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Abstract
Purpose: There are many approaches to the quantitative BOLD (qBOLD) tech-
nique described in the literature, differing in pulse sequences, MRI parameters
and data processing. Thus, in this review, we summarized the acquisition meth-
ods, approaches used for oxygenation quantification and clinical populations
investigated.
Methods: Three databases were systematically searched (Medline, Embase, and
Web of Science) for published research that used qBOLD methods for quantifi-
cation of oxygen metabolism. Data extraction and synthesis were performed by
one author and reviewed by a second author.
Results: A total of 93 relevant papers were identified. Acquisition strategies
were summarized, and oxygenation parameters were found to have been investi-
gated in many pathologies such as steno-occlusive diseases, stroke, glioma, and
multiple sclerosis disease.
Conclusion: A summary of qBOLD approaches for oxygenation measurements
and applications could help researchers to identify good practice and provide
objective information to inform the development of future consensus recom-
mendations.
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1 INTRODUCTION

Baseline oxygen metabolism and blood oxygenation are
thought to be affected in a variety of diseases. The gold
standard technique for mapping oxygen metabolism is
triple oxygen PET, which utilizes 15O-labeled H2O, O2,
and CO to measure oxygen extraction fraction (OEF),
cerebral blood flow (CBF), and cerebral metabolic rate
of oxygen consumption (CMRO2).1,2PET studies using

this technique have shown metabolic changes in ageing,3
dementia,4 and Alzheimer’s disease.1 However, the com-
plicated logistics, radiation exposure, and requirement for
an onsite cyclotron to create the 15O isotope, which has
a short half-life of 2 min, have limited its broad clinical
usage.5,6

In recent years, advanced MR techniques have been
developed to quantify baseline oxygen metabolism. Some
of those techniques are based on respiratory calibration of
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the BOLD signal,7,8 whereas other non-respiratory tech-
niques include T2-based methods,9,10 susceptibility based
methods11–13 and quantitative BOLD (qBOLD) and R′2
(reversible transverse relaxation rate) mapping.14,15,6 Some
of these techniques try to estimate oxygen metabolism in
specific brain regions, while others provide a global or
whole-brain assessment of oxygen metabolism and have
been discussed broadly in a recent review5 by Jiang and Lu,
which provides an overview of all MRI-based OEF mea-
surements. However, this review is distinct in two ways.
First, the scoping review is a methodology to “systemat-
ically map the literature available on a topic, identifying
key concepts, theories, sources of evidence and gaps in the
research”.16 Second, this review focuses specifically on the
quantitative BOLD technique for mapping OEF and R′2 for
assessment of relative tissue oxygenation rather than OEF
measurement techniques in general.

1.1 qBOLD theoretical underpinning

The qBOLD technique establishes a relationship between
OEF and the observed MRI signal,17 and has been shown
to be a valid approach for estimating blood oxygenation
in preclinical studies18 and healthy human subjects.19,20

More recently, it has been used in investigating patients
with stroke21 and glioma.22

The qBOLD model focuses on signal decay in the
extravascular tissue space caused by local magnetic field
inhomogeneities surrounding the blood vessel network
and induced by paramagnetic deoxyhemoglobin. Tradi-
tionally, models of the BOLD signal are unable to separate
the contributions of blood oxygenation level (i.e., OEF)
and blood volume to the transverse signal decay. There-
fore, a faster BOLD signal decay (i.e., a greater value of
R′2) might be caused by either decreased blood oxygena-
tion or increased blood volume. However, Yablonskiy and
colleagues developed a model of the BOLD signal in the
static dephasing regime (SDR), by modeling the blood ves-
sels as a network of randomly oriented cylinders. This
SDR model has the advantage of being able to separate
experimentally the oxygenation and blood volume effects.
Particularly, two asymptotic equations can be derived to
describe the signal behavior in the short and the long-time
scales17,21,23:

Ss = S0 ⋅ e−TE⋅R2 ⋅ e−0.3⋅(R′2⋅𝜏)
2∕DBV

, 𝜏 <

1.5 ⋅ DBV
R′2

(1)

SL = S0 ⋅ e−TE⋅R2 ⋅ e−𝜏⋅R′2 ⋅ eDBV
, 𝜏 >

1.5 ⋅ DBV
R′2

(2)

where τ is defined as the spin echo displacement time
which controls the R′2-weighting of the signal, TE is the

echo time, and R2 is the irreversible transverse relaxation
rate. DBV represents the deoxygenated blood volume with
the understanding that the veins typically are the major
contributor to it. During the short timescale of Eq. (1)
the signal decay is quadratically exponential, whereas in
the long-time scale in Eq. (2) it is linearly exponential.
From this long timescale, it is possible to characterize R′2
(R′2=R∗2 −R2) as,

R′2 = DBV ⋅ 𝛾 ⋅ 4
3
π ⋅ Δχ ⋅Hct ⋅ OEF ⋅ B0 (3)

where 𝛾 is the gyromagnetic ratio (2.68× 108 rad/s/T),
B0 is the main magnetic field strength, Hct is the frac-
tional haematocrit, and Δ𝜒 is the susceptibility difference
between fully deoxygenated and fully oxygenated blood
(0.27 ppm per unit Hct24). Therefore, measurements of R′2
are proportional to deoxyhemoglobin content, that is, the
product of hematocrit and OEF. DBV can be calculated via
comparison of the measured signal at the short timescale
Ss(meas) with the intercept extrapolated from long timescale
data SL(extrap) using Eq. 4.

DBV = ln SL(extrap)(0) − ln SS(meas)(0). (4)

Therefore, when R′2 and DBV are known, OEF can be
estimated from Eq. 3.

