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difference between arterial and venous oxygen satura-
tion, OEF =� Ya �� Yv( ) / Ya, with the arterial saturation 
assumed to be 0.98.

2.3.2.  Breath-hold calibrated estimation of OEF

Voxelwise estimation of OEF0 follows the same method 
as the analysis previously presented for single-gas cali-
brated estimation (Chiarelli et al., 2022). However, instead 
of a regressor produced from end-tidal traces of O2 or 
CO2, the CO2 regressor for breath-holding was inferred 
from the global ASL and BOLD data on a subject-wise 
basis. Additionally, we used the group average PaO2 
(oxygen partial pressure during breath-holding) and 
PaO20 (oxygen partial pressure during room air breath-
ing), 104 mmHg and 127 mmHg respectively, to calculate 
CaO2 and CaO2,0 via equations 3 and 4. This data-driven 
approach removes the reliance on individual physiologi-
cal recordings acquired during MRI data acquisition, 
which are often of poor data quality (Zvolanek et  al., 
2023).
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(3)

	 CaO2 = Hb[ ]· �� · SaO2 + PaO2 · �� 	 (4)

SaO2 is the oxygen saturation of arterial haemoglobin, 
PaO2 is the arterial oxygen partial pressure, and ε is the 
solubility coefficient of oxygen in blood (0.003  mL/dL/
mmHg).

The analysis code for estimating OEF0 and CMRO2 is 
publicly available (10.5281/zenodo.10695877); the main 
steps of the analysis are shown in Figure 2 and outlined 
below.

DEXI-pCASL data were separated into two time series, 
one for TE1 and one for TE2. Motion correction of each 
time series was applied using 6 degrees of freedom co-
registration using MCFLIRT (Jenkinson et  al., 2002). 

Perfusion-weighted and BOLD-weighted time series 
were derived from TE1 and TE2 time series via surround 
subtraction and surround averaging respectively. The 
perfusion and BOLD data were then spatially smoothed 
in 2D with a Gaussian filter (sigma = 0.5 pixels). Voxelwise 
timeseries were then high pass filtered with an FWHM 
cutoff of 100 s using the filter implementation from FSL 
(Jenkinson et al., 2012). Since baseline CBF is larger in 
the grey matter (GM) compared to WM, the mean perfu-
sion map was used to estimate the GM partial volume, 
thus avoiding errors introduced by registration with anat-
omy. The mean perfusion signal was thresholded between 
the 85th and 99th percentiles to create a mask of voxels 
with a perfusion signal (GM mask).

The mean timeseries from ASL and BOLD voxels 
within the GM mask was used to create a physiological 
regressor that relates to the global breath-holding stimu-
lus. A weighted average of the normalised mean BOLD 
and ASL timeseries was used to produce the regression 
vector. Empirically, it was found that a ratio of 2:1 
(BOLD:ASL) created a robust regressor for analysis. 
Cross-correlation between the regressor and concate-
nated BOLD and ASL data was used to estimate the vox-
elwise temporal shift relative to the global signal. 
Regression against BOLD and ASL timeseries was then 
used to determine CBF0, the fractional change in CBF, 
and the BOLD signal change. Finally, equations 1 and 2 
were used to estimate Mcalib and Mdiffusion for 1000 OEF 
values between 0.001 and 1, in 0.001 steps. The OEF 
value that produced the minimum difference between 
Mcalib and Mdiffusion was kept as the solution for OEF0. 
CMRO2 was calculated via the Fick principle, as expressed 
in equation 5.

	 CMRO2 = CaO2 · OEF0 · CBF0 	 (5)

For comparison with the global TRUST measurement 
of OEF0, the mean value from the breath-hold calibrated 
analysis was calculated within the GM mask.

