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In recent years, the incidence of cerebrovascular diseases (CVD) is increasing, which seriously endangers human health. The study
on hemodynamics of cerebrovascular disease can help us to understand, prevent, and treat the disease. As one of the important
parameters of human cerebral hemodynamics and tissue metabolism, OEF (oxygen extraction fraction) is of great value in central
nervous system diseases. The use of BOLD (blood oxygen level dependent) effect offers the possibility to study cerebral
hemodynamic and metabolic characteristics by MRI (magnetic resonance imaging) measurements. Therefore, this paper
reviews the hemodynamic parameters of brain tissue, discusses the principles and methods of quantitative BOLD-based MRI
measurements of OEF, and discusses the advantages and disadvantages of each method.

1. Introduction

Quantitative evaluation of brain tissue hemodynamics and
metabolism, especially the relationship between brain function
and oxygen utilization, is an important indicator for under-
standing normal brain function. The CMRO2 (cerebral meta-
bolic rate of oxygen) refers to the oxygen metabolism of brain
tissue and reflects the absolute value of the oxygen consump-
tion of brain tissue [1]. OEF (oxygen extraction fraction) is
defined as the ratio of blood oxygen that a tissue takes from
the blood flow to maintain function and morphological integ-
rity, and it reflects the efficiency of oxygen utilization by the tis-
sue [2]. OEF and CMRO2 are the important markers of brain
tissue activity and function [3, 4]. These quantitative evalua-
tions have been used to study the pathophysiology of diseases
such as brain tumors [5–7], stroke [8–10], Alzheimer’s disease
[11–13], Huntington’s disease [14], Parkinson’s disease [15],
and other neurological disorders [16–19]. Raichle et al. and
Gusnard et al. [20, 21] used OEF to determine the baseline sta-
tus of normal human brains.When healthy human subjects are

resting quietly with their eyes closed, although there are signif-
icant regional differences in cerebral blood flow and cerebral
oxygen consumption metabolic rate [20, 21], the OEF diagram
shows significant consistency, so that OEF can be used as a pri-
mary parameter of brain function [20–22]. The baseline state
usually achieved when subjects are resting quietly but awake
with their eyes closed can be described as the default mode of
brain activity [23]. There was no significant difference in OEF
values between gray matter and white matter of the brain and
little variability in the population. So, OEF is suitable as a mea-
surement index. Therefore, quantitative assessment of human
brain OEF is very necessary for in-depth understanding of
the pathophysiological status of a variety of diseases and subse-
quent treatment.

Currently, the clinically accepted gold standard for quanti-
tative measurement of OEF is PET (positron emission tomog-
raphy), which measures OEF by injecting 15O into the cervical
vessels to obtain the difference of oxygen between arteries and
veins [24–28]. However, the implementation of the PET
method has many limitations. First of all, PET technology
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requires the production of radioisotope 15O by the accelerator
as a tracer. 15O is not easy to prepare and obtain, and its half-
life is very short. It can only be realized in the laboratory and
cannot be carried out on a large scale in clinical practice
[29]. Secondly, the spatial resolution of PET images is low.
Last but not least, the implementation of PET technology
requires exposure to ionizing radiation, which is harmful to
human body [30]. These reasons have prevented PET technol-
ogy from being widely used in human research and clinical
practice.

With the rapid development of MRI (magnetic reso-
nance imaging) technology, more and more studies have
begun to study and process the blood perfusion and metab-
olism of brain tissue. MR (magnetic resonance) has the high-
est spatial resolution for brain lesions, and MRI is a safer and
more comprehensive method in tissue structure, physiology,
function, metabolism, and other aspects, especially in the
diagnosis of nervous system diseases. Therefore, MRI has
been gradually used in the diagnosis and prognostic treat-
ment tracking of cerebrovascular diseases (CVD) such as
stroke, and it has become a very important imaging tool.
Compared with the previous OEF measurement methods,
MRI measurement can be real-time, in vivo, and dynamic
monitoring, and there is no ionizing radiation. It can accu-
rately measure and calculate R2′ and finally fit the physio-
logical parameters vCBV (venous cerebral blood volume)
and OEF. The measurement of OEF value by MRI sequence
can evaluate the physiological state of brain tissue disease in
acute and chronic cerebrovascular diseases, which is of great
significance for the clinical diagnosis and prevention of com-
mon cerebrovascular diseases. Therefore, if we can use MRI
technology to measure OEF, it will undoubtedly promote its
scientific research and clinical application. In this paper, we
will focus on MRI-based OEF measurement methods and
will discuss some of these methods and the theoretical back-
ground of these methods.

