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Abstract
Objectives Measurement of cerebral blood flow (CBF), cerebral blood volume (CBV), cerebral oxygen extraction fraction 
(OEF) and cerebral metabolic rate of oxygen  (CMRO2) by PET with oxygen-15 labeled gases is useful for diagnosis and 
treatment planning in cases of chronic occlusive cerebrovascular disease. In the present study, CBF, CBV, OEF and  CMRO2 
were measured using the integrated design of PET/MRI scanner system. This is a first attempt to measure cerebral perfusion 
and oxygen metabolism using PET/MRI with oxygen-15 labeled gases.
Methods PET/MRI measurements with the steady-state method of oxygen-15 labeled gases, carbon monoxide  (C15O), 
oxygen (15O2), and carbon dioxide  (C15O2) were performed on nine healthy men. Two kinds of attenuation correction for 
PET were performed using MRI with Dixon sequence (DIXON) and Dixon sequence with model-based bone segmenta-
tion (DIXONbone). A real-time motion correction of PET images was also performed using simultaneously measured MR 
images to detect head motion.
Results Mean and SD values of CBF, CBV, OEF, and  CMRO2 in the cerebral cortices with attenuation correction by DIXON 
were 31 ± 4 mL/100 mL/min, 2.7 ± 0.2 mL/mL, 0.40 ± 0.07, and 2.5 ± 0.3 mL/100 mL/min without real-time motion cor-
rection, and 33 ± 4 mL/100 mL/min, 2.7 ± 0.2 mL/mL, 0.40 ± 0.07, and 2.6 ± 0.3 mL/100 mL/min with real-time motion 
correction, respectively. Values with of CBF, CBV, OEF, and  CMRO2 with attenuation correction by DIXONbone were 
35 ± 5 mL/100 mL/min, 2.8 ± 0.2 mL/mL, 0.40 ± 0.07, and 2.8 ± 0.3 mL/100 mL/min without real-time motion correction, 
and 38 ± 5 mL/100 mL/min, 2.8 ± 0.2 mL/mL, 0.40 ± 0.07, and 3.0 ± 0.4 mL/100 mL/min with real-time motion correction, 
respectively.
Conclusions Using PET/MRI with oxygen-15 labeled gases, CBF, CBV, OEF, and  CMRO2 could be measured. Values of 
CBF, CBV, and  CMRO2 measured with attenuation correction by DIXON were significantly lower than those measured 
with correction by DIXONbone. One of the reasons for this is that attenuation correction of DIXON does not take into 
consideration of the photon absorption by bone. OEF values, corresponding to ratios of  CMRO2 to CBF, were not affected 
by attenuation correction methods. Values of CBF and  CMRO2 with a real-time motion correction were significantly higher 
than those without correction. Using PET/MRI with adequate corrections, similar values of CBF, CBV, OEF, and  CMRO2 
as PET alone scanner system reported previously were obtained.
Trail registration The UMIN clinical trial number: UMIN000033382.
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Introduction

Measurement of cerebral blood flow (CBF), cerebral 
blood volume (CBV), cerebral oxygen extraction fraction 
(OEF), and cerebral metabolic rate of oxygen  (CMRO2) by 
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positron emission tomography (PET) with 15O-labeled car-
bon dioxide  (C15O2), 15O-labeled carbon monoxide  (C15O), 
or 15O-labeled oxygen (15O2) is widely used for investiga-
tion into the pathophysiology of several brain diseases, espe-
cially occlusive cerebrovascular disease [1–7]. Decreased 
cerebral perfusion pressure due to major cerebral arterial 
occlusive disease causes cerebral autoregulatory vasodilata-
tion for maintenance of CBF (stage I hemodynamic change). 
Decreased cerebral perfusion pressure below the lower limit 
of cerebral autoregulation causes a decrease in CBF with 
an increase in OEF, for maintenance of  CMRO2 (stage II 
hemodynamic change). For the assessment of stage I hemo-
dynamic compromise, measurements of CBF at rest and dur-
ing acetazolamide stress by PET or single photon emission 
tomography (SPECT) are widely performed [8, 9]. Stage 
II hemodynamic compromise, however, can be assessed by 
measuring OEF, which can be done only by PET [10].