Fig. 2.  Processing steps for OEF estimation. 1) Calculation of mean ASL difference signal to create grey matter tissue 
mask. 2) Extraction of mean ASL and BOLD signal from tissue mask to create a physiological regressor. 3) Calculate 
voxelwise shift with respect to global regressor. 4) Simultaneous estimation of maximum BOLD signal and OEF0 that 
produces the best fit to the data.
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2.3.3.  Group analysis and statistics

The transformation to realign parameter maps to MNI152 
space (Fonov et al., 2011) was calculated by concatenat-
ing two transformations: (i) CBF0 to MPRAGE and (ii) 
MPRAGE to MNI152. (i) CBF0 maps were coregistered to 
the GM partial volume estimate map of the MPRAGE 
using FSL FLIRT (Jenkinson et  al., 2002) with a nor-
malised correlation cost function and 6 degrees of free-
dom. (ii) The MPRAGE was coregistered to MNI152 
space using FSL FNIRT (Jenkinson et al., 2012) with the 
T1_2_MNI152_2mm configuration settings, 10 mm warp 
resolution, and an initial FLIRT affine transformation cal-
culated with a correlation ratio cost function and 12 
degrees of freedom.

Parameter maps (CBF0, OEF0, CMRO2,0) were 
smoothed with a 6.88 mm FWHM Gaussian kernel (twice 
the in-plane resolution) before being realigned into 
MNI152 space. Two sets of parameter maps were 
acquired, one with the breath-hold task only and the other 
with breath-hold and visual stimulation, as detailed in 
section 2.2. Statistical parametric group maps testing the 
difference in parameter map between breath-hold only 
and breath-hold with visual stimulation conditions were 
formed using a two-sample paired t-test in FSL Ran-
domise (Winkler et  al., 2014) with 10000 permutations 
and threshold-free cluster enhancement (Smith & Nichols, 
2009). Significant activation was determined as regions 
with a family-wise error (FWE)-corrected pFWE < 0.05.

Further, a visual region of interest (ROI) was defined 
based on the CBF pFWE <  0.05 region. Mean values of 
each parameter (in group space) were calculated over 
this CBF ROI for each condition, and the ROI-average 
response to visual stimulation was taken as the differ-
ence between conditions of each parameter.

Normality was tested by the Shapiro-Wilk test. For 
t-tests, the paired difference was tested. For correlation 
and Bland-Altman analysis, each variable was tested 
separately. If either variable showed evidence of not 
being normally distributed (p < 0.05), then a Spearman ρ 
correlation was reported, while median and 95% limits of 
agreement were displayed in the Bland-Altman plot.

3.  RESULTS

Figure  3 shows group averaged CBF0, OEF0, CMRO2,0, 
and M maps during rest. As can be seen from the figure, 
and consistent with expected physiology, regions of high 
perfusion are matched with areas of high metabolic oxy-
gen consumption, while the oxygen extraction fraction 
has little variation throughout the grey matter, with 
increased estimates in regions with high macrovascular 
contamination and in white matter. Example parameter 
maps are also presented for a single participant in Sup-
plementary Figure S1, and parameter maps from all par-
ticipants are accessible at https://owncloud​.cubric​.cf​.ac​
.uk​/s​/UtdmuMqU80rVRY7. Figure  4 shows maps of 

Fig. 3.  Example group averaged parameter maps from 33 subjects acquired during rest, after registration to MNI space.

https://owncloud.cubric.cf.ac.uk/s/UtdmuMqU80rVRY7
https://owncloud.cubric.cf.ac.uk/s/UtdmuMqU80rVRY7
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coefficient of variation (CV) across participants for each 
parameter, with the highest CV values for CBF0, OEF0, 
and CMRO2,0 appearing in white matter. Due to the long 
arrival times and lower perfusion rate in white matter, any 
parameters derived from ASL measurements in white 
matter are somewhat uncertain. Therefore, the apparent 
elevation in OEF in WM should be treated with extreme 
caution. However, we cannot exclude the possibility that 
the elevation in WM OEF is physiological in nature.

Average M maps show a significant contrast differ-
ence between grey matter and white matter, presumably 
because of CBVdHb differences. Hotspots related to 
venous macrovascular contamination are also evident.

Mean GM parameter estimates at rest were 54 ± 10 ml/ 
100 g/min, 0.37 ± 0.04, 138 ± 19 μmol/100 g/min, and 
9.9 ± 1.5% for CBF0, OEF0, CMRO2,0, and M respectively 
(mean ± standard deviation across subjects).

3.1.  Accuracy of OEF measurements

To test the accuracy of the breath-hold calibrated OEF 
measurements, GM OEF for the rest condition was com-
pared to a global measure of OEF in the superior sagittal 
sinus, using TRUST.