2. Materials and Methods

2.1. Basic Definition of Hemodynamic Parameters of Brain
Tissue. The parameters of cerebral hemodynamics mainly
include the following elements: CBF (cerebral blood flow),
CBV (cerebral blood volume), CMRO2 (cerebral metabolic
rate of oxygen), and OEF (oxygen extraction fraction). CBF
refers to the blood flow into the vascular structure of the
cerebral in the relevant area per unit of time [31]. It reflects
the condition of cerebral blood flow and cerebral tissue per-
fusion and represents the condition of blood oxygen supply
to the cerebral. It is limited by both physiological and path-
ological conditions of the cerebral blood supply system and
is influenced by neuronal activity in the relevant brain
regions. CBV is defined as the volume occupied by intravas-
cular blood within a particular quantity of brain tissue [32].
To a certain extent, its value can reflect the expansion of
blood vessels and the ability of cerebral blood flow storage.
The study of Raichle et al. showed that in the resting state,
the brain tissue can reflect the basic level of neuronal activity
relatively stable [20]. The main parameters of brain hemody-
namics meet the following equation: CMRO2 = OEF · CBF ·

Ca [33–35], where Ca represents arterial oxygen content. It
is the sum of the oxygen content of red blood cells and
plasma, including both oxygen bound in hemoglobin
(HbO2) and physical dissolved oxygen. In normal state, the
oxygen supply and consumption of brain tissue are in a
dynamic balance, but in pathological state, such as ischemic
stroke, brain trauma, or shock, the oxygen supply or con-
sumption will be abnormal, and the balance of oxygen sup-
ply and demand will be broken; a series of changes will occur
in various parameters of hemodynamics. The changing rela-
tionship between them can be shown intuitively in Figure 1.

It is assumed that when ischemic cerebrovascular disease
(stroke) occurs, the CBF of the patient will be reduced to
some extent, and the oxygen supply to the corresponding tis-
sues will be reduced. And human brain tissue is a complete
ability of self-adjusting system. In order to ensure the level
of oxygen content required by the normal operation of
human body, it will compensate by increasing the value of
OEF, to maintain the CMRO2 at a normal level. According
to the experimental studies of many scholars, the OEF of
human brain is about 40% in normal condition [20], and
the maximum cannot exceed 100%. Ibaraki et al. measured
the OEF of healthy adults using 2D PET and found that
the OEF value of gray matter under resting state was 0:35
± 0:06 [36]. Hattori et al. measured the whole brain OEF
value of healthy adults in resting state by PET as 0:39 ±
0:06 [37]. When the CBF continues to decrease, the OEF will
continue to rise and reach the limit, and the brain will lose
its compensation effect, resulting in the CMRO2 which has
to decrease. At this time, the brain tissue will be in a rela-
tively dangerous state. The decrease of CMRO2 indicates
that the brain will face the threat of ischemic brain death,
and the brain function will be abnormal due to the lack of
energy supply caused by insufficient oxygen supply. If the
situation of prolonged ischemia is not improved accordingly,
the brain will form permanent and irreversible brain tissue
damage [22]. It can be known from the brain hemodynamics
that quantitative evaluation of OEF can provide insight into
the pathophysiological status of many diseases. Therefore,
the quantitative assessment of OEF is essential for the in-
depth understanding of the disease and its subsequent
treatment.