The integrated design of the positron emission tomogra-
phy/magnetic resonance imaging (PET/MRI) scanner sys-
tem allows simultaneous data acquisition for PET and MRI 
[11], and therefore, it must have potential for clinical and 
research settings of neurological and psychiatric diseases 
including cerebrovascular diseases [12, 13]. Such PET/MRI 
scanner system can be applied for correction of partial vol-
ume effects, motion correction, and determination of image-
derived input function of brain PET [12].

In the present study, CBF, CBV, OEF and  CMRO2 were 
measured using the integrated design of the PET/MRI scan-
ner system and 15O-labeled gases with two kinds of attenu-
ation corrections for PET by MRI. A real-time head motion 
correction of PET images using MR images simultaneously 
measured with PET was also applied. Values of CBF, CBV, 
OEF, and  CMRO2 with two kinds of attenuation correction 
for PET with and without a real-time motion correction 
were compared. This is a first attempt to measure cerebral 
perfusion and oxygen metabolism using PET/MRI with 
15O-labeled gases.

Materials and methods

Subjects

Nine healthy men (20–27 years old) were recruited. No sub-
ject had notable organic lesions in the brain according to 
MRI. The subjects were free of somatic, neurological and 
psychiatric disorders on the basis of their medical history. 
They were free from medications having central nervous 
action. The study was approved by the Institutional Review 
Board of the Fukushima Medical University, Fukushima, 
Japan. Written informed consent was obtained from all 
subjects.

PET/MRI experimental procedure

All PET studies were performed with a Siemens mMR 
PET/MRI scanner, which provides 127 sections with an 
axial field of view of 25.8 cm [14]. The intrinsic spatial 
resolution was 4.3 mm in-plane and 4.3 mm full-width at 
half maximum (FWHM) axially. Data were acquired in 
three-dimensional mode. Scatter was corrected [15]. PET 
measurements with the steady-state method of 15O-labeled 
gases,  C15O, 15O2, and  C15O2 were performed on all sub-
jects [16, 17]. Static PET scanning was started 3 min after 
1 min of continuous inhalation of  C15O gas (a total of 
approximately 3 GBq supplied by mouth). Scanning time 
was 4 min. Then, static PET scanning was performed 
during inhalation of 15O2 gas after equilibrium had been 
reached and confirmed by the head radioactivity curve (a 
total of approximately 8.4 GBq supplied by mouth). Scan-
ning time was 10 min, and the time from the beginning of 
inhalation to the beginning of scanning was 10 min. Static 
PET scanning was performed during inhalation of  C15O2 
gas using the same protocol as with 15O2 gas (a total of 
approximately 2.8 GBq supplied by mouth). During each 
PET scanning, arterial blood sampling was performed to 
measure the radioactivity concentration in the blood and 
plasma. Arterial blood gases were also measured. For the 
arterial blood sampling, non-magnetic medical devices, 
such as a plastic needle and plastic syringe were used. 
Total oxygen content in arterial blood was estimated from 
 PaO2, pH and hemoglobin concentration (Hb) [17].

