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This article provides an overview of MRI methods exploiting magnetic susceptibility properties of blood to assess
cerebral oxygen metabolism, including the tissue oxygen extraction fraction (OEF) and the cerebral metabolic
rate of oxygen (CMRO,). The first section is devoted to describing blood magnetic susceptibility and its effect
on the MRI signal. Blood circulating in the vasculature can have diamagnetic (oxyhemoglobin) or paramagnetic

Vei . . .
Ble:)lzsi oxygenation level dependent MR properties (deoxyhemoglobin). The overall balance between oxygenated and deoxygenated hemoglobin deter-
oximetry mines the induced magnetic field which, in turn, modulates the transverse relaxation decay of the MRI signal via

additional phase accumulation. The following sections of this review then illustrate the principles underpinning
susceptibility-based techniques for quantifying OEF and CMRO,. Here, it is detailed whether these techniques
provide global (OxFlow) or local (Quantitative Susceptibility Mapping - QSM, calibrated BOLD - ¢cBOLD, quanti-
tative BOLD - gBOLD, QSM+qBOLD) measurements of OEF or CMRO,, and what signal components (magnitude
or phase) and tissue pools they consider (intravascular or extravascular). Validations studies and potential limita-
tions of each method are also described. The latter include (but are not limited to) challenges in the experimental
setup, the accuracy of signal modeling, and assumptions on the measured signal. The last section outlines the
clinical uses of these techniques in healthy aging and neurodegenerative diseases and contextualizes these reports
relative to results from gold-standard PET.

1. Introduction marize existing methods, their underlying mechanisms and potential

clinical applications (Chen et al., 2022; Germuska and Wise, 2019;

To support its metabolic function, the brain relies on a continuous
oxygen supply via the arterial vasculature. Tissue utilization of oxygen
can be estimated in the form of a physiological parameter called the oxy-
gen extraction fraction (OEF). Substantial alterations to oxygen supply
are thought to underlie several neurodegenerative diseases. This obser-
vation could make OEF a useful MRI-based marker of tissue health.

Various MRI-based methods enable the measurement of OEF by ex-
ploiting how oxygen and iron combine in the hemoglobin molecule, a
mechanism rendering oxygenated blood diamagnetic and deoxygenated
blood paramagnetic. Previous review articles have been written to sum-

Jiang and Lu, 2022; Wehrli et al., 2017; Yablonskiy et al., 2013a) al-
though we note that previous reviews have only focused on some of the
methods presented here (Chen et al., 2022; Germuska and Wise, 2019;
Webhrli et al., 2017; Yablonskiy et al., 2013a) or have provided fewer
technical details, especially on combined methods, than we aim to do
here (Jiang and Lu, 2022).

The present review has the following objectives: (1) To provide an
overview of the magnetic susceptibility properties of blood and their
contribution to the MRI signal. (2) To describe the principles of existing
susceptibility-driven MRI oximetry methods. (3) To summarize recent
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GESEPI, gradient-echo slice excitation profile imaging; GESSE, gradient-echo sampling of spin echo; GESFIDE, gradient-echo sampling of free-induction-decay and
echo; GRE, gradient-recalled echo; Het, hematocrit; OEF, oxygen extraction fraction; PC, phase-contrast; QOV, quantitative oxygenation venography; QSM, quanti-
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advances in such methods for quantifying cerebral oxygen metabolism,
and to describe their use alone or in combination. (4) To summarize
application studies using susceptibility-based MRI oximetry on human
brain aging and neurodegenerative diseases.

In line with the scope of this Special Issue of the Journal, this article
focuses on susceptibility-driven oximetry methods.

2. Background
2.1. Blood oxygenation, magnetic susceptibility, and MR signal

Magnetic susceptibility () plays a critical role in determining MRI
contrast because its spatial variations or temporal changes perturb the
main magnetic field (By) and resultantly modulate both the magnitude
and phase of the MR signal. In biological tissues, iron, due to its param-
agnetic properties, is one of the major sources yielding the susceptibility-
induced signal modulation. As such, MRI-based non-invasive quantifi-
cation of iron deposition has been actively investigated in many neu-
rological applications, for example, in the study of normal brain aging
and neurodegenerative diseases. Recent articles (Ghassaban et al., 2019;
Ropele and Langkammer, 2017) summarized techniques and studies rel-
evant to iron quantification, and further discussed its separation into
heme and non-heme iron (Yablonskiy et al., 2021).

Hemoglobin in red blood cells (RBC) is an essential substance as it
carries oxygen from the lungs to organs enabling aerobic metabolism
for energy production. Iron residing in hemoglobin is referred to as
heme iron in distinction from nonheme iron found in the extravascular
space (i.e., tissue). Importantly, hemoglobin’s magnetism depends on its
oxygenation states (Pauling and Coryell, 1936). The oxygen molecule,
when bound to the Fe?* ion in hemoglobin, yields no unpaired electrons
and a zero total magnetic moment, thus making oxygenated hemoglobin
(oHb) diamagnetic. Upon the release of oxygen, however, deoxygenated
hemoglobin (dHb) exhibits paramagnetic properties because Fe?* has
four unpaired electrons. Thus, the magnetic susceptibility of blood
(xblood) changes with its partial oxygen saturation (Y). ypoq can be
expressed by a volume-weighted sum of susceptibilities of four major
components of blood (i.e., diamagnetic water, diamagnetic and param-
agnetic components of Hb, and diamagnetic plasma) as (Cerdonio et al.,
1981):

Xblood = {(1 - UHb) * Xwater T UHp [Iprotein +(1-Y)- Xde]} - Het
+ Xplasma * (1 — Het) 1)

where vy, is the volume fraction of Hb in RBC, Hct is the hematocrit, and
symbols with y are self-explanatory in units of volume susceptibility.
Hereafter, all units are in SI in which the scaling factor 4 is multiplied
by susceptibility values in CGS units. With known values for vy, and
susceptibilities, Spees et al. derived 1,504 @s (Spees et al., 2001):

Yviood = 47 - {[0.264 - (1 = Y) — 0.736]Hect — 0.722 - (1 — Het)} in ppm  (2)

Of note, MRI is concerned with the relative susceptibility of blood
(A ¥plood) in reference to the susceptibility of water. Given that the sus-
ceptibility difference between plasma (~ —4rx - 0.722 ppm). and water
(~ —4x - 0.719 ppm) is negligible (Weisskoff and Kiihne, 1992), A yyi004
can be simplified to:

Albiood = [Axao(1 = Y) + Ay, | Het 3)

Here, Ay, is the susceptibility difference between fully deoxygenated
and fully oxygenated RBCs, and Ay, is the susceptibility difference be-
tween fully oxygenated RBC and water. Comparing Egs. (2) and (3),
Aygo = 4m - 0.264 ppm and Ay, = —4x - 0.014 ppm. These values were
validated with two independent experiments (NMR and superconduct-
ing quantum interference device magnetometry) in (Spees et al., 2001),
and more recently, were confirmed via image-based measurements of
Ajpiood in blood samples over a range of Y values (Jain et al., 2012).
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History and relevant publications in regards to the relationship between
Ajxpiooa and Y have been summarized in great detail in a recent review
article (Wehrli et al., 2017).

