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Abstract

The purposes of this study are to establish oxygen extraction fraction (OEF) measurements using quantitative suscep-

tibility mapping (QSM) of magnetic resonance imaging (MRI), and to compare QSM–OEF data with the gold standard 15O

positron emission tomography (PET). Twenty-six patients with chronic unilateral internal carotid artery or middle

cerebral artery stenosis or occlusion, and 15 normal subjects were included. MRI scans were conducted using a 3.0

Tesla scanner with a three-dimensional spoiled gradient recalled sequence. QSM images were created using the mor-

phology-enabled dipole inversion method, and OEF maps were generated from QSM images using extraction of venous

susceptibility induced by deoxygenated hemoglobin. Significant correlation of relative OEF ratio to contra-lateral hemi-

sphere between QSM–OEF and PET–OEF was observed (r¼ 0.62, p< 0.001). The local (intra-section) correlation was

also significant (r¼ 0.52, p< 0.001) in patients with increased PET–OEF. The sensitivity and specificity of OEF increase in

QSM was 0.63 (5/8) and 0.89 (16/18), respectively, in comparison with PET. In conclusion, good correlation was achieved

between QSM–OEF and PET–OEF in the identification of elevated OEF in affected hemispheres of patients with unilat-

eral chronic steno-occlusive disease.
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Introduction

Oxygen extraction fraction (OEF) represents an
important measurable parameter of brain metabolism,1

which can provide information about the relative defi-
ciencies in cerebral blood supply with the tissue’s
demand for oxygen, so called misery perfusion.2 The
risk of stroke recurrence increases with misery perfu-
sion in patients with symptomatic major cerebral arter-
ial occlusive disease.3,4 Positron emission tomography
(PET) is generally considered to be the gold standard
approach for OEF measurements; however, PET has
several disadvantages such as limited availability and
radiation exposure.

Recent advancement in the field of magnetic reson-
ance (MR) imaging has seen the introduction of several

new approaches to OEF measurement. One of these
approaches relies on the measurement of T2* or T2’
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relaxation associated with the presence of paramag-
netic deoxygenated hemoglobin (deoxy-Hb) in brain
tissue (blood oxygen dependent level, BOLD) to
measure tissue OEF.5–8 An alternative method utilizing
a spin tagging technique has been developed, allowing
quantification of OEF based on the measurement of
T2 relaxation in venous blood.9,10 However, most
applications in these techniques were only for normal
subjects, and there were few patient’s studies.11 In add-
ition, few studies reported reproducibility and dynamic
changes under physiological or pharmacological
challenges.12

A method utilizing phase differences between the
venous blood and surrounding tissue to calculate
venous oxygen saturation and OEF13,14 has also
shown to be a potential viable approach; however,
this method enables an estimate of the relative change
in OEF (�OEF) based on the comparison of two
separate images, rather than absolute measurements
in OEF. To date few of these previously developed
magnetic resonance imaging (MRI)-based approaches
to OEF measurement has been applied to a clin-
ical cohort where cerebrovascular function is likely to
be compromised, therefore, uncertainty remains as
to the viability of these methods as a potential alterna-
tive to PET.

Quantitative susceptibility mapping (QSM) is a
novel post-processing technique, which yields quanti-
tative measurement of magnetic susceptibility from a
single MRI phase image acquisition.15 Compared to
previous venous phase-based MRI techniques, which
require two separate scans and only allow an estimate
of relative change in OEF (�OEF), the QSM tech-
nique is insensitive to the geometry of veins and
dipolar artifacts; both of which affect the measured
distribution of measured phase values. As a result of
this insensitivity, we expect that absolute quantifica-
tion of OEF by measuring venous concentration of
deoxy-Hb can be obtained with a single data
acquisition.

The purposes of this study are (a) to establish
a method for OEF calculation and map creation
based on QSM technique of MRI, and (b) to com-
pare OEF between QSM and gold standard 15O-PET
in patients with unilateral chronic steno-occlusive
disease.