To assess OEF using the qBOLD model, many studies
have used a gradient echo sampling of spin echo (GESSE)
sequence, in which multiple gradient echoes are obtained
with varying values of τ.23 However, one disadvantage of
this sequence is that the R2-weighting of the gradient echo
signals also varies with τ and must be taken into account
when estimating R′2.14,15,25 The asymmetric spin echo
(ASE) sequence in which the refocusing pulse of a spin
echo pulse (SE) sequence is shifted by τ/2 to produce vari-
ous degrees of R′2-weighting while keeping the TE constant
has also been used. This enables R′2 to be estimated directly
without the confounding effects of R2-weighting. Both the
GESSE and ASE methods require roughly 5–10 min to map
the OEF.26 Since the qBOLD model relies on small differ-
ences in the signal decay to distinguish the DBV and OEF
effects (Eqs. 1 and 2), a high SNR is required to estimate
them from GESSE or ASE data.19,23,27 To overcome this
issue, the multiparametric-qBOLD (mp-qBOLD) approach
was devised, in which CBV is evaluated using dynamic
susceptibility contrast (DSC) MRI and R′2 is estimated
by separately mapping R2 with a multiple spin-echo
sequence and R∗2 with a multi-echo GRE sequence.28,29

Nonetheless the CBV measured by DSC is the total
CBV, not the DBV required for qBOLD. As a result,
the OEF produced by mp-qBOLD is a relative measure
of OEF.29,30
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The qBOLD model described in Eqs. (1) and (2)
considers a single extravascular tissue compartment and
assumes that R′2 is only associated with deoxygenated
blood. However, R′2 is susceptible to macroscopic mag-
netic field inhomogeneity, which must be addressed either
prospectively with techniques like z-shimming31 or the use
of exponential excitation pulses,32 retrospectively with a
high-resolution field map or by modeling the voxel spread
function.15,33,34 If not, then R′2 will be increased leading to
an overestimation of OEF.

Other compartments, such as intravascular blood and
CSF or interstitial fluid (ISF), can be found in an in vivo
imaging voxel, in the latter case resulting in an increase
in R′2. He and Yablonskiy explain the CSF effect as being
caused by its differing protein and lipid content with
respect to tissue, resulting in frequency shifts and phase
differences in its MR signal relative to the tissue compo-
nent.15 To address this, the qBOLD model was expanded
to include contributions from GM, WM, CSF, and blood.15

However, implementing this multi-compartmental model
demands prior tissue composition knowledge and involves
a large number of fitting parameters.15 Otherwise, to sim-
plify the model, it is possible to reduce the contributions
from other compartments. For instance, it has been pro-
posed that the intravascular contribution can be mini-
mized by employing flow crushing gradients,26 and the
CSF/ISF signal suppressed utilizing a fluid attenuated
inversion recovery (FLAIR) preparation pulse.21 Another
key assumption of the qBOLD model is SDR for MRI sig-
nal formation in the presence of the blood vessels network
which assumes the diffusion effect is negligible. How-
ever, it has been demonstrated that diffusion has a vessel
size-dependent effect on signal decay, and that disregard-
ing this effect may result in systematic underestimation of
OEF.35–37

1.2 Aims of the review

To the best of our knowledge, there is no system-
atic review detailing the breadth of qBOLD acquisition,
processing methods and clinical applications that have
been presented and used in the literature. Therefore,
the aim of this study is to perform a systematic scop-
ing review of papers which employ the qBOLD tech-
nique. We present an overview of the different aspects
of the qBOLD experiments reported and applied in the
literature, describing the methods and clinical research
applications. We classified and analyzed the acquisi-
tion, data processing and populations employed and
based on these findings we identified recent practices,
trends, technical findings, and evidence from clinical
studies.

2 METHODS

The evidence on the applications of the qBOLD approach
in the literature was mapped in this systematic scoping
review. The scoping review approach16 provides a sum-
mary of existing evidence on a topic in order to reveal
the depth and breadth of that topic. These findings are
reported based on the Preferred Reporting Items for Sys-
tematic Review and Meta-Analysis Extension for Scoping
Review (PRISMA-ScR), which also guided the protocol for
this scoping review.38

2.1 Search strategy

A systematic search was performed in the following
databases: Medline, Embase, and Web of Science. The
search strategy combined terms relating to “quantitative
BOLD,” “qBOLD,” “oxygen extraction,” “oxygen extrac-
tion fraction,” “oxygen saturation,” “oxygen metabolism,”
“magnetic resonance,” “MRI,” “MR imaging,” “MR mea-
surements,” and “Quantitative measurements of cere-
bral blood oxygen.” The search was constrained to
English-language literature and date of publication from
1994, the year in which the theory underlying qBOLD
was first reported.17 Full details of the search strategy are
provided in the Appendix. The last updated search was
conducted in August 2023.

2.2 Eligibility criteria

The following inclusion criteria were applied: studies that
have been conducted on humans including healthy vol-
unteers or patients. Studies that reported measurement
outcomes of oxygenation using qBOLD such as deoxyhe-
moglobin concentration, deoxyhemoglobin content, OEF,
oxygenation, oxygen saturation, R′2. Studies which only
report T′2/R′2 were also included. T′2 is the reversible trans-
verse relaxation time which is the inverse of R′2 that is,
T′2 = 1/R′2. A decrease in T′2 indicates an elevation in deoxy-
hemoglobin which is equivalent to an increase in R2’. As
shown by Eq. (3), R′2 is proportional to the product of OEF
and CBV.

The following exclusion criteria were used: calibrated
BOLD or dual calibrated FMRI or QUO2 using hyper-
capnia and/or hyperoxia, T2 Relaxation Under Spin
Tagging (TRUST), Susceptibility Based Oximetry (SBO),
VAscular Space Occupancy (VASO), Velocity-selective
Excitation with Arterial Nulling (VSEAN), Quantitative
Imaging of eXtraction of Oxygen and TIssue Consumption
(QUIXOTIC), reviews, simulation studies, and preclinical
studies.
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2.3 Selection of sources of evidence

The search records from the three databases were trans-
ferred to the Endnote (Clarivate, Philadelphia, PA) refer-
ence tool, where duplicates were identified and removed.
Records were then screened by title and abstract by two
researchers (A. A., N. B.). The included studies were
transferred to the Rayyan software tool (Rayyan Systems,
Inc., Cambridge, MA) and screened independently by title
and abstract according to the inclusion and exclusion cri-
teria by two researchers (A. A., N. B.). Disagreements
were resolved by consensus. Two researchers (A. A., N.
B.) went through the full text of the included papers
in a second step checking for their eligibility for final
inclusion.