MR signal modulation in a voxel due to the susceptibility-induced
magnetic field (AB() can be represented by:

S(t) = Sy - exp (—Ryt) - {exp (=iyABy(0)t) ) “

where S is the baseline signal at a time t = 0, R, is the radiofrequency
(RF)-irreversible transverse relaxation rate manifested by an inhomoge-
neous magnetic field on a microscopic scale, y is the gyromagnetic ratio
(~ 27 x 42.576 x 10° Hz/T), r is the spatial position within a voxel,
and <-> is the voxel-averaging operator. It is noted that Eq. (4) is valid
for pulse sequences acquiring free-induction-decay or gradient-recalled
echo (GRE) signals (i.e., those without collecting spin echoes) in a static
dephasing regime (Yablonskiy and Haacke, 1994). Furthermore, under
certain circumstances (discussed later), the <-> operation in Eq. (4) can
be rewritten as: exp(—R;t) - exp(—iy(ABy)t) where R,’ is the RF-reversible
transverse relaxation rate, closely related to A yy,0q (Boxerman et al.,
1995; Yablonskiy and Haacke, 1994). In such cases, the magnitude of
S(t) is often represented by the effective transverse relaxation rate (Ry*=
R, + Ry’). Principles in phase- and magnitude-based quantification meth-
ods are discussed in the following sections. It is noted that blood R,
(=1/T,) also varies with blood’s oxygenation level as a result of the
intercellular chemical exchange and water diffusion in inhomogeneous
fields on a microscopic scale (Li and van Zijl, 2020; Thulborn et al.,
1982; Yablonskiy et al., 2013a). However, oximetry methods based on
intravascular T, mapping (e.g., Bolar et al., 2011; Guo and Wong, 2012;
Lu and Ge, 2008) are outside the scope of this Special Issue, and thus
are deliberately omitted in this review.

2.2. Parameters measurable from MRI susceptibility

Metabolism is the process that produces energy mainly in the form
of adenosine triphosphate (ATP) required for living cells to sustain their
function. As almost the entirety of ATP production in the body is fulfilled
by aerobic metabolism, knowledge of the oxygen consumption rate in
organs, which is typically represented as the metabolic rate of oxygen
(MRO,) in units of pmol O, (or ml O,) per minute per 100 g tissue,
is important in evaluating their function. While relevant studies have
been performed in nonbrain organs, for example, to assess breast tu-
mors (Stadlbauer et al., 2019), placental function (Abaci Turk et al.,
2019), peripheral vascular health (Englund and Langham, 2020), and
renal oxygenation (Deshpande et al., 2022; Pedersen et al., 2005), a
majority of oximetric techniques have so far been focused on the brain,
aiming to quantify cerebral MRO, (CMRO,). The scope of this review
is thus restricted to the assessment of cerebral oxygen metabolism from
MRI susceptibility.

Unfortunately, direct measurement of CMRO,, presents a challenge
as cerebral metabolism is tightly coupled with oxygen supply from arte-
rial blood and oxygen extraction in the capillary bed. Instead, CMRO,
is typically derived indirectly by resorting to the mass conservation law
(as known as Fick’s principle) expressed as:

CMRO,=C,-CBF-(Y,-Y,)=C,-CBF -Y, - OEF 6]

Here, C, is the oxygen carrying capacity of arterial blood in pumol O,
per 100 ml blood, and is determined by C, = C;,'[Hb] where G, is
the hemoglobin’s oxygen carrying capacity (approximately 60 pmol O,
per gram hemoglobin (Dominguez de Villota et al., 1981)). [Hb] is the
hemoglobin concentration in units of gram hemoglobin per dL blood,
ranging 14 — 18 g/dL and 12 — 16 g/dL in normal males and normal fe-
males, respectively (Walker and Hall, 1990). Considering the [Hb] vari-
ations across population, it is desirable to measure the value individually
via blood draws or a finger stick test for CMRO,, estimation accuracy.
CBF is the cerebral blood flow in units of ml blood per minute per 100 g
tissue, Y, and Y, are the hemoglobin oxygen saturation levels of arte-
rial and venous blood, respectively, and OEF = 1 - Y, /Y,. Because arte-
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rial blood is almost fully oxygenated, its contribution to susceptibility-
related MR signal modulations in Eq. (4) is negligible, making it diffi-
cult to quantify Y, from MR images. Instead, Y, can be measured by a
pulse oximeter or simply assumed ~100%. The two remaining parame-
ters, CBF and Y,, for CMRO, derivation are both MRI-measurable, but
under completely different principles. As stated earlier, as Y, quantifi-
cation (or OEF) is directly related to MRI susceptibility, the following
sections mainly focus on quantifying Y. In Sections 2.3 and 2.4, a brief
overview of phase- and magnitude-based quantifications is provided,
while in Section 3 pertinent methods are again classified into global-
and local-scale measurements and technical details and validation stud-
ies in each class of methods are discussed.

2.3. Principle of phase-based quantification

In this class of methods, it is essential to obtain AB, maps using, for
example, a spoiled gradient-recalled-echo (GRE) pulse sequence. Here,
two or more echoes are successively acquired within each time of repe-
tition (TR), and corresponding images at each echo time (TE) are then
processed based on Eq. (4), yielding AB. Since the resulting AB, also
contains a large-scale, background magnetic field (ABg yacro), accurate
estimation of such contributions and their removal is the next crucial
step before quantifying blood oxygenation.

It is well known that AB, in Eq. (4) is described as a spatial convo-
lution of y with the dipole kernel. A method streamlining step-by-step
procedures involved in finding y from ABy is generally referred to as
quantitative susceptibility mapping (QSM) (de Rochefort et al., 2010).
The method’s technical advances and application studies are summa-
rized in recent review articles (Deistung et al., 2017; Haacke et al., 2015;
Vinayagamani et al., 2021; Wang and Liu, 2015; Wang et al., 2017).
Given AB, with AB 1,y €liminated, the spatial deconvolution prob-
lem can be solved to obtain voxel-wise susceptibility maps by various
algorithms (QSM Challenge 2.0 Organization Committee et al., 2021;

Kee et al., 2017), e.g., by computing F(ABO)/(é - t—%) directly in the fre-
quency domain (i.e., k-space) (Salomir et al., 2003) where F(-) is the
Fourier transform operator and k is the k-space position, and by using
Bayesian approaches with physiological constraints (Liu et al., 2012).
Hence, the QSM method is able to measure A yy),0q in large draining
veins (diameter >> voxel size), allowing for quantification of their oxy-
genation levels via Eq. (3), as was demonstrated in (Fan et al., 2014;
Haacke et al., 2010; Xu et al., 2014). See Section 3.2.1.1 for more stud-
ies and a detailed discussion pertaining to this line of research.

Under certain circumstances, Ajyyoo,q Of blood vessels can be
calculated without such a dipole inversion (Fan et al, 2012;
Fernandez-Seara et al., 2006; Haacke et al., 1997; Jain et al., 2010).
The method here, generally referred to as susceptometry-based oxime-
try (SBO), thus greatly simplifies the quantification procedure in the
QSM-based technique above. Specifically, regarding a blood vessel as
a long cylinder while correcting for the Lorentzian magnetic field con-
tribution, the relationship between ABy inside the vessel (ABgy) and
A ¥plood can be expressed by the following linear equation:

1 1
ABy;, = EBO (c0s26 -3 )Axblood 6)

where ¢ is the angle of the vessel relative to the direction of By.
Eq. (6) indicates that Ay;.,q (and thus Y) can be derived with both
AB;, and 6 known. It is noted that while AB;, is uniform within the
vessel, dHb-induced magnetic field in the extravascular region is inho-
mogeneous but is averaged to zero over a circle encompassing the vessel
(Schenck, 1996). Thus, AB,;, in reference to the surrounding tissue is
readily obtained by calculating A¢,./YATE (A¢,: intra-to-extravascular
phase difference and ATE: inter-echo spacing) in an inter-echo phase
difference map. The angle 0 can be measured in vessel scout images sep-
arately acquired, using, e.g., phase-contrast (PC) MRI. A second-order
polynomial fitting was suggested as a simple means to eliminate the ef-
fect of ABg acr0 ON the Y quantification (Langham et al., 2009b), while
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various vessel geometries were examined theoretically and experimen-
tally, concluding that the quantification using Eq. (6) is valid for vessels
with 8 < 30° (Langham et al., 2009a; Li et al., 2012). Techniques and
studies based on this principle are discussed in Section 3.1.

