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Abstract
Objective Monitoring brain oxygenation is critical in brain tumors, as low oxygenation influences tumor growth, pathological 
angiogenesis, and treatment resistance. This study examined the ability of the streamlined quantitative (sq)BOLD MRI 
technique to detect oxygenation changes in healthy individuals, as well as its potential application in a clinical setting.
Methods We used the asymmetric spin echo (ASE) technique with FLAIR preparation, along with model-based Bayesian 
inference to quantify the reversible transverse relaxation rate (R2

') and oxygen extraction fraction (OEF) across the brain at 
baseline and during visual stimulation in eight healthy participants at 3T; and two patients with glioma at rest only.
Results Comparing sqBOLD-derived parameters between baseline and visual stimulation revealed a decrease in OEF from 
0.56 ± 0.09 at baseline to 0.54 ± 0.07 at the activated state (p = 0.04, paired t test) within a functional localizer-defined volume 
of interest, and a decline in R2

' from 6.5 ± 1.3s−1 at baseline to 6.2 ± 1.4s−1 at the activated state (p = 0.006, paired t test) in 
the visual cortex.
Conclusion The sqBOLD technique is sensitive enough to detect and quantify changes in oxygenation in the healthy brain 
and shows potential for integration into clinical settings to provide valuable information on oxygenation in glioma.
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Introduction

The brain depends on a continuous and adequate supply 
of oxygen to maintain its functional integrity. Chronically 
impaired delivery of oxygen to brain cells results in hypoxic 
injury and neurodegeneration [1]. Low tumor oxygenation 
constitutes one of the major concerns for patients with brain 
tumors, as it plays a central role in tumor development, 
angiogenesis, and resistance to treatment, and is associated 
with a poorer prognosis [2]. However, despite the 

significance of measuring blood oxygenation and advances 
in MRI techniques in this field, translating these techniques 
into clinical practice and validating them in disease states 
remains challenging.

Quantitative blood oxygen level-dependent (qBOLD) 
techniques have garnered attention in the field of magnetic 
resonance imaging (MRI) since their inception, as they offer 
a method for quantifying the oxygen extraction fraction 
(OEF) rather than solely providing qualitative assessments of 
blood oxygenation changes [3], as is the case with traditional 
BOLD imaging. OEF, which is the ratio of oxygen extracted 
from blood by tissue to the total oxygen content of arterial 
blood, is calculated using a biophysical model that relates 
both OEF and the deoxygenated blood volume (DBV) to 
the reversible transverse relaxation rate (R2

') [3]. R2
' is 

sensitive to magnetic field inhomogeneities, often arising 
from differences in tissue susceptibilities. Deoxygenated 
blood causes such magnetic field inhomogeneities because 
it is paramagnetic; the iron centers of deoxygenated 
hemoglobin molecules have unpaired electrons that perturb 
the magnetic field. In contrast, oxygenated hemoglobin is 
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diamagnetic because all electrons become paired during 
binding of oxygen molecules [4]. This makes R2

' a versatile 
tool, influenced by various factors linked to changes in blood 
oxygenation, such as neural activity and pathophysiological 
conditions [5–7]. DBV, on the other hand, represents the 
volume of partially deoxygenated blood per unit volume or 
mass of tissue.

qBOLD techniques can be classified into two primary 
groups based on their measurement strategies. The 
first group includes techniques that allow for the direct 
measurement of R2

', and frequently DBV, such as 
GESFIDE (Gradient Echo Sampling of FID and Echo), 
GESSE (Gradient Echo Sampling of Spin Echo), and ASE 
(Asymmetric Spin Echo) [5]. The second group comprised 
multi-parametric qBOLD (mqBOLD) approaches that 
use separate measurements of R2 (irreversible transverse 
relaxation rate) and effective transverse relaxation rate 
(R2

') to measure R2
' as well as DBV to estimate brain tissue 

oxygenation [8]. Streamlined-qBOLD (sqBOLD) is a new 
R2

'-based technique that employs an ASE sequence along 
with a preparation pulse to reduce contamination from the 
interstitial or cerebrospinal fluid (CSF) compartment using 
fluid-attenuated inversion recovery (FLAIR-ASE) [9]. The 
technique offers the advantage of minimizing R2

' bias caused 
by CSF, as well as a simpler R2

' analysis process compared 
to other mentioned qBOLD methods since R2-weighting is 
constant throughout [5].

sqBOLD has been successfully applied in healthy 
participants and patients with ischemic stroke [9, 10]. 
However, the sensitivity of this technique to different 
levels of OEF in the healthy brain and in the complex 
microvascular environment of neoplasms is yet unclear. 
One way of assessing such sensitivity in the healthy brain is 
by manipulating OEF through a functional task, e.g., visual 
stimulation. During a functional task, increased neural 
activity results in a hemodynamic response that increases 
local cerebral blood flow (CBF) beyond the increase in 
metabolic demand, leading to a decrease in the ratio of 
extracted oxygen to delivered blood and a subsequent 
decrease in measured OEF [11].