2.2. BOLD Effect Model. Blood oxygenation level-dependent
functional magnetic resonance imaging (BOLD fMRI) tech-
nology was proposed in the 1990s, which triggered a revolu-
tion in the field of neuroimaging [38–41]. In the brain
stimulated by visual and motor tasks, the possibility of using
BOLD-based contrast mapping nerve activation MRI tech-
nology has been confirmed. For this reason, fMRI (func-
tional magnetic resonance imaging) is widely considered to
be the primary nondestructive measure of brain function.
fMRI acquisition technology can detect signal changes,
which reflect the functional changes of blood oxygen, cere-
bral blood flow, and cerebral blood volume. Compared with
other techniques, BOLD fMRI can measure regional differ-
ences in oxygenated blood, and because of its sensitivity
and spatial specificity, it has been the most widely used in
functional magnetic resonance imaging.

2 Oxidative Medicine and Cellular Longevity



BOLD fMRI is based on spatial segmentation of brain
function. BOLD fMRI does not provide a direct way to mea-
sure neural activity; it is a local cerebral vascular oxygenation
index. In BOLD imaging, deoxyhemoglobin acts as an intrin-
sic MRI contrast agent. MRI signal can detect the changes of
deoxyhemoglobin content and functional activation. Alter-
ations in the T2 (transverse relaxation time) or T2∗ (apparent
transverse relaxation time) signal caused by changes in deoxy-
hemoglobin content form the basis of BOLD imaging.

BOLD effects can be classified as positive BOLD effects and
negative BOLD effects. As neural activity increases, oxygen
consumption begins to increase due to increased metabolic
demand. By increasing the concentration of deoxyhemoglobin
and reducing the concentration of oxyhemoglobin, this in turn
changes the concentration of oxyhemoglobin and deoxyhemo-
globin in the surrounding blood vessels. Deoxyhemoglobin
contains four unpaired electrons and has a large magnetic
moment. It is a strong paramagnetic material. It produces a
magnetic gradient around and inside the blood vessel, shortens
the transverse magnetization T2 or T2∗, and then, reduces the
intensity of BOLD signal. This is the reasonwhy an original sig-
nal change can be observed in fMRI. After the original signal
changes (about 2 seconds), the enhanced neural activity will
lead to a large increase in local blood flow. This increase leads
to a corresponding increase in oxygen consumption. Usually,
oxygen consumption is overcompensated in most parts, and
excess oxygenated blood is sent to the tissues, which causes
an increase in oxygenated hemoglobin. Because oxyhemoglo-
bin is diamagnetic, and the magnetic coefficient difference
between oxyhemoglobin and its surrounding tissue is very
small, the local magnetic field inhomogeneity is smaller than
that without neural activity. Therefore, the signal will increase
and a positive BOLD effect will appear in these overcompen-
sated areas. But if the supply of oxygen is less than the con-
sumption, the local oxygen concentration will decrease, which
in turn increases the concentration of deoxyhemoglobin in
some areas. The increase in the concentration of deoxyhemo-
globin will cause greater local magnetic field inhomogeneity
than without neural activity. Therefore, the signal strength will
be reduced at this time, and a negative BOLD effect will appear.
The negative BOLD effect is the theoretical basis of MRI mea-
surement of OEF [42].

Through sensory, motor, visual, or cognitive simulation of
neural activities, the changes ofmagnetic resonance (MR) signal

can be studied as a function of time to locate the location of the
stimulation area in the brain. Figure 2 shows the hemodynamic
changes associated with brain activity [43]. Therefore, BOLD
fMRI is also described as an imaging technique to characterize
the specific changes of some brain diseases by analyzing the
temporal and spatial characteristics of BOLD signals [44].

One of the experimental methods to quantify cerebral
hemodynamic characteristics is quantitative BOLD (qBOLD).
This technique was proposed by He and Yablonskiy [45]. The
model is based on a multicomponent approach, including
contributions from intracellular water, interstitial fluid (ISF)
or cerebrospinal fluid (CSF) with resonance frequency shift,
and intravascular blood. In this model, bold effects are ana-
lyzed and correlated with hemodynamic parameters such as
deoxyhemoglobin concentration and OEF. It was verified on
the animal model in [46] and allowed to plot hemodynamic
parameters such as OEF and deoxycerebral blood volume
(dCBV). In vivo studies [47–50] have also demonstrated the
feasibility of this method.