Figure  5 reports the comparison of OEF estimates 
between TRUST in the sagittal sinus and breath-hold cal-

ibrated fMRI within the GM. Bland-Altman analysis 
(Fig. 5, right image) demonstrated a small, non-significant 
apparent bias between breath-hold calibrated and 
TRUST estimates of OEF (0.04) with limits of agreement 
between -0.11 and 0.12. ICC = 0.38 (0.04–0.64 95% con-
fidence intervals; two-way mixed effects with absolute 
agreement) indicates poor to fair agreement. CV was cal-
culated between the two methods as 12  ±  7% 
(mean ± standard deviation of CV across subjects). The 
TRUST OEF measurements showed evidence for not 
being normally distributed (W  =  0.88; p  =  0.002), so 
Spearman correlation coefficient between resting TRUST 
and breath-hold calibrated estimates was calculated as 
ρ(31) = 0.46 (p = 0.007; Fig. 5, left image). For consis-
tency with previous comparisons, the Pearson correla-
tion was r(31) = 0.55 (p = 9 x 10-4), which is consistent 
with the performance of dual-calibrated and single-gas 
calibration methods (Chiarelli et al., 2022).

3.2.  Test-retest reliability

Within- session repeatability was assessed between the 
rest and visual stimulation measurements by comparing 
OEF averaged across GM, but excluding occipital areas 
to minimise between-session differences arising from the 
task. The GM mask was cropped by transforming the 

Fig. 4.  Maps of coefficient of variation (CV) across participants for each parameter acquired during rest, after registration 
to MNI space.
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group CBF visual activation pFWE map into individual 
space and excluding voxels with any evidence of a 
group- level CBF response to the visual stimulation (pFWE 
<  1). The resulting scatter and Bland-Altman plots are 
shown in Figure 6. ICC = 0.75 (0.56-0.87) indicates mod-
erate to good reliability. CV = 4 ± 3% between the two 
measurements. The correlation between within- session 
OEF estimates during rest and visual stimulation was 
r(31) = 0.76 (p = 2 x 10-7). Regional reliability was assessed 
as follows. The Harvard-Oxford cortical atlas (Desikan 
et al., 2006), which is provided in FSL in MNI152 space, 
was transformed into individual space. The regional aver-
age of each parameter was calculated over voxels in the 
intersection of the GM mask and the Harvard-Oxford cor-
tical regions to which a 25% partial volume threshold was 
applied (Craddock et al., 2012). Supplementary Table S1 
reports summary OEF for each region for the two mea-
surements, CV and ICC. The lateral occipital cortex, intr-
acalcarine cortex, lingual gyrus, occipital fusiform gyrus, 

and occipital pole are omitted here, as they contain areas 
of significant CBF response to the visual stimulus at the 
group level.

Similarly, the equivalent scatter and Bland-Altman 
plots for within-session repeatability for CMRO2 are 
shown in Figure 7. ICC = 0.88 (0.74–0.94) indicates good 
to excellent reliability. CV = 4 ± 3% between the two mea-
surements. The correlation between within session 
CMRO2 estimates during rest and visual stimulation was 
ρ(31) = 0.84 (p = 3 x 10-7). Regional reliability is presented 
in Supplementary Table S2, reporting summary CMRO2 
values for each Harvard-Oxford cortical atlas region for 
the two measurements, CV and ICC.

For CBF, scatter and Bland-Altman plots are shown in 
Figure 8. ICC = 0.91 (0.82-0.96) indicates good to excel-
lent reliability. CV  =  5 ±  3% between the two measure-
ments. The correlation between within session CBF 
estimates during rest and visual stimulation was r(31) = 
0.92 (p = 6 x 10-14).

Fig. 6.  Scatterplot, left image, with the red line showing the linear regression line and the black line showing the line of 
unity. Bland-Altman plot, right image, comparing OEF estimates between the two measurements of breath-hold calibrated 
fMRI. fMRI1 – breath-hold task with grey background; fMRI2 – breath-hold task with checkerboard background.