Materials and methods

Subjects

From April 2010 to September 2011, 29 patients who
were admitted to our hospital for pre-operative evalu-
ation of unilateral chronic major cerebral artery steno-

occlusive disease were selected for this study. Three of
these patients were excluded based on past history of
subcortical hemorrhage shown on susceptibility
weighted imaging (SWI), which has the potential to
disrupt QSM calculation due to strong susceptibility
effects associated with iron within blood breakdown
products such as hemosiderin. Finally, 26 patients
(seven females and 19 males) with chronic unilateral
internal carotid or middle cerebral artery (ICA or
MCA, respectively) stenosis or occlusion were eligible
for this study. Their ages ranged from 39 to 77 (mean
63.6) years. Eleven patients had ICA occlusion and 15
patients had MCA stenosis or occlusion (eight stenosis
and seven occlusion). These patients underwent both
MRI and PET scans with a mean interval of 10 days.
Fifteen normal subjects (two female and 13 males) were
also added for the determination of normal range of
QSM-OEF and the intra-subject reproducibility. Their
ages ranged from 21 to 44 (mean 31.1) years. They were
confirmed to have no past history of neurological
diseases.

The study protocol was reviewed and approved by
the Institutional Review Board at the Iwate Medical
University and written informed consent was obtained
from all participants prior to enrollment in the study.

MRI

MRI scans were conducted using a 3.0 Tesla scanner
(Signa HDxt, GE Healthcare, Milwaukee, USA) with a
quadrature head coil. A three-dimensional (3D) spoiled
gradient recalled (SPGR) sequence with flow compen-
sation was used for phase image acquisition. The scan
parameters included a flip angle of 18 degree, echo time
(TE) of 30ms, repetition time (TR) of 44ms, number of
excitations of 1, field of view (FOV) of 256mm, slice
thickness of 2mm, number of partitions of 30, acquisi-
tion matrix of 384� 160, and a reconstruction matrix
of 512� 512. The scan time was 3min and 3 s. The
imaging slab was set from the level of the basal ganglia
to the high convexity. The magnitude, real, and imagin-
ary images were reconstructed.

QSM images were created using the morphology-
enabled dipole inversion (MEDI) method.15,16 This
method uses phase derived from real and imaginary
images to measure the magnetic field inhomogeneity,
which can then be inverted to obtain an estimate of
the underlying susceptibility distribution. Despite
there being more than one possible mathematical solu-
tion for the calculated susceptibility distribution, a sus-
ceptibility map can be uniquely determined by taking
advantage of the morphological prior information of
the brain obtained from the same data acquisition. In
this work, this MEDI approach was used to generate
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the middle twenty-five QSM images from thirty slices of
source data.

OEF maps were generated from QSM images by
using a similar method in the previous article
(Figure 1).14 Firstly, a venous mask was created using
a local threshold method with a volume-of-interest
(VOI) of 50� 50� 50mm (100� 100� 25 voxels).
A local threshold value of mean þ2 standard deviations
(SD) was used for the segmentation of venous voxels in
the VOI, based on the idea that the susceptibility of
vein becomes higher than brain parenchyma due to
the elevated level of deoxy-Hb. After segmentation of
venous pixels (Figure 1b), the susceptibility difference
(��) between the average susceptibility of veins and
surrounding tissue was calculated in each VOI. An

estimate of oxygen saturation (Y) can be obtained
using following equation

�� ¼ ��do �Hct� 1� Yð Þ ð1Þ

where ��do (1.8� 10�7 in CGS units) is the susceptibil-
ity difference per unit hematocrit (Hct) between fully
deoxygenated blood and fully oxygenated blood.17

We assumed an Hct value of 0.45. For the correction
of partial volume effects, we assumed an average diam-
eter for cortical veins of 1mm.18 And in accordance
with a previous study,19 we applied a correction
factor for partial volume effects (Pv), which was mea-
sured as approximately 7.0 when a voxel ratio of 1:4

Figure 1. Creation of oxygen extraction fraction (OEF) map. Quantitative susceptibility map (QSM) in patient of right internal

carotid artery occlusion (73-year-old male) is shown (a). Bright veins in the right hemisphere are noted, which indicates increased

amount of deoxygenated hemoglobin. Venous mask image (b) is obtained by using local threshold method. Oxygen extraction fraction

(OEF) map (c) is created from susceptibility value of these veins. Increased OEF is observed in the right hemisphere, which cor-

responds well to OEF map of PET (d). The same color scale is used both for QSM-OEF and PET-OEF.
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was applied, with a vessel diameter equivalent to 2
pixels.