For an imaging voxel comprising a tissue and surrounding blood
vessels with varying orientations, induced magnetic fields cancel each
other out across intra- and extra-vascular spaces, thus greatly re-
ducing the phase sensitivity to Ajyppoq. In this regard, the phase-
based methods have been primarily targeting large vessels, although
some work based on QSM with an isometabolic challenge (i.e., caf-
feine intake (Zhang et al., 2015) and hyperventilation (Zhang et al.,
2017b)) has shown its feasibility in voxel-wise quantifications
(see Section 3.2.1.2).

2.4. Principle of magnitude-based quantification

This class of methods employ particular models for signal modula-
tions due to a blood vessel network (despite a number of assumptions
being made (Yablonskiy et al., 2013a)) that link signal magnitudes di-
rectly to tissue oxygenation levels. Largely, the methods can be divided
into two classes, namely, calibrated BOLD (cBOLD) (Blockley et al.,
2013) and quantitative BOLD (qBOLD) (He and Yablonskiy, 2007). As
the acronyms suggest, parameters that determine attainable BOLD con-
trast, i.e., dHb concentration ([dHb]) and deoxygenated blood volume
(v), are either “calibrated” or “quantified”. Given that a blood-to-tissue
volume ratio in a voxel is very small (Hua et al., 2019), both meth-
ods often assume that the intravascular signal contribution is negligible
and account for the extravascular compartment as a dominant signal
source. Both techniques exploit the fact that magnetic field induced by
dHb in the blood vessel network manifests as signal decays that can be
described with R,’. Hence, R,’ serves as an intermediary parameter with
the following forms:

R, =A-v-[dHb]’ @)

in cBOLD (Hoge et al., 1999) where A is the scaling constant and f is an
empirical constant that accounts for the effect of water diffusion in the
presence of local magnetic field gradients, and

Ry =37 By v (000 = A7) ®)
in gBOLD where Ay, is the susceptibility difference between non-blood
neural tissue (y,) and water. It is noted that in the original gBOLD model
(Yablonskiy and Haacke, 1994) the susceptibility difference between
fully oxygenated blood and non-blood tissue was assumed to be neg-
ligible, and thereby Eq. (8) is simplified to:

’
1
R2:g-y-B0~v~AXdO~HCt~(l—Y) (&)

It is further noted that the above R,” models are valid in the absence
of other susceptibility sources such as non-heme iron and air. Never-
theless, in ¢cBOLD dHb-related R,’ is calibrated with two sets of BOLD
experiments from which the effect of non-dHb can be removed (see
Section 3.2.2), while in recent gBOLD approaches such effect is included
explicitly in quantification models (see Section 3.2.3).

While Egs. (7) and (9) were determined empirically (Boxerman et al.,
1995; Ogawa et al, 1993) and analytically (Yablonskiy and
Haacke, 1994), the two Ry’ models can be described in a unified frame-
work. Here, the parameter f comes into play. When dHb-induced AB
changes rapidly relative to a diffusion length, water protons in the ex-
travascular space experience additional dephasing, leading to increased
R,’ (hence, p > 1). By contrast, when ABy, is uniform over the diffusion
path, the diffusion effect becomes insignificant, which is the case under
the so-called ‘static dephasing regime’ (here, = 1, and Eq. (9) can be re-
duced to Eq. (7) with A « %J’BOAXdol B depends on a number of factors
(Boxerman et al., 1995; Kiselev and Posse, 1999; Ogawa et al., 1993),
including By, vessel size, and TE. The value of g has been found by mea-
surements in a rat brain with a range of superparamagnetic iron oxide
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concentrations (Shu et al., 2016), or from simulations using a mouse
brain’s microvascular model (Cheng et al., 2019). Once f is determined,
R,’-related, intermediate parameters are sought in both cBOLD and
qBOLD (albeit with largely different approaches - see Sections 3.2.2 and
3.2.3) for quantification of oxygen metabolism.

3. Susceptibility-based quantification of cerebral oxygen
metabolism

In this section, susceptibility-based brain oximetry techniques ex-
ploiting the above-mentioned contrast mechanisms are reviewed largely
in two categories — global-scale and regional- or local-scale quantifica-
tions. Representative techniques in each class of methods are summa-
rized in Table 1.

3.1. Global-scale measurement techniques

As discussed in Section 2.2, oxygen saturation of blood vessels con-
forming to certain geometries can be extracted from magnetic field maps
using Egs. (3) and (6). In this regard, the superior sagittal sinus (SSS) at
the posterior level is a good candidate for measuring global OEF of the
brain, as it is long and directs towards the direction of B, while drain-
ing about half of the total blood in the brain. Jain et al. (Jain et al.,
2010) first applied this principle to global CMRO,, estimation in a single
pulse sequence, termed “OxFlow”. Here, two 2D GRE modules differing
in TE at a brain slice are applied alternately with 2D PC MRI (com-
prising flow-compensation and flow-encoding modules) at a neck level,
yielding Y, at SSS and total CBF, respectively, and finally global CMRO,
via Eq. (5). With a temporal resolution of 30 s, the OxFlow technique
allows dynamic CMRO,, quantifications, as shown by Jain et al. (2011),
which was also cross-validated with optical imaging in neonates with
congenital heart disease (Jain et al., 2014).

Later, the original OxFlow pulse sequence was modified in several
variants to speed up the data acquisition. Such attempts include three-
interleaf OxFlow (dual-echo GRE and the two modules in PC MRI)

Table 1
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(Barhoum et al., 2015a) and dual-band OxFlow (simultaneous excita-
tion of brain and neck slices and image separation in a parallel MRI
framework; Fig. 1) (Lee et al., 2017), achieving temporal resolution of
8 and 6 s, respectively. Additionally, a single-slice OxFlow method was
introduced, in which the two PC modules are applied to the brain slice
with both collecting dual-echo signals. Total CBF is then indirectly mea-
sured by scaling up the blood flow (BF) of SSS based on a calibration
ratio between the two BF values obtained individually prior to actual dy-
namic CMRO, imaging. In combination with the view-sharing approach,
the method achieves 2-3 s temporal resolution with both Cartesian
(Rodgers et al., 2013) and radial (Cao et al., 2018) k-space sampling. The
OxFlow method implemented in variable forms discussed above has so
far found several applications, including patients with obstructed sleep
apnea (Rodgers et al., 2016; Wu et al., 2022), healthy subjects during
states of reduced consciousness such as sleep (Caporale et al., 2021),
calibrating BOLD signal independently of isometabolicity of adminis-
tered gas mixtures (Englund et al., 2020), and simultaneous PET/MRI-
based rapid and noninvasive mapping of local CMRO, with OxFlow-
derived global CMRO, serving as a reference to calibrate the 150-0,
tracer (Narciso et al., 2021).