2.4 Data charting

Data were extracted from each of the selected articles and
tabulated. The following characteristics were extracted:
study characteristics, such as: author, year, methods,
and aim/objective of the study; population characteris-
tics, including sample size, age, pathology. MRI acquisi-
tion parameters were recorded including magnetic field
strength and type of pulse sequence. The technique for
measuring CBV and OEF were documented. Finally,

information on the analysis was extracted. Data extraction
of all included studies was performed by the lead author
(A. A.), and a sample of these data were checked by the
senior author (N. B.).

3 RESULTS

3.1 Study selection and population
characteristics

The electronic search of the three databases retrieved
5172 studies of which 2469 studies remained after check-
ing for duplicates. After screening of abstracts and full
texts for eligibility, 119 studies remained for full-text
assessment according to the inclusion and exclusion cri-
teria. Finally, 93 studies met the inclusion criteria and
were included in the scoping review. Figure 1 presents
a Prisma Flow Diagram illustrating the search results.39

The studies included a total of 3239 participants, com-
prised of 1809 patients and 1432 healthy participants.
Twelve papers did not provide any age information,
a further 34 papers reported only the age range. The
mean participant age, computed as the group mean
weighted by the number of participants in each study, was
43.3 years for healthy participants, while for patients it was
53.1 years.

Records identified through 
database searching 
(n = 5172)  

PRISMA flow chart for search strategy findings 

Id
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Duplicates removed 
(n = 2703) 

Records screened  
(n = 2469)  

In
cl

u
d

ed
 

Studies included in the review 
(n = 93) 

Records excluded: 
review (n = 176) 
conference abstracts (n = 120) 
preclinical studies (n =132) 
not MRI studies (n = 195) 
other MRI techniques (n = 502) 
irrelevant studies (n = 1219) 
book chapter (n = 2) 

Full-text articles assessed for 
eligibility  
(n = 119)  

Records excluded: 
TRUST (n = 8) 
Phantoms studies (n = 3) 
Not R2’ measurements (n =11) 
PET (n = 1) 
Dynamic OEF(n = 1) 
DSC(n = 1) 

F I G U R E 1 PRISMA flow chart for
search strategy findings.
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3.2 Acquisition and analysis

The number of included studies that were conducted
at 3T is 78/93, where the remainder were acquired at
1.5T (15/93). In this review, we identified many studies
of qBOLD with different names such as qBOLD, multi-
parametric qBOLD (mqBOLD), quantitative susceptibil-
ity mapping combined with qBOLD (QQ), interleaved
(iqBOLD) and streamlined qBOLD (sqBOLD). Despite the
fact these techniques have different names, some of them
are based on the same or similar acquisition methods.
Thus, categorizing the included studies based on acqui-
sitions methods revealed four main acquisition methods.
Multiparametric acquisitions (mp-qBOLD) consisting of
separate acquisitions of R∗2 and R2, which is the most
common approach in the literature (36 studies) and has
been applied in a slightly diverse way regarding the pulse

sequence applied and the approach for measuring CBV,
followed by ASE (21) which has been applied mainly using
the basic ASE pulse sequence, and other branches of the
ASE pulse sequences , such as MASE used in one study and
GASE in two studies, gradient-echo (GRE) (19), GESSE
(12), spin and gradient echo (SAGE) (2), and gradient-echo
sampling of free induction decay and echo (GESFIDE) (2)
(see Table 1 for a full reference list and Figure 2). Median
and range of MRI parameters of the most common qBOLD
acquisitions are presented in Table 2. On the clinical side,
the most commonly used acquisition is the multipara-
metric approach, specifically mp-qBOLD (GRE and SE),
followed by ASE, GRE, GESSE, and mp-qBOLD (GRE and
gradient and spin-echo [GRASE]), then mp-qBOLD (SE
and EPI), and finally SAGE.

Table 3 presents the mean of R′2, DBV and OEF val-
ues for healthy volunteers across studies characterized

T A B L E 1 Pulse sequences applied in mp-qBOLD acquisition and the way of measuring CBV or DBV.

No. of studies

Pulse sequence References CBV/DBV via

mp-qBOLD

Multi gradient echo/multi spin echo 1522,25,28,6,40–50 DSC22,25,28,6,40–50

Multi gradient echo/fast-spin echo 451–54 DSC53

Multi-gradient echo/gradient and spin echo (GRASE) 729,30,55–59 DSC29,30,55–59

Gradient echo-EPI/fast-spin echo 660–65 DSC61

Multi gradient echo/fast-multi spin echo 266,67 -

Fast-gradient echo/fast-spin echo 268,69 -

ASE

ASE 1121,70–80 Yablonskiy and Haacke qBOLD model17

Triple-echo ASE 481–84 Yablonskiy and Haacke qBOLD model17

Multi-echo-ASE 185 Yablonskiy and Haacke qBOLD model17

ASE-velocity-selective spin-labelling (VSSL) 186 Yablonskiy and Haacke qBOLD model17 aided with VSSL
maps

ASE-VASO 187 Yablonskiy and Haacke qBOLD model17

Electrocardiogram-triggered ASE 188 Yablonskiy and Haacke qBOLD model17

GESSE

Gradient echo sampling of spin echo (GESSE) 1214,15,19,37,89–94 Yablonskiy and Haacke qBOLD model17

Multi-gradient echo

Multi-gradient echo 1919,34,95–112 QQ model85,95,97–106,108,111 Yablonskiy and Haacke qBOLD
model17,34,96,109,110

GESFIDE

Gradient echo sampling of fid and echo (GESFIDE) 2113 Yablonskiy and Haacke qBOLD model17

SAGE

SAGE 2114,115 Yablonskiy and Haacke qBOLD model17

Abbreviations: ASE, asymmetric spin echo; CBV, cerebral blood volume; DBV, deoxygenated blood volume; DSC, dynamic susceptibility contrast.
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6 ALZAIDI et al.