On the other hand, currently, there is only very limited 
research exploring the use of qBOLD for measuring OEF in 
human brain tumors, which has impeded the integration of 
these techniques into clinical practice [12, 13]. These studies 
employed the mqBOLD technique, which requires separate 
measurements of DBV as well as R2 and R2

* to calculate R2
'. 

Findings from these studies suggest that high-grade tumors 
exhibit higher OEF than lower-grade ones, and the volume 
of high OEF increases with tumor tissue malignancy.

This study is guided by two primary objectives. First, we 
sought to investigate the sensitivity of sqBOLD to regional 
changes in OEF. To optimize this, we initially examined 
the effect of echo time (TE) on our local implementation 

of the technique and evaluated its impact on the sqBOLD-
derived parameters, R2

', DBV, and OEF. Subsequently, 
we assessed the sensitivity of sqBOLD in detecting task-
related OEF changes in healthy participants during visual 
stimulation. Second, we applied this technique to measure 
R2

', DBV, and OEF at rest in two patients with primary brain 
tumors (gliomas)—one with a low-grade and the other with 
a high-grade tumor—illustrating the feasibility of using this 
technique in a clinical context to measure regional variations 
in oxygen-related parameters for these patients.

Materials and methods

Participants

Ten healthy volunteers (7 males; mean age 26 ± 6 years) 
and two patients with glioma (1 male and 1 female; 
ages 74 and 75 years) were recruited for the study. All 
healthy participants underwent MRI screening to exclude 
cerebrovascular and neurological diseases. The patients 
were diagnosed with low-grade glioma (astrocytoma, IDH-
mutant-type grade 2) and high-grade glioma (glioblastoma 
IDH-wildtype grade 4), according to the World Health 
Organization 2021 criteria [14]. However, during the 
analysis phase, two participants were post-hoc excluded—
one due to incomplete fMRI data and another due to 
incomplete sqBOLD data with visual stimulation. This 
resulted in the final sample size of eight that is reported in 
this study. Written informed consent was obtained from both 
healthy participants and patients for storing and using their 
data for research, both prospectively and retrospectively. The 
study was approved by the local ethics board and conducted 
in accordance with the Declaration of Helsinki.

Magnetic resonance imaging

Scanning was performed using a 3 Tesla (Discovery MR750, 
GE, Waukesha, USA) whole-body MRI scanner equipped 
with a 32-channel head coil. The MRI protocol for healthy 
participants is illustrated in Fig. 1a. First, a high-resolution 
3D T1-weighted (T1W) scan was acquired at rest for tissue 
segmentation and registration purposes. The acquisition 
parameters were TE: 2.1 ms, TR: 6.1 ms, TI: 450 ms, flip 
angle: 12º, voxel size: 1.0 × 1.0 × 1.0  mm3 with whole brain 
coverage.

The healthy participants, only, underwent visual 
stimulation to assess the sensitivity of the sqBOLD 
technique to hemodynamic changes. To determine each 
participant’s areas of activation to visual stimulation, a 
BOLD fMRI localizer was conducted, selecting voxels 
with significant BOLD responses during stimulation. 
Participants were shown a flickering checkerboard pattern 
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(8 Hz), alternating ON and OFF in 30 s blocks, which we 
refer to as the “dynamic state” in Fig. 1a. BOLD fMRI data 
were obtained with a  T2*-weighted echo-planar imaging 
(EPI) sequence covering the whole brain with acquisition 
parameters of TE: 35 ms, TR: 3000 ms, flip angle: 75º, 
voxel size: 1.7 × 1.7 × 4.0  mm3, number of slices: 28, slice 
thickness: 3.0 mm with 1.0 mm gap between slices, number 
of TRs: 100, with a total scan duration of 5 min.