The SBO technique has been compared with the T,-based counter-
part (termed “TRUST”) for global OEF measurements (Lu and Ge, 2008).
Barhoum et al. reported that SBO yielded a slightly lower baseline
OEF than TRUST in 12 healthy subjects (Barhoum et al., 2015b). In
(Rodgers et al., 2015), where both OxFlow and TRUST data were simul-
taneously obtained from a single pulse sequence, the authors also found
in 10 healthy subjects at resting state that OEF in TRUST is higher than
that in OxFlow. The same result was obtained in a separate study with
nine healthy participants (Miao et al., 2019). The study also observed
significant and nonsignificant OEF differences between the two methods
under hypoxic and hypercapnic conditions, respectively, while showing
in two healthy subjects that SBO-derived OEF values are in better agree-
ment with co-oximeter measurement via internal jugular vein catheter-
ization (Miao et al., 2019). Across all comparison studies above, the
difference in baseline OEF measurements is no more than 8 percentage

Summary of susceptibility-based MRI techniques for quantification of cerebral oxygen metabolism.

Technique Measurement Analyzed Signal Accounted Representative References Notes
Scale Components Pools
Susceptometry-Based Global Phase Intravascular Ferndndez-Seara et al. (2006) ® Whole-brain average OEF
Oximetry Jain et al. (2010) ® Readily combined with PC MRI for global
CMRO, measurements
® Dependence on vessel geometry
QSM-Based Oximetry Local Phase Intravascular Haacke et al. (2010) ® OFF for large veins
Fan et al. (2014) ® Dependence on QSM accuracy
Intravascular / Zhang et al. (2015) e Voxelwise OEF using four-pool susceptibility
Extravascular Zhang et al. (2017b) model
® Need for separate CBF mapping
® Isometabolic challenges required
cBOLD Local Magnitude Extravascular Bulte et al. (2012) e Voxelwise OEF via M (or R,”) calibration
Gauthier and Hoge (2013) ® ASL interleaved with BOLD acquisitions
Wise et al. (2013) ® Gas-breathing challenges required
qBOLD Local Magnitude Extravascular An and Lin (2000) ® Voxelwise OEF via R,” mapping or by fitting
He and Yablonskiy (2007)** Eq. (9)
® Static dephasing regime assumed
o Difficult to disentangle v and Y,
® Mostly 2D-limited
QSM+qBOLD Local Magnitude / Phase Intravascular / Cho et al. (2018) ® Voxelwise OEF by combining QSM and qBOLD

Extravascular

3D multi-echo GRE acquisitions
CBF mapping accompanied for v initialization***

* The need for isometabolic challenges is removed in (Zhang et al., 2018).

** Three pools (extravascular, intravascular, and interstitial/cerebrospinal fluid) are accounted for.

*** The need for CBF mapping is obviated in (Cho et al., 2021c, 2020).
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Fig. 1. Left: Image reconstruction and processing procedures in dual-band OxFlow. The slice-overlapped image (a) initially acquired is resolved using pre-determined
coil sensitivity maps to yield separate neck (b) and brain (c) images, leading to tCBF and Y, quantifications, respectively, and finally global CMRO,. Right: Dual-band
OxFlow-based quantification of time-varying Y, tCBF, and CMRO, in response to an apneic challenge. Group-averaged time-courses of the four physiologic quantities
at baseline, breathhold (shaded area), and recovery periods (d). Reproduced from (Lee et al., 2017) with permission.

points. This discrepancy resulted likely from a systematic bias in each
method, for example, due to imperfect removal of ABg 15cro in OxFlow
and miscalibrated T,-Y, models in TRUST. Technical advances pertain-
ing to TRUST and studies applying the method are extensively reviewed
in recent article (Jiang and Lu, 2022). Additionally, a recent study has
compared SBO with QSM for global OEF quantifications at 7 T, yielding
a good correlation (r = 0.88) between the two methods (Lundberg et al.,
2022).

3.2. Local-scale measurement techniques

3.2.1. QSM-based methods

QSM estimates voxel-wise susceptibility (). In the brain, y can be
divided into three contributions, 1) non-blood neural tissue susceptibil-
ity (x,), 2) plasma (y,) and 3) hemoglobin susceptibility that depends
on the venous oxygenation, i.e., OEF effect (Zhang et al., 2015, 2017b):

x=(0-CBV)- y,+CBV-(l _HCt)'lp+CBV~HCt
[aa sz {0-0) g+ (1-%)- (%) )]

where CBV, v is the total and venule cerebral blood volume frac-
tion relative to voxel volume, respectively (dimensionless), Y, and Y,

(10)

are the arterial and venous oxygenation, Y, = % and Y, =
%, where [d Hb], and [d Hb], is the concentration (umol/mL)

of deoxyhemoglobin in venules and arterioles, respectively. Note that
Eq. (10) is based on a micro-vasculature where arteriole and venule
hematocrit is similar to capillary hemotocrit, and it can be also expressed
with using oxy- and dexoy-hemoglobin susceptibilities as in the original
QSM-based OEF mapping (Zhang et al., 2018, 2015, 2017b). The y es-
timated by QSM can be used for both macrovascular and microvascular
OEF measurements, as is discussed in the following subsections.

3.2.1.1. Macrovascular OEF measurements. The QSM-based macrovas-
cular OEF method (hereafter termed “Quantitative Oxygenation Venog-
raphy (QOV)”) (Fan et al., 2014; Haacke et al., 2010), considers sole
blood contribution in large veins. By setting y, =0, CBV =v =1 and
CBV, =0 in y (Eq. (10)), the venous susceptibility (y,,;,) becomes a
linear function of Y.

Toein(Yy) = [Axao (1 =Y, ) + Ax,] - Het + (1 —Het ) - , (11)

Equation (11) is identical to Eq. (3) with assuming negligible plasma
susceptibility (r, =0). Using a clinically practical multi-echo GRE
sequence, QOV enabled venous oxygenation (Y,) estimation for

any tilt angles of the vessel, that cannot be achieved by the MR
susceptometry-based method discussed in Section 3.1 above (Fan et al.,
2014).

QOV ignores the y, term as the plasma contribution is assumed to
be much smaller than the hemoglobin contribution (Fan et al., 2014;
Weisskoff and Kiihne, 1992). However, the assumption of negligible
plasma contribution may not be valid for high venous oxygenation, e.g.,
the plasma contribution approaches 12% of the hemoglobin contribu-
tion when Y, = 0.75 based on Eq. (11).

Validation studies:

The OEF from QOV showed a good correlation with 1) the OEF
by dual-gas ¢cBOLD in healthy subjects (Fan et al., 2016), 2) SBO in
the SSS of healthy subjects (Lundberg et al., 2022) and human fetuses
(Yadav et al., 2019), and 3) the PET-OEF in stroke patients, showing an
elevated OFEF in the affected hemispheres of the patients (Kudo et al.,
2016). Compared to normal breathing, QOV detected the expected OEF
decrease during hypercapnia (Fig. 2), which demonstrates the QOV-OEF
sensitivity to physiological changes (Fan et al., 2015a). In a rat stroke
model, QOV showed an increased Y, in hyperoxia compared to nor-
moxia, and its change was correlated with the oxygenation saturation
change measured by Ry* (Hsieh et al., 2017). Another rat stroke study
provided comparable Y, values to those estimated by a pulse oximeter
in the longitudinal monitoring after reperfusion (Hsieh et al., 2016).