Fig. 5.  Scatterplot, left image, with the red line showing the linear regression line and the black line showing the line of 
unity. Bland-Altman plot, right image, comparing OEF estimates from breath-hold calibrated fMRI during rest and global 
OEF estimated from TRUST.
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3.3.  Sensitivity to visual stimulation

The sensitivity of the breath-hold calibrated method to 
detect changes in OEF and CMRO2 was assessed by 
comparing rest and visual stimulation conditions. Figure 9 
reports the voxelwise analysis of the group data in MNI 
space of the response to the visual task. The analysis 
revealed a significant increase in CBF and CMRO2 in the 
primary visual cortex associated with the task.

Figure  10 summarises the average results in an ROI 
defined by significant CBF visual response at the group 
level (pFWE  <  0.05). The Shapiro-Wilk test suggested no 
deviation from a normal distribution for either CBF 
(W = 0.97; p = 0.58), CMRO2 (W = 0.98; p = 0.81), or OEF 
(0.97; p = 0.59). The average CBF increase was 16 ± 2% 
(mean ± SEM across subjects; p = 4 x 10-9; t(32) = 8.0) while 
CMRO2 increased by 12 ± 2% (p = 2 x 10-6; t(32) = 5.8) 
within the functional ROI defined considering only signifi-

cantly activated voxels. The smaller CMRO2 increase was 
associated with a mean OEF reduction of 3.3  ±  1.4% 
(p = 0.013; t(32) = -2.6), with a flow-metabolism coupling 
constant of 1.35 consistent with recent MRI measurements 
during prolonged visual stimulation (Arzanforoosh et  al., 
2023). Flow-metabolism coupling was calculated as the 
%CBF increase divided by the %CMRO2 increase due to 
visual stimulation. Post-hoc power calculations for the two-
tailed paired t-tests gave effect sizes of 1.0 and 0.46 and 
power of 1.0 and 0.73 for CMRO2 and OEF, respectively.

4.  DISCUSSION

This work presents a practical and pragmatic calibrated-
fMRI method for mapping CMRO2 in grey matter without 
the need for respiratory modulation with exogenous 
gases. The approach is straightforward to apply and 

Fig. 7.  Scatterplot, left image, with the red line showing the linear regression line and the black line showing the line 
of unity. Bland-Altman plot, right image, comparing CMRO2 estimates between the two measurements of breath-hold 
calibrated fMRI. fMRI1 – breath-hold task with grey background; fMRI2 – breath-hold task with checkerboard background.

Fig. 8.  Scatterplot, left image, with the red line showing the linear regression line and the black line showing the line of 
unity. Bland-Altman plot, right image, comparing CBF estimates between the two measurements of breath-hold calibrated 
fMRI. fMRI1 – breath-hold task with grey background; fMRI2 – breath-hold task with checkerboard background.
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should be widely applicable to research as well as clinical 
studies. The method appears to have similar accuracy 
and precision to the gas-based methods, when com-
pared to global measurements of OEF derived from the 
sagittal sinus (Chiarelli et al., 2022). In addition, it showed 
good repeatability when applied to different sessions of 
measurement.

As well as assessing the accuracy of the method, we 
also sought to investigate the sensitivity to local changes 
in metabolism and physiology. To this end, we repeated 
the measurement during rest and continuous visual stim-
ulation, where we expected to observe the effects of a 

flow-metabolism coupling ratio greater than one as 
demonstrated by a greater increase in CBF compared to 
CMRO2 in the primary visual cortex and thus a local 
reduction in OEF. The reduction in OEF was statistically 
significant, and of a similar magnitude to that observed 
in other MRI measurements of prolonged visual stimula-
tion (Arzanforoosh et al., 2023). This is consistent with 
the observation that the ratio of fractional increase of 
CBF to fractional increase of CMRO2 is lower during peri-
ods of extended neural activation compared to briefer 
stimulation, with the change in CMRO2 increasing with 
stimulation duration (Mintun et al., 2002). Therefore, the 

Fig. 9.  Statistical parametric group maps of CBF, CMRO2, and OEF changes following visual stimulations. Left side 
only shows t-statistic maps of significant visual response (visual condition > resting condition, pFWE< 0.05), with OEF not 
shown as no regions reached significance. Right side shows maps of the change in each parameter with visual stimulation 
(averaged across participants).