After the localizer task, participants were instructed 
to focus on a black screen while undergoing sqBOLD 
imaging using a FLAIR asymmetric spin echo (FLAIR-
ASE) sequence with an EPI readout [8]. By shifting the 
refocusing pulse toward the excitation pulse by τ/2, the spin-
echo was moved away from the echo-time by an amount τ. 
The acquisition parameters for FLAIR-ASE were TE: 60 
ms, TR: 8000 ms, TI: 2000 ms, flip angle: 90º, voxel size: 
2.3 × 2.3 × 3.0  mm3, the number of slices: 28, slice thickness: 
2.0 mm with 1.0 mm gap between slices. FLAIR-ASE was 
performed with multiple shift values (τ) of 0, 16, 20, 24, 28, 
32, 36, 40, 44, and 48 ms, resulting in a total scan duration 
of 4 min.

To investigate the impact of TE on the sqBOLD-derived 
parameters, another sqBOLD imaging was acquired, but 
with TE values of 74 ms, rather than the original TE of 
60 ms. Similarly, participants were instructed to focus on a 
black screen during data acquisition, which we refer to as 
the baseline state. Both TE of 60 ms and 74 ms are known 
to provide a maximum signal-to-noise ratio (SNR) based 
on the simulation results [8]. While the longer TE allows 

longer ASE offsets to be acquired, potentially improving 
the accuracy of R2

', it comes at the cost of an increased scan 
time. Consequently, FLAIR-ASE was executed with shift 
values (τ) of 0, 16, 20, 24, 28, 32, 36, 40, 44, 48, 52, 56, and 
60 ms, leading to a scan duration of 5 min and 12 s.

The final scan for healthy participants involved 
performing sqBOLD imaging with visual stimulation, where 
participants viewed a flickering checkerboard pattern (8Hz) 
that remained on for the entire scan duration of 5 min and 
12 s. This state is referred to as the activated state. A TE of 
74 ms was used as it allowed for longer shift values (τ) to be 
included. This scan, along with the FLAIR-ASE scan with 
a TE of 74 ms in the baseline state, was used to evaluate 
sqBOLD sensitivity in detecting changes in R2

', DBV, and 
OEF between the baseline and activated states.

The MRI protocol used for the two patients consisted 
of pre-contrast T1-weighted (T1W), T2-weighted (T2W), 
T2-weighted fluid-attenuated inversion recovery (T2W-
FLAIR), and one sqBOLD imaging, all performed at rest 
(Fig. 1b). Another T1W scan was acquired after the injection 
of gadolinium-based contrast agent (7.5 mmol of GBCA 
(Gadovist, Bayer, Leverkusen, DE)). Both pre- and post-
contrast T1W scans used the same acquisition parameters as 
in the healthy participant protocol. T2W scan was acquired 
with acquisition parameters of TE: 107 ms, TR:10,000 ms, 
voxel size: 0.5 × 0.5 × 3.2  mm3, while the T2W-FLAIR 
scan was acquired with TE:106 ms, TR: 6000 ms, TI: 1890 
ms, voxel size: 0.6 × 0.5 × 0.5  mm3. sqBOLD imaging was 
performed using the same FLAIR-ASE sampling scheme and 

Fig. 1  A schematic representation of the protocol design for a 
healthy participants and b patients. a In the healthy participant 
protocol, a T1-weighted (T1W) scan was acquired, followed by 
a BOLD fMRI localizer run, during which participants viewed a 
flickering checkerboard with alternating 30 s off and 30 s on periods 
(Dynamic state). Subsequently, two sqBOLD imaging scans using 
different echo times (TE of 60 ms and TE of 74 ms) were performed 
while participants viewed a black screen (Baseline state), and a 
final sqBOLD imaging with TE of 74 ms was conducted while 

participants viewed a flickering checkerboard pattern (Activated 
state). b In the patient protocol, pre-contrast T1-weighted (T1W), 
T2-weighted (T2W), and T2-weighted FLAIR (T2W-FLAIR) scans 
were acquired. This was followed by a sqBOLD scan (TE of 74 ms), 
GBCA injection, and a post-contrast T1W scan. The duration for 
each sequence is indicated at the bottom of the respective sections. 
sqBOLD stands for streamlined quantitative BOLD; GBCA stands for 
Gadolinium-Based Contrast Agent



 Magnetic Resonance Materials in Physics, Biology and Medicine

1 3

acquisition parameters as those used for healthy participants 
with a TE of 74 ms.