3. MRI Scan Sequences

3.1. GESSE. The order of applying pulses in MRI is to give
90-degree pulses first, followed by 180-degree pulses, which
is called a SE sequence (spin-echo sequence). Conventional
SE sequence have high signal-to-noise ratio (SNR) T2 sig-
nals, but these signals are not sensitive to the magnetic sus-
ceptibility changes caused by oxygen metabolism in brain
tissues. GRE sequence (gradient recalled echo sequence) is
a pulse sequence that generates an echo signal and generates
an image using a switch in the direction of the gradient field
after RF (radio frequency) excitation. Its RF excitation angle
is generally less than 90° to obtain a large transverse magne-
tization vector in a short longitudinal recovery time. How-
ever, due to the rapid change of direction of gradient
magnetic field during the signal acquisition in the conven-
tional GRE sequence, hydrogen proton phase loss rate is fas-
ter than that in the SE sequence, the obtained echo signal is
actually T2∗ signal, and the oxygen metabolism factor of
brain tissue that needs to be extracted is mixed with other
factors, which is also not obvious. Therefore, it is necessary
to have a scanning sequence that simultaneously obtains
T2 and T2∗ signals to extract the difference in magnetic sus-
ceptibility caused by oxygen metabolism of brain tissue,
reflect the quantity changes of the two kinds of hemoglobin,
and display the functional metabolism information of brain
activity clearly and accurately. Based on this consideration,
the traditional SE and GRE sequences cannot extract the
T2 and T2∗ signals at the same time. Therefore, part of the
pulses in SE and GRE sequences are modified and recom-
bined, namely, the GESSE sequence. T2 and T2∗ signals
can be obtained simultaneously by one sequence, which is
convenient to separate T2′ from the model.

GESSE (gradient echo sampling of spin echo) sequence
is based on the traditional SE sequence, which changes the
original single echo acquisition spin echo center to use mul-
tiple unipolar gradients to quickly switch sampling the
whole spin echo process. The idea of this sequence was first
published by Yablonskiy and Haacke [51]. They improved
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Figure 1: The relationship between the parameters of cerebral
hemodynamics.
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the GESFIDE (gradient echo sampling of FID and echo)
sequence of Ma and Wehrli [52] and changed the acquisi-
tion of FID (free induction decay) signal to acquisition of
echo signal only. The reason for this is that in general, due
to the refocusing effect of 180-degree radio frequency pulse,
there is a specific symmetrical MR signal on both sides of the
spin echo, which is not sensitive to the inhomogeneity of the
magnetic field and is more accurate for T2 measurement.
The signal is usually collected at the center of the echo. At
this time, the T2 signal is obtained without the influence of
the difference in magnetic susceptibility [53]. When a series
of gradient echo samples are used on both sides of the spin
echo center, all the echo signals except the spin echo position
are T2∗ signals containing local magnetic susceptibility dif-
ference. So, T2 and T2∗ signals can be obtained at the same
time. The sequence diagram is shown in Figure 3.

The GESSE sequence is based on the conventional SE
sequence, but with some differences, mainly in the k-space
and readout gradient. In the K-space filling, the method of
collecting gradients in each TR (time of repetition) is used
to fill multiple K-spaces at the same time. In order to ensure
that the postprocessing data contains enough signals, the
number of echoes in the echo chain is about 32. In addition,
an asymmetric design can be adopted, that is, the echo num-
ber on both sides of the spin echo is not necessarily equal
[45]. Under the premise of ensuring the echo number of
the shortest time scale, the spin echo is moved forward as
far as possible, in order to collect the signal when the signal
intensity is high and improve the signal-to-noise ratio of the
image. A readout gradient in the sequence corresponds to a
row in the k-space frequency coding direction. The GESSE
sequence uses 32 gradients (corresponding to 32 images),
so the GESSE sequence fills the same row in 32 k-spaces
simultaneously in one TR, as shown in Figure 4.

In the data collection part, it can be seen from the
sequence diagram that the collection method is similar to
that of SE-EPI (spin-echo echo planar imaging). However,
it should be noted that GESSE sequence does not collect ech-

oes at every positive and negative gradient. Due to the inev-
itable influence of system instability, if a rapid switch is
made from a positive gradient to a negative gradient, the
phase shift of the magnetization vector in the X-Y plane will
exist compared with the phase shift in the positive gradient
[54]. At this time, we get the image as shown in Figure 5.
There will be position difference between the odd and even
images after reconstruction in the phase coding direction,
which is similar to the common N/2 artifacts in EPI (echo
planar imaging) acquisition.