Possible issues and approaches:

As venous oxygenation, Y,, linearly depends on the venous suscep-
tibility, x,.;, (Eq. (11)), it is critical to estimate accurate y,,;, values.
Veins generally have high positive susceptibility values compared to
the surrounding brain tissue, e.g., 0.05 ~ 0.5 ppm (Berg et al., 2021),
and vessels with small diameters, e.g., ~2 mm at pial veins (Fan et al.,
2015b), and flow. Hence, they may suffer from susceptibility underesti-
mation by partial volume effects (Karsa et al., 2019; Zhou et al., 2017)
and susceptibility quantification errors induced by uncompensated flow
effects (Xu et al., 2014), which may lead to errors in venous oxygena-
tion estimation. Finally, care must be taken when choosing the QSM
reconstruction algorithm, as different QSM reconstruction mechanisms
result in different venous susceptibility and oxygenation measurements
(Berg et al., 2021).

To address these issues and improve the accuracy of QOV, the fol-
lowing approaches have been proposed: 1) using a QSM pipeline spe-
cific for accurate vein reconstruction (Berg et al., 2021; Biondetti et al.,
2022; McFadden et al., 2021), 2) compensating partial volume effects
(Ward et al., 2017a), and 3) developing accurate vein segmentation
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Fig. 2. (a) Minimum intensity projection of GRE magnitude images and (b) maximum intensity projections of quantitative susceptibility maps over 20-mm corre-
sponding to eucapnia and hypercapnia in one subject. Note that the vessel contrast is diminished on both magnitude and susceptibility images due to decreased
venous blood susceptibility during the hypercapnic state relative to the eucapnia. Yellow arrows indicate (1) the straight sinus, (2) the internal cerebral veins, (3)
occipital pial veins, (4) parietal pial veins, and (5) frontal pial veins, in which relative OEF changes during hypercapnia were —42%, —40%, —55%, —56%, and —52%,

respectively. Adapted from (Fan et al., 2015a) with permission.

algorithms (Bazin et al., 2016; Huck et al., 2019; Straub et al., 2022;
Ward et al., 2018, 2017b).

3.2.1.2. Microvascular OEF measurements. The QSM-based microvascu-
lar OEF method (Zhang et al., 2015), i.e., QSM-OEF mapping, provides
voxel-wise OEF maps with considering both blood and non-blood neu-
ral tissue contribution on y (Fig. 3a). Eq. (10) can also be expressed in
terms of 1) the ratio between v and CBV, a = 0.77 (An and Lin, 2002b)
and 2) y,, = Het- Ay, + (1 —Het) - g, the fully oxygenated blood sus-
ceptibility, ~ —0.1 ppm estimated by setting Het = 0.357 (Zhang et al.,
2015)

1-0-a)-Y,
) = [ B gy, ¢ D]

+<1—§)-;{n 12)

where the two terms indicate the contribution of blood and non-blood
tissue to the total susceptibility.

As y is a function of three unknowns (Y,,v, y,), OEF (=1-Y,/Y,)
cannot be solved with one measurement of y because the inversion is
underdetermined. QSM-OEF mapping has devised several approaches to
solve for Y,. The first approach constructs two equations to solve for Y,
and y, (two unknowns) by using a vascular challenge, such as pre- vs.

post-caffeine (Zhang et al., 2015) or normal breathing vs. hyperventila-
tion (Zhang et al., 2017b). The second approach applies a spatial and
tissue-type constraint to solve Y, and y, (two unknowns), i.e. by as-
suming the same constant CMRO, and y,, within each tissue type (gray
and white matter) across small regions of the brain (Zhang et al., 2018)
to remove the clinically impractical vascular challenge (Fig. 3a). These
approaches commonly treat v as a constant, estimated independently
based on the linear relationship assumption between v and arterial spin
labeling (ASL)-derived CBF (Zhang et al., 2018, 2015, 2017b).

Validation studies:

QSM-OEF mapping with hypercapnia showed a similar OEF with a
small bias (~2%) compared to that from dual-gas cBOLD (Ma et al.,
2020b) and agreed well with a hyperoxia-based QSM-OEF mapping in
healthy subjects (Ma et al., 2020a).

Possible Issues and Approaches:

The commonly used linear relationship assumption between v and
CBF was obtained by whole-brain linear regression in healthy adults
(Leenders et al., 1990), so it may not be valid voxel-wise or in metabolic
abnormalities in cerebrovascular disorders. To remove this unreliable
assumption, QSM-OEF mapping was combined with gBOLD as the latter
solves for v and the model combination (QSM+qBOLD=QQ) enables the
utilization of both phase (QSM-OEF mapping) and magnitude (qBOLD)
of multi-echo GRE signals (Cho et al., 2018).
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3.2.2. Calibrated BOLD
In cBOLD, the intermediate parameter leading to measurements of
oxygen metabolism is termed ‘M’, a calibration constant being related
to Ry’ by:
M =R, -TE=A-v-[dHb]" - TE (13)
To determine M, BOLD-weighted signals are acquired twice, one at a
baseline state and one with an external stimulus (typically by means of
gas breathing challenges), and compared. Specifically, by rearranging

Egs. (4) and (13), a relative change in the BOLD signal can be approxi-
mated as (Davis et al., 1998):

p « p
AISL 1_<1><[de]> - 1_<CBF><[de]>
[So| vy /) \ [dHb], CBF, [dHb],

(14)

Here, the subscript “0” refers to the baseline state, and A|S| is the mag-
nitude signal difference between the two stages. Eq. (14) implies that
M represents a maximum BOLD signal change if dHb would be com-
pletely replaced by oHb (i.e., [dHb]=0) due to the applied stimulus. The
equality sign in Eq. (14) is based on Grubb’s relationship (Grubb et al.,
1974) with an empirical constant a. Since v measurements are yet chal-
lenging, it has been a convention that CBF is instead measured from
ASL data (Alsop et al., 2015) acquired concurrently with the BOLD sig-
nal. Because « = 0.38 in (Grubb et al., 1974) relates CBF to total CBV
(rather than dHb-containing CBV), a BOLD-specific value of « was de-
termined by later studies with neural stimulations (a« ~ 0.23) (Chen and
Pike, 2009) and respiratory challenges (« ~ 0.18) (Chen and Pike, 2010).
As discussed in Section 2.4, the parameter # depends on several factors.
p ~ 1.3 — 1.5 has been widely accepted at 3 T, and the value decreases
with increasing B, (Gauthier and Fan, 2019).