�� ¼ ��do �Hct� 1� Yð Þ �
1

pv
ð2Þ

Under normal respiratory conditions, arterial
oxygen saturation is stable and assumed to be nearly
100%. Consequently, OEF can be approximately
related to venous oxygen saturation only,20 using the
following relationship

OEF ¼ 1�Y ð3Þ

In each above-mentioned VOI, OEF value from ves-
sels was calculated, which represented the mean OEF
value of the VOI. Then, the above-mentioned VOI was
applied to whole images by sliding the VOI with incre-
ments of 12.5mm (sliding window method) in X and Y
directions, allowing OEF maps to be generated on a
slice-by-slice basis.

Positron emission tomography

PET scans were performed using a SET-3000GCT/M
scanner (PET/CT; Shimadzu Corp, Kyoto, Japan) with
gadolinium silica oxide detectors. The axial field of view
was 256mm and in-plane spatial resolution was 3.5-mm
full width at half maximum. Fifty-nine slices with
2.6-mm slice thickness were scanned and axial spatial
resolution was 4.2-mm full width at half maximum. The
scanner was operated in a static scan mode with dual
energy window acquisition for scatter correction. The
coincidence time window was set to 10 ns. Before emis-
sion scans, a transmission scan (3min) with a 137Cs
point source was performed using a bismuth germinate
transmission detector ring coaxially attached to the
gadolinium silica oxide emission detector ring. OEF
measurement was performed for 5min during continu-
ous inhalation of 15O2 (1480 MBq), while a single
breath of C15O (444 MBq) was used to measure CBV.
Ordered subset expectation maximization (OSEM)
algorithm was used for image reconstruction. OEF
was calculated using the steady-state method with cor-
rection by CBV.21

Data processing of OEF

Co-registration of PET-OEF and QSM-OEF images
was performed using MRI magnitude images and
SPM8 software (http://www.fil.ion.ucl.ac.uk/spm/).
The registered QSM-OEF and PET-OEF images were
then imported into a freely available software
(Perfusion Mismatch Analyzer, PMA, version 4.0.4),22

where automated measurement of regions-of-interest
(ROIs) was performed using a previously described
method.22,23 On a slice at the level of central semio-
vale, 18 spherical ROIs with a diameter of 10mm
(20 pixels) were automatically placed along the entire
parenchymal surface of the brain, without overlapping
each other (Figure 2). As we performed registration
between QSM and PET before ROI measurement,
the same locations were measured between QSM and
PET.

Statistical analysis

The mean OEF value of each hemisphere (average of 9
ROIs for each hemisphere) for all patients was calcu-
lated for QSM-OEF and PET-OEF images. The mean
OEF of each hemisphere in normal subjects was also
calculated for QSM-OEF. Differences in mean OEF of
patients between affected and contralateral sides and
between QSM-OEF and PET-OEF were compared
with a paired t-test, respectively.

Then, OEF ratio in patients was calculated for each
of QSM-OEF and PET-OEF

OEF Ratio ¼
OEFaffected

OEFcontraiteral
ð4Þ

In order to define normal range of QSM-OEF ratio,
mean and SD of 15 normal subjects were calculated.
Then, increased QSM-OEF was defined as OEF ratio

Figure 2. Region-of-interest (ROI) measurements.example of

automated measurement of region-of-interest (ROI) is shown.

Eighteen spherical ROIs are automatically placed along the entire

parenchymal surface of the brain. Blue line indicates midline of

the brain.
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above meanþ 2SD. Increased PET-OEF was also
defined by meanþ 2SD (1.09) from previous reports.24

The numbers of increased or preserved OEF were
counted for QSM and PET, and Fisher exact test was
used for the statistical test. The sensitivity and specifi-
city of QSM-OEF to predict increased OEF were also
calculated (based on PET-OEF).

Correlation of OEF ratio between QSM-OEF and
PET-OEF for all patients was assessed by linear regres-
sion analysis and Pearson’s correlation coefficient.
Bland-Altman graph was also used for the evaluation
of systemic biases.