In order to solve the problem of phase error, the method of
unipolar gradient collection is adopted, that is, the collection is
only performed when the gradient is positive or negative. For
example, only the positive gradient is used as the readout gra-
dient of the acquired image, and a negative gradient equal to
its area is added between each positive readout gradient as
the wraparound gradient. In this way, a series of images with-
out phase shift can be obtained, as shown in Figure 6.

GESSE has been used to assess the misery perfusion of
patients with cerebral ischemia and obtain reliable brain
OEF results [55]. Lei et al. applied this promising method to
study the brain OEF of MELAS patients at different stages
and confirmed that MRI can quantitatively show the changes
in OEF at different stages of stroke-like episodes [56]. Meng
et al. scanned the normal human brains of different ages with
GESSE sequence and measured OEF value, which confirmed
that GESSE sequence can accurately measure OEF value of
human brain. There was no significant difference in OEF value
between graymatter and whitematter of normal human brain;
only gray matter OEF value increased slightly with age [57].
Domsch et al. used GESSE sequence to collect in vivo data
from five healthy volunteers and one patient with primary
brain tumor at 3T and used simulated BOLD data to train
the ANN. Achieve OEF mapping with reduced variance,
which helps to integrate it into clinical protocols [58].

GESSE sequence still has the following shortcomings: (1)
the scanning time is long and motion artifacts are easy to
appear; (2) it can only be scanned by single layer, and the
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T2⁎ T2⁎

Supply < demand Supply > demand

Cerebral blood volumeOxygen consumption

Deoxygen-hemoglobin Deoxygen-hemoglobin

MRI signal intensity
or negative BOLD

Local magnetic
susceptibility difference

MRI signal intensity
or negative BOLD

Local magnetic
susceptibility difference

Cerebral blood flow

Neuronal activity or brain activity 

Figure 2: Hemodynamic changes in brain activity [43].
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scanning range is limited; (3) it is easy to be affected by the
inhomogeneity of magnetic field; (4) the hematocrit value
is set as a fixed value, but in practice, due to individual dif-
ferences and different physiological conditions, the final
measurement error may occur.

3.2. MEGESE. In 2000, An and Lin used MEGESE (multie-
cho gradient echo/spin echo) sequence to simultaneously
measure the values of T2 and T2∗ in a TR interval and, based
on this, calculated brain OEF by using two-compartment
model [59]. The sequence consists of 21 echoes, all of which
are obtained after the π pulse, the eleventh echo is a spin
echo (SE), and all the other echoes are gradient echo (GE)
and are placed symmetrically on both sides of the SE. The
MEGESE sequence diagram is shown in Figure 7 [59].

An et al. used 2D MEGESE sequence to prove that quan-
titative cerebral blood oxygen saturation (CBOS) can be
obtained by MRI, and the CBOS measured by MRI can be
converted into brain OEF, which is very consistent with the
results reported in PET literature [60, 61]. Lee et al. used the
2D MEGESE sequence to obtain a slice in the center of the
lesion based on the DWI (diffusion-weighted imaging) at tp1
(4:5 ± 0:9 hours), tp2 (3 to 5 days), and tp3 (1 to 3 months),
which was then used to obtain the estimated value of OEF
[62]. This method has good consistency between the OEF
measurement results of normal people and the PET measure-
ment results. However, this method also has many factors that
limit its clinical application, such as the limited coverage of

single-slice scans, long data acquisition time, and sensitive to
motion artifacts. Therefore, this method has not been widely
used in clinical practice.

