]O2 dissociates from the hemoglobin and it is quickly metabolized into 

[15O]H2O by the cytochrome c oxidase enzyme with negligible [15O]O2 back diffusion: 

4 Fe2+-cytochrome c + 8 H+
in + [15O]O2 → 4 Fe3+-cytochrome c + 2 [15O]H2O + 4 H+

out.
52 A 

consequence of the rapid conversion to water is signal contamination from metabolically gen-

erated [15O]H2O, which is referred to as recirculating water (RW).49 

The constant inhalation method was later implemented using PET,53–56 and values of 

normal CBF, OEF and CMRO2 for grey matter (GM) were 65.3 ± 7.2 mL/100 g/min, 

0.49 ± 0.02, and 5.9 ± 0.6 mL/100 g/min, respectively. The advantage of adapting these meth-

ods to PET imaging is clearly the ability to extract estimates of regional blood flow and me-

tabolism.57 Limitations with 15O imaging with the constant inhalation method include the 
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complexity of the inhalation system required to delivery radioactive gases, the long scan time 

during which the brain is assumed to remain in the same physiological state, tissue heteroge-

neity,58 and the relatively higher radiation dose to the subject compared to the bolus infusion 

method. 

1.4 Positron emission tomography 

PET is a medical imaging modality that is widely used to identify changes in energy 

metabolism associated with pathophysiological processes, such as in cancer staging and treat-

ment planning, as well as cardiac and neurologic diagnosis.59,60 Tracers used in PET are la-

belled with positron-emitting radionuclides (e.g., 15O, 11C and 18F). Emitted positrons will an-

nihilate with a neighbouring electron, emitting two almost anti-parallel photons with 511 keV 

energy. The simultaneous detection of these photons forms the basis of PET imaging, in which 

the system identifies the annihilation event based on the line-of-response that connects the two 

detectors that detected the annihilation pair. The electronic system relates the interaction times 

in opposed detectors and register an event if it is within the coincidence window (typically 

< 12 ns).61 The distance between emission and annihilation is called the positron range, which 

depends on the positron kinetic energy of emission. The maximum positron kinetic energy for 

15O is 1.72 MeV, which yields a spatial resolution, based on the full-width half maximum 

(FWHM), of approximately 3 mm. For comparison, 18F has a kinetic energy of 0.64 MeV, 

corresponding to a FWHM closer to 2 mm.62 

After emission, photons can partially or completely transfer their energy to electrons, 

resulting in their angle of trajectory being altered (i.e., Compton scattering) or completely ab-

sorbed (i.e., photoelectric absorption). Considering the annihilation photons energy (511 keV) 

and the atomic number of the atoms that constitute the body (Z < 20), Compton scattering is 

the dominant effect in this case.61 Besides true events, PET systems also record scattered, ran-

dom, single and multiple events. A scattered coincidence event happens if at least one of the 

annihilation pair photons is scattered; thus, the coincidence is assigned to an incorrect line-of-

response. If only one of the photons is detected (e.g., the other scattered outside the field-of-

view), the PET system registers either a single event, or it can be detected within the coinci-

dence window of a different event (random coincidences).61 
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Quantification by PET requires estimating the true activity concentration in the organ 

of interest. For this, scattering and attenuation corrections are implemented to estimate activity 

concentrations that are closer to the true distribution. In addition, other corrections for the Pois-

son-distributed true events are required for quantification, including radioactive decay, random 

coincidences, detector dead-time (the time interval in which no event can be detected), detector 

normalization (related to the probability of an event being recorded after a photon interacts 

with the detector), and data rebinning (the process of converting oblique events into sinograms 

of parallel projections for image reconstruction).61  

Once a tracer distribution is measured, a mathematical model can be implemented to 

extract relevant physiological parameters that are typically obtained by characterizing time-

varying (i.e., dynamic) data after radiotracer administration.63,64 The uptake of the tracer in the 

tissue of interest depends on the underlying physiology, such as blood flow and metabolism, 

and its delivery via the circulatory system, which is defined by the time-varying tracer concen-

tration in arterial blood (known as the arterial input function, or AIF). Analysis of dynamic 

PET data is almost exclusively performed using compartmental models that characterize tracer 

distributions in terms of simple first order kinetics with rate constants that govern exchange 

between compartments.63,64 These rate constants can be related to specific physiological pro-

cesses and are generally estimated using optimization routines to fit a compartmental model to 

PET data.63,64 One of the first applications of compartmental modelling, which is central to this 

thesis, was to estimate CBF and CMRO2, as described in the following sections. 

1.4.1 Cerebral blood flow 

Measuring CBF by PET after a bolus injection of [15O]H2O is based on the one-tissue 

compartment model (Figure 1.6). The time rate of change of [15O]H2O activity concentration 

in brain tissue, 𝐶𝑏
𝑤(𝑡), depends on the concentration of labeled water delivered by arterial 

blood, 𝐶𝑎
𝑤(𝑡) (i.e., the AIF), and the washout from tissue, which is expressed by:64,65 

 𝑑

𝑑𝑡
𝐶𝑏

𝑤(𝑡) = 𝐾1
𝑤 ⋅ 𝐶𝑎

𝑤(𝑡) − 𝑘2
𝑤 ⋅ 𝐶𝑏

𝑤(𝑡) (1.1) 

where 𝐾1
𝑤 the influx rate constant of [15O]H2O from the arterial blood to brain tissue, and 𝑘2

𝑤 

the efflux rate constant. 𝐾1
𝑤 is defined as the product of the water extraction fraction and CBF 
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(𝑓); however, the former is usually set equal to one, which is reasonable for CBF values below 

approximately 60 mL/100 g/min.66 𝑘2
𝑤 is defined as the ratio of 𝐾1

𝑤 and the blood-brain parti-

tion coefficient of water (𝜆). By solving this differential equation, the tissue activity concen-

tration as a function of time is given by: 

 
𝐶𝑏

𝑤(𝑡) = 𝑓 ⋅ 𝐶𝑎
𝑤(𝑡) ∗ 𝑒−

𝑓
𝜆

𝑡
 (1.2) 

where the symbol ∗ represents convolution. The blood-brain partition coefficient, defined as 

the tissue-to-blood ratio of water content, ranges from 94 to 101 mL/100 g for GM and from 

78 to 84 mL/100 g for white matter (WM), depending on the hematocrit level and the water 

content of blood.67 Figure 1.7 presents a typical groupwise CBF image obtained with PET. 

 
Figure 1.6. One-tissue compartment model for [15O]H2O. The change in [15O]H2O activity concentra-

tion as a function of time, 𝐶𝑏
𝑤(𝑡), due to the influx of radiolabelled water defined by the rate constant 

𝐾1
𝑤. The rate constant, 𝑘2

𝑤 represents the efflux of [15O]H2O from tissue. 

 

 
Figure 1.7. Typical CBF maps obtained with [15O]H2O PET.68 Groupwise mean CBF map (n = 10 

healthy individuals, MNI space) obtained with the dual-tracer autoradiographic method,69 which incor-

porates AIF and a separate CBV measurement (see Figure 1.10 for the corresponding CBV maps).  

 

Common sources of error in estimating CBF include ignoring CBV contributions and 

neglecting the delay and dispersion of the AIF, which is measured at a peripheral artery.70–73 

Arterial blood-borne activity can be either measured separately or incorporated into the fitting 

routine by including an additional term in Eq. (1.2): 
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𝐶𝑃𝐸𝑇

𝑤 (𝑡) = (1 − 𝑉𝐴) ⋅ 𝑓 ⋅ 𝐶𝑎
𝑤(𝑡) ∗ 𝑒−

𝑓
𝜆

𝑡 + 𝑉𝐴 ⋅ 𝐶𝑎
𝑤(𝑡) (1.3) 

where 𝐶𝑃𝐸𝑇
𝑤 (𝑡) is the total measured PET activity and 𝑉𝐴 is the arterial component of the total 

blood volume (CBVa). Efforts to reduce the invasiveness of the procedure have primarily fo-

cused on extracting an image-derived input function (IDIF)74–85 and reference region meth-

ods.86–90 

1.4.2 Oxygen extraction fraction 

PET measurements of OEF (𝐸) using [15O]O2 are also based on the one-compartment 

tissue model52 (Figure 1.8), in which the rate of change in activity concentration in brain tis-

sue, 𝐶𝑏
𝑜(𝑡), is dependent on the influx rate constant, 𝐾1

𝑜, of [15O]O2 (defined by the product of 

OEF and CBF; see Eq. (1.4)). Due to the rapid conversion of [15O]O2 to [15O]H2O by metabo-

lism, the efflux term, 𝑘2
𝑤, characterizes the washout of [15O]H2O and efflux of [15O]O2 is con-

sidered negligible.91,92 The model also accounts for the influx of [15O]H2O generated elsewhere 

in the body (i.e., 𝐾1
𝑤). The arterial activity concentration, 𝐶𝑎

𝑜(𝑡) is given by the sum of the 

blood contents of hemoglobin-bound [15O]O2, 𝐴𝑜(𝑡), and RW, 𝐴𝑤(𝑡). The solution to Eq. (1.4) 

is shown in Eq. (1.5).  

 𝑑

𝑑𝑡
𝐶𝑏

𝑜(𝑡) = 𝐾1
𝑜 ⋅ 𝐴𝑜(𝑡) + 𝐾1

𝑤 ⋅ 𝐴𝑤(𝑡) − 𝑘2
𝑤 ⋅ 𝐶𝑏

𝑜(𝑡) (1.4) 

 
𝐶𝑏

𝑜(𝑡) = 𝐸 ⋅ 𝑓 ⋅ 𝐴𝑜(𝑡) ∗ 𝑒−
𝑓
𝜆

𝑡 + 𝑓 ⋅ 𝐴𝑤(𝑡) ∗ 𝑒−
𝑓
𝜆

𝑡
 

(1.5) 

The activity measured by the PET scanner will also include CBV contributions due to 

[15O]O2 bound to hemoglobin and [15O]H2O circulating in blood.93 To account for these con-

tributions, the total PET signal is given by: 

 𝐶𝑃𝐸𝑇
𝑜 (𝑡) = (1 − 𝑉𝐵) ⋅ 𝐶𝑏

𝑜(𝑡) + 𝑉0 ⋅ 𝐴𝑜(𝑡) + 𝑉𝐴 ⋅ 𝐴𝑤(𝑡) (1.6) 

where 𝑉𝐵 is the total CBV (defined as the sum of arterial, capillary and venous blood volumes), 

and 𝑉0 is the fraction of the total CBV given by 𝑅𝐻𝑐𝑡(1 − 𝐸 ⋅ 𝐹𝑣) 𝑉𝐵, where 𝑅𝐻𝑐𝑡 is the small-

to-large hematocrit ratio (𝑅𝐻𝑐𝑡 = 0.85) and 𝐹𝑣 the effective venous fraction (𝐹𝑣 = 0.835).92,94 
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The venous fraction appears in 𝑉0  because most of oxygen extraction occurs at capillary 

level.92,95 After including the [15O]-labeled oxygen and water AIFs, a fitting routine can be 

incorporated to estimate OEF using Eqs. (1.5) and (1.6). CBF estimates required in Eq 1.5 are 

acquired by performing a separate [15O]H2O PET scan (see section 1.4.1). Figure 1.9 presents 

groupwise OEF maps obtained with [15O]O2-PET. 

 
Figure 1.8. One-tissue compartment model for [15O]O2. The change in tissue activity as a function of 

time, 𝐶𝑏
𝑜(𝑡), is due to the influx of radiolabelled oxygen as defined by the rate constant 𝐾1

𝑜. [15O]O2 

that enters the tissue is quickly metabolized to [15O]H2O, which returns to the blood at a rate defined 

by 𝑘2
𝑤. The remaining rate constant, 𝐾1

𝑤 accounts for the influx of metabolically generated [15O]H2O 

(i.e. the RW component).  

 

 
Figure 1.9. Typical OEF maps obtained with [15O]O2 PET.68 Groupwise mean OEF map (n = 10 healthy 

individuals, MNI space) obtained with the dual-tracer autoradiographic method,69 which incorporates 

AIF and a separate CBV measurement (see Figure 1.10 for the corresponding CBV maps). Correspond-

ing CBF maps are shown in Figure 1.7. 

 

Although it has been argued that RW can be ignored if the acquisition time is short,91 

RW represents approximately 18% of the arterial blood activity by just 40 seconds after 

[15O]O2 administration92 and therefore RW correction is strongly encouraged. This correction 

can be performed by either measuring RW directly or by using a model to characterize whole-

body water production. Iida et al. (1993) considered a constant RW production rate and used 

arterial measurements from 200 human subjects to approximate the RW arterial activity con-

centration as a simplified steady-state model. The production rate obtained was approximately 

0.07 min-1 by assuming a delay of RW appearance of 20 seconds.96 Alternatively, a more 
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robust two-compartment model was proposed in which the RW production rate was estimated 

to be around 0.13 min-1.97,98 Significant variability in this quantity has been reported, particu-

larly under different physiological conditions.98 

In addition to RW, CBV corrections are usually implemented, either by direct meas-

urements or by including CBV as a fitting parameter, as described above. PET regional CBV 

measurements are obtained after a short inhalation of [15O]CO or [11C]CO and normal values 

of range from 2 to 6 mL/100 g.92,99–104. Figure 1.10 presents typical groupwise CBV images 

obtained with [11C]CO-PET.  

 
Figure 1.10. Typical CBV maps obtained with [15O]CO PET.68 Groupwise mean CBV map (n = 10 

healthy individuals, MNI space). Major vessels are particularly evident in these images. 

 

1.4.3 Cerebral metabolic rate of oxygen 

CMRO2 is defined as the product of CBF, OEF and the arterial content of oxygen 

(CaO2), as given by Eq. (1.7). The arterial content of oxygen can be readily obtained by meas-

uring the hemoglobin concentration (Hb), arterial partial pressure of oxygen (PaO2) and the 

arterial saturation of oxygen (SaO2), as given by Eq. (1.8). 

 𝐶𝑀𝑅𝑂2 = 𝐸 ⋅ 𝑓 ⋅ 𝐶𝑎𝑂2 (1.7) 

 𝐶𝑎𝑂2 = 1.34 ⋅ 𝐻𝑏 ∙ 𝑆𝑎𝑂2 + 3 × 10−3 ⋅ 𝑃𝑎𝑂2 (1.8) 

where each gram of hemoglobin can transport 1.34 mL of oxygen, and the blood has 3×10-3 

milliliters of dissolved oxygen per unit of PaO2, per 100 mL of blood. 

In summary, PET imaging of CMRO2 requires three tracers: [15O]O2, [
15O]H2O and 

[15O]CO, and each requires measuring its own AIF.99 Consequently, it is a challenging proce-

dure due to long acquisition times, complexity and invasiveness. In addition, accuracy and 
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precision of [15O]-PET measurements are sensitivity to partial volume effect (PVE) errors and 

noise in the measured PET data, as well as inaccuracies in the AIF measurements, to cite a 

few.63 Despite these disadvantages, this three-tracer method has been successfully applied to a 

variety of diseases30,105,106 (as outlined in section 1.2) and good within- and between-sessions 

reproducibility has been observed (Table 1.1).107–112  

Table 1.1. Reproducibility of [15O]-PET measurements. The coefficient of variation (COV) was re-

ported for within- and between-session, as well as between-subjects in a multi-centre study, for regional 

CBF, OEF and CMRO2 estimates in healthy individuals. COV was obtained from volumes-of-interest 

(see studies for additional details). 
[15O]-PET 

measurement 

COV 
Studies 

Within-session Between-sessions Between-subjects 

CBF 5-10% 9-11% 5-23% Coles et al.,109 

Bremmer et al.,111 

and Ito et al.112 

OEF 6% 9-10% 2-13% 

CMRO2 5% 4-7% 6-25% 

 

Simplifications to the gold standard include a dual-tracer autoradiographic method 

(DARG) that was developed to reduce scan duration (see Figure 1.11 for groupwise CMRO2 

maps obtained with DARG).69 DARG enables CMRO2 measurements under different physio-

logical conditions due to its short acquisition time (approx. 5 min) in which [15O]O2 and 

[15O]H2O (or [15O]CO2) are administered sequentially (in any order); however, an additional 

scan to measure CBV is still required and careful attention is needed to separate the activity 

concentration from each tracer due to the overlap caused by the immediate administration of 

the second tracer.113 To remove the need for the CBV scan, a dual-basis function model 

(DBFM) was developed,114 in which Eq. (1.6) was modeled as two basis function and two 

terms for blood volumes. 

 
Figure 1.11. Typical CMRO2 maps obtained with [15O]O2 PET.68 Groupwise mean CMRO2 map (n = 10 

healthy individuals, MNI space) obtained with the dual-tracer autoradiographic method,69 which incor-

porates AIF and a separate CBV measurement (see Figure 1.10). Corresponding CBF and OEF maps 

are shown in Figure 1.7 and Figure 1.9, respectively. 
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1.5 Magnetic resonance imaging 

Non-invasive and radiation-free alternatives to the [15O]-PET approaches have been 

proposed with magnetic resonance imaging (MRI). The following sections present a brief re-

view of MR sequences that have been developed to image CBF, OEF and CMRO2. 

1.5.1 Cerebral blood flow 

Almost 50 years after the first CBF measurements in humans with nitrous oxide, Detre 

et al. reported CBF measurements with MRI in a rodent model, marking the beginning of ar-

terial spin labelling (ASL).115 ASL is now a widespread MRI technique that uses water in ar-

terial blood as an endogenous contrast agent to image cerebral perfusion.116 Despite ASL being 

completely non-invasive and quantitative, contrast-enhanced techniques, particularly dynamic 

susceptibility contrast (DSC) MRI, are used much more frequently in clinical practice.117 DSC 

MRI provides greater signal-to-noise compared to ASL, the acquisition time is typically shorter, 

and it can map CBF, CBV and mean transit time by tracking the time-varying signal change 

following the intravenous injection of a gadolinium-based contrast agent.118 However, these 

contrast agents are not without risk, particularly for patients with renal insufficiency, and the 

approach is clearly not well suited for tracking changes in cerebral hemodynamics.119 Conse-

quently, the choice to use either contrast-enhanced MRI or ASL to image CBF depends on the 

application. ASL is more suited for tracking rapid perfusion changes (i.e., over a few seconds), 

such as during functional activation, and for longitudinal monitoring since quantification is 

easier to perform. In addition, avoiding the use of a contrast agent makes ASL easily adapted 

to MRI protocols.120 

In terms of global CBF, phase contrast (PC) MRI was proposed as a non-invasive tech-

nique that encodes the phase of flowing spins in major vessels (e.g., large arteries feeding the 

brain) to measure the in-plane velocity of blood.121 Given its relatively short acquisition time 

and high reproducibility,122,123 PC MRI has been implemented in a variety of studies.88,90,124–

126 In the next sections, PC MRI and ASL are described in more detail as these sequences were 

implemented in the work reported in this thesis. 
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1.5.1.1 Phase contrast MRI 

As mentioned above, PC MRI can estimate WB CBF due to its sensitivity to in-plane 

velocity (𝑣⊥) of blood flowing through a major artery. Thus, by encoding the velocity of spins 

(VENC, or velocity encoding), arterial blood velocity can be estimated by measuring the phase 

change within the vessel of interest (Δ𝜙):  

 
𝑣⊥ = 𝑉𝐸𝑁𝐶 ⋅

Δ𝜙

𝜋
 (1.9) 

where |Δ𝜙| ≤ 𝜋 radians. WB CBF is determined by multiplying the blood velocity (𝑣⊥) meas-

ured in the carotid and vertebral arteries by the vessels cross-sectional area, normalizing the 

result by the total brain volume, and making proper unit conversions. Limitations with PC MRI 

include PVE errors due to insufficient spatial resolution to resolve the arterial lumen, variations 

in flow across the cardiac cycle, and sensitivity to inappropriate positioning of the imaging 

plane.127,128 Differences in parameters between PC sequences reported in the literature can also 

impose limitations, as suggested by the inconsistencies observed in some studies that reported 

overestimation of global CBF by PC MRI compared to [15O]H2O PET.76,126,129 Finally, one 

must be careful when selecting the appropriate velocity encoding, as aliasing can occur when 

|𝑣⊥| > VENC, while using too large of a VENC will impact the signal-to-noise ratio. The main 

steps to obtain global CBF are shown in Figure 1.12. 

 
Figure 1.12. PC-MRI scheme. The slice used to acquire PC-MRI data must be positioned above the 

carotid bifurcation and perpendicular to the internal carotid and vertebral arteries (left, in orange; im-

ages are time-of-flight maximum-intensity projections). Then, phase measurements are extracted by 

transferring semi-automatically drawn regions-of-interest (ROIs) in the magnitude image to the phase 

image (center, in red). Lastly, phase measurements are converted into velocity with Eq. (1.9), and into 

CBF by multiplying by the vessel cross-sectional area and by normalizing by WB volume (obtained 

from the anatomical image). 
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1.5.1.2 Arterial spin labelling 

Quantification of regional CBF by ASL is based on magnetically labelling arterial 

blood by applying RF pulses. The signal related to perfusion is obtained by taking the differ-

ence between images acquired with and without labelling. A post-labelling delay (PLD) is 

incorporated into the sequence to allow for the labelled arterial blood to reach the brain, prior 

to image acquisition.116 ASL sequences can be generally classified as either pulsed (i.e. one 

labelling pulse) or continuous (i.e. a series of labelling pulses). Eq. (1.10) presents the equation 

used to convert the signal change into CBF for a continuous labelling scheme.  

 
𝐶𝐵𝐹 =

6000 ⋅ 𝜆 ⋅ (𝑆𝐼𝑐𝑜𝑛𝑡𝑟𝑜𝑙 − 𝑆𝐼𝑙𝑎𝑏𝑒𝑙) ⋅ 𝑒𝑃𝐿𝐷/𝑇1𝑏

2 ⋅ 𝛼 ⋅ 𝑇1𝑏
⋅ 𝑆𝐼𝑃𝐷 ⋅ (1 − 𝑒−𝐿𝐷/𝑇1𝑏 )

 (1.10) 

where 𝑆𝐼𝑐𝑜𝑛𝑡𝑟𝑜𝑙 and 𝑆𝐼𝑙𝑎𝑏𝑒𝑙 are the control and label signal intensities, 𝑃𝐿𝐷 the post-labeling 

delay (𝑃𝐿𝐷 = 1800 ms for healthy individuals),116 𝐿𝐷 the labeling duration (𝐿𝐷 = 1800 ms),116 

𝑇1𝑏
 the longitudinal relaxation time of blood (𝑇1𝑏

 = 1650 ms at 3 T),130 𝜆 the blood-brain par-

tition coefficient of water (𝜆 = 0.90 mL/g),67 𝛼 the labelling efficiency, and 𝑆𝐼𝑃𝐷 the signal in-

tensity of the proton density-weighted image (M0). Figure 1.13 shows a scheme of CBF quan-

tification by continuous ASL and a typical group-wise CBF map acquired with ASL from 

healthy individuals is presented in Figure 1.14. 

 
Figure 1.13. ASL acquisition scheme. ASL acquisition (readout) happens after labelling arterial blood 

for a certain amount of time (labelling duration, or LD) and waiting for it to reach brain tissue (post 

labeling delay, or PLD), from which label images are obtained. Control images are obtained without 

any labelling. The difference between control and label images are used in the single compartment 
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model given by Eq. (1.10), which requires the proton density-weighted image (M0) and results in CBF 

maps. 