The pioneering work (Davis et al., 1998) employed a (presumably)
isometabolic hypercapnic stimulus to obviate the need for measuring
[dHDb], and a while later hyperoxia-based calibration (better tolerated
than hypercapnia) was introduced in which [dHb] was obtained from

(b) gBOLD (c) QQ (QSM+gBOLD)
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Fig. 3. Maps of oxygen extraction frac-
tion (OEF), venous blood volume (v), non-
blood neural tissue susceptibility (yr,) in a
healthy subject reconstructed using QSM-based
microvascular method (QSM-OEF mapping),
qBOLD, and QQ (QSM+gBOLD) from the
same multi-echo gradient echo (GRE) dataset.
Adapted from (Cho et al., 2018) with permis-
sion. (a) QSM-based microvascular OEF map
was estimated by utilizing QSM maps calcu-
lated from GRE phase signals with assuming v
to be known based on a linear relationship be-
tween v and CBF. (b) qBOLD-based OEF was
obtained by utilizing the GRE magnitude sig-
nals with setting y, as constant (y,,) through-
out an entire brain, y, = y,,. (¢) QQ-based OEF
is calculated by QQ, an integrated model of
QSM and qBOLD which utilizes both GRE mag-
nitude and phase signals without the assump-
tions in each gBOLD (y, = x,,) and QSM-OEF
mapping (v — C BF assumption).

partial pressure of end-tidal O, (PgrO,) measurements (Chiarelli et al.,
2007). Once calibration has been achieved (i.e., M is known), the rela-
tive change in CMRO, in response to neural stimulation can be obtained,
while approaches by means of dual-gas calibration enable baseline OEF
and CMRO, mapping in absolute physiologic units (Bulte et al., 2012;
Gauthier and Hoge, 2013). Furthermore, a generalized calibration pro-
tocol comprising multiple gas mixtures with different levels of hyper-
oxia and hypercapnia has been applied, and when compared with the
dual-gas approach, allows for additional estimation of the parameters
a and p (Wise et al., 2013) or improved stability in OEF and CMRO,
mapping (Fan et al., 2016; Germuska et al., 2016). Despite being able
to achieve high temporal resolution mapping of O, metabolism, cBOLD
has been limited in clinical applications because of the need for special-
ized equipment and potential subject discomfort. A number of variants
in this category and criticality of the assumptions (e.g., isometabolism
of gas mixtures and uncertainty in « and #) have been reviewed in detail
by recent articles (Bright et al., 2019; Chen et al., 2022; Germuska and
Wise, 2019), and thus are not further discussed in this review.

3.2.3. Quantitative BOLD

gBOLD is a calibration-free technique, providing resting-state
metabolic information without external stimuli or specialized equip-
ment. The method distinguishes signal magnitude decay into three con-
tributions: microscopic, dHb-induced mesoscopic, and macroscopic field
inhomogeneities. The OEF estimation from qBOLD is related to the
mesoscopic field inhomogeneity contribution, where the signal decay
is driven by the susceptibility difference between blood vessel network
and the surrounding tissue (Yablonskiy and Haacke, 1994).

In gBOLD, the following analytic form of the extravascular signal
decay (Fg( p) can be derived by assuming random orientations of blood
vessels and a static dephasing regime (Yablonskiy and Haacke, 1994):

Fporp(Yy: V. xunt) = exp[—v - £ (0 - 1)] (15)

where f; is the signal decay induced by the presence of the blood ves-
sel network, which can be approximated to the following simple forms:
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fs(bw - t) ~ %(&o 1) for t < 1/6w and fg(6w -1) ~ 6w -t for t > 1 /6w
for short- and long-time scales, respectively (Yablonskiy and Haacke,
1994). éw is the characteristic frequency due to the susceptibility dif-
ference between deoxygenated blood and the surrounding tissue (Cho
et al., 2018): dw(Y, y,) = % -y By [Het - Aygo - (1 =Y) + ¥po — Xl In-
corporating the effects of microscopic and macroscopic field inhomo-
geneities, the magnitude portion of Eq. (4) can be rewritten as (Ulrich
and Yablonskiy, 2016):

S,80r0 (S0 Ro. Yo v, 1) = S - e Rt Fp o (Yo v, 2,1) - G (16)

where G(7) represents the ABy ,.ro-induced signal decay.

Based on the two distinctive signal decay patterns, qBOLD attempts
to decouple v and Y,. As discussed in Section 2.4, in the originally pro-
posed qBOLD method (An and Lin, 2000; He and Yablonskiy, 2007)
it was assumed that y, is a constant, which is set to be the fully oxy-
genated blood susceptibility value (y,, ~ —0.11 ppm) (Zhang et al., 2015)
throughout the whole brain, so that dw can be treated as a function
of Y as: dm(Y,) = % -y - By - Het - Ayy, - (1 = Y,). Note further that R; in
Eq. (9) can be obtained using the asymptotic behavior of Eq. (15) at
long TEs. A comprehensive review on biophysical models pertinent to
qBOLD can be found in (Yablonskiy et al., 2013a).

Regarding data acquisitions, there have been various pulse sequences
employed for gBOLD parameter estimation. Earlier approaches such as
gradient-echo sampling of spin-echo (GESSE) (He and Yablonskiy, 2007;
Yablonskiy, 1998), gradient-echo sampling of free-induction-decay and
echo (GESFIDE) (Christen et al., 2014; Ma and Wehrli, 1996), or asym-
metric spin-echo (ASE) (Hoppel et al., 1993; Stone and Blockley, 2017)
all rely on 180° RF pulse based spin-echo mechanisms, and thus are
mostly limited to 2D quantifications due to relatively long scan times.
Both GESSE and GESFIDE enable simultaneous R, and R,” mapping,
while ASE collects signals sensitive to Ry’ only thus removing its de-
pendency on R, in Eq. (16) (Ni et al., 2015). More recently, GRE-based
methods have been introduced (Cho et al., 2018; Lee and Wehrli, 2021,
2022; Ulrich and Yablonskiy, 2016) for rapid 3D imaging across the
entire brain, enabling both qBOLD and QSM analyses from a single
data acquisition. Methods employing the spoiled GRE imaging separate
R, and susceptibility-induced field inhomogeneity contributions during
the gBOLD procedure (Cho et al., 2018; Ulrich and Yablonskiy, 2016),
while those based on the non-spoiled GRE pulse sequence measure
both R, and R, prior to qBOLD processing (Lee and Wehrli, 2021,
2022).

Validation studies:

In a tissue matrix phantom, gBOLD accurately estimated the volume
fraction of the tissue matrix by separating the mesoscopic field inhomo-
geneity induced by the tissue matrix from macroscopic and microscopic
field contributions (Yablonskiy, 1998). In rat brains, Y, values measured
using gBOLD showed a good agreement with oxygen saturation directly
measured via a blood gas analyzer in the usage of two different anes-
thesia conditions (He et al., 2008) and under hypoxic, hypercapnic, and
normoxic states (An et al., 2009).

Possible issues and approaches:

qBOLD is a multi-parameterized model, i.e., five unknowns
(Sy, Ry, Y,,V, x,) in the extravascular signal fitting (Eq. (16)), with the
coupling between the parameters, particularly between v and Y. Hence,
the method’s attainable reproducibility is limited unless the SNR of
acquired images is very high (SN R > 500), i.e., a small amount of
noise can hinder the accurate estimation of v and Y, (Lee et al., 2018;
Sedlacik and Reichenbach, 2010; Wang et al., 2013). This may make
the usage of qBOLD critically limited, in addition to specialized gBOLD
imaging sequences that are difficult to implement.

There have been several approaches to improve the accuracy of
qBOLD by 1) estimating the parameters separately using different
sub-datasets in stepwise manners (An and Lin, 2000, 2002a, 2003;
Cherukara et al., 2019; Stone and Blockley, 2017), 2) obtaining the
coupled parameters individually using additional data acquisitions
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(Christen et al., 2012; Domsch et al., 2014; Kaczmarz et al., 2019,
2020; Stone and Blockley, 2020), and 3) developing novel pulse se-
quences with imposing realistic constraints (Lee et al., 2018; Lee and
Wehrli, 2022).