Image processing

In the process of collecting FLAIR-ASE data, brain 
volumes have been gathered at different shift values (τ), 
each recorded as a separate volume sequentially in time. 
These volumes were motion-corrected using the FSL 
linear motion correction tool (MCFLIRT) [15]. Then, the 
brain tissue was extracted from the MRI images using the 
FSL brain extraction tool (BET) on the first volume of the 
acquisition FLAIR-ASE (τ = 0 ms) [16], with a fractional 
intensity threshold of 0.2 [16]. The created brain mask 
was then applied to the computation of sqBOLD-derived 
maps, exclusively targeting the voxels located within the 
confines of the brain mask.

R2
', DBV, and OEF maps were estimated from the 

pre-processed FLAIR-ASE data using the Quantiphyse 
tool (version 0.9.9) [17]. In every voxel, the MRI signal 
experiences increased decay as the shift values (τ) 
increase, i.e., as the readout echo gets farther from the 
spin-echo. In the sqBOLD technique, the signal decay 
observed across different shift values (τ) exhibits two 
distinct patterns, primarily due to the presence of multiple 
compartments within each voxel of the brain maps. These 
behaviors are characterized as a quadratic exponential 
decay for τ < τc and a linear exponential decay for τ > τc 
(Fig. 2) [18]. τc is the boundary between these regimes 
and a conservative estimate of this time is τc = 16 ms [19]. 
The signal decay is described by the following equation:

(1)

S(𝜏) =
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⎪
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where the factor S0 controls for constant terms, R2 is the 
irreversible transverse relaxation rate and TE is the echo 
time; these ca be substituted with S(0):

To estimate R2
' and DBV from Eq. (1), Quantiphyse uses 

a non-linear model implemented in a Bayesian framework 
to fit R2

' and DBV to the pre-processed sqBOLD data [17]. 
OEF then can be measured by the following equation:

where � is the proton gyromagnetic ratio of 267.5 ×  106 
rad  T–1  s–1, B0 is the field strength (3T in this study), Δ�0 is 
the susceptibility difference between fully oxygenated and 
fully deoxygenated red blood cells (0.264 ppm), and Hct is 
blood hematocrit assumed to be 0.4 [20].

The functional localizer data were pre-processed and 
analyzed using FEAT v6.00 from FMRIB's Software 
Library (FSL) [21]. Pre-processing included motion 
correction, spatial smoothing, and high-pass temporal 
filtering. Afterward, the data were subjected to general 
linear model (GLM) analysis, convolving the task design 
matrix with a canonical hemodynamic response function 
(HRF) to model the expected BOLD response to visual 
stimulation. A z-statistics (zstat) map was generated 
by calculating the statistical significance of the BOLD 
response at each voxel using a t test. A volume of interest 
(VOI), which we refer to as the fMRI-based VOI, was 
created using a threshold of Z > 3.1 and a corrected cluster 
significance threshold of P = 0.05.

Several VOIs were used for analysis in the healthy 
participants, comprising the gray matter (GM), visual cortex 
(VC), non-visual cortex (non-VC), the fMRI-based VOI, 
and a non-fMRI-based VOI. The GM VOI was generated 
using the FAST segmentation tool in FSL, which clusters 
the T1W image into three distinct regions: GM, WM, and 
CSF. A partial volume threshold of 0.9 was employed 
to ensure accurate delineation of GM regions [22]. The 
visual cortex (VC) VOI was selected from the “Juelich 
Histological Atlas” and transferred to the individual T1W 
space using the Elastix registration tool (https:// elast ix. lumc. 
nl/) [23]. To achieve this, the T1W image from MNI152 
standard space was registered non-rigidly to the individual 
T1W space to determine the transformation matrix. Then, 
the transformation matrix was applied to transfer the VC 
VOI from the atlas to the individual T1W space. GM and 
VC VOIs were transferred rigidly from T1W space to the 
first volume of FLAIR-ASE (τ = 0 ms) with the Elastix 
registration tool. Finally, the fMRI-based VOI was binarized 
and transformed to the FLAIR-ASE (τ = 0 ms) using the 

� = 0
yields
→ S(0) = S0exp

(

−R2 ⋅ TE
)

(2)OEF =
3.R�

2

4.�.�B0Δ�0.Hct.DBV

Fig. 2  This diagram represents the sqBOLD model, which depicts 
the logarithmic decay of the MR signal with τ shifts. τc, set at 16 ms, 
marks the transition from the quadratic exponential regime to the 
linear exponential one

https://elastix.lumc.nl/
https://elastix.lumc.nl/
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same transformation matrix generated by rigid registration 
(with Elastix) between the first volume of the fMRI and the 
first volume of FLAIR-ASE (τ = 0 ms). The sequence of 
steps detailing the processing of FLAIR-ASE, the generation 
of VOIs, and their subsequent registration to FLAIR-ASE 
(τ = 0 ms), is visually represented in Supplementary Fig. 1.