 

 
Figure 1.14. Typical CBF maps obtained with pseudo-continuous ASL. Groupwise mean CBF map 

(n = 13, healthy individuals, MNI space). 

 

ASL has been compared to the [15O]H2O-PET procedure in previous studies, and re-

sults indicate reliable and reproducible CBF measurements;122,131–136 however, differences be-

tween the techniques have also been reported.137 Such findings might be explained by some of 

ASL limitations, such as sensitivity to motion artifacts and PVEs,138 differences in arterial 

transit time between tissues (GM vs. WM) and vascular regions (watershed artifact),139 proper 

labelling plane positioning, and adequate choice of imaging parameters.140 However, it is im-

portant to recall that the technique to obtain voxel-wise CBF measurements with [15O]H2O-

PET is also complex and comes with its own set of limitations, such as sensitivity to water 

extraction; thus, the general agreement between the two methods is encouraging.107 Indeed, 

reproducibility studies observed within-session variability (measured as the GM coefficient of 

variation, or COV) of approximately 4-9% for ASL when repeated measurements were ob-

tained up to 90 minutes apart;122,132,141 while within- and between-subjects reproducibility have 

been reported for GM as 5.1% and 8.6%, respectively.136 Lastly, Heijtel et al. obtained similar 

between-sessions reproducibility when comparing pseudo-continuous ASL (COV of 12.8%) 

to [15O]H2O-PET (COV of 14.1%) CBF measurements at rest performed one month apart. 

These results closely match the gold standard reproducibility, as reported in section 1.4.3 (Ta-

ble 1.1).  

1.5.2 Cerebral metabolism 

All MRI methods proposed to map cerebral metabolism are based on the signal depend-

ency to paramagnetic deoxyhemoglobin.142 Global oxygenation can be estimated with both 

relaxation- and susceptibility-based approaches by measuring WB venous oxygen saturation 

(SvO2). Relaxation-based techniques are based on the oxygenation dependency of the 
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transverse relaxation rate (𝑅2) of blood.143 Amongst relaxation-based approaches, TRUST (i.e., 

T2-relaxation under spin tagging) is fast, insensitive to vessel orientation and magnetic field 

inhomogeneities, and SvO2 estimates were in agreement with [15O]-PET results;144 however, 

TRUST OEF estimates require a calibration curve to relate oxygen saturation to R2.
145–147 Con-

versely, susceptibility-based oximetry (SBO) derives OEF from the phase shift difference be-

tween the vessel of interest (i.e., superior sagittal sinus, or SSS) and the surrounding tis-

sue.148,149 In a reliability study that compared TRUST to SBO, the latter presented a better 

agreement to the clinical gold standard—i.e., oximetry measurements in the internal jugular 

vein.146 After estimating SvO2, OEF (Eq. (1.11)) is obtained by either measuring SaO2 with a 

pulse oximeter, assuming it to be 98%, or estimating it based on PaO2 measurements.150 

 
𝐸 =

𝑆𝑎𝑂2 − 𝑆𝑣𝑂2

𝑆𝑎𝑂2
 (1.11) 

On a WB level, SvO2 measurements can be combined with CBF from PC MRI to de-

termine WB CMRO2 using Eq. (1.7).151–154 A fast SBO technique, namely OxFlow (oxygena-

tion and flow), was developed to sequentially estimate WB CMRO2 by measuring global CBF 

in the feeding arteries with PC and SvO2 from the SSS with SBO.152–154 

Obtaining local estimates of CMRO2 with MRI typically require a combination of re-

gional perfusion (e.g., ASL) and oxygenation MR (e.g., quantitative susceptibility mapping, or 

QSM) sequences.142 QSM is a SBO approach that maps susceptibility by deconvolving the 

phase signal, which requires assuming that phase shifts are primarily caused by field inhomo-

geneities due to susceptibility effects.155,156 Given the relationship between magnetic suscepti-

bility and oxygen saturation, local metabolism can be mapped.157,158 QSM have generated 

promising OEF maps when compared to [15O]O2-PET;159,160 however, the complexity of the 

method limits its application due to the sophisticated phase unwrapping, and deconvolution 

and regularization approaches needed to obtain reliable magnetic susceptibility maps.161–163  

Alternatively, CMRO2 can be obtained with functional MRI (fMRI) experiments due 

to the dependency of the transverse relaxation rate (𝑅2) to deoxyhemoglobin concentration in 

blood, which is the base of blood-oxygen level-dependent (BOLD) signal.164,165 The next sec-

tion explains in further details the OxFlow technique, since this SBO approach was 
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implemented in the experiments described in this thesis. Additionally, quantitative- and cali-

brated-BOLD methods are briefly introduced as possible alternatives to measure baseline 

CMRO2. 

1.5.2.1 OxFlow: oxygenation and flow 

OxFlow produces global estimates of CMRO2 by combining CBF (from PC MRI, see 

section 1.5.1.1) and SvO2.
153 For the latter, ROIs are drawn in and surrounding the SSS on the 

magnitude image and transferred to the phase image to measure the mean phase difference, 

Δ𝜙𝑖𝑒, between the vessel and the surrounding tissue (Δ𝜙𝑖𝑒 = Δ𝜙𝑖𝑛𝑡𝑟𝑎 − Δ𝜙𝑒𝑥𝑡𝑟𝑎), as shown in 

Figure 1.15. Determining SvO2 also requires measuring the angle between the SSS and the 

main magnetic field, which is typically determined with time-of-flight images. A correction 

for the magnetic field inhomogeneities is applied before extracting phase measurements. After 

all required measurements are obtained, SvO2 is determined by:154 

 
𝑆𝑣𝑂2 = 1 −

2Δ𝜙𝑖𝑒

𝛾 ⋅ 𝐵0 ⋅ ∆𝑇𝐸 ⋅ ∆𝜒𝑑𝑜 ⋅ 𝐻𝑐𝑡 ⋅ (𝑐𝑜𝑠2𝜃 −
1
3)

 (1.12) 

where 𝛾 is the gyromagnetic ratio for 1H, 𝐵0 the main magnetic field strength, ∆𝑇𝐸 the inter-

echo time, ∆𝜒𝑑𝑜 the susceptibility difference between fully oxygenated and deoxygenated he-

moglobin (∆𝜒𝑑𝑜 = 4𝜋 ⋅ 0.27 parts per million), 𝐻𝑐𝑡 the hematocrit level, and 𝜃 the angle be-

tween the SSS and the main magnetic field. 

A comparison between OxFlow measurements from three sessions acquired 5 to 10 

minutes apart resulted in low variability (COVs of 2.3%, 3.1% and 3.2% for SvO2, CBF and 

CMRO2, respectively) and high reliability (intraclass correlation coefficients of 0.98, 0.97 and 

0.94 for SvO2, CBF and CMRO2, respectively).153 Subsequently, Barhoum et al. performed 

repeated measurements of CMRO2 with OxFlow and obtained high within-subject reproduci-

bility (COV of 0.4-5.5%, 2.5-11.1% and 1.1-8.2% for SvO2, CBF and CMRO2, respectively). 

Furthermore, OxFlow presented similar results when compared to a PET technique (DBFM) 

in animal experiments,166 and it has the potential to track changes in CMRO2 due to its fast 

implementation, with the possibility to collect the data required for SvO2 and CBF in 8 sec-

onds.152 
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Figure 1.15. SBO steps to obtain global venous oxygen saturation. (A) Based on the time-of-flight 

(TOF) maximum-intensity projection (MIP), the SBO plane is positioned on the superior sagittal sinus 

(SSS), as shown in orange. The magnitude component of the acquired MR image is used to generate 

the brain and SSS masks, as well as the tissue surrounding the SSS (top-right-most image). Additionally, 

the phase image is used to estimate a correction for the magnetic field inhomogeneities. The last step 

is to extract intra- and extra-vascular phase measurements. (B) The last quantity needed to estimate the 

venous oxygen saturation (SvO2) with Eq. (1.12) is the angle (𝜃) between the SSS and the main mag-

netic field (𝐵0), as represented on the bottom-middle figure. For this purpose, TOF images are used and 

the centroid of the SSS is estimated for a few consecutive slices. TRA: transversal plane; COR: coronal 

plane; SAG: sagittal plane. 

 

1.5.2.2 Blood-oxygen level-dependent 

During neuronal activation, the increase in deoxyhemoglobin in the blood induces 

changes in the observed 𝑅2 signal, which are used to model the BOLD signal to estimate local 

changes in CMRO2.
167,168 This signal change is due to the sensitivity of the transverse relaxa-

tion rate to magnetic field inhomogeneities induced by the susceptibility difference between 

the vessels and the surrounding tissue, which are due to increases in paramagnetic deoxyhe-

moglobin; thus, the observed relaxation rate, 𝑅2
∗ , is higher than the real 𝑅2 . However, the 

change in the fMRI signal is characterized by an intricate relationship between CBF, CMRO2, 

and the baseline state, which, in turn, depends on OEF, CBV, and hematocrit levels. Thus, 
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relative changes in CMRO2 can be estimated by combining the BOLD signal with correspond-

ing changes in CBF measured by ASL. 

Quantitative BOLD (qBOLD) is able to provide regional measurements of tissue oxy-

genation by assuming the microcirculation can be model as randomly oriented and uniformly 

distributed cylinders.169–172 The concept is to separate the signal from magnetic field inhomo-

geneities (given by 𝑅2
′ = 𝑅2

∗ − 𝑅2) originated by the blood vessels from other sources (e.g., 

body-air interface and magnetic field imperfections).170 This separation is performed by fitting 

multiple parameters that describe different contributions to the measured 𝑅2
′ -sensitive free-in-

duction-decay signal, which requires measurements with high signal-to-noise ratio.173 The fit-

ting routine is performed for each voxel and deoxygenated CBV and OEF can be obtained 

(Figure 1.16).170 Improvements to the qBOLD method include its unification to a SBO ap-

proach,159,174 and the use of priors (i.e., venous CBV and SvO2).
175 Despite the results indicating 

the feasibility of qBOLD as a non-invasive alternative to [15O]O2-PET, the approach is heavily 

dependent on accurate measurements and the inclusion of complex MR sequences to improve 

its accuracy might be a hindrance to clinical implementation.175,176 

 
Figure 1.16. Resulting regional maps obtained with qBOLD. (A) Anatomical image presenting the brain 

slice for reference. (B) Deoxygenated CBV (in %), (C) OEF (in %), and (D) tissue R2 (in s-1) maps. 

This figure was reproduced from He & Yablonskiy (2007), Magnetic Resonance in Medicine,170 with 

permission provided by John Wiley and Sons and Copyright Clearance Center. 

 

Finally, calibrated BOLD experiments aim at estimating a calibration constant (M) that 

represents the maximum possible BOLD signal increase (i.e., due to completely deoxygenated 

blood) to obtain relative changes in CMRO2 during activation,177 either by implementing a 

hypercapnia or hyperoxia respiratory challenge.178,179 This is possible because the increase in 

BOLD signal during the respiratory challenge with respect to baseline is assumed isometabolic 

(i.e., CMRO2 remains constant).177 Changes in the fMRI signal are then modelled to estimate 

M by incorporating changes in CBF due to known physiological responses to hypercapnia and 
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hyperoxia. By combining both respiratory challenges, dual-calibrated BOLD experiments seek 

to unveil the baseline physiological state, i.e., obtaining baseline regional CMRO2 (Figure 

1.17).181–186 A more recent approach included SBO measurements to estimate the calibration 

constant, which has the potential to simplify dual-calibrated fMRI experiments.186 One im-

portant limitation of calibrated BOLD is that the isometabolic assumption may not hold, which 

can overestimate the stimulus-induced changes in CMRO2.
181,184 Further obstacles include sub-

ject discomfort due to hypercapnia, which can be particularly relevant for clinical populations, 

and the experimental design complexity.180 

 
Figure 1.17. CMRO2 map obtained with dual-calibrated fMRI. Here, a combination of hypercapnia and 

hyperoxia was implemented to estimate baseline CMRO2 from changes in the BOLD signal. This figure 

was reproduced from Germuska & Wise (2019), NeuroImage,180 with permission provided by Elsevier 

and Copyright Clearance Center. 

 

1.6 Advantages of imaging cerebral metabolism with hybrid 
PET/MR 

As PET has high sensitivity and specificity for imaging molecular targets, and compli-

mentary structural and functional MRI data can be acquired simultaneously, hybrid PET/MR 

imaging has the potential to amplify the range of neuroimaging applications. To this date, a 

range of review articles describing the challenges and advantages of hybrid PET/MR imaging 

have been published,187–190 including neuroimaging methodologies191 and applications.192 In 

this section, hybrid PET/MR imaging advantages are briefly described, specifically with re-

spect to offering non-invasive and more accessible methods for imaging cerebral metabolism. 
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In some neurodegenerative diseases, such as Alzheimer’s disease and frontotemporal 

dementia, hypoperfusion and hypometabolism precedes brain tissue loss,193,194 which indicates 

the need for implementing more accessible imaging tools to detect these changes in the early 

stages of the disease. Given the ubiquity of MRI scanners, MR techniques have the potential 

for significant clinical impact. Thus, hybrid PET/MRI has the unique ability to perform head-

to-head comparisons between emerging MR methods and well-established PET measurements 

for imaging cerebral metabolism. For instance, recent studies showed that ASL can detect hy-

poperfusion in a range of neurodegenerative diseases195 and has the potential to track longitu-

dinal CBF changes in dementia.19 Comparison studies between ASL and [15O]H2O PET are 

facilitated by implementing the non-invasive PET/MR method developed by Ssali et al., in 

which WB CBF estimates from PC-MRI are used as reference for the [15O]H2O-PET data.88 

Similarly, this thesis explores the possibility to use WB-CMRO2 as a reference to calibrate 

[15O]O2-PET data to image cerebral metabolism. Compared to the three-tracer PET method, 

this hybrid PET/MR technique only requires [15O]O2 inhalation to image CMRO2 since CBF 

imaging can be performed using ASL instead of [15O]H2O PET. Furthermore, non-invasive 

MRI measurements of CBV196 could improve these PET/MR approaches by including the 

blood vessel signal contributions. 

Another related application of hybrid PET/MR imaging is to improve the acquisition 

of IDIFs, since MRI angiography enables more robust vessel segmentation.82,197 In contrast, 

stand-alone PET approaches typically require careful measurement of the point-spread-func-

tion of the scanner75 or calibration factors obtained by acquiring a few blood samples198 to 

correct for PVEs.76,77,81,95 However, these methods are sensitive to errors in the estimated cor-

rection factors and image registration. The latter can be reduced by using hybrid PET/MRI to 

collect anatomical MRIs for vessel segmentation in the same imaging session as [15O]H2O and 

[15O]O2 PET data. Alternatively, regional perfusion can be mapped by using WB CBF esti-

mates from PC MRI to calibrate the IDIF extracted from the WB [15O]H2O time-activity curve 

(TAC), as described in Chapter 4. Similarly, an analogous approach can be implemented to 

image CMRO2, as explored in further details in the last chapter of this thesis.199 
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1.7 Thesis outline 

This thesis summarizes the work associated with developing new hybrid [15O]-

PET/MR techniques to reduce the invasiveness of the PET-alone approaches for measuring 

regional cerebral hemodynamics and metabolism, i.e., CBF, OEF and CMRO2. 

1.7.1 Chapter 2: A non-invasive reference-based method for imaging 
the cerebral metabolic rate of oxygen by PET/MR: theory and 
error analysis 

PET remains the gold standard for quantitative imaging of CMRO2; however, it is an 

invasive and complex procedure that requires accounting for RW and the CBV. We propose a 

non-invasive reference-based technique for imaging CMRO2 that was developed for PET/MRI 

with the goal of simplifying the PET procedure while maintaining its ability to quantify me-

tabolism. The approach is to use WB measurements of OEF and CBF to calibrate [15O]O2-PET 

data, thereby avoiding invasive arterial sampling and reducing the PET procedure to [15O]O2 

inhalation only. Chapter 2 presents the theoretical framework, along with error analyses, sen-

sitivity to PET noise and inaccuracies in input parameters, and initial assessment on PET data 

acquired from healthy participants. 

1.7.2 Chapter 3: A non-invasive method for quantifying cerebral meta-
bolic rate of oxygen by hybrid PET/MRI: validation in a porcine 
model 

Chapter 3 describes the validation of the method described in Chapter 2, hereafter re-

ferred to as the PET/MR imaging of oxidative metabolism (PMROx) approach. PMROx was 

validated in an animal model by comparison to PET-alone measurements. Additionally, we 

investigated if the MRI-perfusion technique ASL could be used to further simplify PMROx by 

replacing [15O]H2O-PET, and if the PMROx was sensitive to anesthetics-induced changes in 

metabolism. For this, [15O]H2O and [15O]O2 PET data from juvenile pigs were acquired in a 

hybrid PET/MR scanner (3 T Siemens Biograph mMR), together with simultaneous functional 

MRI (OxFlow and ASL). 
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1.7.3 Chapter 4: Quantifying cerebral blood flow by a non-invasive 
PET/MR method of extracting the [15O]H2O image-derived input 
function free of partial volume errors 

Methods for imaging CBF by PET without invasive arterial sampling generally require 

extracting an IDIF from the carotid arteries. However, these methods are sensitive to PVEs due 

to the poor spatial resolution of PET, which is even worse for [15O]-tracers when compared to 

[18F]-tracers. Hybrid PET/MRI offers an alternative non-invasive approach by using MRI 

measurements of WB CBF to calibrate [15O]H2O-PET data, hereafter referred to as PET/MR 

imaging of CBF (PMRFlow). Chapter 4 presents a PMRFlow method of obtaining the IDIF 

from the WB [15O]H2O TAC. Its accuracy was assessed in a porcine model by comparison to 

PET-only CBF measurements, and regional CBF estimates were obtained from PET/MR data 

acquired from healthy individuals.  

1.7.4 Conclusion and future work 

Finally, a summary of significant findings is presented, alongside with the exploration 

of continuation studies, both in terms of the technical aspects of the approaches described in 

this thesis, as well as their possible implementation in neuroimaging studies. 
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Chapter 2 

2 A non-invasive reference-based method for imaging the 
cerebral metabolic rate of oxygen by PET/MR: theory and 
error analysis 

Narciso L, Ssali T, Iida H, et al. A non-invasive reference-based method for imaging the cere-

bral metabolic rate of oxygen by PET/MR: theory and error analysis. Phys Med Biol 2021; 66: 

065009. © IOP Publishing. Reproduced with permission. All rights reserved. 

2.1 Introduction 

One of the first applications of PET was to measure CMRO2 using [15O]-labelled trac-

ers,200 driven by the recognition of the brain’s high energy demands and continual adjustments 

to CBF to ensure sufficient supply of oxygen and glucose.201 A three-tracer method was devel-

oped using [15O]oxygen to image the cerebral oxygen extraction fraction (OEF), [15O]water to 

image CBF, and [15O]carbon monoxide to correct for the activity originating from the CBV.92 

In its autoradiographic form, this three-tracer method has been applied to many neurological 

diseases including cerebrovascular pathologies and neurodegenerative diseases.30 However, 

quantitative imaging CMRO2 is a complex procedure requiring stable cerebral physiology for 

fairly long durations (30 to 60 min) due to the use of multiple tracers. Arterial blood sampling 

is required to measure the AIF for each tracer, and plasma and red blood activity must be 

measured separately for [15O]O2 imaging to account for metabolically produced [15O]H2O.96 

Both RW and blood-borne activity can cause substantial errors in the OEF and CMRO2 esti-

mates.92 Delay and dispersion of the measured AIFs can also contribute to inaccurate measure-

ments.70–73 

In an effort to reduce the length and complexity of the three-tracer method, Ohta et al. 

proposed a single [15O]O2 inhalation approach in which the imaging duration is restricted to 

less than 3 min to avoid substantial signal contributions from RW.91 The limitation with this 

method is the short imaging times can lead to poor counting statistics, although it performs just 

as accurately as the steady-state approach.202 Alternatively, Kudomi et al. proposed a rapid 

autoradiographic method based on sequential inhalation of [15O]CO2, [
15O]O2, preceded by 

[15O]CO.69 In a more recent study, the total scan time was reduced to less than 10 min by 

introducing a novel approach for pixel-by-pixel calculation of four sets of kinetic parameters 
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of CMRO2, CBF, and functional vascular volumes for [15O]H2O and [15O]O2, by means of a 

basis-function method in which the need for [15O]CO inhalation can be eliminated.114 Although 

separating the AIFs for the different [15O]tracers113 and correcting for RW can be incorporated 

into the mathematical model,98 this method still requires arterial sampling for determining the 

whole blood AIF.  

MRI techniques based on the oxygen-dependent magnetic property of hemoglobin—

i.e., BOLD contrast—have been proposed for imaging CMRO2.
203 One approach is to combine 

estimates of local oxygen saturation obtained by qBOLD with CBF data from ASL.157,170,204 

Alternatively, calibrated BOLD, which was originally developed to measure activation-in-

duced changes in oxidative metabolism, has been extended to estimate absolute CMRO2 by 

using multiple calibration stimuli.185,205,206 Despite the advantages of an MRI-only method (i.e., 

non-invasive and no ionizing radiation), these approaches only provide indirect measures of 

tissue oxygenation since the BOLD signal must be isolated from other factors that affect signal 

decay.181 

This study presents a reference-based technique for imaging CMRO2 that was devel-

oped specifically for hybrid PET/MRI to overcome some of the complexities associated with 

quantitative imaging of CMRO2. The concept is to retain the fundamental advantage of [15O]O2 

PET in terms of directly measuring oxygen utilization, while incorporating complementary 

functional MRI techniques to provide a reference measurement for quantification. That is, WB 

CBF can be measured by PC MRI and SvO2 in the SSS measured by either susceptibility- or 

relaxation-based MRI oximetry—the combination of the two provides an estimate of WB 

CMRO2.
145,153,154 These MR methods are fast, easy to implement, and most importantly can be 

acquired while collecting [15O]O2 PET data.152 The primary advantage of this hybrid imaging 

approach is it avoids invasive arterial blood sampling since WB CMRO2 acts as a reference 

region. This is analogous to a previously published PET/MR approach for quantitative imaging 

of CBF by combining [15O]water PET imaging with phase-contrast MRI.88 For imaging OEF 

and CMRO2, a reference-region approach should also reduce the influence of RW and blood-

borne activity, which are major sources of error with PET methods. Finally, the proposed ap-

proach retains the ability to quantify OEF and CMRO2, in contrast to previously proposed 

semi-quantitative PET methods that result in relative measurements only.207,208 
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In this study, we present the theoretical framework for the proposed reference-based 

technique, as well as error analyses conducted to investigate the effects of neglecting RW and 

CBV contributions and inaccuracies in input parameters. The sensitivity of the reference-based 

method to statistical noise in the WB and local [15O]O2-PET TACs was also investigated. Fi-

nally, the feasibility of the reference-based method was evaluated by applying it to a human 

PET dataset consisting of [15O]O2, [
15O]H2O and [15O]CO images. While this analysis pre-

cluded evaluating the accuracy of WB CMRO2 from MR oximetry, it did provide the oppor-

tunity to evaluate the accuracy of the reference-based theory for imaging regional CMRO2. 