Furthermore, it is challenging in qBOLD to accurately distinguish
Y, (heme iron contribution) from other sources modulating the signal,
such as AB 1,cro contribution (G in Eq. (16)) and non-blood tissue sus-
ceptibility (y,) contribution including non-heme iron. For instance, in
the deep brain structures, the gBOLD may provide erroneous param-
eter estimates due to high non-heme iron content and strong macro-
scopic field effect near the sinus area. For an accurate G estimation,
several approaches have been proposed, including voxel spread function
(Ulrich and Yablonskiy, 2016; Yablonskiy et al., 2013b), z-shimming
(Lee and Wehrli, 2022), and gradient-echo slice excitation profile imag-
ing (Blockley and Stone, 2016). In parallel, recent gBOLD approaches
have sought to address the effect of y, in combination with QSM. As
mentioned above, the original gBOLD assumes y, as a constant equal
to y,,, which may not be valid because the regional variation of y,,
e.g., high positive y, in deep gray matter due to ferritin and nega-
tive y, in white matter due to myelin, is ignored. To remove this as-
sumption, a recent approach combines gBOLD with QSM-based mi-
crovascular OEF (QSM-+gBOLD=QQ) as the QSM method solves for y,
(Cho et al., 2018).

3.2.4. Combined methods

An integrative model of QSM-OEF mapping and qBOLD, QQ
(QSM+qBOLD=QQ), has been proposed to remove unnecessary and un-
realistic assumptions in each model and to consider the OEF effect on
both MRI magnitude and phase signal (Cho et al., 2018). QSM-OEF map-
ping utilizes the OEF effect on multi-echo GRE phase signal and assumes
that v is known based on the linear relationship between v and CBF
that is not realistic, whereas gBOLD can estimate v. On the other hand,
gBOLD considers the OEF effect on multi-echo GRE magnitude signal
and assume that y, is constant across the whole brain, whereas QSM-
OEF mapping can estimate y,. Hence, by combining QSM-OEF mapping
and qBOLD with both phase and magnitude components of multi-echo
GRE signal utilized, QQ can estimate v and y, simultaneously. The more
realistic and comprehensive signal modeling in QQ may lead to more re-
liable OEF (Fig. 3).

The QQ method has been validated in comparison to other modali-
ties enabling OEF mapping. Compared with GESSE, a well-investigated
sequence for gBOLD, QQ provided comparable OEF with using a rou-
tine multi-echo GRE sequence (Hubertus et al., 2019a). In healthy sub-
jects, QQ provided OEF that agreed well with the OEF measured by
dual-gas cBOLD (Cho et al., 2021a) with demonstrating its sensitivity
to physiological OEF changes in response to hypercapnic gas breathing.
Furthermore, QQ-based OEF is consistent with the reference standard
150-PET-based OEF (Cho et al., 2021b) in heathy adults with provid-
ing better scan-rescan reproducibility than 1>O-PET. In the meantime,
the accuracy of QQ-OEF has been improved with machine learning that
substantially improves SNR with clustering schemes (Cho et al., 2021c,
2020), artificial neural network (Hubertus et al., 2019b), and deep
learning that is known to be effective in denoising (Cho et al., 2022)
(Fig. 4).

QQ has demonstrated its feasibility in cerebrovascular disorders
showing OEF abnormalities. In ischemic stroke (Wu et al., 2021;
Zhang et al., 2020), QQ showed a significant OEF decrease in ischemic
core from acute to subacute phase, whereas no change was found in
other imaging biomarkers including CMRO,, CBF, and ADC. This sug-
gests that QQ-based OEF may be the most sensitive biomarker for tissue
functional changes in stroke stages. In multiple sclerosis (Cho et al.,
2022), QQ provided decreased OEF than healthy controls, which is con-
sistent with progressive neurodegeneration, neural loss and atrophy in
multiple sclerosis. QQ-based OEF further showed higher OEF in the QSM
hyperintense rim within choric active MS lesions than the rest of the le-
sions, which agrees with active inflammation in the rim. In dementia
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Fig. 4. QQ-based oxygen extraction fraction (OEF in percent) maps in an is-
chemic stroke patient (6 days post-onset) using different reconstruction algo-
rithms, voxel-based gradient solver (QQ) (Cho et al., 2018), unsupervised ma-
chine learning (cluster analysis of time evolution, CAT) (Cho et al., 2020), and
deep learning (NET) (Cho et al., 2022). QQ processed with machine learning
(QQ-CAT) and deep learning (QQ-NET) captured low OEF values in a chronic
ischemic stroke patient, which agrees with diffusion weighted imaging (DWI)-
defined lesion (yellow contour in DWI). This suggests the improvement of QQ
sensitivity to OEF abnormality.

(Chiang et al., 2022), QQ-based OEF showed positive associations with
white matter hyperintensity, an important predictor of dementia. Also,
QQ showed OEF abnormalities in brain tumor (Shen et al., 2021) and
preeclampsia (Yang et al., 2022).

In parallel, a constrained qBOLD model (Lee and Wehrli, 2022)
has been introduced in which R,” derived from a steady-state-free-
precession-based imaging method (Lee and Wehrli, 2021) is added as
a constraint to the QQ model so as to separate heme and non-heme iron
contributions to the measured R,’, while an additionally estimated ve-
nous blood volume map (Lee and Wehrli, 2020) is employed as a prior
information for v, leading to 3D whole-brain gBOLD maps within phys-
iologically plausible ranges (Fig. 5).

4. Applications to aging and neurodegeneration

Disentangling the effects of aging from those induced by pathology
is essential to understand the mechanisms of neurodegenerative dis-
eases typically associated with older age. In particular, measuring tissue
OEF and CMRO, may be particularly relevant as mitochondrial dysfunc-
tion and altered oxygen metabolism have been associated with several
neurodegenerative conditions (Bonda et al., 2011; Coskun et al., 2012;
Reddy and Beal, 2005; Sullivan and Brown, 2005). To date, magnetic
susceptibility-based MRI has been used to assess these physiological pa-
rameters in aging and dementia. The current section aims to review
these studies. Because the gold standard for measuring CMRO, and OEF
is PET, most commonly with 150-labeled radiotracers, this section also
reports studies using PET for comparison with MRI. To provide a sum-
mary view of current applications, all studies discussed in this section
are summarized in Table 2.

4.1. Aging

One study (Zhao et al., 2016) modeled OEF based on the BOLD con-
tribution to the transverse relaxation rate (Ry* = 1/T,*). Here, cortical
OEF remained relatively constant across the adult lifespan, in line with
earlier measurements of cortical OEF based on 150 PET (Leenders et al.,
1990; Pantano et al., 1984; Yamaguchi et al., 1986).

A different study using calibrated BOLD combined with periods of
normocapnia, hypercapnia, and hyperoxia, found no difference between
the whole-brain OEF of young and elderly healthy subjects but a higher
regional OEF in the frontal and temporal cortex and the deep gray mat-
ter of younger subjects (De Vis et al., 2015). Moreover, in the younger
compared to the elderly cohort, this study found a higher whole-brain
CMRO, driven by a significantly higher CMRO, in the frontal, tempo-
ral, and parietal cortex and the deep gray matter (De Vis et al., 2015).
These results were in line with PET studies finding a decrease in whole-
brain CMRO, in elderly subjects (Leenders et al., 1990; Yamaguchi et al.,
1986).
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In one study (Ances et al., 2009) using BOLD fMRI with a hyper-
capnic calibration and stimulus-evoked BOLD fMRI, age did not af-
fect the change in CMRO, in response to a visual stimulus. Another
study (Hutchison et al., 2013)also using BOLD fMRI with a hyper-
capnic calibration and stimulus-evoked BOLD fMRI showed that the
ratio between the change in cerebral blood flow and CMRO, in re-
sponse to a visual stimulus decreases with age. These results, com-
bined with further tests on behavioral status, suggested that cells af-
fected by age-related cognitive decline require more oxygen to oper-
ate (Hutchison et al., 2013). Still, such an increased oxygen demand
is not met by cerebral blood flow in older adults (Hutchison et al.,
2013).