3.3. ASE EPI. ASE-OEF uses an ASE EPI (single-shot asym-
metric spin-echo echo-planar imaging) sequence as a fast
OEF measurement sequence [63]. The ASE EPI sequence is
developed on the basis of the single-shot spin-echo echo-
planar imaging sequence. In the SE EPI (spin echo EPI)
sequence, TE is defined as the time interval between the
90-degree pulse and the K-space centroid acquisition. In
the ASE EPI sequence, under the condition that the TE (time
of echo) remains unchanged, the 180-degree pulse shifted a
τ time along the time axis, and the difference in time of τ
is used to reflect the signal change caused by the magnetic
sensitivity. In the ASE EPI sequence, the MR signal is not
only related to the frequency shift caused by the microscopic
magnetic sensitivity change caused by deoxyhemoglobin but
also related to the T1 (longitudinal relaxation time) and T2.
The effect of T2 on the signal can be effectively eliminated by
fixing the TE time, and the effect of T1 on the signal can be
eliminated by making the TR much larger than TE/2τ, so
that the MRI signal mainly reflects the change of deoxyhe-
moglobin content. The ASE-EPI sequence diagram is shown
in Figure 8 [63].

Chang et al. used the ASE EPI sequence to measure the
changes in OEF values before and after controllable hyper-
capnia in dogs and proved that the sequence is reliable
[64]. Subsequently, the ASE EPI sequence was used to mea-
sure the changes of OEF value of brain tissue before and
after modeling of canine cerebral ischemia model, and it
was verified that the sequence can successfully reflect the
oxygen metabolism state of ischemic brain tissue, which will
be of great significance for the evaluation of cerebral hemo-
dynamic state of patients with cerebrovascular disease [65].
Liang et al. verified that ASE EPI sequence can be used for
noninvasive measurement of OEF in tumor tissue, and
quantitative index OEF can well identify high-grade and
low-grade gliomas and reflect the proliferative activity of
tumor to a certain extent [66]. Cui combined ASE EPI
sequence with pCASL (pseudocontinuous arterial spin label-
ing) sequence to scan normal people and patients with acute
cerebral infarction of different ages, which can initially real-
ize one-stop assessment of human brain OEF and CBF
values [67]. This method is noninvasive to the body, and
the examination time is short.

Compared with MEGESE sequence, the main advantages
of ASE EPI sequence are as follows: (1) the acquisition of
echo number is no longer limited by TE, and the readout
bandwidth is the same as MEGESE sequence; (2) because
the TE time is fixed, R2 (1/T2) cannot be measured before
evaluating OEF, so the measurement error associated with
T2 can be avoided; (3) a single excitation of EPI reduces
the artifact caused by motion; (4) EPI sequence combined
with the application of flow dephasing gradient reduces the
influence of intravascular signals, but does not increase the
sensitivity of the gradient to motion.

Compared with GESSE sequence, ASE EPI sequence has
the following advantages: (1) ASE sequence can be scanned

𝜋/2
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GSS

GPE

GR

ADC

31 echoes

TR
TE/2 TE/2

𝜋

Figure 3: GESSE sequence timing diagram.

ky

kx

Figure 4: GESSE sequence K space filling method.
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by multiple layers; (2) the obtained echo number is no lon-
ger limited by TE and readout bandwidth; (3) TE is constant,
T2 effect is constant, and R2 is constant, which reduces the
error when calculating OEF; (4) the single excitation EPI
method reduces the artifact caused by motion; (5) EPI
method uses the flow dephasing gradient to minimize the
signal contribution in blood vessels.

On the other hand, the disadvantages of this method are as
follows: (1) the readout gradient of EPI is prone to high-
frequency signal noise; (2) the hypothesis of random distribu-
tion of blood vessel direction may be disturbed by the presence
of leptomeningeal vessels in the adjacent cortical sulcus; (3)
because of the use of the two compartment model, that is to
say, the extravascular brain tissue is considered to be

Figure 5: The image with phase error acquired by using positive and negative gradient echo.

Figure 6: Phase error-free images acquired with unipolar gradient acquisition.
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homogeneous, the effect of cerebrospinal fluid is ignored when
the cortical measurement is specially designed, thus affecting
the measurement accuracy. The inaccuracy and nonquantifica-
tion of the measurement limit its application.