Fig. 10.  Box plots of visual ROI-averaged CBF, OEF, and CMRO2 for rest and visual task conditions.
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relatively small decrease in OEF observed in this study is 
plausible and consistent with known physiology. None-
theless, the developed method is indeed sensitive to 
local changes in flow and metabolism induced by func-
tional hyperemia.

The limitations of the method are mostly shared with 
the dual-calibrated methodology. For example, for the 
method to be viable there must be a local increase in CBF 
with breath-holding, which implies that there must be a 
local vascular reserve. This condition may not be met in 
diseases such as ischemic stroke, where arterial vessels 
may be maximally dilated in an attempt to maintain local 
perfusion (Krainik et al., 2005; Salinet et al., 2015; Sebok 
et al., 2021). The method assumes that the ratio between 
BOLD-sensitive and capillary blood volume as well as the 
permeability to oxygen of the capillary and brain tissue 
remains constant. Although large changes in these 
parameters appear unlikely, relevant modifications might 
occur with tissue and vascular remodelling found in brain 
tumours (Fierstra et  al., 2016; Hsu et  al., 2004; Pillai & 
Zaca, 2012). Additionally, the method assumes that the 
mean transit time through the microvasculature (MTTc) 
and the mitochondrial oxygen tension (PmO2) are not 
concurrently high (MTTc more than approximately 2 to 
3  s and PmO2 greater than 20 to 30  mmHg) (Chiarelli 
et al., 2022). This scenario is assumed only to occur in 
cases of gross physiological and metabolic dysfunction 
and thus is not possible to probe with experiments in 
healthy volunteers. Due to these constraints, care should 
be taken if applying this method in stroke or other dis-
eases where vascular remodelling and long tissue transit 
times may co-exist with regions of elevated PmO2, or 
where local vascular reserve may be depleted. Although 
still requiring validation in brain diseases that might impair 
its accuracy, the proposed method offers a simple means 
of mapping cerebral oxygen metabolism with MRI and 
has the potential to be a useful tool for both neuroscience 
research and clinical imaging.

Limitations of breath-holding in MRI have been sum-
marised in recent reviews as participant compliance and 
variability in breath-hold performance (Liu et  al., 2019; 
Urback et al., 2017; Zhao et al., 2022). However, with the 
bhc-fMRI measurement of CMRO2 and OEF, these contri-
butions to CVR variability partly cancel due to these 
being present in both BOLD and CBF responses to the 
breath-hold, as evidenced by the lower within subject CV 
reported here for OEF and CMRO2, as compared to 
breath-hold CVR within-subject CV measurements 
reported previously (Zhao et al., 2022). Recently, it has 
been shown that time-locked head motion is also a 
source of noise for breath-hold CVR measurements (Moia 
et al., 2020, 2021). One potential limitation of the analysis 
method employed here is the conservative mitigation for 

motion, relying solely on acquisition-to-acquisition regis-
tration provided by MCFLIRT (Jenkinson et al., 2002). We 
have taken the pragmatic approach to employ minimal 
motion compensation and avoid the potential pitfalls of 
overcorrection that can reduce the reliability of parameter 
estimates (Moia et al., 2021).

A potential limitation of this study is that OEF mea-
surements are not compared with another OEF mapping 
method. However, due to the minimal spatial variation of 
OEF in the healthy brain, we prefer to make a quantita-
tive comparison with a validated measurement of global 
OEF (TRUST). We also extend our previous studies with 
gas calibration to explore the local sensitivity to func-
tional hyperaemia. A previous comparison of gas-
calibrated OEF to superior sagittal sinus OEF (Chiarelli 
et al., 2022) found similar correlations between the meth-
ods (r  =  0.58 for dual-gas calibration and r  =  0.64 for 
hypercapnia-only calibration) as observed here between 
breath-hold calibration and superior sagittal sinus mea-
surements of OEF.

In conclusion, we present a new MRI method for map-
ping CMRO2 and OEF without the need for manipulating 
inspired gas concentrations. The breath-hold approach 
avoids the need for a complicated gas delivery system or 
a face mask, which some participants find uncomfort-
able. This method represents an approach that may be 
more practical in many patient groups.
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