F I G U R E 2 Acquisitions used for acquiring qBOLD data by
number of studies. mp-qBOLD, multiparametric qBOLD; ASE,
asymmetric spin echo; GRE, gradient echo; GESSE, gradient echo
sampling of spin echo; SAGE, spin and gradient echo; GESEFIDI, a
gradient-echo sampling of free induction decay and echo.

by acquisition type. The mp-qBOLD acquisition seems
to provide higher values overall compared to ASE and
GESSE. Accounting for magnetic field inhomogeneity
(MFI) was performed in 41% of the included studies with
different approaches, including prospective correction
using exponential excitation pulses (12%)31,6,40,55,56,66,68,128

or z-shimming (5%),21,41,70,71,120 model fitting (1%),89

slice averaging (1%),28 voxel spread function (4%),34,95–97

projection onto dipole field (12%),95,98–108 and retrospective
correction using field maps (8%).15,25,37,86,90,109 In addition,
∼6% of the studies used FLAIR to suppress the CSF/ISF
signal.21,67,70,71,86,120

Common pre-processing steps that were reported were
motion correction, spatial smoothing and registration to
MNI or subject space. However, 21 studies did not report
pre-processing steps.14,25,42,60–63,68,81–83,89–92,99–101,113,116–117

The method of the analysis was mostly region of interests
(ROIs), including WM, GM, and whole brain anal-
ysis (63 studies) or ROIs combined with voxel-wise
analysis (5 studies).56,66,72,73,124 OEF maps were mostly
computed by using least squares fitting (18 stud-
ies),14,15,21,25,30,34,37,57,71,74–76,84–85,88,90,96,109,114 but in one
study, Bayesian inference was used.70 Further advanced
analysis approaches such as cluster analysis of time evo-
lution (CAT) and artificial neural network (ANN) have
been applied in nine studies.89,98,101,102,105,107–108,110–111 The
main principle behind the CAT method is that voxels
with a similar mGRE signal evolution have similar model
parameter values, and the number of clusters as defined
by machine learning is less than the number of voxels.
Hence, averaging over a cluster can substantially improve
SNR for a cluster-wise inverse solution that can be utilized
as a robust initial estimate for voxel-wise QSM+ qBOLD

T A B L E 2 Median and range (in square brackets) for MRI parameters used in qBOLD or R′2 mapping studies.

Technique

Parameters ASE GESSE mp-qBOLD(SE) mp-qBOLD(GRE)

No. of echoes N/A 26 [10–89] 8 [4–32] 8 [8–28]

TR (ms) 5000 [3000–5000] 5000 [3000–5000] 2600 [1000–10 000] 1210 [67–75 000]

TE (ms) 62 [62–82] 62 [62–82] 16 [8.8–17] 5 [5–10]

Delta TE (ms) N/A 4 [2–4.96] 15 [6.43–42.75] 6 [5–7]

Time of SE (ms) N/A 64 [32.8–133.29] N/A N/A

τ (ms) 10[−16–22.5] - N/A N/A

Δ τ (ms) 0.5 [0.5–8] - N/A N/A

Spatial resolution (mm) 3× 3 [2.29–3× 2.29–3] 3× 3 [2.29–3× 2.29–3] 1.8× 1.8
[0.86–2.5× 1–2.5]

1.25× 1.3
[0.86–2.5× 1–2.5]

FOV (mm) 192× 192
[192–220×-192–220]

248× 256
[160–256× 192–256]

240× 203[208–320
× 156–256]

240× 182
[200–240× 160-240]

No. of slices 16 [9–19] 1 [1–9] 25 [4–50] 27 [8–75]

Slice thickness (mm) 3 [3–5] 7.5 [3–8] 4 [2–6] 2[0.8–6]

Acquisition time (mins:sec) 5:48 [3:48–9:36] 12.54 [8:30–21:07] 3.5 [2.5–12.14] 3:36 [1:05–8:00]

No of studies 7 10 24 24

References 71, 73, 75–79 14, 15, 25, 37, 89–90, 94,
105, 116

22, 28, 6, 40–53, 65–66,
68–69, 117–119

10, 42, 48, 60–62, 81–82,
86, 89, 91–92, 98–101,
113, 116–117, 120–123

Note: Only studies with mostly complete descriptions of the relevant parameters were included.
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ALZAIDI et al. 7

T A B L E 3 Mean and range of R′2, DBV and OEF values in brain tissue for healthy volunteers across studies categorized by acquisition
type.

qBOLD acquisition R′2 (Hz) DBV (%) OEF (%)

GESSE 4.69 [2.90–6.70]15,25,37,90 4.56 [1.75–4.59]14,15,25,37,44,89–90,105 37.16 [31.60–46.30]14,15,19,25,37,89–93,105

ASE 3.10 [2.60–3.60]21,70 5.9 [3.10–6.70]21,70,85,86 32.66 [21.0–40.0]21,70,74,76,85,86,124–125

mp-qBOLD 6.76 [4.43–8.10]28,29,60,63,68,90,126–127 6.21 [4.30–9.20]28,90 52.0 [29.10–60.0]28,29,55–57,90

GRE (QQ)a N/A 2.8 [1–4.5]95,101,102,104 36.4 [30.6–43.8]95,101,102,104

Abbreviations: ASE, asymmetric spin echo; DBV, deoxygenated blood volume; GESSE, gradient echo sampling of spin echo; GRE, gradient-echo; OEF,
oxygen extraction fraction.
Note: Means are weighted by the number of participants in each study.
aOnly values from the QQ approach are included for the GRE acquisition.