2.2 Theory 

CMRO2 is defined as the product of CBF (𝑓), OEF (𝐸) and the arterial content of oxy-

gen (𝐶𝑎𝑂2):  

 𝐶𝑀𝑅𝑂2 = 𝐸 ⋅ 𝑓 ⋅ 𝐶𝑎𝑂2 (2.1) 

where 𝐶𝑎𝑂2 = 1.34 ⋅ 𝐻𝑏 ∙ 𝑆𝑎𝑂2 + 0.003 ⋅ 𝑃𝑎𝑂2 . Each gram of hemoglobin can transport 

1.34 mL of oxygen and the blood has 3×10-3 mL of dissolved oxygen per unit of 𝑃𝑎𝑂2 per 

100 ml of blood. 𝐶𝑎𝑂2 is determined by measuring the hemoglobin concentration, 𝑃𝑎𝑂2 and 

𝑆𝑎𝑂2. 

PET measurements of OEF are based on the one-tissue compartment model shown in 

Figure 1.8,52 in which the rate of change in activity concentration for a given brain tissue 

(𝐶𝑏
𝑜(𝑡); Eq. (2.2)) is defined by the influx rate constant of [15O]O2 (𝐾1

𝑜) across the blood-brain 

barrier, the influx rate constant of metabolically generated [15O]H2O (𝐾1
𝑤), and the efflux rate 

constant of metabolically generated [15O]H2O (𝑘2
𝑤). A key assumption of the one-compartment 

model is that once [15O]O2 enters the brain it is immediately converted into [15O]H2O, and thus 

the efflux of [15O]O2 is negligible.91 The arterial activity concentration (𝐶𝑎
𝑜(𝑡)) is given by the 

sum of the arterial activity concentration of [15O]O2 (𝐴𝑜(𝑡)) and RW (𝐴𝑤(𝑡)). The latter is 

generated by whole-body oxygen metabolism through the conversion of [15O]O2 to [15O]H2O. 

 𝑑

𝑑𝑡
𝐶𝑏

𝑜(𝑡) = 𝐾1
𝑜 ⋅ 𝐴𝑜(𝑡) + 𝐾1

𝑤 ⋅ 𝐴𝑤(𝑡) − 𝑘2
𝑤 ⋅ 𝐶𝑏

𝑜(𝑡) (2.2) 
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2.2.1 Simplified reference-based approach 

The reference-based imaging method is based on a simplified version of the one-tissue 

compartment model in which the RW contribution is neglected (i.e., 𝐾1
𝑤 ⋅ 𝐴𝑤(𝑡) ≅ 0).91 The 

following differential equations are used to describe the time activity in the ith brain re-

gion/voxel (𝐶𝑖(𝑡)) and the whole brain (𝐶𝑤𝑏(𝑡)): 

 𝑑

𝑑𝑡
𝐶𝑖

𝑜(𝑡) = 𝐸𝑖 ⋅ 𝑓𝑖 ⋅ 𝐴𝑜(𝑡) −
𝑓𝑖

𝜆
⋅ 𝐶𝑖

𝑜(𝑡) (2.3) 

 𝑑

𝑑𝑡
𝐶𝑤𝑏

𝑜 (𝑡) = 𝐸𝑤𝑏 ⋅ 𝑓𝑤𝑏 ⋅ 𝐴𝑜(𝑡) −
𝑓𝑤𝑏

𝜆
⋅ 𝐶𝑤𝑏

𝑜 (𝑡) 
(2.4) 

In these equations, the influx rate constant for [15O]O2 (𝐾1
𝑜) is defined by 𝐸 ⋅ 𝑓 and efflux rate 

constant for metabolically generated [15O]H2O (𝑘2
𝑤) is 𝑓 𝜆⁄ , where 𝜆 is the partition coefficient 

of water. By considering 𝐴𝑜(𝑡) to be the same for both WB and the ith brain region, the fol-

lowing expressions can be derived by integration: 

 

∫ ∫ 𝐴𝑜(𝑢)𝑑𝑢
𝑡

0

𝑑𝑡
𝑇

0

=
∫ 𝐶𝑤𝑏

𝑜 (𝑡)𝑑𝑡
𝑇

0
+

𝑓𝑤𝑏

𝜆 ∫ ∫ 𝐶𝑤𝑏
𝑜 (𝑢)𝑑𝑢

𝑡

0
𝑑𝑡

𝑇

0

𝐸𝑤𝑏 ⋅ 𝑓𝑤𝑏
 (2.5) 

 

∫ ∫ 𝐴𝑜(𝑢)𝑑𝑢
𝑡

0

𝑑𝑡
𝑇

0

=
∫ 𝐶𝑖

𝑜(𝑡)𝑑𝑡
𝑇

0
+

𝑓𝑖

𝜆 ∫ ∫ 𝐶𝑖
𝑜(𝑢)𝑑𝑢

𝑡

0
𝑑𝑡

𝑇

0

𝐸𝑖 ⋅ 𝑓𝑖
 

(2.6) 

 
∫ 𝐶𝑖

𝑜(𝑡)𝑑𝑡
𝑇

0
+

𝑓𝑖

𝜆 ∫ ∫ 𝐶𝑖(𝑢)𝑑𝑢
𝑡

0
𝑑𝑡

𝑇

0

𝐸𝑖 ⋅ 𝑓𝑖
=

∫ 𝐶𝑤𝑏
𝑜 (𝑡)𝑑𝑡

𝑇

0
+

𝑓𝑤𝑏

𝜆 ∫ ∫ 𝐶𝑤𝑏
𝑜 (𝑢)𝑑𝑢

𝑡

0
𝑑𝑡

𝑇

0

𝐸𝑤𝑏 ⋅ 𝑓𝑤𝑏
 

(2.7) 

Based on Eq. (2.1), CMRO2 in ith region can be defined by rearranging the terms: 

 

𝐶𝑀𝑅𝑂2𝑖
= 𝐶𝑀𝑅𝑂2𝑤𝑏

[
∫ 𝐶𝑖

𝑜(𝑡)𝑑𝑡
𝑇

0
+

𝑓𝑖

𝜆 ∫ ∫ 𝐶𝑖
𝑜(𝑠)𝑑𝑠

𝑡

0
𝑑𝑡

𝑇

0

∫ 𝐶𝑤𝑏
𝑜 (𝑡)𝑑𝑡

𝑇

0
+

𝑓𝑤𝑏

𝜆 ∫ ∫ 𝐶𝑤𝑏
𝑜 (𝑠)𝑑𝑠

𝑡

0
𝑑𝑡

𝑇

0

] (2.8) 
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where 𝑇 is the PET scan time. Unlike standalone PET methods, calibration to a reference re-

gion also makes this approach less sensitive to RW and blood-borne activity since the method 

is only dependent on signal changes relative to WB TAC.91 

In a PET/MR experiment, the quantities 𝑓𝑖 , 𝑓𝑤𝑏  and 𝐶𝑀𝑅𝑂2𝑤𝑏
 can be measured by 

MRI: 𝑓𝑖 and 𝑓𝑤𝑏 by ASL, and 𝐶𝑀𝑅𝑂2𝑤𝑏
 by combining 𝑓𝑤𝑏 with an estimate of global venous 

oxygen saturation measured by MRI oximetry.154 

2.2.2 Residual functions 

The magnitude of error in 𝐶𝑀𝑅𝑂2𝑖
 caused by neglecting RW and blood-borne activity 

can be estimated by deriving versions of Eq. (2.8) that account for these signal contributions. 

2.2.2.1 Recirculating water 

The differential equations governing the time activity in brain tissue (𝐶𝑏
𝑜(𝑡); Eq. (2.2)) 

for both the ith region and WB can be modified to account for the influx of [15O]H2O. Following 

the same approach outlined through Eqs. (2.5) to (2.7), the solution for 𝐶𝑀𝑅𝑂2𝑖
 including the 

RW contribution is given by: 

 

𝐶𝑀𝑅𝑂2𝑖
= 𝐶𝑀𝑅𝑂2𝑤𝑏

[
∫ 𝐶𝑖

𝑜(𝑡)𝑑𝑡
𝑇

0
+

𝑓𝑖

𝜆 ∫ ∫ 𝐶𝑖
𝑜(𝑢)𝑑𝑢

𝑡

0
𝑑𝑡

𝑇

0

∫ 𝐶𝑤𝑏
𝑜 (𝑡)𝑑𝑡

𝑇

0
+

𝑓𝑤𝑏

𝜆 ∫ ∫ 𝐶𝑤𝑏
𝑜 (𝑢)𝑑𝑢

𝑡

0
𝑑𝑡

𝑇

0

] + 𝜀𝑅𝑊 (2.9) 

where 𝜀𝑅𝑊 is the RW residual function given by: 

 
𝜀𝑅𝑊 =

(𝐸𝑖 − 𝐸𝑤𝑏) ⋅ 𝑓𝑖 ⋅ 𝑓𝑤𝑏 ⋅ 𝐶𝑎𝑂2

∫ 𝐶𝑤𝑏
𝑜 (𝑡)𝑑𝑡

𝑇

0
+

𝑓𝑤𝑏

𝜆 ∫ ∫ 𝐶𝑤𝑏
𝑜 (𝑢)𝑑𝑢

𝑡

0
𝑑𝑡

𝑇

0

∫ ∫ 𝐴𝑤(𝑢)𝑑𝑢
𝑡

0

𝑑𝑡
𝑇

0

 (2.10) 

2.2.2.2 Cerebral blood volume 

The influence of blood-borne activity, which can cause significant overestimation of 

CMRO2 in PET-only experiments,93 can be accounted for by including vascular terms in the 

definition of the total measured activity:  
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 𝐶𝑃𝐸𝑇(𝑡) = (1 − 𝐶𝐵𝑉) ⋅ 𝐶𝑏
𝑜(𝑡) + 𝑉0 ⋅ 𝐴𝑜(𝑡) + 𝑉𝐴 ⋅ 𝐴𝑤(𝑡) (2.11) 

where 𝑉0 ⋅ 𝐴𝑜(𝑡) accounts for [15O]O2 bound to hemoglobin and 𝑉𝐴 ⋅ 𝐴𝑤(𝑡) accounts for arte-

rial [15O]H2O. 𝑉𝐴  is the arterial blood volume, and 𝑉0 = 𝑅𝐻𝑐𝑡(1 − 𝐸𝐹𝑣) ⋅ 𝐶𝐵𝑉 ; 𝑅𝐻𝑐𝑡  is the 

small-to-large hematocrit ratio (𝑅𝐻𝑐𝑡 = 0.85)94 and 𝐹𝑣 the venous-to-total blood volume ratio 

(𝐹𝑣 = 0.835)92. The definition of 𝑉0 reflects the fact that oxygen extraction primarily occurs at 

the capillary level.92 The expression for 𝐶𝑀𝑅𝑂2𝑖
 including additional residue terms to account 

for the [15O]O2 and [15O]H2O vascular contributions is given by: 

 

𝐶𝑀𝑅𝑂2𝑖
= 𝐶𝑀𝑅𝑂2𝑤𝑏

[
∫ 𝐶𝑖

𝑜(𝑡)𝑑𝑡
𝑇

0
+

𝑓𝑖

𝜆 ∫ ∫ 𝐶𝑖
𝑜(𝑢)𝑑𝑢

𝑡

0
𝑑𝑡

𝑇

0

∫ 𝐶𝑤𝑏
𝑜 (𝑡)𝑑𝑡

𝑇

0
+

𝑓𝑤𝑏

𝜆 ∫ ∫ 𝐶𝑤𝑏
𝑜 (𝑢)𝑑𝑢

𝑡

0
𝑑𝑡

𝑇

0

] + 𝜀𝑉0
+ 𝜀𝑉𝐴

 (2.12) 

 
𝜀𝑉0

= (1 − 𝐶𝐵𝑉𝑖)
𝐶𝑀𝑅𝑂2𝑖

𝛼𝑤𝑏
[

𝐶𝐵𝑉𝑖

(1 − 𝐶𝐵𝑉𝑖)
𝛼𝑤𝑏 + 𝑉0𝑤𝑏

⋅ 𝛽𝑤𝑏]

− (1 − 𝐶𝐵𝑉𝑤𝑏)
𝐶𝑀𝑅𝑂2𝑤𝑏

𝛼𝑤𝑏
[

𝐶𝐵𝑉𝑤𝑏

(1 − 𝐶𝐵𝑉𝑤𝑏)
𝛼𝑖 + 𝑉0𝑖

⋅ 𝛽𝑖] 

(2.13) 

 
𝜀𝑉𝐴

= (1 − 𝐶𝐵𝑉𝑖)(1 − 𝐶𝐵𝑉𝑤𝑏) [𝜀𝑅𝑊 +
𝑉𝐴𝑤𝑏

1 − 𝐶𝐵𝑉𝑤𝑏

𝐶𝑀𝑅𝑂2𝑖

𝛼𝑤𝑏
𝛿𝑤𝑏

−
𝑉𝐴𝑖

1 − 𝐶𝐵𝑉𝑖

𝐶𝑀𝑅𝑂2𝑤𝑏

𝛼𝑤𝑏
𝛿𝑖] 

(2.14) 

where 𝛼 = ∫ 𝐶𝑏
𝑜(𝑡)𝑑𝑡

𝑇

0
+

𝑓

𝜆
∫ ∫ 𝐶𝑏

𝑜(𝑢)𝑑𝑢
𝑡

0
𝑑𝑡

𝑇

0
, 𝛽 = ∫ 𝐴𝑜(𝑡)𝑑𝑡

𝑇

0
+

𝑓

𝜆
∫ ∫ 𝐴𝑜(𝑢)𝑑𝑢

𝑡

0
𝑑𝑡

𝑇

0
, and 

𝛿 = ∫ 𝐴𝑤(𝑡)𝑑𝑡
𝑇

0
+

𝑓

𝜆
∫ ∫ 𝐴𝑤(𝑢)𝑑𝑢

𝑡

0
𝑑𝑡

𝑇

0
. 

2.3 Materials and methods 

2.3.1 Simulations 

Simulations were conducted by generating theoretical versions of the total arterial input 

function, 𝐶𝑎
𝑜(𝑡), and the recirculating water component, 𝐴𝑤(𝑡):65,98 



32 

 

 

𝐶𝑎
𝑜(𝑡) = ∑ 𝑎𝑖 ⋅ 𝑡 ⋅ 𝑒

−
𝑡

𝑏𝑖

2

𝑖=1

 (2.15) 

where 𝑎1 = 100, 𝑎2 = 1.2, 𝑏1 = 0.3 and 𝑏2 = 3. Using the model proposed by Kudomi et 

al.,98 𝐴𝑤(𝑡) was derived from the total arterial curve: 

 𝐴𝑤(𝑡 + ∆𝑡) = 𝑘(𝛼1 ⋅ 𝐴𝑡(𝑡) ∗ 𝑒−𝛽1𝑡 + 𝛼2 ⋅ 𝐴𝑡(𝑡) ∗ 𝑒−𝛽2𝑡) (2.16) 

where ∆𝑡 is the average delay of RW appearance for humans (∆𝑡 = 20 s),96 and 𝛼1,2 and 𝛽1,2 

are defined by three compartmental rate constants, 𝑘, 𝑘𝑤 and 𝑘2. Average values from human 

studies for 𝑘, 𝑘𝑤 and 𝑘2were selected: 0.13, 0.38 and 0.29 min-1, respectively.98 The AIF for 

[15O]O2 was given by 𝐴𝑜(𝑡) = 𝐴𝑡(𝑡) − 𝐴𝑤(𝑡). Simulated arterial input functions are presented 

in Figure 2.1A. For illustration purposes, Figure 2.1B presents the corresponding simulated 

brain TACs generated for the three AIFs: [15O]O2-only (𝐶𝑂2
(𝑡), Eq. (2.3)), including RW 

(𝐶𝑅𝑊(𝑡), Eq. (2.2)), including 𝑉0 (𝐶𝐶𝐵𝑉(𝑡), Eq. (2.11)), and finally including RW, 𝑉0 and 𝑉𝐴 

(𝐶𝑃𝐸𝑇(𝑡), Eq. (2.11)). 

 
Figure 2.1. Theoretical input functions and tissue TACs. (A) Theoretical arterial input functions for 

[15O]O2 (𝐴𝑜(𝑡), dark-grey line), metabolically generated [15O]H2O (𝐴𝑤(𝑡), dashed line), and their sum 

(𝐶𝑎
𝑜(𝑡), light-grey line). (B) Corresponding theoretical brain TACs for the three AIFs: [15O]O2-only 

(solid light-grey line), RW (solid dark-grey line), CBV (𝑉0, dashed dark-grey line), and both RW and 

CBV (𝑉0 and 𝑉𝐴, dash-dotted light-grey line). In all cases, CBF = 50 mL/100 g/min, 𝜆 = 90 mL/100 g, 

OEF = 0.40, CBV = 3.5 mL/100 g, and 𝑉𝐴 = 1.5 mL/100 g. 
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2.3.1.1 Error analysis 

The error analysis focused on differences in hemodynamic and metabolic parameters 

between a given brain region and the WB as the influences of RW and blood-borne activity 

are only dependent on relative differences (i.e., between local and WB parameters as given by 

Eqs. (2.10), (2.13) and (2.14)). The residue contributions from RW, Eq. (2.10), and blood-

borne activity, Eqs. (2.13) and (2.14), were used to predict the magnitude of error in 𝐶𝑀𝑅𝑂2𝑖
 

when estimated from the simplified solution, Eq. (2.8). Relative error, RE, was given by: 

 
𝑅𝐸(%) = 100

𝐶𝑀𝑅𝑂2
̂

𝑖
− 𝐶𝑀𝑅𝑂2𝑖

𝐶𝑀𝑅𝑂2𝑖

= 100
−𝜀𝑖

𝐶𝑀𝑅𝑂2𝑖

 (2.17) 

where 𝐶𝑀𝑅𝑂2𝑖
̂  and 𝐶𝑀𝑅𝑂2𝑖

 are the predicted and true values, respectively. For all simula-

tions, WB-CBF and WB-OEF were fixed to 50 mL/100 g/min and 0.40, respectively. Likewise, 

local and WB 𝜆 = 90 mL/100 g, and WB-CBV = 3.5 mL/100 g and WB 𝑉𝐴 = 1.5 mL/100 g. 

Changes in blood volume were modelled using the Grubb relationship: 𝐶𝐵𝑉𝑖 = 𝐶𝐵𝑉𝑤𝑏(𝑓𝑖/

𝑓𝑤𝑏)0.38.41,209 Finally, CMRO2 was calculated using Eq. (2.1) with 𝐶𝑎𝑂2 = 0.175 mLO2/mL 

(𝐻𝑏 = 13 g/mL, 𝑆𝑎𝑂2 = 98% and 𝑃𝑎𝑂2 = 90 mmHg). 

Simulations were performed for three possible scenarios. First, assuming that OEF was 

uniform across the brain, as expected at rest in the healthy brain (i.e. 𝐸𝑖 = 𝐸𝑤𝑏 = 0.4). The 

residues were calculated over a range of regional CBF (i.e., 𝑓𝑖 from 20 to 90 mL/100 g/min) 

and for integration time (𝑇) ranging from 2 to 5 min. Next, 𝐸𝑖 was varied by ± 25% of WB-

OEF (i.e., from 0.30 to 0.50), while constraining the corresponding 𝑓𝑖 using the relationship: 

𝐸𝑖 = 1 − 𝑒−𝑃𝑆 𝑓𝑖⁄ . 𝑃𝑆  is the permeability-surface product for oxygen, which was fixed to 

25 mL/100 g/min based on normal values of OEF and CBF of 0.40 and 50 mL/100 g/min, re-

spectively. Again, simulations were performed for values of 𝑇 ranging from 2 to 5 min. 

The final set of simulations were performed by assuming a linear relationship between 

a change in regional CBF (∆𝑓𝑖) and the corresponding change in CMRO2 (∆𝐶𝑀𝑅𝑂2𝑖
): 

 
𝑛 = (

∆𝑓𝑖

𝑓𝑤𝑏
) (

∆𝐶𝑀𝑅𝑂2𝑖

𝐶𝑀𝑅𝑂2𝑤𝑏

)

−1

 (2.18) 
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Values of 𝑛 equal to 1.3, 2 and 3 were considered in these simulations with a fixed 

integration time of 5 min.210–212 

2.3.1.2 Errors in the input parameters 

The impact of errors in the input parameter 𝑓𝑖 on local CMRO2 was evaluated by gen-

erating simulated TACs for local CBF values of 20, 40, 60 and 80 mL/100 g/min with whole-

brain CBF fixed to 50 mL/100 g/min. These TACs were subsequently analyzed using Eq. (2.8) 

with incorrect values of 𝑓𝑖 ranging from ± 20%. Given a PET/MRI experiment, these simula-

tions are related to errors in the MRI measurements of local CBF. Note, a similar error analysis 

was not conducted for the other two input parameters, namely 𝑓𝑤𝑏 and 𝐸𝑤𝑏, since any error in 

either parameter will have an equivalent effect on both local and WB CMRO2. 

2.3.1.3 Noise contributions 

Simulations were conducted to evaluate how noisy TACs impact the precision and ac-

curacy of 𝐶𝑀𝑅𝑂2𝑖
 estimates. Simulated TACs (𝐶𝑂2

(𝑡)) were generated using Eq. (2.3) with 

Gaussian noise added to each time point as 𝐶𝑛𝑜𝑖𝑠𝑦(𝑡) = 𝐶𝑂2
(𝑡) ⋅ [1 + 𝐶𝑉 ⋅ 𝐺(0,1)], where 𝐶𝑉 

is the coefficient of variation and 𝐺(0,1) is a randomly generated number based on a Gaussian 

distribution of zero mean and standard deviation (SD) of one.213,214 Since the magnitude of 

noise will be greater for local TACs, the 𝐶𝑉 for the WB-TAC was fixed to 2%. This was based 

on comparing simulated noisy TACs to actual PET data, which are described in the next section. 

Simulations were performed (i) for a range of flows from 10 to 100 mL/100 g/min, while local 

TACs were generated with 𝐶𝑉 of 10%; and (ii) for local TACs generated with 𝐶𝑉 ranging 

from 0 to 20%, while fixing true CMRO2 to 3.5 mLO2/100 g/min ( 𝑓𝑖 =

𝑓𝑤𝑏 = 50 mL/100 g/min and 𝐸𝑖 = 𝐸𝑤𝑏 = 0.40). The former was performed to evaluate how 

local CMRO2 is affected by the noise, while the latter to investigate the error in local CMRO2 

for different levels of noise in the local TACs. Simulations were repeated twenty thousand 

times to obtain a distribution of CMRO2 estimates. 

2.3.2 Application of the reference-based approach to [15O]-PET data 

To demonstrate the feasibility of the reference-based method, it was applied to a dataset 

of [15O]-PET images. This analysis required using WB-CMRO2 estimates from PET instead 

of from MR oximetry. Consequently, the accuracy of MR oximetry could not be evaluated; 
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however, the accuracy of regional CMRO2 derived from Eq. (2.8) was evaluated by compari-

son to CMRO2 images obtained from the DARG technique.69 

Retrospective data from healthy volunteers (n = 10, 23.2 ± 1.3 years, 64.3 ± 5.3 kg, 1 

female) were acquired at the National Cerebral and Cardiovascular Center (Osaka, Japan; eth-

ics approval M22-089-2). The imaging protocol used to generate the CMRO2, CBF and OEF 

images from the DARG technique is described elsewhere.114 Briefly, [15O]H2O and [15O]O2 

PET images were acquired with an ECAT-47 scanner (Siemens-CTI; 2D mode). Sequential 

[15O]O2 inhalation and [15O]H2O injection lasted 8.5 min (~5 min [15O]O2 acquisition), while 

arterial blood was collected continuously with an AIF monitoring system.215 A preceding 

[15O]CO acquisition was used to correct for CBV. AIFs were delay and dispersion corrected, 

and RW was modeled by the method described by Kudomi et al..98 Images of OEF obtained 

from [15O]O2 PET data included corrections for RW and CBV contributions.69 

Reference-based CMRO2 images were generated from the TAC data by applying Eq. 