Local (intra-section) correlation between QSM-OEF
and PET-OEF was also analyzed with Pearson’s correl-
ation coefficient using all 18 ROIs for each patient. The
mean correlation coefficient was then calculated for all
patients, as well as for the increased PET-OEF group
and preserved PET-OEF group. The correlation coeffi-
cients of these two groups were compared with Mann-
Whitney U-test. The linear regression analysis was also
performed using all ROI data (18 ROIs for each
patient), for increased PET-OEF group and preserved
PET-OEF group, respectively.

For the assessment of intra-subject reproducibility,
two normal subjects (28-year-old male and 44-year old
male) were scanned twice with the interval of one week.
Intra-class correlation (ICC) was calculated using 18
ROIs for each subjects.

Data are shown as mean� SD when applicable. A
p value less than 0.05 was considered significant in all
statistical tests.

Results

The OEF values are summarized in Table 1. PET-OEF
in the affected hemisphere (47.9� 8.4) was significantly
higher than that in the contralateral hemisphere
(45.2� 7.2) (p¼ 0.006). In QSM, OEF value in the
affected hemisphere (55.5� 7.8) was also higher than

that in the contralateral hemisphere (53.2� 9.0); how-
ever, the difference was not significant (p¼ 0.07). In the
comparison between PET-OEF and QSM-OEF, the
differences were statistically significant both for affected
(p< 0.001) and contralateral sides (p< 0.001).

The mean and SD of QSM-OEF ratio in normal
subjects were 1.00 and 0.06, respectively. Then, the
upper limit of normal range (meanþ 2SD) in QSM-
OEF was defined as 1.12. The upper limit of normal
range (meanþ 2SD, 1.09) in PET-OEF was taken from
the previous report.24 According to these data, eight
patients had increased PET-OEF, in which five had
increased QSM-OEF and three had preserved QSM-
OEF (Table 2). Eighteen patients had preserved PET-
OEF, and among them, two had increased QSM-OEF
and 16 had preserved QSM-OEF. Fisher exact test
revealed that the relationship was statistically signifi-
cant (p¼ 0.014). The sensitivity of QSM-OEF was
0.63 (5/8) and the specificity was 0.89 (16/18).

The scatter plot of OEF ratio between QSM and
PET is shown in Figure 3. The correlation was statis-
tically significant (p< 0.001) and Pearson’s correlation
coefficient (r) was 0.62, indicating good correlation. The
slope and intercept for linear regression analysis were
0.65 and 0.37, respectively. The Bland-Altman graph
shows most of the data were within mean� 2SD, and
there was no systemic bias (Figure 4).

The average local (intra-section) correlation coeffi-
cients for all patients was 0.13� 0.29 (Table 3). The
correlation coefficients of the increased PET-OEF
group (r¼ 0.31� 0.28) was significantly higher than
that of the preserved OEF group (r¼ 0.05� 0.26)
(p¼ 0.030). In the scatter plot of local correlation
with all the ROI data (18 ROIs per patient, Figure 5),
significant and moderate correlation is observed
(p< 0.001, r¼ 0.52) in increased PET-OEF group
(n¼ 8). The linear regression line was y¼ 0.80
xþ 16.69. In contrast, the correlation was also signifi-
cant but weak (p¼ 0.006, r¼ 0.15) in preserved PET-
OEF group (n¼ 18), with the linear regression line of
y¼ 0.23 xþ 43.58.

Table 1. Absolute OEF values.

PET-OEF QSM-OEF

mean � SD mean � SD

Patients Affected

side

47.9 � 8.4 55.5 � 7.8

Contralateral

side

45.2 � 7.2 53.2 � 9.0

Normal

Subjects

N.A. 49.8 � 4.8

PET: positron emission tomography; OEF: oxygen extraction fraction;

QSM: quantitative susceptibility mapping; SD: standard deviation; N.A.:

not applicable.

Table 2. Number of patients who had increased/preserved

OEF.