optimization.102 Alternatively, ANN is a machine learn-
ing tool used to recognize patterns and classify data. It
has proven to be an effective alternative approach for
robust curve fitting, with good noise and outlier resilience
and faster computational processing compared to least
squares fitting.89 Some of the studies did not provide
detailed information about the fitting procedure that was
used.43,81–83,92–93,116,124 The most common software tools
used for analysis are MATLAB (Mathworks, Natick, MA),
FSL,129 and SPM.130

3.3 Applications

The most investigated human organ was the brain
(84 studies, see supplementary information for full
studies details), followed by lower extremity mus-
cle (4 studies),15,81,83,84 breast (2 studies),6,42 liver
(1 study),109 spinal cord (1 study),115 and heart
(1 study).57 The majority of brain studies used
the mp-qBOLD approach for acquisition (34 stud-
ies),22,25,28–30,6,41–47,51–53,55–58,60–66,68–69,116–118,128 followed by
GESSE acquisition (12 studies),14,15,19,37,89–94 then ASE (11
studies).19,21,70,71,73–75,77–78,85–86,124 Studies conducted on
the breast used the mp-qBOLD approach.6,42 However, in
the lower extremities, all the studies used ASE.81–84

Twenty-eight studies explored using qBOLD methods
on healthy subjects for various aims, such as to assess the
technical feasibility of the qBOLD method,15,28,37,79,84,88,95

and to develop a new related qBOLD technique.21,86 Fur-
thermore, validation studies were also performed to inves-
tigate the validity of the technique and the model19,25,99

as well as making MRI versus PET comparisons.56,103

On the other hand, 64 out of 93 studies (64/93) investi-
gated diseases to measure tissue hemodynamic parame-
ters, such as blood volume, deoxyhemoglobin concentra-
tion, and OEF as well as measuring T′2 or R′2 as a surrogate
marker of local oxygenation. Cerebrovascular diseases, for
example, stroke, carotid stenosis/occlusion, mitochondrial

myopathy, encephalopathy, lactic acidosis, and stroke-like
episodes (MELAS), were the most investigated diseases (28
studies), followed by glioma and brain tumor (17), diabetes
(3),19,81,82 hemoglobinopathies (4),19,72,73 breast tumor
(2),6,42 multiple sclerosis (MS) (2),63,100 clinically isolated
syndrome (CIS) (2),19,60 pre-eclampsia (PE) (2),106,108 neu-
rodegenerative disease (2),19,107 human immunodeficiency
virus (HIV) (2),76,80 and 1 study for the following dis-
eases: cervical spondylosis,115 retinal vasculopathy with
cerebral leukoencephalopathy and systemic manifesta-
tions (RVCL-S)78 (Figure 3). Table 4 lists the most common
pathologies investigated along with clinical finding related
to oxygenation parameters.

Studies have also been performed outside of the brain.
Oxygenation parameters have been measured in lower
body extremities, in particular in the calf muscle, using
qBOLD in patients with diabetes.81–83 The measurements
were performed at rest and during an isometric plantar
flexion muscle contraction, Zheng and colleagues reported

F I G U R E 3 Number of studies for each of the pathologies
investigated using qBOLD or R′2 mapping. CSI, clinically isolated
syndrome; HIV, human immunodeficiency virus; MS, multiple
sclerosis; PE, pre-eclampsia; RVCL-S, cerebral leukoencephalopathy
and systemic manifestations.
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8 ALZAIDI et al.

T A B L E 4 Findings of most common pathologies investigated using qBOLD or R′2 mapping.

Pathology No. of studies Findings

Cerebrovascular diseases 28 • Low OEF in DWI-defined lesions in ischemic stroke patients.101,102

• Different OEF histogram compared to the contralateral side in ischemic stroke
patients.102

• Lower OEF in the ipsilateral side compared to the contralateral side in ischemic
stroke patients.98

• Infarct core OEF value showed decreasing trend from acute to early subacute
to late subacute phases of ischemic stroke110

• rCBV and OEF were unchanged, whereas rCMRO2 and CBF had a relative
reduction in the affected side with the stenosed carotid artery.127

• rOEF was unchanged in asymptomatic internal carotid artery stenosis (ICAS)
patients55

• Elevation of rOEF and CBF preoperatively which reduced to normal range
following surgery in patients with severe cerebrovascular stenosis or occlusive
disease.91

• Decrease in the T′2 value in the affected side compared to the contralateral in
acute stroke patients64

• Lower T′2 values within hypoperfused tissue in acute ischemic stroke
patients.51,52,64

• Higher T′2 values in hyperperfused area in acute ischemic stroke patients.52,64

• T′2 values in clinically isolated syndrome (CIS) did not differ significantly from
healthy control62

Glioma and brain tumor 17 • Higher OEF in ipsilateral side and suspected tumor area.22,47,53,66,89,90,114,128

•Low-grade glioma showed areas with increased OEF, whereas anaplastic glioma
(grade III) and glioblastoma (grade IV) showed decreased OEF when compared
with normal brain tissue.47,128

• OEF distinguishing Isocitrate dehydrogenase IDH1 status and mutant gliomas
in the tumor area.119

• OEF was lower in glioblastomas than metastases.48,111

Diabetes 3 •Diabetic patients had lower OEF and oxygen consumption compared to healthy
controls.82,83,131

Hemoglobinopathies 4 • Sickle cell anemia (SCA) patients showed variation in whole-brain OEF and
decreased values of OEF in white matter at higher risk of stroke under different
treatment options.73,132

• Increase OEF within normal appearance white matter of SCA patients com-
pared to healthy control.124

• Whole brain OEF values was higher in SCA patients compared to healthy
control.72

Abbreviations: CBF, cerebral blood flow; DWI, diffusion-weighted imaging; OEF, oxygen extraction fraction.

an attenuated oxygenation response during isometric calf
muscle exercise in people with diabetes mellitus compared
to a non-diabetic group.81–83 In breast cancer, two stud-
ies have been conducted using the mp-qBOLD acquisition
approach with DSC to assess the viability of using qBOLD
as a non-invasive way to assess the tumor microenviron-
ment (TME), hypoxia, and induced neovascularization. It
aimed to differentiate between aggressive and less aggres-
sive breast cancer.6,42 Findings from these studies sug-
gested that mp-qBOLD can aid in the non-invasive identi-
fication of aggressive breast cancer. Two studies106,108 have
been conducted to investigate brain oxygen metabolism
in pregnant women with pre-eclampsia, which causes

high blood pressure. The studies found that women with
pre-eclampsia had higher OEF values than healthy preg-
nant women.