4.2. Cognitive impairment and dementia

One study (Chiang et al., 2022) combined QSM with qBOLD to assess
OFF in clinical cohorts of cognitively impaired and healthy elderly sub-
jects. Based on the hypothesis that cognitive impairment and dementia
are predicted by age and white matter hyperintensities, this study in-
vestigated the effect of these two factors on OEF. In cognitively intact
subjects, older age, but not white matter hyperintensity, was associated
with lower OEF in the whole brain and the cortical gray matter. In con-
trast, in the cognitively impaired group, an increased burden of white
matter hyperintensities, but not age, was significantly associated with
lower OEF in the white matter. Moreover, cognitively impaired subjects
had a higher regional OEF than cognitively intact subjects. The observed
decrease in OEF with increasing age agreed with a study using 1°0 PET
(Eustache et al., 1995). However, this result was in contrast with studies
using PET (Leenders et al., 1990; Marchal et al., 1992; Pantano et al.,
1984; Yamaguchi et al., 1986), showing a decrease (Marchal et al., 1992;
Peng et al., 2014) or no significant change in OEF with healthy aging
(Leenders et al., 1990; Pantano et al., 1984; Yamaguchi et al., 1986).
Thus, further work is needed to elucidate the global and regional rela-
tionship between OEF and age.

One study has used calibrated BOLD with periods of hypercapnia
and hyperoxia to investigate oxygen metabolism in Alzheimer’s dis-
ease patients relative to age-matched healthy controls (Lajoie et al.,
2017). Here, patients had no significant decrease in age-corrected re-
gional OEF and a significant decrease in CMRO, in the frontal, tem-
poral, and parietal lobes (Lajoie et al., 2017). The observed decrease
in regional CMRO, was consistent with earlier studies using >0 PET
(Frackowiak et al., 1981; Fukuyama et al., 1994; Ishii et al., 1996;
Tohgi et al., 1998), whereas the absence of changes in OEF was in line
with two of these studies (Frackowiak et al., 1981; Fukuyama et al.,
1994) but in contrast with one study reporting a decreased OEF in
the medial temporal lobe (Ishii et al., 1996) and another one report-
ing an increased OEF in the parietal lobe of patients (Tohgi et al.,
1998).

One study on Alzheimer’s disease (Liu et al., 2020) has used QSM
to measure the average y in various cerebral veins of patients relative
to elderly healthy controls, based on the hypothesis that cerebral blood
flow impairment in Alzheimer’s disease may be associated with cog-
nitive decline. The average venous y was generally higher in patients
than in controls, corresponding to lower venous oxygen levels. This re-
sult agrees with the higher OEF found by Chiang et al. in cognitively
impaired subjects (Chiang et al., 2022). However, between-group differ-
ences in the average y were only moderately significant in veins located
in the thalamus and dentate nucleus (Liu et al., 2020). This study also
found significant correlations between the average venous y and clini-
cal scores assessing cognitive status (i.e., the Mini-mental State Exam-
ination, Montréal Cognitive Assessment and Clock Drawing Task, and
Activity of Daily Living Scale), demonstrating a relationship between
the average venous y and clinical cognitive assessment. Although these
correlations involved variable sets of veins depending on the clinical
score examined, they all appeared to involve a vein selected in the left
dentate nucleus.
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Fig. 5. Whole-brain 3D images in the three orthogonal planes in a representative study subject. a: color-coded six regions in the deep brain overlaid onto T;-
weighted MP-RAGE images. b-e: Quantitative maps of Y, v, R/2 ah (non-heme iron contribution to R;)’ and y,, obtained using the constrained gBOLD method (Lee and
Wehrli, 2022). Note that all parameter maps depict expected contrast across brain territories, i.e., near-uniform distribution of Y, (b), distinction between cortical

’

gray and white matter in v (c), and highlighted deep brain structures in both R

2,nh

(d) and y, (e).

Table 2
Clinical findings on oxygen metabolism from susceptibility-based MRI techniques.
Reference Population Technique Number of subjects Subject age (mean + SD; Findings
(M/F) range) [years]

Chiang et al. (2022) Healthy controls and ~ QSM + qBOLD Controls: 32 (9/23) Controls: 69 + 9.9; 50-87 In the whole brain and the cortical gray
cognitively impaired Patients: 68 (27/41) Patients: 72 + 8.4; 50-86 matter of cognitively intact subjects, older
patients age was associated with lower OEF; in the

white matter of cognitively impaired subjects,
more white matter hyperintensities were
associated with lower OEF; cognitively
impaired subjects had a higher regional OEF
than cognitively intact subjects

Liu et al. (2020) Healthy controls and QSM-based Controls: 22 (12/10) Controls: 67.9 + 8.6; n/a Patients had a higher OEF than controls
patients with oximetry Patients: 59 (21/38) Patients: 71.1 + 9.2; n/a
Alzheimer’s disease

Zhao et al. (2016) Healthy qBOLD 20 (7/13) 44.2 + 15.1; 22-74 OEF was constant with increasing age

De Vis et al. (2015) Healthy, divided
into young and

elderly groups

Dual-gas cBOLD

Young: 16 (7/9)
Elderly: 30 (17/13)

Whole-brain OEF was similar in the two
groups; younger subjects had a higher OEF in
the frontal, and temporal cortex, and the
deep gray matter; younger subjects had a
higher whole-brain CMRO, and a higher
CMRO, in the frontal, temporal and parietal
cortex and the deep gray matter

Young: 28 + 3; 24-33
Elderly: 66 + 4; 60-76

Young: 28.2 + n/a; 23-33
Elderly: 60.5 + n/a; 53-72

The ratio between changes in cerebral blood
flow and CMRO, in response to a visual
stimulus decreases with age

Hutchison et al. (2013)  Healthy, divided cBOLD Young: 11 (5/6)
into young and Elderly: 11 (5/6)
elderly groups

Ances et al., (2009) Healthy, divided cBOLD Young: 10 (6/4)

into young and

Elderly: 10 (6/4)

Young: 28 + n/a; 21-35
Elderly: 53 + n/a; 45-60

Age did not influence stimulus-evoked
changes in CMRO,

elderly groups

CMRO, = cerebral metabolic rate of oxygen; M/F = males/females; n/a = information was unavailable; OEF = oxygen extraction fraction; (q/c)BOLD = (quantita-
tive/calibrated) blood oxygenation level dependent; QSM = quantitative susceptibility mapping; SD = standard deviation.

5. Conclusions

OEF and CMRO,, are essential, direct biomarkers for cerebral tissue
viability and function. This review covers MRI techniques that model
susceptibility-induced modulation of magnitude and phase signal for
quantification of OEF and CMRO,, and their clinical applications to ag-
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ing and neurodegenerative diseases. Though respective MRI techniques
have provided promising preliminary results, any of them has not been
widely used clinically. It is partly because there has been no rigorous
validation, e.g., accurately measuring physiological OEF abnormality in
neurologic disorders, and also because any technique has not been pub-
licly available via open-source codes for reproducibility test and broader
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use. By resolving these issues, these MRI techniques may be valuable
tools for cerebral oxygen metabolism quantification in neurodegenera-
tive disorders.
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