All MRI studies were performed with a Siemens mMR 
PET/MRI scanner, equipped with a 3.0-T MR scanner, dur-
ing and between PET scanning. Dixon sequence (DIXON) 
(3D-VIBE (volumetric interpolated breath-hold exami-
nation), TR: 3.56 ms, TE: 1.23 ms and 2.46 ms; field of 
view: 500  mm, slice thickness: 3.12  mm, resolution: 
2.6 × 2.6 × 3.1 mm, 1 slab: 128 slices) and Dixon sequence 
with model-based bone segmentation (DIXONbone) were 
performed for attenuation correction of PET [18, 19]. The 
MR images with gradient echo-type echo planar imaging 
(2D GR-EPI) sequence (TR: 1000 ms, TE: 30 ms, flip angle 
75°; field of view: 240 mm, acquisition matrix size: 64 × 64, 
slice thickness: 3.0 mm, slice gap: 1.5 mm, 15 slices) to 
detect head motion were simultaneously measured with PET 
scanning for a real-time motion correction of PET images 
[20, 21]. Three-dimensional volumetric T1-weighted images 
(T1WI) and T2-weighted images (T2WI), diffusion-tensor 
images, arterial spin labelling images, and MR angiography 
were also acquired. In the present study, T1WI (three-dimen-
sional MPRAGE magnetization prepared rapid acquisition 
with gradient echo sequence, TR: 1800 ms, TE: 1.98 ms, 
flip angle 9°; field of view: 250 mm, acquisition matrix size: 
256 × 256, slice thickness: 1.0 mm) were used for analyses.
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Image reconstruction of PET was carried out by the 
ordered-subset expectation maximization (OSEM) algo-
rithm (iterations: 3, subsets: 21) with postreconstruction 
Gaussion filter of 5 mm FWHM. Two attenuation correc-
tions for PET using DIXON and DIXONbone were applied. 
A real-time motion correction of PET images was also 
applied using simultaneously measured MR images with 
GR-EPI sequence.

Calculation of parametric images

Using reconstructed PET images, the radioactivity concen-
tration in arterial blood and plasma, and arterial blood gases 
data, the parametric images of CBF, CBV, OEF and  CMRO2 
were calculated [16]. The parametric images were calculated 
for attenuation correction by DIXON and DIXONbone with 
and without real-time motion correction.

Data analysis

Regions of interest (ROIs) were drawn on all PET images, 
referring to T1WI. Circular ROIs (10 mm in diameter) were 
defined for the cerebellar cortex, pons, thalamus, putamen, 
centrum semiovale, and four neocortical regions represent-
ing the base side of the frontal cortex, lateral side of the 
temporal cortex, inferior parietal lobule cortex, and cuneus 
of the occipital cortex. The average of values of four neocor-
tical regions were calculated as the cerebral cortices.

Results

Figure 1 shows typical images of attenuation coefficient by 
DIXON and DIXONbone. In the image of attenuation coef-
ficient by DIXONbone, the skull was depicted.

Table 1 gives mean and SD values of CBF, CBV, OEF, 
and  CMRO2 with attenuation correction by DIXON and 
DIXONbone with and without real-time motion correction. 
Values of CBF and  CMRO2 measured with attenuation 
correction by DIXON were significantly lower than those 
measured with attenuation correction by DIXONbone in all 
brain regions for no real-time motion correction. Values of 
CBV measured with attenuation correction by DIXON were 
also significantly lower than those measured with attenua-
tion correction by DIXONbone in all brain regions without 
the cerebellum and frontal cortex. The OEF values were not 
affected by attenuation correction methods.

Values of CBF and  CMRO2 with real-time motion cor-
rection were slightly but significantly higher than those 
without real-time motion correction in all brain regions for 
both DIXON and DIXONbone. No changes in CBV or OEF 
were observed between with and without real-time motion 
correction.

The coefficients of variation of CBF, CBV, OEF, and 
 CMRO2 in the cerebral cortices were 13%, 9%, 17%, and 
12%, and 13%, 9%, 17%, and 12% for attenuation correction 
by DIXON with and without real-time motion correction, 
respectively. The coefficients of variation of CBF, CBV, OEF, 
and  CMRO2 in the cerebral cortices were 14%, 9%, 17%, and 
12%, and 14%, 8%, 17%, and 13% for attenuation correction 
by DIXONbone with and without real-time motion correction, 
respectively.

Figure  2 shows the relations of CBF, CBV, OEF and 
 CMRO2 in the cerebral cortices of each subject between val-
ues with attenuation correction by DIXON without real-time 
motion correction and values with attenuation correction by 
DIXON with real-time motion correction, or values with atten-
uation correction by DIXONbone with or without real-time 
motion correction. Significant correlations were observed in 
all relations.

Typical PET images of CBF, CBV, OEF, and  CMRO2 with 
attenuation correction by DIXON and DIXONbone with and 
without real-time motion correction are shown in Fig. 3.