It should be emphasized that all analyses only considered 
GM voxels within the fMRI-based VOI and VC VOI. In 
other words, when we refer to the fMRI-based VOI and 
VC VOI, we specifically mean the GM voxels within these 
regions. Lastly, in order to assess if the observed changes in 
the sqBOLD parameters were a consequence of the visual 
task or some other factors, we also inspected alterations in 
the sqBOLD parameters within "control" areas. These areas 
included GM voxels located away from the visual cortex 
and fMRI-based VOIs, referred to as non-VC VOI and non-
fMRI-based VOI, respectively.

Statistical analysis

R2
', DBV, and OEF maps were acquired for healthy 

participants for each sqBOLD session separately. Median 
values of the R2

', DBV, and OEF were measured for various 
VOIs in each healthy participant individually. A group-level 
analysis was carried out solely for healthy participants, 
where the calculated R2

', DBV, and OEF in GM voxels were 
compared across individuals. The goal of this comparison 
was to assess FLAIR-ASE results with TE of 60 ms and TE 
of 74 ms. Furthermore, a group-level analysis was conducted 
for the calculated R2

', DBV, and OEF in both baseline and 
activated states (TE of 74 ms), aiming to investigate the 

sensitivity of these sequences in detecting changes in these 
parameters.

Group comparisons were performed using paired two-
sided t-tests or Wilcoxon signed-rank tests, depending 
on the Shapiro–Wilk test for normality outcomes. If the 
Shapiro–Wilk test indicated that the differences between 
paired observations followed a normal distribution, a paired 
two-sided t test was employed. Otherwise, a Wilcoxon 
signed-rank test was utilized as a nonparametric alternative. 
A p value of 0.05 or lower was considered statistically 
significant for all tests. Furthermore, R2

', DBV, and OEF 
maps were acquired for two patients and were visually 
assessed by an experienced radiologist with regard to the 
overall quality of the images and the ability to identify 
pathologies. This evaluation was conducted to illustrate the 
potential utility of this technique in a clinical setting.

Results

sqBOLD in two TEs

The average of the logarithm of recorded signals in GM 
voxels for one randomly selected healthy participant has 
been shown in Fig. 3. As expected, the signals decrease as 
the shift values (τ) increases, following the same expected 
patterns depicted in Fig. 2. The signal obtained with a TE 
of 60 ms displayed a higher signal offset compared to that 
of TE of 74 ms. In contrast, using a TE of 74 ms enabled 
the inclusion of more shifts in the measurements compared 
to using a TE of 60  ms. Nonetheless, as shown in the 
boxplot in the lower row, no significant differences in the 

Fig. 3  Top row: the average 
logarithm of sqBOLD signals in 
gray matter voxels (gray matter 
partial volume estimate > 0.9) 
across the whole brain at two 
echo times (TE of 60 ms and 
74 ms in the baseline state) for 
a healthy participant. Bottom 
row: Boxplots presenting the 
group statistics of R2

', DBV, and 
OEF measurements, comparing 
two echo times (TE of 60 ms 
and 74 ms in the baseline state) 
in gray matter voxels for healthy 
participants



 Magnetic Resonance Materials in Physics, Biology and Medicine

1 3

group-averaged R2
', DBV, and OEF were observed with the 

two TEs.

sqBOLD in baseline vs activated states

To assess changes in the sqBOLD-derived parameters 
due to functional activation, a BOLD fMRI localizer was 
first run to create a functionally defined VOI (fMRI-based 
VOI). A structurally defined visual cortex VOI (VC VOI) 
was also used. The localizer experiments consistently 
demonstrated robust activation in the visual cortex areas for 
each individual participant, and for some participants, also 
exhibited activation in specific deep gray matter structures 
involved in visual processing (see Supplementary Fig. 1).