(2.8) using an in-house MATLAB (2017b) script for integration times of 2, 3, 4, and 5 min. 

This analysis incorporated the CBF images acquired with [15O]H2O and WB CMRO2 was cal-

culated from GM and WM regions defined by segmenting T1-weighted MRI images after re-

moval of cerebrospinal voxels (SPM v.12, www.fil.ion.ucl.ac.uk/spm; 80% threshold). 

All CMRO2 images from the DARG and reference-based approaches were normalized 

to the MNI space. To compare the CMRO2 images from the two methods, mean values were 

extracted for GM and WM regions, as well as volumes-of-interest (VOIs) for frontal, occipital 

and temporal lobes, insula, hippocampus, precuneus, dorsal striatum and cerebellum. Correla-

tion was evaluated in terms of the Pearson correlation coefficient (𝜌). Statistical tests were 

performed using SPSS Statistics (v. 26, International Business Machines Corporation, 

https://www.ibm.com/analytics/spss-statistics-software). 

2.4 Results 

Figure 2.2A shows the predicted error in regional CMRO2 under the case of uniform 

OEF across the brain. In this scenario, the error is entirely due to regional variations in CBV 

(Eqs. (2.13) and (2.14)) since the influence of RW is the same throughout the brain when 

𝐸𝑖 = 𝐸𝑤𝑏 (see Eq. (2.10)). Figure 2.2C-D show the predicted error in CMRO2 when regional 

http://www.fil.ion.ucl.ac.uk/spm
https://www.ibm.com/analytics/spss-statistics-software
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OEF was constrained to be inversely proportional to CBF. In this case, the error in CMRO2 as 

a function of 𝐸𝑖 is presented for RW and CBV separately. The values of 𝐸𝑖 and 𝐶𝑀𝑅𝑂2𝑖
 for a 

given 𝑓𝑖 are shown in Figure 2.2B. Next, Figure 2.3B shows the results of the simulations in 

which the value of 𝐸𝑖 was defined by Eq. (2.18) (Figure 2.3A); both RW and CBV were in-

cluded and the integration time was fixed to 5 min. 

 
Figure 2.2. Simulations results: error in CMRO2 for neglecting RW and CBV. (A) Predicted error in 

local CMRO2 from the reference-based approach as a function of local CBF when OEF is uniform 

across the brain. Simulations were generated for a fixed local OEF of 0.40 and for different acquisition 

times (𝑇) ranging from 2 to 5 min. (B) Relationship between local CBF, OEF and CMRO2 when  

𝐸𝑖 = 1 − 𝑒−𝑃𝑆 𝑓𝑖⁄ . Corresponding error in CMRO2 as a function of 𝐸𝑖 is shown for neglecting (C) RW 

and (D) CBV. These errors were calculated using the residue functions given by Eqs. (2.10), (2.13) and 

(2.14). WB values of CBF, OEF, CBV, and 𝑉𝐴 were fixed to 50 mL/100 g/min, 0.40, 3.5 mL/100 g, 

and 1.5 mL/100 g, respectively. Changes in blood volume were modelled using the Grubb relationship: 

𝐶𝐵𝑉𝑖 = 𝐶𝐵𝑉𝑤𝑏(𝑓𝑖/𝑓𝑤𝑏)0.38. 
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Figure 2.3. Simulations results: error in CMRO2 for changes in CBF. (A) Relative change in OEF (∆𝐸𝑖) 

as a function of changes in CBF (∆𝑓𝑖) for different values of 𝑛 (1.3, 2 and 3), which defines the rela-

tionship between ∆𝑓𝑖  and the corresponding change in CMRO2 (Eq. (2.18)). (B) Predicted error in 

CMRO2 for changes in CBF from -50 to 50%. For all simulations: (i) Local CMRO2 was determined 

by the reference-based approach (Eq. (2.8)) and error obtained by residue functions (Eqs. (2.10), (2.13) 

and (2.14)) with a 5 min integration; (ii) WB values of CBF, OEF, CBV, and 𝑉𝐴  were fixed to 

50 mL/100 g/min, 0.40, 3.5 mL/100 g, and 1.5 mL/100 g, respectively; and (iii) Changes in blood vol-

ume were modelled using the Grubb relationship: 𝐶𝐵𝑉𝑖 = 𝐶𝐵𝑉𝑤𝑏(𝑓𝑖/𝑓𝑤𝑏)0.38. 

 

 
Figure 2.4. Simulations results: error in CMRO2 due to inaccuracies in local CBF. Error in the estimated 

CMRO2 due to incorrectly measuring local CBF (𝑓𝑖). Simulations were conducted for 𝑓𝑖 values ranging 

from 20 to 80 mL/100 g/min. For all simulations: (i) Local CMRO2 was determined by the reference-

based approach (Eq. (2.8)) and error obtained by residue functions (Eqs. (2.10), (2.13) and (2.14)), with 

a 5 min integration; (ii) WB values of CBF, OEF, CBV, and 𝑉𝐴 were fixed to 50 mL/100 g/min, 0.40, 

3.5 mL/100 g, and 1.5 mL/100 g, respectively; and (iii) Changes in blood volume were modelled using 

the Grubb relationship: 𝐶𝐵𝑉𝑖 = 𝐶𝐵𝑉𝑤𝑏(𝑓𝑖/𝑓𝑤𝑏)0.38. 
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In terms of errors in the input parameters, Figure 2.4 presents the predicted error in 

CMRO2 when regional CBF was varied by ± 20% from its true value. The results for the dif-

ferent 𝑓𝑖 values demonstrated that the error in CMRO2 increased with CBF, which was ex-

pected given that 𝑓𝑖 is a scaler in the numerator of Eq. (2.8). 

The Monte Carlo simulations of noisy TACs indicated no bias in the CMRO2 estimates 

across the different noise levels. Figure 2.5A shows the predicted versus true CMRO2 estimates 

when WB and local CV were 2% and 10%, respectively. Figure 2.5B presents the error in 

CMRO2 as a function of local CV. These results indicate that relatively small errors in the 

CMRO2 estimates from the reference-based method (i.e., SD of ±1%) are expected for TAC 

noise levels up to a CV of 20%. 

 
Figure 2.5. Simulations results: error in CMRO2 due to noise. (A) Predicted versus true CMRO2 after 

noise was added to WB (CV of 2%) and local (CV of 10%) TACs. The dashed black line is the identity 

line. (B) Error in CMRO2 estimates after adding noise to local TACs (ranging from 0 to 20%, WB-

TAC CV of 2%). True CMRO2 was 3.5 mLO2/100 g/min ( 𝑓𝑖 = 𝑓𝑤𝑏 =  50 mL/100 g/min and  

𝐸𝑖 = 𝐸𝑤𝑏 = 0.40). Mean error is represented by the black solid line (± 1 SD, dashed black lines). For 

all simulations: (i) Local CMRO2 was determined by the reference-based approach (Eq. (2.8)) and error 

obtained by residue functions (Eqs. (2.10), (2.13) and (2.14)), with a 5 min integration; (ii) WB values 

of CBF, OEF, CBV, and 𝑉𝐴 were fixed to 50 mL/100 g/min, 0.40, 3.5 mL/100 g, and 1.5 mL/100 g, 

respectively; and (iii) Changes in blood volume were modelled using the Grubb relationship:  

𝐶𝐵𝑉𝑖 = 𝐶𝐵𝑉𝑤𝑏(𝑓𝑖/𝑓𝑤𝑏)0.38. 

 

The reference-based method produced similar CMRO2 images (Figure 2.6A-B; T = 3 

and 5 min, respectively) compared to those obtained with the DARG method (Figure 2.6C). 

Mean CMRO2 averaged across all brain voxels was 2.52 ± 0.85 mLO2/100 g/min for the 
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reference-based (T = 5 min) and 2.51 ± 0.87 mLO2/100 g/min for the DARG method 

(p = 0.02). Figure 2.7A-B show OEF images from the reference-based approach (T = 3 and 

5 min, respectively), while Figure 2.7C the DARG OEF images; OEF estimates were fairly 

uniform, as expected for the healthy brain. Voxel-wise average OEF was 0.39 ± 0.08 for the 

reference-based (T = 5 min) and 0.40 ± 0.09 for the DARG method (p < 0.001; 95% of the 

voxel-wise OEF values from the DARG technique were between 0.27 and 0.52). Figure 2.6D 

and Figure 2.7D present images of the relative CMRO2 and OEF differences between the two 

methods, which were 1.7 ± 14.5% and −1.3 ± 11.7 % for GM and WM CMRO2, respectively; 

and −0.6 ± 10.1% and −2.9 ± 10.8 % for GM and WM OEF, respectively. 

 
Figure 2.6. CMRO2 images obtained with the reference-based method. CMRO2 images 

(mLO2/100 g/min) obtained with the reference-based method applied to [15O]O2-PET data from healthy 

volunteers (n = 10) for integration times of 3 (A) and 5 min (B), compared to DARG images (C). (D) 

Images of the relative difference (%) between the 5-min reference-based and DARG CMRO2 images. 

Non-brain regions were removed by masking the corresponding anatomical T1-weighted MR images. 

All images were normalized to the MNI space. 
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Figure 2.7. OEF images obtained with the reference-based method. OEF images obtained with the ref-

erence-based method for integration times of 3 (A) and 5 min (B), compared to DARG images (C). (D) 

Images of the relative difference (%) between the 5-min reference-based and DARG OEF images. Non-

brain regions were removed by masking the corresponding anatomical T1-weighted MR images. All 

images were normalized to the MNI space. 

 

Significant correlation was found between regional CMRO2 (Figure 2.8A) and OEF 

(Figure 2.8B) values from the reference-based and DARG methods for every VOI (p < 0.001; 

R2 > 0.98; integration time of 5 min). Relative difference in CMRO2 between the two methods 

plotted as a function of OEF is shown in Figure 2.8C. To generate this figure, each subject’s 

OEF values were normalized to WB-OEF and scaled to a mean value of 0.40. Mean CMRO2 

differences between reference-based (5 min integration time) and DARG measurements were 

0.05 mLO2/100 g/min for GM (1.7% higher, p < 0.01) and −0.04 mLO2/100 g/min for WM 

(1.3% lower, p < 0.01). 
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Figure 2.8. Comparison between reference-based and DARG methods. CMRO2 (A) and OEF (B) esti-

mates from DARG and reference-based methods (n = 10; integration time of 5 min). Selected VOIs 

were frontal, occipital and temporal lobes, insula, hippocampus, precuneus, dorsal striatum, and cere-

bellum. The dashed line represents the identity line, while the solid black line is the average regression 

(average slope of 1.00 ± 0.04  and 0.98 ± 0.04 for CMRO2 and OEF, respectively; average intercept of 

0.04 ± 0.14 mLO2/100 g/min and 0.01 ± 0.02 for CMRO2 and OEF, respectively; R2 > 0.98; 95% CIs 

are represented by the dotted lines). Significant correlation (p < 0.001) was observed for all VOIs, for 

both CMRO2 and OEF. (C) Relative difference in CMRO2 for the two methods plotted as a function of 

OEF. Each subject’s OEF values were normalized to the WB extraction and scaled to OEF = 0.40. The 

solid black line is the average regression (𝑦 = −2.75𝑥 + 1.14; R2 = 0.63 ±0.23; 95% CIs are repre-

sented by the dotted lines). 
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2.5 Discussion 

This study presents the derivation of a reference-based approach for imaging CMRO2 

developed to take advantage of simultaneous PET/MR imaging. The central concept is to use 

MRI to provide an independent estimate of WB CMRO2 that can act as a reference in order to 

avoid invasive arterial sampling. The value of a reference region to simplify [15O]-PET imag-

ing was investigated by Ibaraki et al., although assumed values of WB CBF and OEF were 

required.207 Reference regions are also frequently used in PET studies of misery perfusion, 

although only to measure relative OEF.208 In addition to the model solution for the reference-

based approach, this study also presents derivations of error terms that predict the effects of 

RW and blood-borne activity (i.e., CBV). The sensitivity of the method to errors in the input 

parameters and to statistical noise was investigated, the latter by Monte Carlo simulations; and 

an initial assessment of the approach was conducted using human PET data.  

The value of the residual terms given in Eqs. (2.10), (2.13) and (2.14) is they indicate 

which factors will contribute to errors due to neglecting signal contributions from RW and 

CBV. Eq. (2.10) shows that the magnitude of RW errors is proportional to the difference be-

tween regional and WB OEF, while Eqs. (2.13) and (2.14) indicate that blood volume errors 

depend on regional differences in CBV and CMRO2. Since 𝜀𝑅𝑊 depends on 𝐴𝑤(𝑡), its contri-

bution will increase with integration time as the concentration of metabolically generated 

[15O]H2O builds. The time dependency of the CBV error is not as straightforward as 𝜀𝑉0
 de-

pends on 𝐴𝑜(𝑡) and 𝜀𝑉𝐴
 on 𝐴𝑤(𝑡). These differences are illustrated in Figure 2.2 and Figure 

2.3. When 𝐸𝑖 = 𝐸𝑤𝑏, the error is primarily due to 𝜀𝑉0
, which is heavily weighted towards the 

first pass of radiolabelled oxygen. Consequently, its signal contribution diminishes with inte-

gration time, reaching a minimum of ±1% for 𝑇 = 5 min (Figure 2.2A). When regional OEF 

differs from the WB value, 𝜀𝑅𝑊  becomes the dominant residue and the error in regional 

CMRO2 increases with integration time due to the greater contribution from RW. Figure 2.3 

and Figure 2.4 predict that the magnitude of the error will vary by approximately ± 10% when 

regional OEF varies from WB OEF by ± 25% (i.e., 0.3 ≤ 𝐸𝑖 ≤ 0.5 when 𝐸𝑤𝑏 = 0.4) depend-

ing on the integration time. To put this in context, 95% of the voxel-wise OEF values from the 

PET dataset were within the range from 0.27 to 0.52 (Figure 2.7), which agrees with the general 

observation that OEF is fairly homogeneous in the healthy brain.114,202,216 The accuracy of the 

reference-based method is predicted to be worse for larger changes in regional OEF; for 
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example, ischemic stroke can lead to compensatory increases in OEF as large as 50%.217 Figure 

2.3 predicts an error of 15% for a 50% decrease in blood flow and a concomitant rise in OEF 

defined by 𝑛 = 3; however, as the flow-to-metabolism ratio increases (i.e., 𝑛 → ∞), so will the 

error in CMRO2. 

Shorter integration times would be the simplest approach for mitigating RW effects.91 

An advantage of the reference-based method is that the procedure does not involve nonlinear 

optimization with multiple fitting parameters since CMRO2 is determined directly from Eq. 

(2.8). Integration times less than 5 min are feasible considering the noise simulations demon-

strated that CMRO2 estimates had an error ≤ 2% for TAC noise levels of up to 20% (Figure 

2.5). Alternatively, the accuracy of the reference-based approach could be improved by includ-

ing the RW residual term (Eq. (2.10)) into the model (Eq. (2.9)). The required AIF (𝐴𝑤(𝑡)) 

could be obtained with an IDIF approach.82,95 We are currently investigated this approach using 

the known WB CBF and OEF measurements to scale the IDIF derived from the measured WB 

[15O]O2-PET TAC. 

As an initial investigation of the reference-based method, it was applied to an existing 

PET dataset. While this application cannot address potential issues with the MR techniques, it 

did provide the opportunity to evaluate the influences of RW and the CBV. Figure 2.6 and 

Figure 2.7 illustrate the similarity between CMRO2 and OEF images generated from the refer-

ence-based approach for integration times of 3 and 5 min when compared to those from the 

previously validated DARG method. There were spatial differences, which are easier to iden-

tify in the difference images (Figure 2.6D and Figure 2.7D). The largest errors occurred near 

tissue boundaries, such as the ventricles, or coincided with large vessels, including the major 

cerebral arteries and the superior sagittal sinus. These artefacts are a consequence of neglecting 

CBV in the reference-based model; however, they represent less than 3% of the total number 

of voxels in the brain. Similar to the discussion regarding RW, a CBV correction could be 

applied by incorporating Eqs. (2.13) and (2.14) into the model (Eq. (2.12)). This correction 

would require measuring the oxygen AIF (𝐴𝑜(𝑡)) and imaging CBV. The former could be 

derived non-invasively by extracting an IDIF, while the latter could be performed either by 

[15O]CO-PET218 or by an MRI-based method.196 Another approach that is currently under in-

vestigation is to estimate CBV by fitting Eq. (2.11) to [15O]O2-PET data using image-derived 
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estimates of 𝐴𝑜(𝑡) and 𝐴𝑤(𝑡). This correction would be valuable when CBV contributions 

could become more significant, such as in cerebrovascular diseases.  

In terms of regional CMRO2 and OEF, strong correlations (p < 0.01) were found be-

tween the two methods for all VOIs with an average regression slope of 

1.00 ± 0.04 mLO2/100 g/min for CMRO2 and 0.98 ± 0.04 for OEF (Figure 2.8A-B). CMRO2 

exhibited a dependency on integration time for the reference-based method. For the four re-

gions (frontal and temporal lobes, precuneus and dorsal striatum), the CMRO2 estimate con-

verged to the corresponding value from DARG as T increased from 2 to 5 min; while the 

opposite was observed in the other four VOIs. Based on the predictions of the residual terms, 

these patterns suggest the error was related to CBV for the first four VOIs and to RW for the 

remaining regions. To further investigate the agreement between the model predictions and the 

experimental results, the relative difference between the CMRO2 estimates from the two meth-

ods was plotted as a function of OEF (integration time of 5 min; Figure 2.8C). The deviation 

between the two methods was significantly correlated with the difference between the OEF for 

a given VOI and the WB value (𝜌 = −0.80, p < 0.001). The magnitude of this difference as 

estimated from the regression analysis was similar to that predicted by the residuals (Figure 

2.2). 

In addition to [15O]-related errors, the sensitivity of the CMRO2 measurements to the 

input parameters was investigated. As evident by Eq. (2.8), inaccurate WB CMRO2 measure-

ments will have an equal effect on regional CMRO2 estimates. The results presented in Figure 

2.4 demonstrate that the approach also relies on accurately imaging CBF since the error in 

CMRO2 is proportional to the error in the corresponding regional or voxel-wise CBF estimate. 

On a PET/MR scanner, non-invasive imaging of CBF with [15O]H2O can be implemented by 

the approach recently proposed by Ssali et al..88 Alternatively, the ability to acquire MR per-

fusion images simultaneously would reduce the PET procedure to just [15O]O2 inhalation, re-

ducing the acquisition time to about five minutes. Since both MRI oximetry and ASL are non-

invasive and rapid methods, repeat measurements can be easily acquired to improve precision. 

In evaluating the potential sources of error with the proposed reference-based method, 

it is useful to compare it with other approaches developed to reduce the complexity of PET 

imaging of CMRO2. These have included eliminating the need for measuring RW and CBV 
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directly through modelling approaches.91,96,98,114 However, they still require arterial sampling, 

which is technically complex, and the AIFs are inherently noisy. In an effort to circumvent this 

issue, newer methods have been developed based on measuring the IDIF, either by PET 

alone79,95 or by incorporating structural MRI for guidance.81,82 However, reliably extracting the 

IDIF is challenging due to the sensitivity to partial volume errors. Consequently, the accuracy 

of these methods relies on carefully measuring empirical scaling factors needed to quantify the 

IDIF. 

2.6 Conclusions 

This study presents an alternative approach that avoids the complications of measuring 

the input function altogether by calibrating the PET data with WB measurements, which can 

be accomplished by incorporating MRI measurements of OEF and CBF. When the method 

was applied to PET [15O]H2O and [15O]O2 data from healthy individuals, the strong agreement 

with results derived with the DARG approach demonstrated the feasibility of the reference-

based method in this population. Further studies are required to validate the reference-based 

approach in a PET/MR scanner and to investigate its feasibility in clinical studies, especially 

when local OEF varies significantly from WB extraction. 
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Chapter 3 

3 A non-invasive method for quantifying cerebral metabolic 
rate of oxygen by hybrid PET/MRI: validation in a porcine 
model 

Narciso L, Ssali T, Liu L, et al. A Noninvasive Method for Quantifying Cerebral Metabolic 

Rate of Oxygen by Hybrid PET/MRI: Validation in a Porcine Model. J Nucl Med 2021; 

jnumed.120.260521. Copyright © 2021 by the Society of Nuclear Medicine and Molecular 

Imaging, Inc. Reproduced with permission. All rights reserved. 

3.1 Introduction 

Positron emission tomography imaging of cerebral oxidative metabolism was devel-

oped over thirty years ago and continues to prove a vital tool for understanding brain energetics 

and the role of altered metabolism in disease processes.9,30,35 PET remains the gold standard 

for imaging CMRO2; however, the original procedure is complex and long.92 In addition to 

radiolabelled oxygen, [15O]H2O is needed to measure CBF and [15O]CO to measure the CBV. 

Arterial blood sampling is required for each tracer, along with separating plasma and red blood 

cell activity for [15O]O2 to account for the increasing signal contribution from metabolically 

generated [15O]H2O (RW). Efforts to reduce its complexity and duration have led to modelling 

approaches that eliminate the need for separate CBV imaging and estimating RW without sep-

arating blood samples.69 Alternately, the effects of RW can be minimized by short scan times 

following a single inhalation of [15O]O2.
91 More recently, approaches incorporating image-

derived input functions have been proposed to avoid measuring the AIF, which is an invasive 

and inherently noisy procedure.82,95 However, the accuracy of these approaches depends on 

either an empirical factor relating the total AIF and its RW component, or careful measurement 

of a coefficient to scale the arterial TAC. 

We propose an alternative method to reduce the complexity, invasiveness, and duration 

of CMRO2 imaging.68 Similar to Su et al.,82 this method takes advantage of simultaneous 

PET/MRI. However, rather than attempting to use MRI to help extract the AIF, the proposed 

hybrid approach incorporates complementary MRI techniques to measure WB CMRO2 to 

serve as a reference to calibrate dynamic [15O]-oxygen PET data. Analogous to a similar 

PET/MR technique for imaging CBF,88 this hybrid approach eliminates the need for arterial 
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sampling. Here, we implemented this reference-based approach, hereafter referred as PMROx 

(PET/MR imaging of oxidative metabolism), on a 3 T PET/MR scanner. The aim of this study 

is to validate PMROx in a large animal model by comparing to a previously validated 

DBFM.114 In addition, we investigated if PMROx could be further simplified by incorporating 

CBF images from the MRI-based technique ASL. This modification reduces PET imaging to 

only [15O]O2 and imaging duration to approximately 5 min since the MRI sequences can be 

run during the PET acquisition.116 In addition to validating PMROx, its sensitivity to changes 

in metabolism was investigated by altering the anesthetics administered to the animals. 