Discussion

Using the PET/MRI scanner system with the steady-state 
method of 15O-labeled gases, CBF, CBV, OEF, and  CMRO2 
could be measured. Because of the PET measurement in the 

Fig. 1  Typical images of attenuation coefficient using the Dixon 
sequence (DIXON) and Dixon sequence with model-based bone seg-
mentation (DIXONbone). T1WI for the same slices of attenuation 
images are also shown
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Table 1  Values of cerebral 
blood flow (CBF), cerebral 
blood volume (CBV), cerebral 
oxygen extraction fraction 
(OEF) and cerebral metabolic 
rate of oxygen  (CMRO2)

Values are shown as mean ± SD
Units are mL/100 mL/min, mL/100 mL, and mL/100 mL/min for CBF, CBV, and  CMRO2, respectively
Significant differences between DIXON and DIXONbone without motion correction: *P < 0.001, †P < 0.01, 
‡P < 0.05
Significant differences between DIXON with and without motion correction: §P < 0.001, ||P < 0.01, 
¶P < 0.05
Significant differences between DIXONbone with and without motion correction: **P < 0.001, ††P < 0.01

Region CBF CBV OEF CMRO2

DIXON without motion correction
 Cerebellum 34.7 ± 3.4* 2.4 ± 0.4 0.37 ± 0.07 2.6 ± 0.4*

 Pons 28.9 ± 6.1* 3.0 ± 0.6† 0.30 ± 0.08 1.7 ± 0.4*

 Thalamus 41.3 ± 4.6* 2.6 ± 0.4* 0.35 ± 0.05 2.9 ± 0.4*

 Putamen 39.7 ± 6.8* 1.9 ± 0.1* 0.42 ± 0.08 3.3 ± 0.4*

 Frontal cortex 31.3 ± 4.9* 2.2 ± 0.2 0.39 ± 0.07 2.5 ± 0.3*

 Temporal cortex 29.0 ± 3.9* 3.0 ± 0.7* 0.38 ± 0.08‡ 2.2 ± 0.4*

 Parietal cortex 32.3 ± 4.2* 2.8 ± 0.6† 0.40 ± 0.06‡ 2.6 ± 0.4*

 Occipital cortex 31.1 ± 5.3* 2.8 ± 0.3† 0.41 ± 0.07 2.5 ± 0.3*

 Centrum semiovale 13.7 ± 1.7* 1.3 ± 0.3‡ 0.38 ± 0.08 1.1 ± 0.3*

 Cerebral cortices 30.9 ± 4.0* 2.7 ± 0.2* 0.40 ± 0.07‡ 2.5 ± 0.3*

DIXON with motion correction
 Cerebellum 37.4 ± 3.8§ 2.4 ± 0.4 0.37 ± 0.07 2.8 ± 0.4§

 Pons 30.4 ± 6.6|| 3.0 ± 0.6 0.30 ± 0.08 1.8 ± 0.5||

 Thalamus 44.2 ± 5.1§ 2.6 ± 0.4 0.35 ± 0.05 3.2 ± 0.5§

 Putamen 42.7 ± 7.4§ 1.9 ± 0.2 0.42 ± 0.07 3.5 ± 0.5§

 Frontal cortex 33.0 ± 5.0§ 2.2 ± 0.2 0.40 ± 0.07 2.6 ± 0.4§

 Temporal cortex 31.0 ± 4.5§ 3.0 ± 0.7 0.38 ± 0.08 2.4 ± 0.4§

 Parietal cortex 34.3 ± 4.8§ 2.8 ± 0.5 0.40 ± 0.06¶ 2.8 ± 0.4§

 Occipital cortex 33.1 ± 5.6§ 2.8 ± 0.3 0.41 ± 0.07 2.7 ± 0.3§

 Centrum semiovale 14.3 ± 2.0|| 1.3 ± 0.3 0.38 ± 0.09 1.1 ± 0.3||

 Cerebral cortices 32.9 ± 4.2§ 2.7 ± 0.2 0.40 ± 0.07 2.6 ± 0.3§

DIXONbone without motion correction
 Cerebellum 41.2 ± 4.5** 2.4 ± 0.4 0.37 ± 0.07 3.1 ± 0.5**