Figure 4 presents the results for the group comparison of 
the sqBOLD-derived parameters collected in the baseline 
and the activated states (both with a TE of 74 ms). Since the 
Shapiro–Wilk test for normality was not rejected in these 
evaluations, a paired two-sided t test was utilized for the 
comparisons. The group-averaged (N = 8) OEF decreased 
from 0.56 ± 0.09 in the baseline state to 0.54 ± 0.07 in the 
activated state (p = 0.04) in the fMRI-based VOI, while 
the decrease of OEF from 0.47 ± 0.07 in the baseline state 

to 0.45 ± 0.05 in the activated state was not significant 
(p = 0.07) in the VC VOI. R2

' showed no statistically 
significant difference between baseline 7.9 ± 1.2  s−1 and 
stimulation 7.7 ± 1.4  s−1 (p = 0.10) in the fMRI-based VOI, 
but in the VC VOI a significant decrease was observed in 
R2

', from 6.5 ± 1.3  s−1 in the baseline state to 6.2 ± 1.4  s−1 
in the activated state (p = 0.006). DBV did not show a 
consistent nor significant change in any of these VOIs 
(Fig. 4). Supplementary Fig. 2 illustrates the changes in 
R2

', DBV, and OEF at the individual level at both baseline 
and activated states. The majority of participants showed a 
similar trend of reduction in R2

' and OEF from baseline to 
stimulation, while DBV changes varied across individuals. 
Conversely, Supplementary Fig. 3 shows that the sqBOLD-
derived measurements in the non-fMRI-based VOI and the 
non-VC VOI showed no consistent nor significant change 
between the two states in R2

', DBV, and OEF. This suggests 
that the observed changes in the sqBOLD parameters in the 
fMRI-based and VC VOIs were, indeed, due to physiological 
changes induced by the visual task.

Fig. 4   Boxplots presenting the group averages of R2
', DBV and OEF 

measurements, comparing two states: baseline and activated in gray 
matter voxels located in a fMRI-based VOI and b visual cortex (VC) 

for healthy participants. Statistically significant results (P < 0.05) are 
denoted with *
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sqBOLD in the patients

R2
', DBV, and OEF maps were obtained and visually 

assessed for two patients: one with high-grade glioma 
(glioblastoma, IDH wild type grade 4) and another with 
low-grade glioma (astrocytoma, IDH mutant grade 2). 
Figure 5 demonstrates that in the first patient, R2

', DBV, and 
OEF values in areas marked by red arrows—including the 
enhancing ring of the tumor and the necrotic core—exhibit 
higher values compared to healthy brain tissue, albeit with 
a heterogeneous pattern. Additionally, for this patient, the 
edema area surrounding the enhancing region (indicated by 
blue arrows) displays lower values in R2

', DBV, and OEF 
compared to the rest of the brain. In contrast, the non-
enhancing tumor (indicated by red arrows) in the second 
patient shows lower values in R2

', DBV, and OEF compared 
to the rest of the brain.

Discussion

The current study evaluated the ability of sqBOLD to 
measure changes in brain oxygen-related parameters in 
response to visual stimulation in healthy participants. The 
results demonstrated a statistically significant decrease in 
oxygen extraction fraction (OEF) by 3.5% and reversible 
transverse relaxation rate (R2

') by 4.6% in a volume of 
interest defined by a functional localizer and the visual 
cortex, respectively. Furthermore, the study demonstrated 
the potential of sqBOLD as a clinically feasible (< 6 min) 
and non-invasive technique for measuring brain oxygen-
related parameters in patients with brain tumors. The 
visual assessment of sqBOLD-derived maps in two patients 
revealed a heterogeneous pattern of parameters both within 
and between patients.

We first investigated the effect of TE on our local 
implementation of the sqBOLD acquisition. Based on visual 
inspection of raw FLAIR-ASE images, our results suggest 
that the data obtained using both TE values have a similarly 
good signal-to-noise ratio (SNR), which is consistent with 
previous studies that have confirmed this using simulated 
data [9]. Our results showed that no significant difference 
was found between using TE of 74 ms and 60 ms in 
estimating R2

', DBV and OEF. We chose to move forward 
with a TE of 74 ms for our sqBOLD acquisition as it allowed 
incorporating longer τ, which potentially permits improved 
accuracy in R2

' estimation for regions with low R2
', and 

sensitivity to subtle changes in R2
'.

sqBOLD-derived parameters were measured for gray 
matter (GM) voxels in healthy participants, revealing higher 
R2

' values in these VOIs than in previous studies [5]. One 
possible culprit could be that the 3 mm slice thickness used 
during data collection may have led to R2

' overestimation 
in larger voxels, due to intra-voxel dephasing caused 
by macroscopic magnetic field inhomogeneity at tissue 
interfaces. While a multi-slab acquisition could potentially 
reduce this effect, there is a trade-off in brain coverage and 
scan time, and we opted for a more reasonable scan time 
using 2D multi-slice imaging in this study to balance these 
factors [9, 24]. Consequently, higher R2

' values can lead to 
high OEF values (0.52 on average) above the expected range 
in healthy participants (0.3–0.5) [25].