3.2 Materials and methods 

Animal experiments were conducted according to the regulations of the Canadian 

Council of Animal Care and approved by the Animal Care Committee at Western University. 

Prior to imaging, juvenile Duroc pigs were tracheotomized, and catheters inserted into the ce-

phalic veins and femoral arteries. During imaging, animals were mechanically ventilated, im-

mobilized on a custom platform, and anesthetized with 3% isoflurane and 6 mL/kg/h propofol. 

Blood samples were collected to measure the partial pressures of oxygen and carbon dioxide, 

plasma glucose concentration, hematocrit, and hemoglobin concentration. Throughout the ex-

periment, end-tidal O2 and CO2, temperature, heart rate, and oxygen saturation were monitored 

to ensure normal levels. 

3.2.1 Study protocol 

PET and MRI data were obtained on a 3 T Siemens Biograph mMR system using a 12-

channel PET-compatible receiver head coil (Siemens GmbH). Each experiment was divided 

into two parts. First, the accuracy of PMROx was evaluated by comparing to the DBFM, which 

required measuring the AIFs of [15O]H2O and [15O]O2. Next, the sensitivity of PMROx to the 

expected reduction in cerebral metabolism was assessed by increasing the infusion rate of 

propofol to 20 mL/kg/h to induce a lower metabolic condition (LMC). 

In both parts, PET imaging involved injecting [15O]H2O to measure CBF, followed by 

inhalation of [15O]O2 to measure OEF. Concurrently, WB CMRO2 was obtained by the MRI-

sequence OxFlow,154 which combines phase-contrast MRI measurements of CBF from the in-

ternal carotid and basilar arteries, with venous oxygen saturation (SvO2) measurements from 
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the superior sagittal sinus acquired with susceptibility-based oximetry.153 CBF images were 

collected using pseudo-continuous ASL (pCASL). At the end of experiment, the animal was 

euthanized according to the animal care guidelines and transported to a computed tomography 

(CT) scanner to obtain a post-mortem CT-based attenuation correction map. 

3.2.2 PET imaging and postprocessing 

The PET protocol (Figure 3.1) began with injecting [15O]H2O (460 ± 80 MBq; cephalic 

vein), followed by inhaling 2,200 MBq of [15O]O2. All acquisitions involved 5 min of list-

mode acquisition. For DBFM, AIFs from [15O]H2O (𝐶𝑎
𝑤(𝑡)) and [15O]O2 (𝐶𝑎

𝑜(𝑡)) were deter-

mined by withdrawing blood from a femoral artery and measuring the activity using an MR-

compatible system (Swisstrace GmbH). [15O]O2-PET data acquisition during the LMC started 

approximately 1 hour after the first [15O]O2 acquisition to allow the animal to stabilize after 

changing the anaesthetics. 

 
Figure 3.1. Protocol diagram. Protocol diagram showing the imaging blocks acquired at baseline and 

under the lower metabolic condition. Prior to imaging, the animal was positioned in the scanner and the 

anesthetics was applied. At time zero, MR imaging was started, and the onsite cyclotron was contacted 

to produce the [15O]H2O dose, which was injected at the 20 min mark. There was a delay of approxi-

mately 20 min prior to [15O]O2 delivery. Following the first [15O]O2 imaging block, the propofol infu-

sion rate was increased to 20 mL/kg/h. The second [15O]H2O run was performed at 110 min. 

 

[15O]H2O and [15O]O2 were produced by 14N (d,n) 15O reaction in an onsite cyclotron 

(PETtrace 800, 16.5 MeV; GE Healthcare).219 For [15O]O2 imaging, the radioactive gas was 

filtered prior to being transferred to the PET/MR suite via a stainless-steel line (202-m long, 
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3-mm diameter). The line was connected to polyethylene tubing that directly fed into the inha-

lation tube of the animal (delivery rate of 1.5 L/min for 30 s). Expired gas was collected in a 

200-L tank to hold it for seven half-lives.220 

Dynamic PET images were reconstructed into 48 time-frames (30×3 s, 6×5 s, 6×10 s 

and 6×20 s) using the Siemens e7-tools suite with a 3D-ordered-subset expectation-optimiza-

tion (OSEM) method (iterations/subsets, 4/21; matrix size, 344×344×127 voxels; field of view 

[FoV], 359×359×258 mm3; voxel size, 1×1×2 mm3; zoom factor, 2). Raw data were corrected 

for decay, random incidences, dead-time, detector normalization, data rebinning, and scatter. 

Absolute scatter correction was used for the [15O]O2 images, as recommended for 3D scan-

ning.221 Reconstructed images were smoothed by a 4-mm Gaussian filter. 

AIFs were decay corrected, and denoised using a wavelet signal denoising function 

(MATLAB R2017b, Block James-Stein method). The RW (𝐴𝑤(𝑡)) component of the meas-

ured [15O]O2 AIF was estimated using species-specific values after interpolating to the differ-

ences in weight.98 

3.2.3 MR imaging and postprocessing 

MR acquisition (Figure 3.2) began with T1-weighted images (magnetization-prepared 

rapid gradient-echo sequence, MPRAGE; repetition/echo/inversion times [TR/TE/TI], 

2,000/2.98/900 ms; flip angle [FA], 9º; FoV, 256×256 mm2; 176 slices; isotropic voxel size, 

1 mm3), followed by time-of-flight images to identify the feeding arteries for phase-contrast 

imaging (TR/TE, 22/3.75 ms; FA, 18º; FoV, 200×181 mm2; 102 slices; voxel size, 

0.3×0.3×1.5 mm3; 40 mm saturation band) and the sagittal sinus for oximetry imaging (no sat-

uration band). 

MR images acquired during PET acquisitions were OxFlow and pCASL. The former 

alternates between the two slice locations to measure WB CBF and SvO2 (TR/TE/TE, 

35/7.025/2.5 ms; FA, 25º; FoV, 208×208 mm2; voxel size, 1.6×1.6×5.0 mm3; velocity encod-

ing [VENC], 60 cm/s; acquisition time, 1 min).154 The acquisition of the OxFlow sequence was 

timed to coincide with the [15O]O2 imaging and the resultant images represent an average over 

the 1-min scan to provide a stable reference measurement. Immediately following, a 3-dimen-

sional pCASL sequence was run222 (TR/TE, 3,720/22.9 ms; FoV, 208×208 mm2; 16 slices; 
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voxel size, 3.3×3.3×5.0 mm3; post-labelling delay/labelling duration, 1500/1800 ms; label 

plane offset, 60 mm; 16 measurements). Lastly, proton density-weighted images were acquired 

by turning off the labelling or background suppression pulses (M0; TR, 7,000 ms). 

 
Figure 3.2. MR sequences acquisition and analysis scheme. (A) Sagittal MPRAGE image showing 

imaging region. MR angiography showing (B) the internal carotid arteries (ICA) and basilar artery 

(BA), and (C) the superior sagittal sinus (SSS). The red lines represent the slices used to measure WB 

CBF and SvO2. Magnitude and phase images from the slices used to estimate (D)-(E) WB CBF and (F)-

(G) SvO2. The red regions-of-interest were transferred from the magnitude to the phase image (in white). 

All images are from one representative animal. 

 

OxFlow images were analyzed following the approach outlined by Jain et al..153 Briefly, 

regions-of-interest were semi-automatically drawn in and surrounding the vessels on the mag-

nitude image, then transferred to the phase image to measure the mean phase difference in the 

feeding arteries, and between the sagittal sinus and the surrounding tissue. The pCASL images 

were motion corrected, coregistered to M0, and smoothed with a 4-mm Gaussian filter. CBF 

images were generated using the standard one-compartment model.116 For this analysis, the 

blood-brain partition coefficient of water was 0.90 mL/g, the longitudinal relaxation time of 

blood was 1.65 s, and the labelling efficiency was assumed to be 0.86. Images were coregis-

tered to the PET space using SPM12 (https://www.fil.ion.ucl.ac.uk/spm/). 

3.2.4 PET-only imaging: DBFM 

CBF (𝑓𝑖) maps were generated from [15O]H2O-PET by fitting the following equation to 

the local TACs (𝐶𝑖(𝑡)): 

https://www.fil.ion.ucl.ac.uk/spm/


51 

 

 𝐶𝑖
𝑤(𝑡) = 𝑓𝑖 ⋅ 𝐶𝑎

𝑤(𝑡) ∗ 𝑒−𝑘2𝑖𝑡 + 𝑉𝐴𝑖
⋅ 𝐶𝑎

𝑤(𝑡) (3.1) 

where ∗ represents convolution. The fitting parameters were 𝑘2𝑖
 (clearance rate constant), 𝑓𝑖, 

and 𝑉𝐴𝑖
 (arterial blood volume). OEF (𝐸𝑖) and CMRO2 measurements were obtained by fitting 

[15O]O2 PET data to Eq. (3.2).114 

 𝐶𝑖
𝑜(𝑡) = 𝐸𝑖 ⋅ 𝑓𝑖 ⋅ 𝐴𝑜(𝑡) ∗ 𝑒−𝑘2𝑖𝑡 + 𝑓𝑖 ⋅ 𝐴𝑤(𝑡) ∗ 𝑒−𝑘2𝑖𝑡 + 𝑉0𝑖

⋅ 𝐴𝑜(𝑡) + 𝑉𝐴𝑖
⋅ 𝐴𝑤(𝑡) (3.2) 

where 𝐴𝑜(𝑡) is the [15O]O2 component of the AIF. The fitting parameters were 𝐸𝑖, 𝑉0𝑖
 and 𝑉𝐴𝑖

 

([15O]O2 and [15O]H2O blood volumes, respectively). All fitting was performed in MATLAB 

using the optimization routine fmincon. CMRO2 was calculated from Fick’s principle as  

𝐶𝑀𝑅𝑂2𝑖
= 𝐸𝑖 ∙ 𝑓𝑖 ∙ 𝐶𝑎𝑂2 , where 𝐶𝑎𝑂2 = 1.34 ∙ 𝐻𝑏 ∙ 𝑆𝑎𝑂2 + 0.003 ∙ 𝑃𝑎𝑂2 , 𝐻𝑏  is the hemo-

globin concentration, and 𝑆𝑎𝑂2 (arterial saturation of oxygen) was estimated using the 𝑃𝑎𝑂2 

(partial pressure of oxygen) measurements.150 

3.2.5 PMROx 

PMROx CMRO2 images were generated from [15O]O2-PET data using Eq. (3.3), which 

was derived from the one-tissue compartment model.68 

 

𝐶𝑀𝑅𝑂2𝑖
= 𝐶𝑀𝑅𝑂2𝑤𝑏

[
∫ 𝐶𝑖

𝑜(𝑡)𝑑𝑡
𝑇

0
+

𝑓𝑖

𝑝 ∫ ∫ 𝐶𝑖
𝑜(𝑢)𝑑𝑢

𝑡

0
𝑑𝑡

𝑇

0

∫ 𝐶𝑤𝑏
𝑜 (𝑡)𝑑𝑡

𝑇

0
+

𝑓𝑤𝑏

𝑝 ∫ ∫ 𝐶𝑤𝑏
𝑜 (𝑢)𝑑𝑢

𝑡

0
𝑑𝑡

𝑇

0

] (3.3) 

where 𝑇 is scan time. Local OEF was calculated by 𝐸𝑖 = 𝐶𝑀𝑅𝑂2𝑖
/(𝑓𝑖 ⋅ 𝐶𝑎𝑂2). Both 𝑓𝑤𝑏 and 

𝐶𝑀𝑅𝑂2𝑤𝑏
 were obtained from OxFlow, the latter by: 

 
𝐶𝑀𝑅𝑂2𝑤𝑏

= 𝐶𝑎𝑂2 ∙ 𝑓𝑤𝑏 (
𝑆𝑎𝑂2 − 𝑆𝑣𝑂2

𝑆𝑎𝑂2
) (3.4) 

CBF (Eq. (3.5)) was obtained using the noninvasive PET/MR approach described by 

Ssali et al.,88 in which WB CBF is used to calibrate [15O]H2O-PET data. In both Eqs. (3.3) and 
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(3.5), WB CMRO2, CBF, and TAC are used as scalers to obtain the corresponding local values. 

Alternatively for CBF, a direct scaling approach could be implemented.90 

 

𝑓𝑖 = 𝑓𝑤𝑏 [
∫ 𝐶𝑖

𝑤(𝑡)𝑑𝑡
𝑇

0

∫ 𝐶𝑤𝑏
𝑤 (𝑡)𝑑𝑡

𝑇

0
+

𝑓𝑤𝑏

𝜆
(∫ ∫ 𝐶𝑤𝑏

𝑤 (𝑢)𝑑𝑢
𝑡

0
𝑑𝑡

𝑇

0
− ∫ ∫ 𝐶𝑖

𝑤(𝑢)𝑑𝑢
𝑡

0
𝑑𝑡

𝑇

0
)

] (3.5) 

The feasibility of implementing pCASL into the PMROx approach (PMROxASL) was 

also evaluated. In this case, 𝑓𝑖 in Eq. (3.3) was obtained from the CBF images generated by 

pCASL. 

3.2.6 Regional CBF, OEF and CMRO2 measurements 

Volumes-of-interest (VOIs) were semi-automatically drawn on the MPRAGE images 

for each animal and then transferred to the corresponding CBF, OEF and CMRO2 images. 

Measurements were made for cerebellum (4.2 ± 0.7 cm3), diencephalon (4.7 ± 0.6 cm3), and 

frontal (2.4 ± 0.6 cm3), occipital (7.9 ± 1.5 cm3), parietal (9.1 ± 1.6 cm3) and temporal 

(6.0 ± 0.6 cm3) lobes. All images were registered to the anatomical image of one animal to 

generate group-wise maps using SPM12 (https://www.fil.ion.ucl.ac.uk/spm/). 

3.2.7 Statistics 

Local measurements were compared using linear regression to obtain the Pearson cor-

relation coefficient (𝜌). Any potential bias was assessed using a one-sample t-test. Paired t-

tests were performed to evaluate differences between measurements. Statistical significance 

was defined by 𝛼 = 0.05 and Bonferroni correction was performed when necessary. Measure-

ments are expressed in terms of mean ± standard deviation. Statistical tests were performed 

using SPSS (v. 26, International Business Machines Corporation, https://www.ibm.com/ana-

lytics/spss-statistics-software). 

3.3 Results 

Data from nine juvenile pigs were collected (age range 8-10 weeks; weight, 19 ± 2 kg; 

5 female). In one experiment, only [15O]H2O data were acquired due to a technical issue with 

the [15O]oxygen line. The LMC was successfully induced in six animals. Table 3.1 provides a 

summary of arterial blood measurements during baseline and LMC. 

https://www.fil.ion.ucl.ac.uk/spm/
https://www.ibm.com/analytics/spss-statistics-software
https://www.ibm.com/analytics/spss-statistics-software
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Table 3.1. Summary of arterial blood measurements. 
Measurement Baseline LMC 

Hematocrit (%) 25.9 ± 3.4 25.7 ± 2.1 

Hemoglobin (g/dL) 8.3 ± 1.1 8.3 ± 0.7 

Partial pressure of oxygen (mmHg) 230 ± 100 239 ± 102 

Partial pressure of carbon dioxide (mmHg) 40.3 ± 4.3 41.0 ± 3.4 

SaO2 (%) 99.5 ± 0.5 99.5 ± 0.4 

Glucose concentration (mmol/L) 5.5 ± 0.8 5.5 ± 0.4 

No statistical differences were identified in any of the parameters across the acquisitions. 

 

AIFs could not be acquired in three cases (one [15O]H2O and two [15O]O2) due to clot-

ting of the sampling line. In these cases, population-based AIFs were used after using a scaling 

factor for each animal individually. For the [15O]H2O case, the AIF was scaled by the injected 

dose (MBq). Since the administered activity was unknown for [15O]O2, the AIF was scaled to 

the mean jaw muscle activity (𝐶𝑚) measured from a 50-mm2 ROI. The appropriate scaling 

factor was determined by a combination of principal component and multiple linear regression 

analyses involving the remaining 6 measured AIFs. The factors included body weight (kg), 

endotracheal tube peak activity (kBq/mL), mean jaw muscle activity concentration (kBq/mL), 

and partial pressure of carbon dioxide (mmHg). The resulting model equation was subse-

quently used to scale the population-based AIF for each animal. Principal component analysis 

and multiple linear regression identified mean jaw muscle activity concentration (𝐶𝑚) as sig-

nificant component for estimating the scaling factor of [15O]O2 (= 43.5 ⋅ 𝐶𝑚; 𝑅2 = 0.998). 

Figure 3.3 presents a comparison between [15O]O2 measured AIFs with their respective scaled 

population-based curves; the blue curves represent the population-based AIFs used for the two 

animals that arterial sampling failed. 

 
Figure 3.3. Measured versus population-based AIFs. Measured [15O]O2 AIFs (left) and their respective 

scaled population-based curves (right). The blue curves represent the population-based AIFs used for 

the two animals that arterial sampling failed. 
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3.3.1 Validation 

Average WB estimates of CBF, OEF and CMRO2 from PET and PET/MR were in good 

agreement with no significant differences between techniques: 56.6 ± 21.0 mL/100 g/min, 

0.31 ± 0.09, and 1.81 ± 0.10 mLO2/100 g/min from DBFM and 54.1 ± 16.7 mL/100 g/min, 

0.30 ± 0.09 and 1.89 ± 0.16 mLO2/100 g/min from OxFlow/PMROx, respectively. Average 

WB 𝑉𝐴 from [15O]H2O-PET was 9.5 ± 4.0 mL/100 g, and WB 𝑉0 and 𝑉𝐴 values from [15O]O2-

PET were 7.0 ± 1.0 mL/100 g and 2.6 ± 6.7 mL/100 g, respectively. WB [15O]O2 𝑉𝐴 was small 

(< 2 mL/100 g) for 7 of 8 animals; however, in one outlier it was 19.1 mL/100 g. 

Regional results of regression and correlation (Figure 3.4) analyses from CBF, OEF 

and CMRO2 measurements are summarized in Table 3.2. Significant correlations between re-

gional CBF estimates from noninvasive PET/MR and DBFM were observed in all VOIs. The 

Bland-Altman plot indicated a bias in local CBF measurements by noninvasive PET/MR for 

the parietal lobe (7.7 mL/100 g/min, p = 0.02) and diencephalon (14.8 mL/100 g/min, 

p = 0.02). Strong correlations between regional OEF estimates from PMROx and DBFM were 

observed (Figure 3.4B and Figure 3.5). Finally, regression between CMRO2 estimates from 

the two techniques revealed good agreement with a moderate correlation and a small bias in 

the PMROx measurements for the cerebellum (0.16 mLO2/100 g/min, p = 0.03) and dienceph-

alon (0.30 mLO2/100 g/min, p < 0.01). 

Table 3.2. Summary of the regression and correlation analyses. 
Technique Measurement Slope Intercept 𝝆 

PMROx 

CBF 0.98 ± 0.20 7.3 ± 9.8 0.91 ± 0.10 

OEF 0.92 ± 0.03* 0.02 ± 0.01† 0.95 ± 0.04 

CMRO2 1.06 ± 0.35 −0.02 ± 0.63 0.67 ± 0.20 

PMROxASL 

CBF 0.85 ± 0.15 10.9 ± 11.7 0.80 ± 0.18 

OEF 0.83 ± 0.13* 0.05 ± 0.03† 0.87 ± 0.09 

CMRO2 1.15 ± 0.41 −0.16 ± 0.70 0.53 ± 0.14 

Summary of the regression and correlation analyses performed on the local baseline measurements 

(n = 8) of CBF (mL/100 g/min), OEF and CMRO2 (mLO2/100 g/min). 
*Significantly different than one. 
†Significantly different than zero. 
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Figure 3.4. PMROx validation results. (A) Local baseline CBF from noninvasive PET/MR and DBFM. 

Average regression line is represented by the solid line (𝑦 = 0.98𝑥 + 7.29; 95% confidence interval 

(CI) is represented by the dotted lines). The dashed line is the identity line. Corresponding (B) OEF 

and (C) CMRO2 results presented average regression line of 𝑦 = 0.92𝑥 + 0.02 and 𝑦 = 1.06𝑥 − 0.02, 

respectively. Bland-Altman plots from the corresponding data are presented in (D)-(F), where the mean 

is represented by the solid line. The dashed lines represent the limits of agreement (±2 standard devia-

tions), each with its 95% CI (dotted lines). Mean difference for all VOIs was 6.2 mL/100 g/min for 

CBF, -0.004 for OEF and 0.12 mLO2/100 g/min for CMRO2. 

 

 
Figure 3.5. Group-wise CBF, OEF and CMRO2 images. Group-wise CBF, OEF and CMRO2 images 

obtained with DBFM, PMROx and PMROxASL techniques for baseline (n = 8, top three rows). CBF 

and CMRO2 results from PMROx and PMROxASL for the lower metabolic condition (n = 6) are pre-

sented on the bottom two rows. MPRAGE from one animal was included for anatomical reference. 
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3.3.2 PMROxASL 

Average WB estimates of CBF and CMRO2 from pCASL and PMROxASL were 

58.6 ± 20.4 mL/100 g/min and 1.88 ± 0.24 mLO2/100 g/min, respectively, which were not sig-

nificantly different from the PET-only results. Regional measurements were successfully ex-

tracted from all VOIs (Table 3.2, Figure 3.5 and Figure 3.6), except for the cerebellum from 

one animal because this region was missing in the pCASL FoV. Strong correlations between 

DBFM and pCASL CBF estimates were observed, as well as between DBFM and PMROxASL 

OEF estimates with a small bias in the temporal lobe (−0.048, p = 0.02). CMRO2 values from 

PMROxASL and DBFM showed a moderate correlation. 

 
Figure 3.6. PMROxASL results. (A) Local baseline CBF from pCASL and DBFM. Average regression 

line is represented by the solid line (𝑦 = 0.85𝑥 + 10.91; 95% confidence interval is represented by the 

dotted lines). The dashed line is the identity line. Corresponding (B) OEF and (C) CMRO2 results pre-

sented average regression line of 𝑦 = 0.83𝑥 + 0.05 and 𝑦 = 1.15𝑥 − 0.16, respectively. 

 

3.3.3 Lower metabolic condition 

For the six animals in which measurements were acquired under both conditions, 

propofol caused WB CBF to decrease to 27.3 ± 7.0 and 29.9 ± 6.4 mL/100 g/min for OxFlow 

and pCASL, respectively (50% reduction; Figure 3.5 and Figure 3.7A). There was a corre-

sponding significant increase in OEF of 0.11 ± 0.06 (Figure 3.7B) measured by OxFlow, and 

a significant reduction in WB-CMRO2 measured by PMROx and PMROxASL of 0.68 ± 0.36 

and 0.67 ± 0.36 mLO2/100 g/min, respectively; (Figure 3.5 and Figure 3.7C). 
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Figure 3.7. LMC results. (A) WB CBF, (B) OEF and (C) CMRO2 values for baseline and LMC. Sig-

nificant reductions in WB-CBF and WB-CMRO2 were observed for both techniques, while a significant 

increase was observed for WB-OEF. 