 Pons 32.8 ± 6.9†† 3.1 ± 0.7 0.29 ± 0.07 1.9 ± 0.4††

 Thalamus 45.5 ± 5.3** 2.7 ± 0.5 0.35 ± 0.05 3.2 ± 0.5**

 Putamen 44.4 ± 8.4** 1.9 ± 0.1 0.42 ± 0.08 3.7 ± 0.5**

 Frontal cortex 37.0 ± 6.2** 2.3 ± 0.2 0.40 ± 0.07 2.9 ± 0.4**

 Temporal cortex 32.6 ± 4.9** 3.0 ± 0.7 0.39 ± 0.08 2.5 ± 0.5**

 Parietal cortex 36.6 ± 5.1** 2.9 ± 0.6 0.40 ± 0.06 2.9 ± 0.4**

 Occipital cortex 35.0 ± 6.4** 2.9 ± 0.3 0.41 ± 0.07 2.9 ± 0.3**

 Centrum semiovale 14.4 ± 1.8†† 1.3 ± 0.3 0.39 ± 0.09 1.1 ± 0.3††

 Cerebral cortices 35.3 ± 4.9** 2.8 ± 0.2 0.40 ± 0.07 2.8 ± 0.3**

DIXONbone with motion correction
 Cerebellum 44.9 ± 5.1 2.4 ± 0.4 0.37 ± 0.07 3.3 ± 0.5
 Pons 34.6 ± 7.5 3.0 ± 0.7 0.29 ± 0.07 2.0 ± 0.5
 Thalamus 49.0 ± 6.0 2.7 ± 0.5 0.35 ± 0.05 3.5 ± 0.5
 Putamen 48.1 ± 9.0 1.9 ± 0.2 0.42 ± 0.07 4.0 ± 0.5
 Frontal cortex 39.3 ± 6.3 2.2 ± 0.2 0.40 ± 0.07 3.1 ± 0.4
 Temporal cortex 35.0 ± 5.7 3.1 ± 0.7 0.39 ± 0.08 2.7 ± 0.5
 Parietal cortex 39.0 ± 5.8 2.8 ± 0.5 0.41 ± 0.06 3.2 ± 0.5
 Occipital cortex 37.5 ± 6.8 2.9 ± 0.3 0.41 ± 0.07 3.1 ± 0.4
 Centrum semiovale 15.1 ± 2.2 1.3 ± 0.3 0.39 ± 0.09 1.2 ± 0.3
 Cerebral cortices 37.7 ± 5.3 2.8 ± 0.2 0.40 ± 0.07 3.0 ± 0.4
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static magnetic field, non-magnetic medical devices were 
used for arterial blood sampling. Similar regional distribu-
tions of CBF, CBV, OEF, and  CMRO2 were obtained using 
a PET/MRI scanner as compared with those by PET alone 
scanner system reported previously [22].

The values of CBF, CBV, and  CMRO2 measured with 
attenuation correction by DIXON were significantly lower 
than those measured with correction by DIXONbone. One of 
the reasons for this is that attenuation correction of DIXON 
does not take into consideration of the photon absorption by 
bone [18, 23]. Since the values of CBF, CBV, and  CMRO2 
includes scale factors to radioactivity concentration in brain, 

these values might be affected by the attenuation correction 
methods. On the other hand, the values of OEF are relative 
values corresponding to ratios of  CMRO2 to CBF. Thus, 
OEF values were not affected by the attenuation correction 
methods.