We then performed an assessment of the sqBOLD 
technique's capability to detect changes in oxygen-related 
parameters under two conditions: with and without visual 
stimulation. The group-averaged R2

' and OEF values 
decreased in the visual cortex (VC) and fMRI-based VOIs 
in response to visual stimulation, but the decrease was 
only statistically significant in the VC for R2

’ and in the 
fMRI-based VOI for OEF. These changes are consistent 
with typical neurovascular coupling, where increased 

Fig. 5  Example slices of two 
patients with glioblastoma 
(grade 4) and astrocytoma 
(grade 2). The images from left 
to right are, respectively: post-
contrast T1W, T2W FLAIR, R2

' 
(0–40 s−1 ), DBV (0–10%) and 
OEF (0–1). Arrows indicate 
different parts of the tumor: in 
the first patient, the red arrow 
points to the contrast enhancing 
area and necrotic core of the 
tumor, while the blue arrow 
points to the surrounding 
edema. In the second patient, 
the red arrow points to the 
tumor area
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neuronal activity results in increased blood flow, causing 
an overshoot in oxygenated blood delivery and a decrease 
of the deoxyhaemoglobin concentration in the activated 
area [26]. As a result, R2

', which is sensitive to the magnetic 
field inhomogeneity between deoxygenated blood and the 
surrounding tissue, decreases [27], leading to a reduction 
in the OEF.

We are aware of only one study that had previously 
measured R2

' during visual stimulation, reporting a drop 
of 4.3% in the fMRI-activated area using multi-parametric 
quantitative BOLD (mq-BOLD) technique [28]. This value 
is more or less consistent with the 4.6% decrease in R2

' in 
the VC in our study. In contrast to R2

', several studies have 
investigated OEF changes during visual stimulation. Our 
study found a 3.5% decrease in OEF in the fMRI-based VOI. 
However, other studies have reported inconsistent values, 
such as 6.2% in a study by Wise et al., 20.6% in a study by 
Gauthier et al. (both using calibrated fMRI), and 18.6% in 
a study by Stout et al. [29–31]. Yin et al. reported average 
relative negative changes in OEF of 11.8% under normoxia 
conditions in motor task studies [32]. None of the mentioned 
studies used the sqBOLD technique to measure OEF, which 
hampers direct comparisons with our results. However, 
the smaller changes in OEF observed in our study may 
be attributed to the continuous visual stimulation applied 
during the sqBOLD data collection. In fact, participants 
were exposed to a flickering checkerboard screen for 
5 min and 12 s during the activated state and 5 min and 
12 s of black screen during the baseline to allow time for 
running FLAIR-ASE sequence. Extended visual stimulation 
during sqBOLD data collection might result in neuronal 
habituation, possibly leading to a decrease in hemodynamic 
responses and reduced sensitivity in detecting OEF changes 
between states [29].

In comparing the responses from the fMRI-based 
VOIs and the VC VOI, the fMRI-based VOIs were 
mostly larger than the anatomically-defined VC VOI 
(supplementary Fig.  1), and in some participants, the 
fMRI-based VOI covered areas with high iron content 
such as the deep gray matter [33]. High iron content in the 
tissue could potentially contribute to increased magnetic 
field inhomogeneities, leading to the overestimation of 
sqBOLD-derived parameters. As shown in Fig. 4, R2

', DBV, 
and OEF were higher in the fMRI-based VOI compared to 
the anatomically-defined VC VOI, indicating a possible 
influence of iron content on the measurements. Considering 
the small sample size, the fairly lenient threshold of 3.1 in 
the fMRI analysis, and the use of spatial smoothing, each 
may have implications on the results, highlighting the need 
for cautious interpretation. However, the non-significant 
changes in R2

' and OEF in non-fMRI or non-VC-based VOIs 
during the visual stimulation suggest that the significant 
changes observed in the fMRI-based and VC VOIs were 

likely physiologically driven rather than measurement-
related errors (supplementary Fig. 3).