 

3.4 Discussion 

[15O]O2-PET has been used extensively to assess disruptions in cerebral energy metab-

olism, such as following stroke, predicting its risk of recurrence, and understanding energy 

regulation during functional activation.223 Despite the proven value of [15O]O2-PET, the pro-

cedure is complex and invasive, which has led to a diminishing number of sites with the nec-

essary expertise to conduct [15O]O2 studies. This trend highlights the value to develop simpler 

[15O]O2 imaging protocols that retain the inherent quantitative capabilities of PET. This study 

focused on validating a hybrid PET/MR technique developed specifically to address this issue. 

The possibility of using PET/MR to update [15O]O2 imaging was investigated by Su et al., who 

used MRI to extract image-derived AIFs.82 The current study explored an alternative approach 

using WB MRI measurements as a reference, which avoids potential registration and partial 

volume errors. PMROx is also less sensitive to errors caused by RW and the CBV since re-

gional CMRO2 is determined from the ratio of TACs. 

Validation experiments were conducted using a porcine model and involved imaging 

CMRO2 independently using the previously validated DBFM.114 For this method, an MR-com-

patible arterial sampling system was used to measure the AIF for both tracers. Good agreement 

between PMROx and DBFM was found across VOIs with respect to both OEF and CMRO2, 

although a small bias was observed in the PMROx CMRO2 estimates (Figure 3.4F). Regression 

analysis also demonstrated strong and moderate correlations between techniques for OEF and 

CMRO2, respectively. The lower correlation for the latter is explained by its dependency on 

both OEF and CBF. In addition to the agreement with DBFM, PMROx was shown to be 
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sensitive to reduced energy metabolism caused by increasing the propofol infusion. The 

CMRO2 reduction was driven by the propofol-induced decrease in CBF, since propofol caused 

an increase in OEF. These findings are in agreement with Oshima et al. who reported that 

propofol caused proportional decreases in CBF and CMRO2, but had no effect on the arterio-

venous oxygen difference.224 

Since the PMROx approach scales the [15O]O2 images by an MRI estimate of WB 

CMRO2, its accuracy and precision will be directly affected by the MRI methods used to cal-

culate WB OEF and CBF. In this study, WB OEF and CMRO2 were measured by OxFlow, 

which can be acquired with scan times as short as 8 s with reproducibility of 2% for SvO2 and 

6% for WB CMRO2.
152 The accuracy of OxFlow depends on positioning the slices orthogonal 

to the main magnetic field, correcting for magnetic field inhomogeneities, and using sufficient 

image resolution to avoid partial volume effects.154 The current study presents the first simul-

taneous comparison of OxFlow to [15O]H2O and [15O]O2 PET, and no significant differences 

were found between techniques. This agreement is in accordance with two recent studies com-

paring MR measurements of SvO2 to either PET or direct measures from the jugular bulb.144,146 

PET/MR also provides the possibility of reducing the PET procedure to just [15O]O2 

inhalation by replacing [15O]H2O-PET with ASL (PMROxASL). WB CBF estimates from 

pCASL were in good agreement to those obtained by [15O]H2O-PET, similar to previous 

ASL/PET comparisons conducted using a swine model.88,225 Strong correlations between re-

gional CBF measurements were found for all VOIs except the cerebellum, which was attributed 

to limited spatial coverage for the pCASL sequence. Recent studies comparing ASL to PET 

involving human participants indicate that ASL can provide accurate CBF measurements with 

careful attention to common sources of error,136 including low signal-to-noise ratio and sensi-

tivity to transit times.140 Consequently, translation to clinical studies remains an active area of 

research as factors such as cerebrovascular disease and ageing can impact its accuracy.107 

A challenge with PET-only imaging is correcting for signal contamination from the 

CBV.92 Blood volume terms were incorporated into the fitting procedure for both tracers. Alt-

hough the average [15O]H2O 𝑉𝐴was larger than reported in human studies, it is in accordance 

with Olsen et al. who reported values from 9 to 18 mL/100 g in pigs, depending on partial 

pressures of carbon dioxide levels.226 The 𝑉0 values were smaller since they are scaled by OEF 
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and the venous fraction. WB [15O]O2 𝑉𝐴 estimates were very small for most animals, as ex-

pected, as it only becomes significant in highly vascularized regions.114 In one animal, 𝑉𝐴
𝑤 

reached a non-physiological value, which was likely a result of estimating 𝐴𝑤(𝑡) using a phys-

iologic model. 

Although this study demonstrated the advantages of PET/MRI for imaging CMRO2,
108 

this modality is not widely accessible and requires an onsite cyclotron for [15O]O2 production. 

A potential limitation with the current study was the indirect methods used to account for RW 

and CBV in the DBFM, rather than direct measurements; however, this approach has been 

previously validated.114 Lastly, Figure 3.4F indicates that the discrepancy between PMROx 

and DBFM increased as the difference between local and WB OEF values increased, which is 

attributed to neglecting RW by PMROx. It should be possible to reduce this error by incorpo-

rating a RW term in the model equation.68 

3.5 Conclusion 

This study presents the validation of a noninvasive hybrid PET/MR technique to image 

CMRO2 that requires a short inhalation of [15O]O2, followed by 5 min of PET and simultaneous 

MR imaging. Good agreement between CMRO2 values from PMROx and the DBFM was 

found, and the proposed method was shown to be sensitive to reduced cerebral metabolism 

induced by increasing the anaesthetic level. 
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Chapter 4 

4 Quantifying cerebral blood flow by a non-invasive PET/MR 
method of extracting the [15O]H2O image-derived input 
function free of partial volume errors 

Narciso L, Ssali T, Liu L, et al. Non-invasive quantification of cerebral blood flow using 

PET/MRI to extract the [15O]H2O image-derived input function free of partial volume errors. 

Submitted to the Journal of Magnetic Resonance Imaging on December 3, 2021. 

4.1 Introduction 

PET remains the gold standard for imaging cerebral hemodynamics and metabo-

lism.107,227 Regional measurements of CBF are obtained by collecting dynamic PET data after 

the administration of [15O]H2O (or [15O]CO2) and have proven essential in understanding the 

impact of cerebrovascular7 and neurodegenerative diseases15 on brain function. However, 

quantifying CBF requires measuring the AIF, an invasive procedure that often limits [15O]H2O 

PET to imaging relative CBF. Efforts to avoid arterial blood sampling have primarily focused 

on methods of obtaining an IDIF.74–77,80–85 In general, the accuracy of these methods requires 

careful correction of PVEs (i.e., correcting for spill-in and spill-out activity), which are typi-

cally performed by measuring the point-spread-function of the PET scanner75 and/or using 

calibration factors, such as obtained by acquiring a few blood samples.198 MRI angiography 

enables more robust vessel segmentation;80,83,85 however, these methods are sensitive to errors 

in the estimated correction factors and image registration. The latter can be reduced by using 

hybrid PET/MRI to collect anatomical MRIs for vessel segmentation in the same imaging ses-

sion as [15O]H2O PET.76,78,81,82 

An alternative to IDIF approaches is the double integration method (DIM) in which the 

TAC from a chosen reference region (e.g., whole-brain) is used to eliminate the need to meas-

ure the AIF.86 The limitation with this approach is the inability to produce reliable absolute 

CBF estimates because CBF in the reference region must be assumed.89 PET/MRI offers a 

solution to this limitation by incorporating an MRI measurement of WB CBF to calibrate 

[15O]H2O-PET dynamic data.88 This MRI-reference approach, termed PMRFlow (PET/MR 

imaging of CBF), can either calibrate PET data explicitly by incorporating the WB CBF meas-

urement into the single-tissue compartment tracer kinetic model,88 or by scaling [15O]H2O-PET 
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images by WB CBF after intensity normalization.90 A potential limitation is that neither of 

these approaches account for signal contributions from the CBV. It was originally predicted 

that neglecting blood-borne activity was reasonable for the typical range of regional CBF found 

in the healthy brain;88 however, this assumption may not be valid when there are greater ex-

tremes in CBF or CBV, such as caused by cerebrovascular disease. An additional limitation 

with the method described by Ishii et al. is the non-linear relationship between CBF and the 

integral counts, which results in diminished perfusion contrast.89 

In this study, we present PMRFlowIDIF, a modification to PMRFlow that accounts for 

CBV signal contributions by obtaining the IDIF from the WB [15O]H2O TAC. This approach 

is similar to the original PMRFlow proposed by Ssali et al. (herein referred to as PMRFlowDIM) 

in the sense that WB CBF measured by MRI is used to calibrate [15O]H2O-PET data. However, 

by extracting the IDIF, PMRFlowIDIF is not a reference-based approach since CBF images are 

generated by fitting the standard one-tissue compartment kinetic model to dynamic PET data. 

The advantage of PMRFlowIDIF compared to IDIF methods based on vessel segmentation is 

that it avoids errors related to partial volume corrections. Here the accuracy of PMRFlowIDIF 

was assessed in a large animal model by comparison to CBF measurements obtained using 

measured AIFs. Additionally, PMRFlowDIM and PMRFlowIDIF were used to generate CBF 

maps from dynamic [15O]H2O-PET data acquired from healthy humans. It was expected that 

the two methods would produce similar CBF maps in the healthy brain, except in highly vas-

cularized tissue regions. 

4.2 Theory 

4.2.1 PMRFlowIDIF 

Measurements of CBF by [15O]H2O-PET are based on the one-tissue compartment 

model, as defined by: 

 𝑑

𝑑𝑡
𝐶𝑏

𝑤(𝑡) = 𝑓 ⋅ 𝐶𝑎
𝑤(𝑡) −

𝑓

𝜆
𝐶𝑏

𝑤(𝑡) (4.1) 

where 𝐶𝑏
𝑤(𝑡) and 𝑓 are the local TAC and CBF, respectively, 𝐶𝑎(𝑡) is the AIF, and 𝜆 is the 

blood-brain partition coefficient of water. The solution to Eq. (4.1), including blood-borne ac-

tivity, is given by:  
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𝐶𝑏

𝑤(𝑡) = (1 − 𝑉𝐴)𝑓 ⋅ 𝐶𝑎
𝑤(𝑡) ∗ 𝑒−

𝑓
𝜆

𝑡 + 𝑉𝐴 ⋅ 𝐶𝑎
𝑤(𝑡) (4.2) 

where 𝑉𝐴 is the arterial component of the total blood volume (CBVa), and the symbol ∗ repre-

sents the convolution operator. This equation can be rearranged to determine 𝐶𝑎
𝑤(𝑡). First, the 

Laplace transform was applied and both sides multiplied by (𝑠 +
𝑓

𝜆
) (Eq. (4.3)). Next, the input 

function was isolated (Eq. (4.4)) and the inverse Laplace transform was applied to obtain the 

[15O]H2O IDIF (𝐶𝑎
𝐼𝐷𝐼𝐹(𝑡)) in terms of the WB TAC (𝐶𝑤𝑏

𝑤 (𝑡)), as shown in Eq. (4.5). 

 
𝐶𝑏

𝑤̅̅ ̅̅ (𝑠) (𝑠 +
𝑓

𝜆
) = (1 − 𝑉𝐴)𝑓𝑖 ⋅ 𝐶𝑎

𝑤̅̅ ̅̅ (𝑠) + 𝑉𝐴 𝐶𝑎
𝑤̅̅ ̅̅ (𝑠) (𝑠 +

𝑓

𝜆
) (4.3) 

 

𝐶𝑎
𝑤̅̅ ̅̅ (𝑠) =

1

𝑉𝐴

𝐶𝑏
𝑤̅̅ ̅̅ (𝑠) (𝑠 +

𝑓
𝑝

)

𝑠 + (
1
𝑉𝐴

+
1
𝜆

− 1) 𝑓
 

(4.4) 

 
𝐶𝑎

𝐼𝐷𝐼𝐹(𝑡) =
𝑓𝑤𝑏

𝑉𝐴𝑤𝑏

(
1

𝑓𝑤𝑏

𝑑

𝑑𝑡
𝐶𝑤𝑏

𝑤 (𝑡) +
1

𝜆
𝐶𝑤𝑏

𝑤 (𝑡)) ∗ 𝑒−𝑎𝑤𝑏𝑡 
(4.5) 

where 𝑎𝑤𝑏 = 𝑓𝑤𝑏(𝑉𝐴𝑤𝑏

−1 + 𝜆−1 − 1). 

A similar version of Eq. (4.5) was presented by Kudomi et al., but CBVa contributions 

were not considered and their approach for extracting the IDIF required minimizing a cost 

function involving multiple tissue TACs to estimate 𝑓𝑤𝑏 and 𝑎𝑤𝑏.79 Hybrid PET/MR offers a 

simpler alternative since 𝑓𝑤𝑏  can be measured noninvasively by either phase-contrast (PC) 

MRI127,153 or ASL,116 while simultaneously collecting [15O]H2O-PET data. Without directly 

measuring 𝑉𝐴𝑤𝑏
, it can be approximated by the Grubb relationship.228  

4.2.2 PMRFlowDIM 

The simplified PMRFlowDIM approach proposed by Ssali et al. is described by Eq. (4.6), 

which can be obtained by considering WB as the reference region, recognizing that 𝐶𝑎
𝑤(𝑡) is 

the same for all brain regions, and finally performing a double integration of Eq. (4.1):  
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𝑓𝑖 = 𝑓𝑤𝑏 [
∫ 𝐶𝑖

𝑤(𝑡)𝑑𝑡
𝑇

0

∫ 𝐶𝑤𝑏
𝑤 (𝑡)𝑑𝑡

𝑇

0
+

𝑓𝑤𝑏

𝜆
(∫ ∫ 𝐶𝑤𝑏

𝑤 (𝑢)𝑑𝑢
𝑡

0
𝑑𝑡

𝑇

0
− ∫ ∫ 𝐶𝑖

𝑤(𝑢)𝑑𝑢
𝑡

0
𝑑𝑡

𝑇

0
)

] (4.6) 

The derivation of PMRFlowDIM including the CBVa component is given by Eq. (4.7), 

which was obtained following the same procedure except using Eq. (4.2). 

𝑓𝑖 = 𝑓𝑤𝑏 ⋅ 𝑹𝑽𝑨
[

∫ 𝐶𝑖
𝑤(𝑡)𝑑𝑡

𝑇

0
− 𝑽𝑨𝒊

∫ 𝑪𝒂
𝒘(𝒕)𝒅𝒕

𝑻

𝟎

∫ 𝐶𝑤𝑏
𝑤 (𝑡)𝑑𝑡

𝑇

0
+

𝑓𝑤𝑏
𝜆

(∫ ∫ 𝐶𝑤𝑏
𝑤 (𝑢)𝑑𝑢

𝑡

0
𝑑𝑡

𝑇

0
− 𝑹𝑽𝑨

∫ ∫ 𝐶𝑖
𝑤(𝑢)𝑑𝑢

𝑡

0
𝑑𝑡

𝑇

0
) − 𝑽𝒘𝒃

] (4.7) 

where 𝑉𝑤𝑏 = 𝑉𝐴𝑤𝑏
∫ 𝐶𝑎

𝑤(𝑡)𝑑𝑡
𝑇

0
+

𝑓𝑤𝑏

𝜆
(𝑉𝐴𝑤𝑏

− 𝑉𝐴𝑖
⋅ 𝑅𝑉𝐴

) ∫ ∫ 𝐶𝑎(𝑢)𝑑𝑢
𝑡

0
𝑑𝑡

𝑇

0
, and 𝑅𝑉𝐴

 is the ra-

tio (1 − 𝑉𝐴𝑤𝑏
)/(1 − 𝑉𝐴𝑖

) . The bold quantities represent CBV-related terms, which demon-

strate that correcting for CBVa contributions require measuring 𝐶𝑎
𝑤(𝑡). 

4.3 Materials and Methods 

4.3.1 Simulations 

To assess the magnitude of error in local CBF (𝑓𝑖) caused by incorrectly measuring 𝑓𝑤𝑏 

by MRI, a series of 𝐶𝑎
𝐼𝐷𝐼𝐹(𝑡) curves were generated from Eq. (4.5) by varying the input 𝑓𝑤𝑏 

value by ± 25% from its true value of 50 mL/100 g/min. Each 𝐶𝑎
𝐼𝐷𝐼𝐹 was subsequently included 

in a fitting routine with the tissue TAC generated with the true 𝐶𝑎
𝑤(𝑡) that was defined by Eq. 

(4.8).65 

 

𝐶𝑎
𝑤(𝑡) = 𝑡 ∑ 𝑎𝑖 𝑒

−
𝑡

𝑏𝑖

2

𝑖=1

 (4.8) 

where 𝑎1 = 100, 𝑎2 = 1.2, 𝑏1 = 0.3 and 𝑏2 = 3. The corresponding tissue TACs were gen-

erated using the one-tissue compartment model (Eq. (4.2)) for a range of local CBF values 

( 𝑓𝑖  = 20 to 100 mL/100 g/min), while WB and local CBVa were fixed (i.e., 

𝑉𝐴𝑤𝑏
 = 𝑉𝐴𝑖

 = 2.0 mL/100 g). For all TACs, 𝜆 = 90 mL/100 g.67 Similarly, the sensitivity of the 

method to errors in 𝑉𝐴𝑤𝑏
 was investigated by generating 𝐶𝑎

𝐼𝐷𝐼𝐹(𝑡) curves using 𝑉𝐴𝑤𝑏
 values 
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ranging from ± 25% from the true value of 2.0 mL/100 g. For both sets of simulations, the 

derived 𝑓𝑖 and 𝑉𝐴𝑖
 estimates were compared to the corresponding true input values. 

To investigate potential truncation errors caused by numerically solving the derivative 

term in Eq. (4.5), 𝐶𝑎
𝐼𝐷𝐼𝐹(𝑡) curves were generated by increasing the temporal resolution from 

1 s to 1 ms, and the resulting CBF estimates were compared to the input values. This analysis 

indicated that the optimal temporal resolution required to minimize truncation errors was 1 ms, 

which was implemented in the subsequent analysis of the animal and human data. Note, the 

derived IDIFs were subsequently interpolated to a temporal resolution of 1 s in the analysis of 

dynamic [15O]H2O-PET data to reduce computational time. 

To evaluate the sensitivity of PMRFlowDIM to local CBVa, simulations were performed 

by generating TACs from Eq. (4.2) for local CBF ranging from 20 to 100 mL/100 g/min and 

local CBVa ranging from 1 to 5 mL/100 g (𝑓𝑤𝑏 = 50 mL/100 g/min and 𝑉𝐴𝑤𝑏
 = 2.0 mL/100 g). 

Estimates of 𝑓𝑖 were obtained with Eq. (4.6) and compared to the input values. 

4.3.2 Animal experiments 

The accuracy of PMRFlowIDIF was assessed using retrospective data collected at Law-

son Health Research Institute from animal experiments performed on a 3 T Siemens Biograph 

mMR system (Siemens Healthineers, Erlangen, Germany) using a 12-channel PET-compatible 

receiver head coil (Siemens GmbH). All experiments were conducted according to the regula-

tions of the Canadian Council of Animal Care and approved by the Animal Care Committee at 

Western University and are described in detail elsewhere.88,229 Briefly, animals were anesthe-

tized with 1-3% isoflurane and 6-25 mL/kg/h infusion of propofol. Study 1 consisted of data 

from eight animals, and CBF was measured under two of three possible PaCO2 levels in each 

experiment (i.e., hyper-, normo- and hypocapnia; see Ssali et al. for additional details).88 Study 

2 consisted of nine animals, and CBF was only measured at normocapnia (see section 3).229 

Retrospective data from twelve animals were combined from the two studies, and only CBF 

measured under normocapnia was considered. 

4.3.2.1 PET/MR Imaging and Postprocessing 

The PET protocol involved injecting approximately 500 MBq of [15O]H2O, followed 

by 5 min list-mode data acquisition. Arterial blood was continuously withdrawn from a femoral 
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artery and the activity measured at a temporal resolution of 1 s using an MR-compatible sam-

pling system (Swisstrace GmbH). Blood withdraw started 15 s prior to [15O]H2O administra-

tion and lasted 5 min. A 15-cm long tubing (1.27 mm inner diameter) connected the femoral 

artery to the detector, and blood was withdrawn at a rate of 5 mL/min. At the end of the exper-

iment, the animal was euthanized and transported to a CT scanner to obtain a post-mortem CT-

based attenuation correction map. 

Each measured AIF,  𝑔(𝑡), was corrected for internal dispersion and delay by first fit-

ting the WB TAC, 𝐶𝑤𝑏(𝑡), by Eq. (4.9) to obtain the dispersion (𝜏) and delay (∆𝑡) con-

stants.70,73 The corrected AIF, 𝐶𝑎(𝑡), which was used in the subsequent analyses, was obtained 

from Eq. (4.10). 

 𝐶𝑤𝑏
𝑤 (𝑡) = 𝐴 𝜏 𝑔(𝑡 + ∆𝑡) + (1 − 𝐵 𝜏 ) 𝐴 𝑔(𝑡 + ∆𝑡) ∗ 𝑒−𝐵𝑡 (4.9) 

 
𝐶𝑎

𝑤(𝑡) = 𝜏
𝑑

𝑑𝑡
𝑔(𝑡 + ∆𝑡) + 𝑔(𝑡 + ∆𝑡) 

(4.10) 

where 𝐴 and 𝐵 are arbitrary variables. 

Using the Siemens e7-tools suite, dynamic PET images were reconstructed into time 

frames using a 3D-ordinary Poisson-OSEM method with 4 iterations and 21 subsets (matrix 

size, 344×344×127 voxels; FoV, 359×359×258 mm; voxel size, 1×1×2 mm; zoom factor, 2). 

Raw PET data were corrected for decay, random incidences, dead-time, detector normalization, 

data rebinning, and scatter. Finally, reconstructed PET images were spatially smoothed by a 4-

mm Gaussian filter.  

MR acquisition began by acquiring T1-weighted images (magnetization-prepared rapid 

gradient-echo sequence, MPRAGE; repetition/echo/inversion times [TR/TE/TI], 

2,000/2.98/900 ms; flip angle [FA], 9º; FoV, 256×256 mm2; 176 slices; isotropic voxel size, 

1 mm3), followed by time-of-flight images to identify the feeding arteries for PC imaging 

(TR/TE, 22/3.75 ms; FA, 18º; FoV, 200×181 mm2; 102 slices; voxel size, 0.3×0.3×1.5 mm3; 

40 mm saturation band). During PET acquisition, PC MRI data were acquired to measure total 

CBF through the internal carotid and basilar arteries. For study 1, gated PC images were ac-

quired (TR/TE, 34.4/2.87 ms; matrix, 320×320; voxel size, 0.625×0.625×5 mm; velocity 
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encoding, 80 cm/s).121 For study 2, a non-gated PC MRI sequence was implemented 

(TR/TE/TE, 35/7.025/2.5 ms; FA, 25º; FoV, 208×208 mm2; voxel size, 1.6×1.6×5.0 mm3; 

velocity encoding, 60 cm/s).153,154 PC data were converted into WB CBF measurements using 

in-house MATLAB (MathWorks) scripts. 

To derive an IDIF from Eq. (4.5), a semi-automatic procedure was used to define a VOI 

encompassing the brain in each anatomical slice. The final WB VOI, which was the composite 

of all the slices, was transferred to the dynamic [15O]H2O-PET images to extract the WB TAC.  