QSM-OEF

Increased Preserved Total

PET-OEF Increased 5 3 8

Preserved 2 16 18

Total 7 19 26

PET: positron emission tomography; OEF: oxygen extraction fraction;

QSM: quantitative susceptibility mapping.
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The ICC of two normal subjects were 0.80 and 0.84,
respectively, which indicated moderate correlation.

Discussion

In this work we introduced the first direct comparison
between QSM-OEF and PET-OEF measurements in a
patient population. We observed good correlation
between QSM-OEF and PET-OEF at the hemispheric
level (OEF ratio), and significantly better local (intra-
section) correlation was observed in patients with
increased OEF than preserved OEF. Therefore, we sug-
gest that OEF increases in affected hemispheres in
patient groups such as those with unilateral chronic
major cerebral artery steno-occlusive disease can be
diagnosed with QSM-OEF. Although currently PET
is considered to be the gold standard method for
OEF measurement, there are some significant

drawbacks with the technique, such as limited availabil-
ity of PET scanners, considerable radiation exposure,
which may prevent the potential for repeat scans, and
the long scan time that is required. As a result, clinical
application of OEF measurement by PET is limited,
especially for acute stroke patients. In contrast, MRI
is widely available in most stroke centers, and MR
examinations of stroke patients are less invasive, and
are common clinical practice in most countries.
Therefore, OEF measurement using MRI can be bene-
ficial for the management of patients with ischemic
stroke as well as chronic major cerebral artery steno-
occlusive disease.

Although the QSM approach shares some similarity
with previously documented MRI-based OEF quantifi-
cation methods in that the OEF quantification is based
on local concentration of deoxy-Hb, the QSM
approach has several advantages, which suggest that

Figure 3. Relationship of oxygen extraction fraction (OEF) ratio. Scatter plot of OEF ratio is shown. Upper limit of normal ranges,

defined as meanþ 2 SD of normal data, are 1.09 for PET-OEF and 1.12 for QSM-OEF, respectively. Eight patients have significant

increase in PET-OEF (�) and others have normal PET-OEF (*). Three patients have false-negative in QSM-OEF (small arrows). Among

seven patients who had significant increase in QSM-OEF, five have also significant increase in PET-OEF (true-positive), and two does

not have increase in PET-OEF (false-positive, large arrows). There is a significant and moderate correlation between QSM-OEF and

PET-OEF (p< 0.001 and r¼ 0.62). The regression line is also shown (y¼ 0.65 xþ 0.36).
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this may be the most viable MRI-based alternative to
PET OEF. Previous MRI methods utilizing T2*/T2’
shortening or phase shift due to susceptibility effect of
deoxy-Hb5,6 have potential inaccuracy due to the pres-
ence of other paramagnetic substances in brain tissue
that cause spin dephasing, and therefore may alter T2*/
T2’ relaxation times and the subsequent accuracy of
OEF values. This possible inaccuracy is avoided by
using the phase-based method, whereby venous phase
values are measured after image segmentation of the
veins is performed,14 thus avoiding contamination by
paramagnetic substances other than deoxy-Hb. This
method is expected to measure OEF changes with

greater sensitivity than the T2* or T2’ approach; how-
ever, absolute quantification of OEF is not possible due
to the orientation of the measured vasculature, which in
addition to deoxy-Hb also affects the measured local
phase value of the vein. It is possible to negate this
problem by acquiring two scans to eliminate the effects
of vessel geometry on the measured phase value in the
veins, but in doing so only a relative change in OEF
between two acquisitions can be measured,14 not an
absolute value of OEF, which is more desirable for
clinical application. In contrast, QSM is a technique
to calculate quantitative magnetic susceptibility with-
out the effects associated with the geometry of the mea-
sured veins,15 thereby allowing absolute quantification
of OEF from a single scan. The QSM method may also
have some advantages over the previously reported spin
tagging approach to OEF measurement,9,10 which is
similar in principle to the well-documented MRI arter-
ial spin labeling (ASL) technique for measuring cere-
bral blood flow, with the exception that in this case,
venous rather than arterial blood is magnetically
labeled to extract T2 relaxation measurements from
the vein. This approach, while successfully demon-
strated in healthy subjects with normal cerebrovascula-
ture, may not be suitable for clinical populations such
as ischemic patients, where reduced velocity of blood

Figure 4. Bland-Altman graph of oxygen extraction fraction (OEF) ratio. Most of the data are within mean� 2 SD, and no systemic

bias is noted. Eight patients have significant increase in PET-OEF (�) and others have normal PET-OEF (*).