In addition to task-induced sqBOLD parameter changes, 
this study assessed the feasibility of the sqBOLD technique 
for clinical application on two patients with different tumor 
grades. The generated brain maps of R2

', DBV, and OEF 
displayed diagnostic quality in a sensible range, suggesting 
potential utility in clinical settings. Visual inspection of 
these maps revealed increased intensity heterogeneity in 
contrast-enhanced areas and the necrotic core of high-grade 
glioblastoma compared to contralateral healthy tissue, while 
decreased intensity was uniformly observed in the edema 
area around the tumor in high-grade as well as the tumor 
area in low-grade astrocytoma. These observations are 
consistent with previous studies examining OEF in gliomas 
using alternative methodologies, suggesting a correlation 
between heightened OEF and tumor aggressiveness [7, 8, 
12, 34].

A limitation of this study is the lack of cerebral blood 
flow (CBF) measurements. To provide a comprehensive 
understanding of oxygen metabolism, CBF should be 
measured alongside OEF. In healthy participants, we 
assumed that CBF increases in the stimulated area [9]. 
However, in tumors, CBF is rather inconsistent across 
various tumor regions and needs to be measured separately 
using clinically well-established MRI techniques such 
as arterial spin labeling (ASL) or dynamic susceptibility 
contrast (DSC). Furthermore, the study assumes a fixed 
hematocrit value of 0.4, based on a mean population value, 
despite known variation among subjects. Underestimating 
hematocrit causes an underestimation of oxygenated blood 
supply to the area and subsequent OEF overestimation.

We chose to focus our analysis solely on gray matter 
voxels located in the desired VOIs and excluded signal from 
WM for two reasons: first, highly oriented myelin sheaths 
surrounding axons can result in axon fiber orientation-
dependent changes in T2

*, independent of DBV and OEF, 
therefore biasing the qBOLD estimates [35]. Second, 
a key assumption of the qBOLD model is that the blood 
vessels within the voxel are all randomly oriented. This is, 
generally, not the case in white matter, where a significant 
fraction of the blood vessels run parallel to the fiber bundle 
orientations [36]. Therefore, the quantitative analysis of 
qBOLD-derived parameters in white matter may result in 
inaccurate OEF estimation using qBOLD techniques without 
the implementation of additional methods or modifications 
[37].

Another limitation is that the qBOLD technique is 
known for frequently overestimating DBV, including in our 
own study. This overestimation primarily occurs because 
the qBOLD model assumes that protons are in the static 
dephasing regime. However, in reality, the presence of 
diffusion in tissue leads to imperfect spin-echo refocusing 
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and, therefore, a potentially larger mismatch between 
the measured spin-echo signal and the extrapolated one, 
resulting in the observed overestimation of DBV [38]. This 
overestimation, in turn, affects the accuracy of the measured 
OEF due to the mutual reliance of R2

' on DBV and OEF, as 
expressed by Eq. (2) [39]. Some studies involving glioma 
patients have addressed this problem by employing the 
relative total cerebral blood volume (rCBV) derived from 
a dynamic susceptibility contrast scan instead of DBV [8]. 
This solution was not adopted in the present study due to 
the absence of contrast injection in the healthy participants' 
protocol, but it will be taken into consideration for future 
patient studies.

To ensure clinical applicability and uniform 
implementation across different centers with minimal 
variability and high repeatability, two key steps can be 
taken. First, in the acquisition phase, it is important to 
harmonize the acquisition protocol by implementing 
a standardized approach. Conducting a traveling head 
study can help evaluate inter-site variability and allow for 
necessary adjustments to achieve consistent results. Second, 
in the analysis phase, utilizing open-source software such 
as Quantiphyse can be beneficial. This software enables 
the processing of collected data to generate sqBOLD-
derived maps, ensuring consistency and facilitating result 
comparison across various centers. These steps enhance the 
clinical utility and reliability of the findings.

Conclusion

The findings of this study suggest that sqBOLD can be a 
promising non-invasive tool for quantitatively studying 
changes in brain physiology in response to stimuli in healthy 
subjects. Additionally, the sqBOLD technique demonstrated 
potential utility in clinical settings for assessing brain tumor 
oxygenation. The non-invasive and quantitative nature of 
this method makes it well-suited for clinical applications, 
longitudinal monitoring of patients, and evaluating treatment 
and intervention outcomes. Future research will emphasize 
applying the technique to a larger patient cohort, integrating 
perfusion measurements, and addressing the aforementioned 
challenges of sqBOLD in the context of brain pathologies.

Supplementary Information The online version contains 
supplementary material available at https:// doi. org/ 10. 1007/ 
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