The values of CBF and  CMRO2 with a real-time motion 
correction were slightly higher than those without cor-
rection. It has been reported that real-time motion cor-
rected images with the present method showed about 10% 
large FWHM as compared with static images in phantom 
studies [21]. However, improving tissue mixture between 
gray and white matter and cerebrospinal fluid caused by 
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Fig. 2  The relations of cerebral blood flow (CBF) (a), cerebral blood 
volume (CBV) (b), cerebral oxygen extraction fraction (OEF) (c) and 
cerebral metabolic rate of oxygen  (CMRO2) (d) in the cerebral cor-
tices of each subject between the values with attenuation correction 
by Dixon sequence (DIXON) without real-time motion correction and 

values with attenuation correction by DIXON with real-time motion 
correction, or values with attenuation correction by Dixon sequence 
with model-based bone segmentation (DIXONbone) with or without 
real-time motion correction. Significant correlations are observed in 
all relations
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Fig. 3  Typical PET images of 
cerebral blood flow (CBF), cer-
ebral blood volume (CBV), cer-
ebral oxygen extraction fraction 
(OEF) and cerebral metabolic 
rate of oxygen  (CMRO2). a 
Attenuation correction is per-
formed using Dixon sequence 
(DIXON). No real-time motion 
correction is performed. b 
Attenuation correction is 
performed using DIXON. A 
real-time motion correction 
is performed. c Attenuation 
correction is performed using 
Dixon sequence with model-
based bone segmentation 
(DIXONbone). No real-time 
motion correction is performed. 
D: Attenuation correction is 
performed using DIXONbone. 
A real-time motion correction 
is performed. Scale maximum 
values are 70 mL/100 mL/
min, 16 mL/100 mL, 0.8, and 
5 mL/100 mL/min for CBF, 
CBV, OEF, and  CMRO2 images, 
respectively. The image slices 
are the same as Fig. 1
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head movement using a real-time motion correction might 
introduce increasing values of CBF and  CMRO2. Although 
head fixation during PET measurement often causes physi-
cal stress for patients, a real-time motion correction tech-
nique might realize the PET measurement without head 
fixation.

The coefficients of variation of CBF, CBV, OEF, and 
 CMRO2 in the cerebral cortices were almost the same 
among attenuation corrections by DIXON and DIXONbone 
with and without real-time motion correction. These coef-
ficients of variation were almost the same as those previ-
ously reported, indicating the validity of measurement of 
CBF, CBV, OEF, and  CMRO2 using the PET/MRI scanner 
system [17, 22].

Using the PET/MRI scanner system with adequate cor-
rections, similar values of CBF, CBV, OEF, and  CMRO2 
with the PET alone scanner system reported previously 
were obtained [17, 22]. Measurement of CBF, CBV, OEF, 
and  CMRO2 using 15O-labeled gases is useful for investi-
gation of the pathophysiology of occlusive cerebrovascular 
disease, especially for assessment of the stage II hemody-
namic compromise [1–7]. The PET/MRI scanner system can 
also be used for assessment of the stage II hemodynamic 
compromise.

The diffusion-weighted image (DWI) is a better imaging 
method to detect early ischemic lesions in stroke patients, 
and is widely used for clinical diagnosis of acute brain 
ischemia [24]. It has been reported that the area of cerebral 
infarction was slightly smaller than that of abnormality dem-
onstrated by the DWI in the acute phase of brain ischemia 
in animal and human [25, 26]. Although the pathophysi-
ology in such area showing discrepancy between the final 
area of cerebral infarction and the area of lesion detected 
by DWI is unknown, it can be investigated in relation to 
regional  CMRO2 using the PET/MRI scanner system with 
15O-labeled gases.

In conclusion, using the PET/MRI scanner system with 
the steady-state method of 15O-labeled gases, CBF, CBV, 
OEF, and  CMRO2 could be measured. Values of CBF, 
CBV, and  CMRO2 measured with attenuation correction by 
DIXON were significantly lower than those measured with 
correction by DIXONbone. Values of CBF and  CMRO2 with 
real-time motion correction were slightly higher than those 
without correction. Using the PET/MRI scanner system with 
adequate corrections, similar values of CBF, CBV, OEF, and 
 CMRO2 with PET alone scanner system reported previously 
were obtained. PET/MRI scanner system can be used for 
assessment of the stage II hemodynamic compromise.
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