3.4. TRUST. Lu and Ge et al. used TRUST (T2 relaxation
under spin tagging) technology to separate pure blood signals
[68]. In this method, vein end spin labeling technology similar
to conventional artery spin labeling and pair subtraction pro-
cessing were used, and the subtraction images obtained only
included venous blood signals. The T2 of the signal is deter-
mined and converted into venous oxygenation (Yv) using
the calibration curve. To reduce the quantitative assessment
of the blood T2 outflow effect, the T2-weighted image uses a
series of nonplanar selective T2 prepulses instead of a conven-
tional spin echo sequence, as shown in Figure 9 [68].

The TRUST technology pulse sequence includes inter-
laced marks and control scan signals. Each image type
requires four different effective TE times, which range from
0 to 160ms. For each scan, the presaturated radio frequency
pulse is used at the beginning of the sequence to suppress the
signal from the static tissue, and then, the radio frequency
pulse is marked (or controlled) to mark the incoming blood.
A definite waiting time (1.2 s) is required for the blood flow
imaging layer. Before data acquisition, in order to reduce the
quantitative evaluation of blood T2 outflow effect, T2-
weighted images used a series of nonplanar selected T2 pre-
pulses instead of conventional spin echo sequences. The yel-

low region and the green region, respectively, represent the
positioning of the imaging layer and the label layer using the
principle of spin labeling. The signals from static tissues can
be subtracted and eliminated, so the separation of pure blood
signals can be achieved. Different from previous experiments,
the spatial resolution of this technique is not limited by the
need of vessel diameter or voxel to fit the diameter of inner
cerebral veins. Therefore, the technique can minimize the par-
tial volume effect and avoid the need of the specific selection of
voxel including blood and has a better signal-to-noise ratio.
However, this technique still has shortcomings. The informa-
tion of this method mainly comes from the superior sagittal
sinus. Due to the low blood signal intensity, the measurement
of venules will show a large evaluation error. Therefore, the
use of this technology to measure local Yv of the lesion needs
to be further deepened.

Due to the limitation that TRUST sequences require a long
repetition time, Xu et al. proposed that postsaturation T2 could
relax the subspin markers by putting a nonselective 90° pulse
after signal acquisition to reset the magnetization of the whole
brain, thus improving the speed and reliability of TRUST tech-
nique in measuring brain oxygenation [69]. Xu et al. used
TRUST technology and ASL (arterial spin labeling) technology
to test the change of CBF, CMRO2, and OEF with time in 10
healthy young people aged 22-35 years after consuming
200mg caffeine and found that CBF decreased and OEF signif-
icantly increased, while CMRO2 had no significant change [70].
Liu et al. successfully used TRUST sequence to measure Yv in
multiple locations with multiple 3T scanners, and the results
showed that the sequence could be implemented and per-
formed accurately and reliably, indicating that the technology
is stable and feasible, which is a key step towards the availability
and potential clinical application of cerebral oxygenmetabolism
measurement [71]. O’Brien et al. proposed selective localized
TRUST (SL-TRUST) by adjusting the original TRUST
sequence, so that the spatially specific measurement of venous
blood T2 can be achieved to quantify the OEF in different
regions of the brain. Thismethod realizes the spatial positioning
of the OEF in brain tissue, while still retaining the acquisition in
the sagittal sinus [72]. Jiang et al. compared the valuesmeasured
by TRUST and gold standard 15O-PET to evaluate the accuracy
of whole brain OEF estimation based on T2. The whole brain
OEFmeasured by TRUST is very consistent with that measured
by gold standard 15O-PET, with high accuracy and repeatabil-
ity, which proves that TRUST MRI can accurately quantify
whole brain OEF noninvasively [73].

The advantage of TRUST technology is that the measure-
ment results are less affected by other tissues, because the
images generated by static tissues can be removed by subtract-
ing the control image and the label image in the later data pro-
cessing. Thus, TRUST results are displayed independent of
imaging resolution [66], and independent of the range of the
region of interest manually selected by the operator. A good
agreement between Yv values measured by TRUST and those
measured by other techniques has been reported in the litera-
ture [74–76]. The results of Yv measured by trust sequence
have no significant change on head motion and blood signal
intensity compared with other MRI sequences. Therefore,
using TRUST sequence to measure human brain OEF is less
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Figure 7: MEGESE sequence diagram.
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demanding than other sequences. At the same time, the scan-
ning time of the TRUST sequence is relatively short (about
1.2min). These features allow the TRUST technique to be
widely used for noninvasive detection of brain activity since
the measurement of whole brain OEF. It should be noted,
however, that the technique still has drawbacks, as the method
information is mainly derived from the superior sagittal sinus,
and the measurement of small veins will exhibit a large assess-
ment error due to the lower blood signal intensity. Therefore,
the measurement of the local Yv of the lesion using this tech-
nique needs to be further deepened.