Table 3. Local (intra-section) correlation between QSM-OEF

and PET-OEF.

Number of

patients

Correlation coefficients

mean � SD

PET-OEF Increased 8 0.31 � 0.28

Preserved 18 0.05 � 0.26

All 26 0.13 � 0.29

PET: positron emission tomography; OEF: oxygen extraction fraction;

QSM: quantitative susceptibility mapping.
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flow may cause excessive T1 relaxation of labeled
venous blood, before image acquisition can be
performed.

Based on the comparison between the various MRI-
based methods for measurement of OEF in clinical
populations, currently the QSM method appears to be
the most viable approach. Despite this, however, there
are still some potential sources for inaccuracy with this
approach, which require acknowledgment. In this study
for example, we observed good correlation between
QSM-OEF and PET-OEF at the hemispheric level;
however, the local correlation was not high enough,
even in patients with increased OEF. This may be
related to the fact that calculation of local OEF
values depends on the degree of partial volume aver-
aging and segmentation of veins, as well as the concen-
tration of deoxy-Hb. As such, improvement in the
quality or resolution of the source image for QSM ana-
lysis to reveal more detail regarding the presence and
geometry of veins will most likely lead to improvement
in the accuracy of local OEF calculation. Furthermore,
optimization of scanning parameters and QSM post-
processing may also lead to more accurate quantifica-
tion of OEF.

This study also faced some limitations in regard to
the post-processing of OEF maps. Most notably the

spatial resolution of the OEF map was not sufficient.
This issue relates to the size of VOI of venous extrac-
tion, whereby if a higher spatial resolution is desired in
the OEF map, then the size of VOI should decrease
proportionally. However, this leads to greater inhomo-
geneity across the OEF map because the amount of
venous pixels in the VOI decreases. In this event, even
an accurate local evaluation of OEF may be difficult
with the increase in spatial resolution. As such, obtain-
ing an accurate balance between homogeneity of the
OEF map with sufficient inclusion of venous pixels
within a VOI is one of the challenges faced using the
post-processing method for OEF quantification.

Additionally, the requirement that patients with a
past history of hemorrhage should be excluded due to
potential hemosiderin deposition in brain tissue, which
can affect susceptibility values in QSM, is an obvious
limitation. Similarly, the necessity to exclude slices,
which included basal ganglia due to susceptibility
effects of iron deposition, is another drawback.
However, the development of a more sophisticated
venous extraction method for OEF quantification
may minimize these issues. Lastly, values of QSM-
OEF depend on partial volume averaging of the
veins. In this study we applied a correction factor for
partial volume effects; however, the actual value of this

Figure 5. Local correlation between PET-OEF and QSM-OEF. Scatter plot of PET-OEF and QSM-OEF are shown for all ROI data (18

ROIs for each patient), with increased PET-OEF patients (n¼ 8, a), and preserved PET-OEF patients (n¼ 18, b). In increased PET-OEF

group, significant and moderate correlation is observed (p< 0.001, r¼ 0.52), and the linear regression line is y¼ 0.80 xþ 16.69. In

contrast, the correlation is also significant but weak (p¼ 0.006, r¼ 0.15) in preserved PET-OEF group, with the linear regression line of

y¼ 0.23 xþ 43.58) .
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factor varies slightly on a vessel-by-vessel basis and is
therefore difficult to accurately determine. The fact that
QSM-OEF values were significantly larger than PET-
OEF values is a concern. However, disregarding the
absolute values of QSM-OEF, even the relative increase
of OEF in affected hemispheres can be diagnosed by
QSM-OEF, which correlates well with the equivalent
PET-OEF images.

In conclusion, OEF measurement and map creation
using QSM was feasible. Good correlation was
achieved between QSM-OEF and PET-OEF in the
identification of elevated OEF in affected hemispheres
of patients with unilateral chronic steno-occlusive dis-
ease, although QSM-OEF values were larger than PET-
OEF.
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