4 DISCUSSION

We identified 93 papers which used qBOLD to quantify
oxygenation-related parameters which together included
3239 subjects. Multiple approaches to qBOLD acquisition
and analysis were included in this review, of which 41%
reported performing correction for magnetic field inho-
mogeneity (prospective or retrospective) and 6% reported
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ALZAIDI et al. 9

performing correction for the presence of CSF. Studies
were conducted in six organs, although 91% studied the
brain, and 12 different pathologies, with the vast majority
investigating cerebrovascular disease (44%) or glioma and
brain tumors (27%).

4.1 Reporting standards

Most studies reported the acquisition details except seven
ASE studies which referred to other papers for more
details; this leaves room for ambiguity on how the actual
data were acquired. Another three ASE studies reported
using triple-echo ASE but did not give enough details on
how these data were analyzed. Seven mp-qBOLD papers
and two GESSE papers reported incomplete information
about MRI acquisition parameters. Oxygenation maps
were mainly computed using simple iterative least-squares
regression.90 However, in studies using the QSM+ qBOLD
technique, machine learning algorithms such as artificial
neural networks (ANNs) have been applied with the aim
of improving the robustness of curve-fitting.89,100–102,104

More than half of studies did not report the fitting method
details clearly. Reporting more details about both acquisi-
tion and processing methods would enable more reliable
replication and comparisons of these methods.

4.2 Acquisition and analysis

The majority of qBOLD studies were performed at 3T using
the mp-qBOLD approach (GRE and SE) for data acquisi-
tion, followed by the ASE sequence. While qBOLD can be
performed using different sequences to measure oxygena-
tion parameters, all have limitations. Because the qBOLD
signal is a function of R′2 and DBV, alterations in acquir-
ing these parameters can affect the final outcomes, that
is, OEF. For instance, acquiring R′2 with different acqui-
sitions has been shown to produce significantly different
values.133 This is particularly the case for the mp-qBOLD
approach due to the multiple techniques in use to measure
T2, each with different sensitivities to RF pulse errors lead-
ing to overestimation of T2 and underestimation of R′2.

29

However, from the literature reviewed in this review, there
was a notable difference in the estimate of R′2 between
the GESSE and ASE techniques which both have a direct
sensitivity to R′2. When compared with GESSE measure-
ments of R′2, mp-qBOLD measurements of R′2 are 47%
higher, whereas ASE measurements are 34% lower. Simu-
lations have shown that the differences in measurements
of R′2 using GESSE and ASE may be due to the effect of
diffusion. In the GESSE technique, the amount of time
for protons to diffuse around the blood vessels increases

with TE which flattens the signal decay around the spin
echo.37 In contrast, this time for proton diffusion is fixed
for the ASE technique and equally affects all of the τ val-
ues (R′2-weightings).35 While for mp-qBOLD, the higher R′2
measurements are believed to be due to stimulated echoes
due to slice-selection pulse imperfections, in 2D-GraSE
and 2D-TSE imaging that lead to T2 overestimations,
hence, higher R′2 measurements. To overcome these issues,
it is advisable to use non-slice selective and 3D acquisition
techniques, such as 3D-GraSE, to reduce T2-related bias
in mp-qBOLD.29 R′2 values for the QQ approach are not
available since this model fits directly for OEF and DBV.
The R′2 measurements reported from the included studies
highlighted the notion that R′2 measurements are clearly
influenced by the acquisition method (Table 3), which also
has been reported previously.133 This is an important con-
sideration for designing and evaluating research that use
R′2 measurements. In addition, R′2 measurements are influ-
enced by the orientation of the white matter fibers32 and
the existence of myelin, which has a high diamagnetic
susceptibility. Each voxel’s signal decay becomes multi-
exponential due to the presence of extracellular, intracel-
lular, and myelin water compartments. Previous studies
have shown that a significant frequency shift is caused
by the water compartmentalization in the myelin, which
increases the R∗2 decay during gradient echoes.134,135

It is crucial to distinguish between the susceptibil-
ity effects caused by deoxyhemoglobin and those caused
by static field inhomogeneities to get a more accurate
estimation of R′2. To recover signal loss or separate the
impacts of these two field fluctuations, a number of tech-
niques have been applied in the included studies. The
most common ways were as follows, applying an exponen-
tial excitation pulse,30,6,40,55,56,66,68,128 using high-resolution
field maps,15,25,37,86,90,109 z-shimming,21,41,70,71,120 and voxel
spread function.34,95–97 However, these techniques have
inherent limitations, and the choice of approach relies on
the particular application and the resources at hand. Fur-
thermore, accounting for the presence of partial volumes
of CSF is important. However, few studies considered sup-
pressing CSF/ISF signal by using a FLAIR preparation
pulse.21,67,70,71,86,120

The DBV is similarly measured in different ways
(Table 3). In the qBOLD model, the DBV is estimated from
the transverse signal decay, but this method has poten-
tial issues, including signals from intravascular blood,26

diffusion narrowing effects,35 and signals from macro-
molecules.15 On the other hand, in mp-qBOLD, the DBV
measure is replaced by the DSC measure of cerebral blood
volume (CBV). This CBV measure is combined with a
separate measurement of R′2 to estimate OEF. However,
it is important to note that DBV in the qBOLD model
specifically refers to the percentage of CBV that contains
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10 ALZAIDI et al.