3.5. QUIXOTIC. Bolar et al. proposed a QUantitative Imaging
of eXtraction of oxygen and TIssue consumption (QUIX-
OTIC) to measure OEF [77]. The method used velocity-
selective spin labeling (VSSL) to isolate blood signals from
the posterior capillary venules (PCV). In principle, the method
uses velocity-sensitive pulses to collect the nonuniform flow
velocity and single-phase flow in the venous tree, thus estab-
lishing the blood flow dependent on venous blood compo-
nents. This sequence uses a T2-based preparation technique
to obtain PCV blood weighted images at effective echo time
and perform exponential fitting on these data to estimate T2
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of PCV blood. The function relationship between T2 value
and blood oxygen saturation was established to calculate
OEF. The method could also measure CBF at the same time
and calculate CMRO2 accordingly. The sequence diagram is
shown in Figure 10.

Since QUIXOTICmeasures the OEF in the voxel direction
with a long scanning time, which limits its application, Stout
et al. proposed a multiecho QUIXOTIC called turbo QUIX-
OTIC (tQUIXOTIC), which reduces the scanning time by
eight times and applies it to functional MRI [78]. This method
can obtain multiple echo readings in a single TR, thereby
shortening the imaging time by several times, so that the cor-
tical GM OEF mapping can be completed in 3.4 minutes, and
the OEF time course of functional MRI is generated.

The advantages of QUIXOTIC include the following: (1)
QUIXOTIC only maps blood in the venous circulation, elim-
inating interference such as cerebrospinal fluid, static tissue,
and capillary/arterial blood; (2) due to the limitation of
signal-to-noise ratio, QUIXOTIC analysis can be performed
on a voxel-per-voxel basis to create Yv, OEF, and CMRO2
mapping; (3) QUIXOTIC generates images every two TR, thus
enabling the technology to be used in functional MRI.

Based on the several sequences discussed above, their
advantages and disadvantages are summarized as shown in
Table 1.

4. Discussion

This paper discusses the progress of MRI studies of OEF in
human brain. However, due to the internal small signal changes
caused by deoxyhemoglobin and the influence of various con-
founding factors, these techniques need to be further improved
as routine clinical diagnostic tools. In addition, a series of phys-
iological and pathological conditions are required to strictly
compare and verify the technology. In today’s fast-developing
era, various technical methods cannot be described in detail
due to limited knowledge and experience, so we can only briefly
describe the newmethods which are widely used in recent years.
It is hoped that this review can provide relevant background
knowledge for relevant researchers and medical staff, to select
an appropriate method for relevant medical experiments and
provide a new way for clinical diagnosis and treatment. Mean-
while, we hope it will promote the innovation and development
of in vivo quantitative nuclear magnetic resonance technology
for measuring human brain OEF in the future.

5. Conclusion

Cerebral oxygen metabolism plays an important role in main-
taining normal brain function and is the basic energy source
for maintaining neural function. Because the brain has very
limited energy stores, a relatively short period of disturbance
in cerebral oxygen metabolism may cause serious damage to
tissue, such as a stroke. Quantitative measurement of tissue
oxygenation and oxygen metabolism is very important for
understanding the pathophysiological status and treatment
of many diseases. As one of the important parameters of
hemodynamic and tissue metabolic conditions of human
brain, OEF can indirectly reflect the physiological condition

of brain tissue and the degree of lesions and can be used as
an auxiliary criterion of disease in clinical diagnosis. There-
fore, this review summarizes some principles and methods of
MRI for quantitative measurement of OEF based on the
BOLD principle and discusses the advantages and disadvan-
tages of each method. It is suggested that follow-up scholars
can improve the OEF measurement technology and methods
based on MRI according to the discussion in this paper.
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