4.3.2.2 Regional measurements 

For the animal experiments, MPRAGE images were used to define VOIs for the cere-

bellum (4.6 ± 1.1 cm3), diencephalon (4.1 ± 1.0 cm3), and the frontal (4.3 ± 1.0 cm3), occipital 

(9.4 ± 2.3 cm3), parietal (7.6 ± 2.4 cm3), and temporal (6.0 ± 0.7 cm3) lobes. These VOIs were 

transferred to the corresponding CBF images to extract regional CBF estimates. All images 

were registered to the anatomical image of a single animal to generate group-wise maps using 

SPM12 (https://www.fil.ion.ucl.ac.uk/spm/). Relative CBF (rCBF) was calculated by normal-

izing the absolute CBF maps by their respective voxel-wise mean. This was performed to com-

pare regional CBF measurements from PMRFlowIDIF and PET-only without the added varia-

bility caused by potential differences in WB CBF from PC-MRI and PET. 

4.3.3 Human experiments 

This study was approved by the Western University Health Sciences Research Ethics 

Board and was conducted in accordance with the Declaration of Helsinki ethical standards. 

Participants provided written informed consent in compliance with the Tri-Council Policy 

Statement of Ethical Conduct for Research Involving Humans. Neurologically healthy partic-

ipants were recruited through advertisements or the volunteer pool at the Cognitive Neurology 

and Aging Brain Clinic at Parkwood Hospital (St Joseph’s Health Care London). Raw data 

were collected at Lawson Health Research Institute as part of a broader clinical study.  

Scanning was performed on a 3T Siemens Biograph mMR scanner using a 12-channel 

head coil. Participants abstained from caffeine 8 hours prior to their scanning session. Each 

session began with acquiring MPRAGE images (TR/TE, 2000/2.98 ms; voxel size, isotropic 

1 mm3; FoV, 256×256 mm; 176 slices) and time-of-flight images to identify the feeding 

https://www.fil.ion.ucl.ac.uk/spm/
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arteries for PC imaging (TR/TE, 22/3.75 ms; FA, 18º; FoV, 200×181 mm2; 120 slices; voxel 

size, 0.3×0.3×1.5 mm3; 40 mm saturation band). The PET protocol consisted of five minutes 

of list-mode data acquired immediately after a bolus injection of approximately 700 MBq of 

[15O]H2O through the antecubital vein. During the PET acquisition, non-gated PC-MRI data 

were acquired by positioning the imaging plane perpendicular to the main magnetic field and 

encompassing the internal carotid and vertebral arteries (TR/TE/TE, 35/7.025/2.5 ms; FA, 

25º; FoV, 208×208 mm2; voxel size, 1.6×1.6×5.0 mm3; velocity encoding, 70 cm/s).153,154  

4.3.3.1 PET/MR Imaging and Postprocessing 

PET data were reconstructed into 37 time frames (20×3 s, 6×5 s, 6×10 s, 5×30 s) using 

the iterative algorithm 3D-oridinary Poisson-OSEM (3 iterations, 21 subsets, 3D gaussian filter 

of 4 mm, and a zoom factor of 2) with corrections for decay, random incidences, dead-time, 

detector normalization, data rebinning, attenuation, and scatter. Images were reconstructed into 

a 172×172×127 matrix with voxel size of 2.09×2.09×2.03 mm. MR-based attenuation correc-

tion was performed with a vendor-provided two-point Dixon sequence (TR/TE1/TE2, 

4.14/1.28/2.51 ms; FoV, 240×126×132 mm3; voxel size, 2.09×2.09×2.02 mm3). 

As with the animal experiments, PC images were converted into global CBF measure-

ments using in-house MATLAB scripts.153 Briefly, regions-of-interest were semi-automati-

cally drawn in the internal carotid and vertebral arteries on the magnitude image and transferred 

to the phase image. Phase results were converted into velocity121 and then flow by assuming a 

density of brain tissue of 1.05 g/mL. Anatomical MPRAGE images were segmented into six 

tissue classes using SPM12, followed by the creation of a WB mask by combining GM and 

WM tissue probability maps (80% threshold; cerebrospinal fluid voxels excluded). These 

masks were used to obtain WB TACs, which were subsequently used in Eq. (4.5) to obtain the 

IDIFs. 

4.3.3.2 Regional measurements 

Anatomical MPRAGE images were normalized to the MNI (Montreal Neurological 

Institute) space using SPM12 and the same deformation field was applied to the dynamic PET 

data, as well as the resulting CBF and CBVa images. Average TACs were extracted from GM 

and WM, and eight VOIs (frontal, occipital and temporal lobes, insula, hippocampus, 
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precuneus, dorsal striatum, and cerebellum) using the automated anatomical labeling atlas 

(Wake Forest University Pickatlas, http://fmri.wfubmc.edu/cms/software). Masks generated 

for the frontal, occipital and temporal lobes, as well as the cerebellum, were eroded with a disk-

shaped structuring element (2-voxels radius) to extract mainly the central part of the VOIs 

while avoiding PVE at the boundaries. For PMRFlowIDIF, Eq. (4.2) was first fit to the high 

signal-to-noise TACs from individual VOIs to obtain CBF and CBVa measurements, as de-

scribed in the subsequent section. Next, voxel-wise maps were generated by fitting Eq. (4.2) 

to each voxel TAC. Additionally, VOI and voxel-wise PMRFlowDIM estimates of CBF were 

computed using Eq. (4.6) with an integration time of 5 min (the same estimate of WB CBF 

from PC-MRI was used for both PMRFlow methods). 

4.3.4 CBF estimates 

CBF and CBVa maps from both the animal and human experiments were generated 

using the MATLAB nonlinear optimization routine fmincon incorporating a weighted non-

linear least squares (WNLLS) approach. The relative weight for each time frame was computed 

as the ratio between the frame length and the WB activity concentration. For each voxel or 

VOI, the fitting parameters were 𝑓𝑖 and 𝑉𝐴𝑖
. The fitting was performed twice for the animal 

experiments, once using the measured AIF, 𝐶𝑎
𝑤(𝑡), (i.e., PET alone) and once using the IDIF 

obtained from Eq. (4.5), 𝐶𝑎
𝐼𝐷𝐼𝐹(𝑡), (i.e., PMRFlowIDIF). Only the latter was used to analyze the 

human data since arterial blood samples were not acquired. CBVa (𝑉𝐴𝑤𝑏
) used to obtain 

𝐶𝑎
𝐼𝐷𝐼𝐹(𝑡) from Eq. (4.5) was estimated by 𝑉𝐴𝑤𝑏

=
1

2
0.80(𝑓𝑤𝑏)0.38,44 where the factor of ½ was 

included considering the arterial component represents approximately half of the total CBV.209 

As the definition of the IDIF provided by Eq. (4.5) includes the derivative of the WB TAC, it 

was necessary to interpolate each WB TAC to a temporal resolution of 1 ms to avoid discreti-

zation errors (see simulation results).  

4.3.5 Statistics 

In the validation study, correlation analysis between CBF measurements obtained with 

PMRFlowIDIF and PET was performed for each animal separately to address the inter-subject 

variability. Furthermore, correlation between PMRFlowIDIF and PMRFlowDIM regional CBF 

estimates from the human data was assessed for each VOI from which Pearson correlation 

coefficients (𝜌) were obtained. Paired t-tests were performed to evaluate differences between 

http://fmri.wfubmc.edu/cms/software


69 

 

techniques. Potential biases were assessed using a one-sample t-test. The intraclass correlation 

coefficient (ICC) was used to assess reliability (two-way mixed-effects, single measurement, 

absolute agreement), and agreement was considered excellent, good, or moderate based on an 

ICC above 0.90, between 0.75 and 0.89, or between 0.50 and 0.74, respectively. Statistical 

significance was defined by 𝛼 = 0.05. Measurements are expressed in terms of mean ± one 

standard deviation. All datasets were found to be normally distributed, which was tested by a 

combination of Kolmogorov-Smirnov tests, histograms, and normal Q-Q plots. Statistical tests 

were performed using SPSS Statistics (v. 26, International Business Machines Corporation, 

https://www.ibm.com/analytics/spss-statistics-software). 

4.4 Results 

4.4.1 Error analysis 

Simulations showed that errors in the input WB CBF (𝑓𝑤𝑏) parameter led to equivalent 

errors in local CBF (𝑓𝑖) obtained with PMRFlowIDIF across the range of CBF values investi-

gated (i.e., 10% error in 𝑓𝑤𝑏 yielded a 10% error in 𝑓𝑖; Figure 4.1A), while errors in 𝑓𝑤𝑏 had 

far less effect on local CBVa (𝑉𝐴𝑖
) (Figure 4.1B). Similarly, errors in WB CBVa (𝑉𝐴𝑤𝑏

) had 

negligible impact on 𝑓𝑖 (< 0.1% across the CBVa range; Figure 4.1C) but a one-to-one effect 

on 𝑉𝐴𝑖
. Truncation errors related to numerically solving the derivative term in Eq. (4.5) can be 

reduced to less than 0.3% for local CBF (Figure 4.1D) and 5% for local CBVa (Figure 4.1E) 

by interpolating the WB TAC to a bin size of 1 ms prior to obtaining the IDIF. Lastly, the 

predicted error in local CBF estimates obtained with PMRFlowDIM (Eq. (4.6)) over a range of 

CBF and CBVa values is shown in Figure 4.1F. 

https://www.ibm.com/analytics/spss-statistics-software
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Figure 4.1. Simulation results. Predicted error in (A) local CBF (𝑓𝑖) and (B) local CBVa (𝑉𝐴𝑖

) from 

PMRFlowIDIF as a function of the error in WB CBF (𝑓𝑤𝑏) used to determine the IDIF from Eq. (4.5). 

(C) Predicted error in local CBF from PMRFlowIDIF as a function of the error in WB CBV (𝑉𝐴𝑤𝑏) used 

to determine the IDIF from Eq. (4.5). Legends for (A) and (C) are shown in (B). Predicted error in (D) 

local CBF and (E) local CBVa as a function of the temporal resolution used to determine the IDIF from 

Eq. (4.5). (F) Predicted error in local CBF obtained from PMRFlowDIM (Eq. (4.6)) over a range of local 

CBF and CBVa values. The horizontal and vertical lines represent the chosen 𝑓𝑤𝑏 and 𝑉𝐴𝑤𝑏
 values, re-

spectively. A prediction of no error is represented by the dashed line. 

4.4.2 Validation study 

Data were acquired in 12 juvenile Duroc pigs (19.6 ± 2.4 kg, 10 females, age-range 8-

10 weeks). The mean dispersion constant for the measured AIFs was 9.5 ± 2.6 s. Figure 4.2A-

B presents a comparison between the dispersion-corrected AIFs (Figure 4.2A) and the IDIFs 

(Figure 4.2B). The average ratio of the area under the curve (AUC) across conditions between 

the dispersion-corrected and the measured AIFs was 1.02 ± 0.01. Likewise, average AUC ratio 

between the IDIFs and the AIFs was 1.13 ± 0.08. Average voxel-wise CBF estimates from 

PMRFlowIDIF and PET were 58.0 ± 16.9 and 63.0 ± 18.9 mL/100 g/min, respectively (ns.). 

Mean voxel-wise CBVa estimates from PMRFlowIDIF and PET were 1.91 ± 1.46 and 

0.76 ± 0.54 mL/100 g, respectively (p < 0.05). 
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Figure 4.2. Comparison between AIFs and IDIFs and validation results. (A) Dispersion-corrected AIFs 

and respective (B) IDIFs obtained with Eq. (4.5) (n = 12). Average curves are represented by the solid 

lines (with their respective ± one standard deviation represented as dashed lines.) The insert in each 

figure presents corresponding data from one representative animal. Regional (C) CBF and (D) rCBF 

estimates (n = 12) obtained from PMRFlowIDIF plotted as a function of the corresponding PET meas-

urements. Regression analysis between the two techniques was performed for each animal separately. 

Average regression slopes for CBF and rCBF were 1.04 ± 0.23 and 1.11 ± 0.14, respectively (solid 

black line with respective intercepts of −6.2 ± 7.7 mL/100 g/min and −0.11 ± 0.13). Each colored line 

in (C) represents a regression performed on an individual animal. The dashed line is the identity line. 

Regional absolute and relative CBF estimates from PMRFlowIDIF and PET are summa-

rized in Table 4.1. Relative estimates are provided to show the agreement in regional CBF 

measurements from the two methods after removing differences in WB CBF estimates from 

PC MRI and PET. Regression results comparing regional CBF values from the two techniques 

for individual animals are shown in Figure 4.2C. The average regression slope was 1.04 ± 0.23 

(intercept = −6.2 ± 7.7 mL/100 g/min, R2 = 0.996 ± 0.005, 𝜌 = 0.998 ± 0.003, p < 0.01). Av-

erage regression slope for the rCBF estimates was 1.11 ± 0.14 (intercept = −0.11 ± 0.13; Fig-

ure 4.2D). Good-to-excellent reliability was observed across VOIs, with mean ICC of 
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0.86 ± 0.07 and 0.94 ± 0.06 for CBF and rCBF measurements, respectively. Small differences 

between PMRFlowIDIF and PET estimates of CBF and rCBF were observed for all VOIs, with 

mean CBF and rCBF differences of −4.4 mL/100 g/min and 1.12%, respectively. Finally, Fig-

ure 4.3 shows group-wise CBF and CBVa images from PET and PMRFlowIDIF. 

Table 4.1. Summary results from validation study. Summary results of local CBF (in mL/100 g/min) 

and rCBF estimated by PET and PMRFlowIDIF at normocapnia (n = 12). The ICC for each region and 

the differences between the respective measurements are also provided. 

VOI 
CBF (mL/100 g/min) 

ICC 
CBF Difference 

(mL/100 g/min) PET  PMRFlowIDIF 

Cerebellum 72.7 ± 16.5 68.6 ± 17.0 0.75 −4.1 ± 11.7 

Diencephalon 72.2 ± 31.8 68.3 ± 31.0 0.92 −3.9 ± 10.6 

Frontal Lobe 56.4 ± 20.2 51.4 ± 18.3 a 0.81 −4.9 ± 6.2 b 

Occipital Lobe 63.3 ± 14.8 58.8 ± 13.5 0.86 −4.5 ± 7.9 

Temporal Lobe 58.6 ± 17.9 53.3 ± 15.2 a 0.90 −5.3 ± 7.4 b 

Parietal Lobe 67.7 ± 20.5 63.9 ± 19.4 0.94 −3.8 ± 8.6 

VOI rCBF ICC rCBF Difference (%) 

Cerebellum 1.18 ± 0.15 1.21 ± 0.19 0.94 2.37 ± 3.88 

Diencephalon 1.11 ± 0.25 1.14 ± 0.27 a 0.98 2.05 ± 2.49 b 

Frontal Lobe 0.89 ± 0.08 0.88 ± 0.10 0.99 −0.74 ± 2.69 

Occipital Lobe 1.02 ± 0.09 1.03 ± 0.08 a 0.98 0.86 ± 1.16 b 

Temporal Lobe 0.93 ± 0.07 0.92 ± 0.08 0.85 −0.83 ± 1.71 

Parietal Lobe 1.07 ± 0.05 1.10 ± 0.06 a 0.90 −2.22 ± 1.94 b 
a Statistically different than the respective PET measurement (p < 0.05). 
b Statistically different than zero (p < 0.05). 

 

 
Figure 4.3. Group-wise CBF and CBVa images from validation study. Group-wise CBF and CBVa 

images obtained from PET using the measured AIF and from PMRFlowIDIF (n = 12). All images were 

registered to the anatomical images from one animal. For anatomical reference, the bottom row shows 

the MPRAGE images from one animal. 
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4.4.3 Assessment with human data 

Complete data sets were acquired from 13 individuals (64 ± 10 years, 80 ± 20 kg, 

8M/5F; average injected activity, 730 ± 60 MBq [range 620-790 MBq]; average injected ac-

tivity per body weight, 9.4 ± 2.4 MBq/kg [range 5.6-14.1 MBq/kg]). Average WB CBF from 

PC MRI was 41.3 ± 5.7 mL/100 g/min. Figure 4.4A shows the average IDIF obtained with Eq. 

(4.5). Summary of regional CBF and CBVa estimates from the VOI-based analysis is provided 

in Table 4.2 for PMRFlowIDIF and PMRFlowDIM.  

Table 4.2. Summary results from assessment with human data. Summary of VOI-based CBF and CBVa 

estimates from PMRFlowIDIF and PMRFlowDIM. 

VOI 
CBF (mL/100 g/min) CBVa (mL/100 g) 

PMRFlowDIM PMRFlowIDIF PMRFlowIDIF 

GM 45.1 ± 6.6 a 44.6 ± 6.4 1.22 ± 0.06 

WM 36.2 ± 5.1 a 36.0 ± 5.0 1.15 ± 0.10 

Insula 58.0 ± 9.3 a 51.6 ± 7.0 3.25 ± 0.48 

Hippocampus 48.1 ± 9.8 a 44.9 ± 8.0 2.10 ± 0.52 

Precuneus 45.2 ± 7.2 45.3 ± 7.0 0.59 ± 0.16 

Dorsal Striatum 45.4 ± 9.0 a 44.2 ± 8.0 1.32 ± 0.25 

Frontal Lobe 45.0 ± 6.2 44.6 ± 5.8 1.14 ± 0.21 

Occipital Lobe 44.0 ± 9.0 a 44.9 ± 9.2 0.59 ± 0.27 

Temporal Lobe 44.3 ± 6.6 a 43.5 ± 6.2 1.34 ± 0.16 

Cerebellum 61.4 ± 13.2 a 55.4 ± 9.4 0.02 ± 0.06 
a Statistically different than the respective PMRFlowIDIF measurement (p < 0.05). 

Average voxel-wise CBVa estimate across the whole brain was 1.28 ± 0.07 mL/100 g. 

Figure 4.4B-D presents the comparison of local CBF measurements from PMRFlowDIM to 

PMRFlowIDIF. Average regression line between PMRFlowDIM and PMRFlowIDIF CBF esti-

mates had a slope of 1.15 ± 0.15 and an intercept of −5.16 ± 5.28 mL/100 g/min 

(R2 = 0.99 ± 0.01;  𝜌  = 0.995 ± 0.005, p < 0.01; Figure 4.4B). Excellent reliability was ob-

served for all VOIs (ICC = 0.93 ± 0.10) except the insula (ICC = 0.73). Figure 4.4C shows the 

corresponding Bland-Altman plots. Small differences between PMRFlowDIM and PMR-

FlowIDIF estimates of CBF were observed for all VOIs, with a mean CBF difference of 

2.1 mL/100 g/min (non-significant for the precuneus and frontal lobe, p < 0.01 otherwise; Fig-

ure 4.4C). Lastly, Figure 4.4D presents differences in CBF estimates plotted as a function of 

mean regional CBVa determined by PMRFlowIDIF. Group-wise images from the two methods 

are presented in Figure 4.5, alongside with anatomical images and the VOIs included in the 

analysis. 
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Figure 4.4. Results from the assessment with human data. (A) Average [15O]H2O IDIF from human 

data (solid line). The dashed lines represent ± one standard deviation. One individual [15O]H2O IDIF is 

presented in the insert for visual reference. (B) Regional CBF estimates (n = 13) comparing PMR-

FlowDIM to PMRFlowIDIF (average regression (solid line) had a slope of 1.15 ± 0.15 and an intercept of 

−5.16 ± 5.28 mL/100 g/min, R2 = 0.99 ± 0.01; dotted lines represent the 95% confidence interval) 

Dashed line is the identity line. Correlation and regression results from (B) are shown on the bottom. 

Corresponding Bland-Altman plot is presented in (C), where the mean is represented by the solid line. 

The dashed lines represent the limits of agreement (±2 standard deviations), each with its own 95% 

confidence intervals (dotted lines). Mean CBF difference across VOIs was 2.14 mL/100 g/min (signif-

icance was observed for all VOIs except for the precuneus and frontal lobe, p < 0.01). (D) Difference 

between PMRFlowDIM and PMRFlowIDIF CBF measurements plotted as a function of arterial CBV. For 

each subject, regional CBVa values were normalized to WB CBVa and scaled to 2.0 mL/100 g (solid 

vertical line). Results from the cerebellum were removed due to the unrealistically low CBVa estimates 

obtained with PMRFlowIDIF. Dashed line represents average regression line ( 𝑦 = −3.9𝑥 + 16.5 ; 

R2 = 0.85 ± 0.15; regression was performed per individual). 
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Figure 4.5. Group-wise CBF and CBVa images from human data. Group-wise CBF and CBVa images 

(n = 13) obtained with PMRFlowIDIF (second and third rows), alongside with CBF images from PMR-

FlowDIM (first row). All images were normalized to the MNI space. Anatomical images and VOIs are 

presented for visual reference. 

 

4.5 Discussion 

The gold standard for imaging CBF in humans is [15O]H2O PET; however, the need to 

sample arterial blood is not only invasive, but technically complex due to the challenges of 

collecting serial blood samples reliably. The pursuit of a non-invasive alternative led to the 

development of PMRFlowDIM, which takes advantage of hybrid PET/MRI by using WB CBF 

estimates from MRI to calibrate [15O]H2O-PET data.88 This fast, reliable, and simple technique 

has been validated88 and implemented to evaluate hypoperfusion in dementia patients.230 A 

potential limitation with PMRFlowDIM is that it neglects blood-borne activity, which can cause 

errors in CBF due to regional variations in arterial CBV, particularly in highly vascularized 

regions (Figure 4.1F). As demonstrated by Eq. (4.7), correcting for CBVa signal contributions 

requires knowing 𝐶𝑎
𝑤(𝑡). Thus, this study investigated an alternative PET/MR method, PMR-

FlowIDIF, that uses WB CBF from PC MRI to extract the IDIF, which is subsequently incorpo-

rated into a standard WNLLS fitting approach to map CBF and CBVa. 

Simulations demonstrated that there is a one-to-one relationship between errors in re-

gional CBF obtained by PMRFlowIDIF and WB CBF estimates from PC MRI, in agreement 

with the original PMRFlowDIM method.88 This relationship explains the deviations in the re-

gression results plotted in Figure 4.2C. While the goodness of fit across brain regions for each 
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animal individually was extremely high, as indicated by the R2 values, the deviation observed 

between animals reflects discrepancies in WB CBF estimates from PC MRI and PET. This was 

confirmed by comparing regional rCBF estimates from PMRFlowIDIF and PET (Figure 4.2D). 

These findings highlight the need to ensure the accuracy and precision of the MRI technique 

chosen to provide the reference CBF estimate. In this study, we selected PC MRI given its 

ability to generate highly reproducible estimates of WB CBF with short scan durations.122,123 

Unlike our previous validation studies using a porcine model,88,229 other studies reported that 

PC MRI overestimated global CBF in comparison to [15O]H2O PET.76,126,129 It is known that 

[15O]H2O PET can underestimate CBF due to the limited diffusion of water across the blood-

brain barrier,231 which could explain this overestimation. Alternatively, the accuracy of PC 

MRI can be degraded by partial volume errors from insufficient spatial resolution, phase ali-

asing, variations in flow during the cardiac cycle, and inappropriate positioning of the imaging 

plane.127,128 It should be noted that the average WB CBF from the human experiments obtained 

with PC MRI (41.3 ± 5.7 mL/100 g/min) is within the expected range.111 

The mean ratio of the AUC between the IDIF and dispersion-corrected AIF in the val-

idation study was 1.15 ± 0.24. Since AUC and CBF are inversely proportional,83 this results 

indicates that CBF estimates from PMRFlowIDIF should be slightly underestimated compared 

to values obtained using the AIF. This prediction is evident in Table 4.1, in which the PMR-

FlowIDIF values of CBF were consistently lower than the corresponding values from PET, alt-

hough significance was only observed for the frontal and temporal lobes. The difference is 

AUC is likely due to errors in the masks used to obtain the WB TACs, which were generated 

semi-automatically. Given the relatively small size of the pig brain, the masks typically in-

cluded small regions outside of the brain as well as cerebrospinal fluid. This should be less of 

an issue in human studies considering multiple packages are available for brain extraction and 

segmentation have been extensively validated.  