deoxyhemoglobin. This leads to a discrepancy between
DBV, which is specific to vessels carrying deoxygenated
blood, including veins, and CBV from DSC, which is sen-
sitive to all vessel types and represents total blood vol-
ume. Although estimating CBV separately results in a
relative measure of OEF,30 it is perhaps a more pragmatic
approach for clinical settings. However, when compared
with GESSE measurements of DBV, mp-qBOLD measure-
ments of DBV are 48% higher, ASE measurements are
9% higher and GRE measurements using QQ analysis
are 39% lower (Table 3). It is worth noting that the QQ
approach derives its sensitivity to DBV from the same
source as GESSE and ASE measurements (Eq. 4). One of
the included studies introduces a new approach which
relies on velocity selective spin labelling (VSSL) pulses to
measure DBV non-invasively.86 For comparison, the only
other technique for measuring DBV, which uses the BOLD
response to a hyperoxia challenge, estimates DBV to be
between 2.2 and 8.2%.121,136

Regarding the QQ approach, by integrating both
qBOLD and QSM there is the potential to counterbalance
each of their limitations. One of the drawbacks of the
qBOLD model, which neglects non-blood sources of mag-
netic susceptibility (e.g., myelin), is addressed by QSM,
which is able to measure the total magnetic susceptibility
regardless of its origin. Conversely, QSM does not directly
factor in DBV and assumes a linear relationship with CBF.
In this symbiotic relationship, both approaches comple-
ment each other, potentially resulting in a more compre-
hensive methodology where the strengths of one method
offset the weaknesses of the other.5,103 This method has
recently been validated against PET. Findings showed,
the average OEF values across subjects did not signif-
icantly differ between QSM+ qBOLD and16 O-PET,103

but there was no report of correlation between the
two methods.

The considerably higher proportion of studies (40%)
using the mp-qBOLD approach is likely due to its reliance
on pulse sequences that are already available on the scan-
ner (i.e., SE or GRE). This makes it easier to implement in
a clinical setting whereas techniques like ASE and GESSE
require custom pulse sequences. This is also true for the
QQ approach which utilizes a standard multiecho GRE
pulse sequence, so long as magnitude and phase data can
be reconstructed on the scanner. mp-qBOLD approaches
are also the most common in the brain and ASE is the
only technique used in the lower extremities. This is likely
due to slow changes in OEF in the clinical brain applica-
tions listed in the results, which are suited to the multi-
shot approaches used in mp-qBOLD acquisitions. ASE is
a much more rapid acquisition, aiding the measurements
of the transient changes in muscle during hyperemia. It
is important to note that for fMRI studies of changes in

brain oxygen metabolism the calibrated BOLD technique
is more suited due to its higher temporal resolution. Stud-
ies using qBOLD on other parts of the human body were
limited. Nonetheless, existing studies outside of the brain
and muscle demonstrate the potential for investigating
diseases elsewhere in the human body using qBOLD.

Although qBOLD provides a non-invasive approach
for assessing OEF, in the context of a clinical setting, it
might be impractical to apply. However, mp-qBOLD pro-
vides great applicability in clinical settings due to the MRI
protocol availability.

4.3 Applications

qBOLD was used to measure baseline oxygenation param-
eters in several pathologies including steno-occlusive dis-
eases, stroke, and small vessel disease (Figure 3 and
Table 4). Findings from these investigations showed that
ischemic stroke patients had lower OEF in the core
infarcted region (tissue that is unsalvageable) than the
contralateral region of the brain and a decreasing trend
from acute to early subacute to late subacute phases of
ischemic stroke. However, there was an OEF elevation in
the penumbral region (tissue that may be salvageable with
treatment), which typically surrounds the core infarct,
compared with healthy tissue in the contralateral hemi-
sphere was also reported.98,101,110 The penumbra region
suffers from a lack of blood flow and can recover if the
blood supply can be restored in a timely manner.137 In
terms of T′2, it has been observed to be reduced in the
infarct core, as defined by a thresholded ADC map, when
compared with healthy tissue.51,64 Similar but smaller
reductions are seen within hypoperfused tissue regions of
interest defined by time-to-peak (TTP) by DSC.52 These
decrease in T′2, or equivalently increases in R′2, suggest a
more rapid signal decay due to the higher than normal
deoxyhemoglobin content of the tissue, which is a conse-
quence of elevated OEF caused by hypoperfusion and/or
increase in DBV.51,64 These findings are consistent with
our current understanding of the pathophysiology from
PET imaging. According to PET studies, there should be
a significant rise in OEF in the penumbra.125 However,
within the core infarct, there is the potential for disagree-
ment with PET. In PET imaging, oxygen metabolism is
observed to be reduced within the core,138 while T′2 has
been observed to decrease consistent with an increase in
oxygen metabolism.53 However, Geisler et al. were able
to reconcile this discrepancy in the following way.64 PET
relies on an intravascular tracer which cannot reach the
core due to a compromised blood supply yielding a negligi-
ble oxygen metabolism,51 whereas measurements of R′2 do
not rely on the delivery of a tracer and, hence, are directly
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ALZAIDI et al. 11

sensitive to the deoxyhemoglobin which remains in the
core due to highly reduced blood flow.