The CBF estimates from PMRFlowIDIF in the porcine study were in good agreement 

with the corresponding PET-only estimates (Table 4.1) and similar to previous studies.88,226,229 

In contrast, the CBVa estimates from PMRFlowIDIF were significantly different from the PET 

values. This discrepancy indicates that setting WB CBV based on the Grubb relationship was 

likely not accurate. Another consideration is truncation errors caused by determining the IDIF 

from Eq. (4.5), which includes a derivative term. In the current study, resampling the TAC in 
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milliseconds was sufficient to minimize errors in regional CBF estimates (Figure 4.1D), but 

corresponding CBVa values were underestimated by roughly 5% (Figure 4.1E).  

The IDIFs obtained with PMRFlowIDIF from the human study (Figure 4.4A) showed 

good quality, with similar shapes and noise levels expected for typical IDIFs and AIFs for 

[15O]H2O.76 Furthermore, the CBF estimates from both PMRFlow techniques (Table 4.2) are 

within the expected range111 across the selected brain regions. Good visual agreement between 

CBF maps from the two techniques was also observed (Figure 4.5), except in the cerebellum 

and deep GM structures. This disagreement is most likely a consequence of PMRFlowDIM not 

accounting for blood-borne activity contribution, as indicated in Figure 4.4D. This figure indi-

cates that flow discrepancies between the two methods were greater in brain regions that had 

larger local-to-WB CBVa differences (i.e., the insula and hippocampus). This source of error 

with PMRFlowDIM will likely be greater for pathologies such as cerebrovascular disease that 

are characterized by larger variations in regional CBVa. The CBVa maps generated by PMR-

FlowIDIF (Figure 4.5) exhibited the expected pattern based on the distribution of cerebral arter-

ies, and the values were is agreement with previous studies,209,232 except in the cerebellum. 

However, the absolute CBVa values should be interpreted with caution, as discussed above, 

and it is important to note that errors in CBVa had negligible effect on regional CBF estimates 

(< 0.1%; Figure 4.1C). 

The majority of approaches for extracting the IDIF rely on vessel segmentation to isolate 

the time-varying activity in the feeding vessels. By providing simultaneous image acquisition, 

PET/MRI helps minimize misalignment errors between the MR angiogram used for vessel 

segmentation and the dynamic PET images.78 Recently, strong correlation between CBF esti-

mates generated using the AIF and the corresponding IDIF was reported.76 However, this ap-

proach still requires correcting for PVEs; specifically, the loss of activity from the artery due 

to the inherently poor spatial resolution of PET and spill-in activity from surrounding tissues. 

Regarding the latter, careful positioning of the arterial region of interest is typically performed 

to avoid regions with high activity such as the jugular veins. Given the balancing between these 

sources of error, Zanotti-Fregonara et al. recommended scaling the IDIF by blood samples to 

improve reliability;198 however, this can be challenging with [15O]H2O.76 By using WB CBF 

measured by MRI as a scaler, PMRFlowIDIF offers an alternative approach for extracting the 

IDIF that avoids these sources of error. It is similar to the approach proposed by Kudomi et al., 
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except it requires only a single TAC to obtain the IDIF, whereas their PET method requires 

approximately 500 TACs to estimate the common IDIF.79 

4.6 Conclusion 

This study presented a robust, non-invasive, PVE-free hybrid PET/MR technique for 

obtaining IDIF of [15O]H2O. The approach was validated against PET-only measurements of 

CBF in a porcine model in which the AIF was directly measured. A comparison of absolute 

and relative CBF estimates indicated that the primary source of error was discrepancies be-

tween WB CBF measured by PC MRI and PET, in agreement with simulations. PMRFlowIDIF 

along with the original reference-based PET/MR technique PMRFlowDIM were applied to 

[15O]H2O data from healthy volunteers. The two methods produced similar CBF maps with the 

greatest differences found in regions in which CBVa contributions deviated from the WB 

value—again in agreement with model predictions. Future work is needed to confirm the PMR-

FlowIDIF accuracy in cases that likely have significant regional vascular alterations, such as 

resulting from cerebrovascular diseases. 
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Chapter 5 

5 Conclusions and future work 

5.1 Summary of findings 

This thesis explored the feasibility of using hybrid PET/MRI to non-invasively measure 

parameters of cerebral metabolism. First, PET/MR imaging of oxidative metabolism (PMROx), 

in which MRI estimates of WB CMRO2 are used as reference for analyzing [15O]O2-PET data, 

was evaluated and validated in an animal model. Then, an alternative to the previously pro-

posed PET/MR technique to image local CBF was presented, in which WB CBF from MRI 

was used to calibrate the [15O]H2O IDIF (PMRFlowIDIF) extracted from the WB TAC⎯chosen 

due to its high signal-to-noise ratio. In this final chapter, the major findings are summarized, 

together with the relevance of findings and the exploration of possible future work. 

5.1.1 A non-invasive reference-based method for imaging the cerebral 
metabolic rate of oxygen by PET/MR: theory and error analysis 

Driven by the need to avoid invasive arterial sampling while maintaining the ability to 

quantify CMRO2 with PET, a reference-based approach was developed to take advantage of 

hybrid PET/MR scanners. Chapter 2 contains a comprehensive theoretical description of 

PMROx, alongside the evaluation of its sensitivity to errors in the input parameters and to 

statistical noise. Lastly, an initial assessment of the approach was conducted using human PET-

only data. It is important to note that while this assessment cannot address potential issues with 

the MR techniques, it provided the opportunity to evaluate the influences of RW and CBV in 

local estimates of the OEF and CMRO2.  

The derivation of the residual functions allows for a detailed understanding of the ref-

erence-based technique, with the aim of evaluating conditions in which it might fail. The pre-

dicted error associated with neglecting RW and CBV was less than ± 10% for most scenarios; 

however, these contributions are predicted to be significant when the local OEF differs by more 

than ± 25% of the respective WB OEF. For instance, the technique may not be suitable for 

ischemic stroke, as compensatory increases in OEF as large as 50% have been observed.217 

However, the reference-based technique is less sensitive to noisy data, which is known to neg-

atively affect voxel-wise fitting routines, indicating that a higher precision can be achieved 
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with PMROx compared to PET methods. Other advantages include its simplicity and potential 

ability to detect changes in CMRO2 due to activation. Lastly, when the method was applied to 

[15O]H2O and [15O]O2 PET data from healthy individuals, PMROx resulted in robust OEF and 

CMRO2 estimates as demonstrated by the strong agreement between techniques (R2 > 0.98 for 

all regional measurements). 

5.1.2 A non-invasive method for quantifying cerebral metabolic rate of 
oxygen by hybrid PET/MRI: validation in a porcine model 

Chapter 3 presents validation of PMROx in an animal model against a PET-only tech-

nique referred to as DBFM,114 in which arterial sampling was performed to measure the AIF. 

Good agreement between techniques was observed when PMROx used [15O]H2O to map CBF 

(average Pearson correlation coefficient, 𝜌, = 0.95 for OEF and 0.67 for CMRO2) and when 

ASL was used to map CBF (𝜌 = 0.87 for OEF and 𝜌 = 0.53 for CMRO2 ), reducing the PET 

procedure to [15O]O2 inhalation only. PMROx was also shown to be sensitive to anesthetic-

induced changes in metabolism (36% reduction in CMRO2). These experiments highlighted 

the complexity of the PET-only approach. In particular, measuring the AIF was not possible 

in three experiments due to issues with the sampling line and population-based AIFs were used 

instead. The alternative would have been to discard the dataset or repeat the experiment. In 

contrast, simpler and non-invasive PMROx technique worked in all experiments. 

5.1.3 Quantifying cerebral blood flow by a non-invasive PET/MR 
method of extracting the [15O]H2O image-derived input function 
free of partial volume errors 

Chapter 4 presented a PMRFlow method, referred to as PMRFlowIDIF, in which the 

[15O]H2O IDIF was derived from WB TAC that was calibrated by MRI measurements of WB 

CBF. This approach avoids partial volumes errors that are the primary limitation with conven-

tional methods that attempt to extract the IDIF from carotid arteries. Simulations demonstrated 

that truncation errors originated by numerically solving the derivative in the IDIF equation can 

be minimized by resampling the WB TAC to a temporal resolution of 1 ms. In addition, the 

main source of error was inaccuracies in the WB CBF measurements from MRI. Good agree-

ment was found compared to PET-only CBF images, both visually and quantitatively (average 

intraclass correlation coefficient of 0.86 and 0.94 for absolute and relative CBF, respectively). 

The original double integration PMRFlow method (PMRFlowDIM) and PMRFlowIDIF were 
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applied to [15O]H2O data from healthy volunteers and produced similar CBF maps (𝜌 = 0.995 

and R2 = 0.99). Regional CBF differences were found to be proportional to local-to-WB arte-

rial CBV deviations as predicted by the simulations. Considering these differences were typi-

cally less than 10%, the original PMRFlow approach could be implemented in most cases given 

the technique is fast and does not require fitting. Alternatively, PMRFlowIDIF could be imple-

mented in cases that likely have significant regional vascular alterations, such as resulting from 

cerebrovascular diseases; however, further studies are needed to confirm these predictions. 

5.2 Relevance of findings 

Hybrid PET/MR systems allow for complimentary anatomical and functional infor-

mation from MRI to be acquired during PET imaging. The most obvious advantage is that it 

avoids alignment errors in image registration since PET and MR images are acquired in the 

imaging session. PET/MRI also enables functional MR imaging methods to be acquired sim-

ultaneously to the PET data, which ensures that imaging data are acquired under the same 

physiologic condition. In chapters 2 and 3, I exploited this unique ability by proposing a refer-

ence-based approach that utilizes complimentary WB CMRO2 MRI measurements acquired 

simultaneously to [15O]O2-PET acquisition. This allows PMROx to provide fast local OEF and 

CMRO2 measurements (approx. 5 minutes) by replacing [15O]H2O-PET acquisition with ASL, 

which is, again, acquired simultaneously to the [15O]O2-PET data. Not only PMROx is less 

complex than the gold standard, but it does not require arterial sampling, making it a promising 

non-invasive technique that could be easily implemented in studies aiming at evaluating cere-

bral metabolism. 

Given the need for an on-site cyclotron and a hybrid PET/MR scanner, it is unlikely 

that PMROx and PMRFlow will be implemented in clinical practice; however, both techniques 

show a variety of promising applications in research. For instance, these hybrid techniques can 

be used to better understand the role of cerebral hemodynamics and metabolism in pathologies, 

which, in turn, could help lead to better treatment options. Another obvious application would 

be to validate alternative non-invasive MRI methods that would have considerably clinical 

impact given the ubiquity of MRI.107,230 Furthermore, as suggested by the strong agreement to 

the gold standard in Chapter 2, and confirmed by the validation experiments in Chapter 3, the 

precision of PMROx also allows for longitudinal studies, as well as measuring absolute 
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changes in CMRO2 with functional activation. This ability makes PMROx a powerful tech-

nique to validate blood-oxygen level-depended MRI-based approaches aimed at tracking func-

tional activation, as well as using baseline CMRO2 from PMROx as a starting point to reduce 

the experiment complexity. The combination of PMROx and functional MRI for tracking ab-

solute changes in CMRO2 during neuronal activation is discussed in section 5.3.2. 

The evaluation of PMROx in Chapters 2 and 3 helped identify the main sources of error, 

namely neglecting metabolically generated [15O]H2O and blood-borne activity. Thus, I have 

started to modify PMROx for future applications involving clinical populations (e.g., cerebro-

vascular disease) in which these errors may be more significant (section 5.3.1). This approach 

is similar to the work presented in Chapter 4 showing how PMRFlow could be modified to 

account for blood-borne signal contributions. 

5.3 Future work 

The work contained in this thesis provides the basis for a range of further investigations, 

as described in the next sections. 

5.3.1 PMROxIDIF 

Although the PMROx technique described in chapters 2 and 3 provided reliable esti-

mates of OEF and CMRO2 in the healthy brain, our error analysis indicates that errors associ-

ated with CBV and RW could be greater when the local-to-WB OEF difference exceeds 25%. 

Large regional differences in OEF and CBV could arise under certain pathologies such as cer-

ebrovascular diseases. Such situations may require an alternative modelling approach to im-

prove the accuracy of PMROx. Analogous to PMRFlowIDIF (Chapter 4), I have previously 

proposed a PMROx method (PMROxIDIF) that uses MRI estimates of WB CBF and OEF to 

scale the IDIF derived from WB [15O]O2-TAC.199 For this approach, the IDIF for [15O]O2 

(𝐴𝑜
𝐼𝐷𝐼𝐹(𝑡), Eq. (5.1)) is obtained from the one-tissue compartment model applied to WB PET 

data, 𝐶𝑤𝑏
𝑜 (𝑡). 

 
𝐴𝑜

𝐼𝐷𝐼𝐹(𝑡) =
1

𝑟1 − 𝑟2

𝑓𝑤𝑏

𝑉0𝑤𝑏

[(
1

𝑓𝑤𝑏

𝑑𝐶𝑤𝑏
𝑜 (𝑡)

𝑑𝑡
+

1

𝜆
𝐶𝑤𝑏

𝑜 (𝑡)) ∗ (𝑟1 ∙ 𝑒𝑟1𝑡 − 𝑟2 ∙ 𝑒𝑟2𝑡)] (5.1) 
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𝑟1,2 = −
𝑓𝑤𝑏

2𝑉0𝑤𝑏

𝑏𝑤𝑏 ± √(
𝑓𝑤𝑏

2𝑉0𝑤𝑏

𝑏𝑤𝑏)

2

−
𝑓𝑤𝑏

𝑉0𝑤𝑏

𝑘 (5.2) 

where 𝑏𝑤𝑏 = (1 − 𝑉𝐵𝑤𝑏
) 𝐸𝑤𝑏 − 𝑘Δ𝑡 + 𝑉0𝑤𝑏

/𝜆  and 𝑉0𝑤𝑏
= 𝑅𝐻𝑐𝑡(1 − 𝐸𝑤𝑏𝐹𝑣) 𝑉𝐵𝑤𝑏

; 𝑓𝑤𝑏 , 

𝐸𝑤𝑏 and 𝑉𝐵𝑤𝑏
 are the WB CBF, OEF, and CBV, respectively. 𝑅𝐻𝑐𝑡 is the small-to-large hem-

atocrit ratio (𝑅𝐻𝑐𝑡 = 0.85)94 and 𝐹𝑣 the venous-to-total blood volume ratio (𝐹𝑣 = 0.835).92 The 

RW component of the input function was assumed to follow a physiologic model described 

previously:96 𝐴𝑤
𝐼𝐷𝐼𝐹(𝑡) = 𝑘 ∫ 𝐴𝑜(𝑢 − Δ𝑡)𝑑𝑢

𝑡

0
, where 𝑘 is the RW generation rate and Δ𝑡 its ap-

pearance delay. The previous equations are similar to the ones derived by Kudomi et al.;95 

however, PMROxIDIF has less simplifications and one term was added to the Taylor series 

expansion to account for the RW parameters (𝑘Δ𝑡). 

Preliminary analysis was performed on retrospective data collected from an animal 

model (juvenile pigs, n = 8).229 Briefly, [15O]H2O and [15O]O2 PET data were acquired on a 

hybrid PET/MR scanner (3 T Siemens Biograph mMR), together with simultaneous MRI oxi-

metry (OxFlow). Animals were anesthetized with 3% isoflurane and a continuous infusion of 

propofol (6 mL/kg/h). RW was modeled by species-specific parameters.96,98 Measured AIFs 

were delay- and dispersion-corrected, and the dispersion constant for the [15O]O2 AIFs was 

estimated as 21.3 ± 6.0 s.73 Figure 5.1 shows a comparison between the dispersion-corrected 

AIFs and the IDIFs, for which the average AUC ratio was 1.04 ± 0.16 (calculated between the 

IDIFs and the measured AIFs). Preliminary results of WB CMRO2 estimates obtained with 

PET-only and PMROxIDIF were 1.87 ± 0.20 and 1.74 ± 0.27 mLO2/100g/min, respectively 

(ns.). Similarly, WB OEF measurements were 0.318 ± 0.119 (PET) and 0.316 ± 0.102 

(PMROxIDIF; ns.). Figure 5.2 presents a comparison between images generated by PET and 

PMROxIDIF. 
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Figure 5.1. [15O]O2 AIF and IDIF comparison. Average (solid line) dispersion-corrected AIF (left) and 

IDIF (right) for [15O]O2 (n = 8). The dashed lines represent ± one standard deviation 

 

 
Figure 5.2. Preliminary PMROxIDIF to PET-only comparison. Groupwise (n = 8) PET-only images ob-

tained with the measured AIF (left) and corresponding PMROxIDIF maps (right). 

 

The proposed PMROxIDIF approach offers a non-invasive alternative to measure 

CMRO2 by incorporating IDIFs obtained by hybrid PET/MRI. The approach is straightforward 

as it derives the IDIF directly from the high signal-to-noise ratio WB TAC calibrated by the 

OEF and CBF MRI estimates. Furthermore, it avoids partial volume errors typically encoun-

tered when deriving the IDIF from region-of-interest analysis of the feeding arteries. Although 

the preliminary results in animals are promising, further studies are required to fully validate 

this approach on a PET/MR scanner in healthy volunteers. Additionally, it would be interesting 

to investigate the feasibility of implementing both PMROx variations on patients with cere-

brovascular diseases. 
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5.3.2 Tracking absolute CMRO2 changes during neuronal activation 

BOLD signal is the basis of functional MRI, in which changes in deoxyhemoglobin 

concentration in the venous blood affect the transverse relaxation rate. This signal change is 

characterized by an intricate relationship between CBF, CMRO2, and the baseline state; con-

sequently, relative changes in CMRO2 are usually extracted from the fMRI signal by combin-

ing changes in CBF measured by ASL. During neuronal activation, CBF increases are typically 

2 to 3 times higher than the corresponding increase in CMRO2.
142,181 The relationship between 

the BOLD signal, CMRO2 and CBF is given by Eq. (5.3). 

 ΔBOLD

BOLD0
= 𝑀 [1 − (

CMRO2

CMRO2|0
)

𝛽

(
CBF

CBF0
)

𝛼−𝛽

] (5.3) 

where the calibration constant 𝑀 represents the maximum possible BOLD signal increase, 𝛼 

is the constant relating CBV to CBF (i.e., the Grubb relationship), and 𝛽 is a field-dependent 

constant that relates deoxyhemoglobin changes to the BOLD signal. The original Grubb rela-

tionship (𝛼 = 0.38)100 was obtained for total CBV; however, as the increase in CBF during 

neuronal activation produces an increase in venous CBV, a lower value is usually implemented 

(e.g., 𝛼 = 0.18).233 However, it is not possible to untangle all the physiological parameters 

involved in the BOLD signal,234 and the assumption needed for the CBF-CBV coupling have 

been shown to vary between subjects and brain regions,235 and may not be valid for patholog-

ical conditions or altered physiological states.180  

PET/MRI offers the opportunity to better understand the physiological processes and 

neurovascular coupling mechanisms that characterize the BOLD signal by using baseline 

CMRO2 as reference. Given PMROx is a fast technique (approx. 5 min), CMRO2 can also be 

achieved during neuronal activation. These features would also allow for the validation of cal-

ibrated fMRI techniques,178,179,182–186 as well as to verify key assumptions involved in the 

BOLD signal. By rearranging Eq. (5.3) and measuring baseline metabolism with PMROx 

(CMRO2|0), task-induced absolute changes in CMRO2 can be tracked during neuronal activa-

tion as: 
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CMRO2 = CMRO2|0 [(
CBF

CBF0
)

𝛽−𝛼

(1 −
1

𝑀
⋅

ΔBOLD

BOLD0
)]

𝛽−1

 (5.4) 

where the calibration constant can be obtained with a hypercapnia gas challenge in a calibrated 

BOLD experiment.177 

5.3.3 Non-invasive quantification of aerobic glycolysis 

Despite sufficient oxygen availability to fully metabolize glucose and generate energy, 

there is additional cerebral glycolysis that is independent of oxygen (i.e., does not undergo 

phosphorylation).35 If the entirety of energy production is oxidative, the cerebral oxygen-to-

glucose consumption ratio is approximately six; thus, non-oxidative glucose metabolism can 

be estimated by the total-to-oxidative glycolysis difference, defined as aerobic glycolysis (AG, 

in 𝜇𝑚𝑜𝑙/100 𝑔/𝑚𝑖𝑛; Eq. (5.5)).236 AG is a hallmark of cancers, often referred to as the War-

burg effect,237 yet it is present in the healthy brain during rest and increases during neuronal 

activation.35,223 In addition, evidence suggests that AG plays an important role in brain devel-

opment and plasticity.238 Lastly, studies have reported a non-uniform cerebral distribution of 

AG and oxygen-to-glucose index (OGI; Eq. (5.6)).35,239 

 
𝐴𝐺 = 𝐶𝑀𝑅𝐺𝑙𝑐 −

𝐶𝑀𝑅𝑂2

6
 (5.5) 

 
𝑂𝐺𝐼 =

𝐶𝑀𝑅𝑂2

𝐶𝑀𝑅𝐺𝑙𝑐
 (5.6) 

The gold standard for imaging AG is a lengthy and complex PET method that requires 

multiple tracers (i.e., [15O]H2O for CBF, [15O]O2 for OEF and [15O]CO for CBV, for imaging 

CMRO2, and [18F]FDG, for CMRGlc) and invasive arterial sampling for each tracer. By using 

hybrid PET/MR, CMRO2 could be easily obtained with PMROx. This would simplify the orig-

inal procedure by removing the need for invasive arterial sampling, [15O]CO PET imaging for 

measuring CBV, and possibly [15O]H2O PET for mapping CBF as well. Moreover, we recently 

proposed a simultaneous estimation approach to obtain the IDIF from dynamic [18F]FDG-PET 

data using later time points from the SSS for scaling (Figure 5.3).240 With the IDIF defined, 

CMRGlc can be determined by Patlak graphical method,241 or by employing a variational 
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Bayesian method242 (Figure 5.4).240 Thus, AG and OGI can be estimated in a single imaging 

session by acquiring PET/MR data after a single inhalation of [15O]O2 followed by a dynamic 

[18F]FDG PET acquisition. These measurements could help elucidate the role of AG in the 

resting brain, as well as its effect in synaptic plasticity, normal aging, functional activation, 

and the development of neuro-pathologies.35,37 

 
Figure 5.3. A representative IDIF extracted with the simultaneous estimation method. The insert shows 

the first 2 minutes to better visualize the peak. 

 

 
Figure 5.4. CMRGlc maps obtained with the variational Bayesian approach.240 Group-wise CMRGlc 

maps from healthy individuals (n = 10) were obtained using the IDIFs generated with the simultaneous 

estimation method. PET data were acquired in list-mode for 1 hour after the bolus injection of [18F]FDG. 

Images were normalized to the MNI space. 
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