Obtaining qBOLD-based OEF measurements for
ischemic stroke is particularly challenging due to two
main reasons. First, it requires a long acquisition time to
obtain high spatial resolution images or many TEs, which
can lead to patients moving during the process. This is a
common issue with stroke patients that requires motion
correction, resulting in additional data acquisition52,71,116

or image artifacts.71 Second, using the same Hct value for
ischemic and non-ischemic regions can lead to an over-
estimation of OEF.71,116 It is also important to note that
certain factors such as necrosis, bleeding, iron deposition,
fiber orientation, CSF, or macroscopic magnetic suscep-
tibility gradients may cause artificially high OEF values
field.21,64,65,71

Studies conducted in patients with glioma and brain
tumors reported consistent results of higher OEF in the
ipsilateral side and suspected tumor area.53,89,90 More-
over, high-grade glioma revealed higher OEF values than
lower-grade glioma.22,47,66,114,128 However, the heteroge-
neous nature of gliomas, with different cellular den-
sities, and blood flow patterns, represent a source of
bias when merging all types of gliomas into the same
group-grade.61,114 Moreover, it is possible that the necrotic
tissue in tumors is susceptible to hemorrhage in the
necrotic core, which may result in high R′2 values.66 Even if
there is no bleeding, necrotic tissue can still be problematic
because its relative CBV (rCBV) is zero. Therefore, OEF
may increase above any physiologically significant thresh-
old.66 In patients with MS, the reported finding indicated
higher OEF values in the rim area compared to the lesion
and lower OEF for the whole brain in MS patients com-
pared to healthy control patients.100 Two studies attempt
to evaluate hypoxia in breast cancer, which is a prevalent
feature of malignant tumors and is associated with poor
treatment outcomes using qBOLD.6,42 They calculated var-
ious quantitative MRI biomarker maps, such as OEF and
metabolic rate of oxygen (MRO2), using histopathology
as a standard of reference. The findings demonstrated
that invasive ductal carcinomas (IDCs) were more hypoxic
than benign tumors.6 Also, aggressive malignancies had
a greater oxygen consumption than less aggressive can-
cers.42 It seems qBOLD is a promising technique for mea-
suring baseline oxygenation parameters in a broad range
of pathologies and promising direction for some clinical
populations.

4.4 Implications for future research

The application of qBOLD experiments can vary substan-
tially, particularly in the sequence chosen that is ASE,

GESSE, and mp-qBOLD. This induces heterogeneity in the
outcome measurements of R′2 making it difficult to com-
pare the results of different studies. As yet, there does
not seem to have been a direct comparison of a variety
of these techniques to assess any systematic differences.
However, it should be noted that this is difficult to achieve
in human participants due to the normal variation in
OEF which can be caused by natural variations in blood
carbon dioxide levels.139 Therefore, phantom based com-
parisons may be needed. Among the included studies,
phantoms were used for several purposes including test-
ing post-processing techniques for correcting for macro-
scopic magnetic field inhomogeneity.30,37 One study used
gadolinium-doped agar gel phantoms to produce a range
of T2 values to test the accuracy of an improved T2 mea-
surements as part of an mp-qBOLD approach.29 However,
these kinds of phantoms are not useful for comparing tech-
niques for measuring R′2 because they have little to no R′2
contrast. One further study sought to introduce R′2 con-
trast by randomly coiling polypropylene strings in mineral
oil to generate the mesoscopic magnetic field inhomo-
geneity that underlies the qBOLD signal.19 This scoping
review was not targeted at phantom comparisons and so
the literature captured may be incomplete. However, these
studies provide a future direction for phantoms to com-
pare qBOLD variants or between scanners, which might
be particularly important for multicentre studies. In addi-
tion, validation with the gold standard PET imaging is
important; however, this is challenging due to the invasive
nature involved in applying PET when using the radioac-
tive agents and its limited availability.

In addition, as noted above, there are multiple tech-
niques in use for estimating DBV, which are not directly
comparable. Thus, caution must be taken when report-
ing OEF results, which are greatly reliant on the pulse
sequence and the way in which DBV is estimated. This
is true in the case of mp-qBOLD, which does dose not
exactly reflect the deoxygenated blood which qBOLD mea-
sures. However, since the mp-qBOLD approach is more
applicable in clinical settings, it would be worth inves-
tigating a more precise way to measure the DBV; one
alternative option to DSC-based measurements of CBV
is to use hyperoxia-BOLD contrast to measure venous
CBV (CBVv).121 Preliminary work has been presented to
demonstrate this approach.122

When using qBOLD to measure OEF in condi-
tions such as stroke and glioma, it is important to
consider several factors that can impact the accu-
racy of OEF and R′2 measurements. These factors may
include bleeding and necrosis. Using multiple MRI
sequences, such as diffusion-weighted imaging (DWI)
and perfusion-weighted imaging (PWI), can help pro-
vide additional information and enable differentiation
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12 ALZAIDI et al.

between various tissue compartments, including areas
that may be affected by bleeding or necrosis. In addition,
correlating findings from different qBOLD approaches
with histopathological analysis of tissue specimens can
validate the accuracy of OEF measurements and help
interpret discrepancies arising from factors like necrosis,
hemorrhage, or cellular infiltration.

Public availability of analysis tools is currently lim-
ited, with only a single example identified, that is, Quan-
tiphyse.70,123 However, this tool is only optimized for
the ASE acquisition. In future, greater availability of
these tools would help to promote reproducibility and
harmonization.

4.5 Limitations of the review

This review was limited to human studies. Therefore,
it does not present detail regarding preclinical qBOLD
methodologies. However, the basic processing techniques
are similar. In addition, it only included studies in the
English language due to the long process of translation
and time limitations. To date, there has not been a system-
atic review of the use of qBOLD techniques for measuring
blood oxygenation in the human body. Therefore, this
review is the first to cover this topic and highlight the use
of qBOLD in clinical populations.

5 CONCLUSIONS

While qBOLD for measuring oxygen metabolism is a rel-
atively underdeveloped technique, we identified applica-
tions in several clinical populations including cerebrovas-
cular diseases, brain tumor and glioma, multiple sclerosis,
breast cancer, and diabetes mellitus. This highlights the
value of qBOLD oxygenation measurements in clinical
research. However, acquisition techniques and analysis
methods all varied substantially. Future work ought to aim
toward consensus recommendations to facilitate more reli-
able and harmonized qBOLD measurements for use in
clinical research and trials of new therapies.
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