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Abstract
Metabolic markers of baseline brain oxygenation and tissue perfusion have an important role to

play in the early identification of ischaemic tissue in acute stroke. Although well established MRI

techniques exist for mapping brain perfusion, quantitative imaging of brain oxygenation is

poorly served. Streamlined-qBOLD (sqBOLD) is a recently developed technique for mapping

oxygenation that is well suited to the challenge of investigating acute stroke. In this study a non-

invasive serial imaging protocol was implemented, incorporating sqBOLD and arterial spin label-

ling to map blood oxygenation and perfusion, respectively. The utility of these parameters was

investigated using imaging based definitions of tissue outcome (ischaemic core, infarct growth

and contralateral tissue). Voxel wise analysis revealed significant differences between all tissue

outcomes using pairwise comparisons for the transverse reversible relaxation rate (R20), deoxy-

genated blood volume (DBV) and deoxyghaemoglobin concentration ([dHb]; p < 0.01 in all

cases). At the patient level (n = 9), a significant difference was observed for [dHb] between

ischaemic core and contralateral tissue. Furthermore, serial analysis at the patient level (n = 6)

revealed significant changes in R20 between the presentation and 1 week scans for both ischae-

mic core (p < 0.01) and infarct growth (p < 0.05). In conclusion, this study presents evidence

supporting the potential of sqBOLD for imaging oxygenation in stroke.
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1 | INTRODUCTION

Ischaemic stroke is characterised by restricted blood supply to regions of

tissue that may ultimately result in infarction. However, the brain can tol-

erate a limited reduction in perfusion if tissue oxygenation levels can be

preserved. Therefore, techniques to map brain oxygenation in the acute

phase of stroke may help to identify viable tissue that requires interven-

tion to minimise the final infarct volume (Astrup, Siesjö, & Symon, 1981).

While Positron Emission Tomography (PET) is the current benchmark for

imaging oxygen metabolism in acute stroke (Ackerman et al., 1981;

Baron, 1999), it is not widely available in acute clinical settings.

Magnetic resonance imaging (MRI) is already widely used in the

assessment of patients with acute stroke and has the potential to be a

viable alternative to PET in measuring oxygen metabolism. Such mea-

surements are made possible by the inherent sensitivity of the trans-

verse MR relaxation rate (R2*) to deoxyhaemoglobin. R2* (= R2 + R20)

is composed of the irreversible (R2) and reversible (R20) transverse

relaxation rates with respect to a spin echo. As changes in R2 (and

hence R2*) are known to be affected by numerous factors aside from

tissue oxygenation (An et al., 2012; An et al., 2014), R20 is predicted to

have better specificity to baseline brain oxygenation (Yablonskiy &

Haacke, 1994). This sensitivity has previously been exploited to dem-

onstrate that alterations in R20 are indicative of the final outcome of

ischaemic tissue (Bauer et al., 2014; Geisler et al., 2006; Seiler et al.,

2012; Siemonsen et al., 2008; Zhang, Zhang, & Chen, 2011). However,

R20 is dependent on both deoxyhaemoglobin concentration ([dHb])
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and the DBV (Yablonskiy, 1998), resulting in ambiguity regarding the

physiological origin of a measured R20 alteration. The ability to sepa-

rate [dHb] from R20 would provide a quantitative physiological metric

directly related to tissue oxygenation, and to achieve this, knowledge

of the underlying DBV is required.

Dynamic susceptibility contrast (DSC) MRI has been used to

improve the physiological interpretation of R20 by providing cerebral

blood volume (CBV) and cerebral blood flow (CBF) information allow-

ing [dHb] to be estimated (Christen, Schmiedeskamp, Straka, Bammer,

& Zaharchuk, 2012). These methods have previously been employed

to investigate acute stroke (Gersing et al., 2015; Seiler et al., 2017a;

Seiler et al., 2017b). However, DSC requires an exogenous contrast

agent, which may limit the frequency with which scanning can be

repeated and be contraindicated in some patients (Gulani, Calamante,

Shellock, Kanal, & Reeder, 2017). In addition, DSC provides an esti-

mate of the blood volume across all vascular compartments, while

qBOLD requires a measurement of the volume occupied specifically

by deoxygenated blood.

There are noncontrast based alternatives that allow the estima-

tion of DBV and CBF. The quantitative-BOLD (qBOLD) method is able

to measure DBV by modelling the transverse MR signal decay in the

presence of a vascular network (An & Lin, 2000; He & Yablonskiy,

2007). Arterial spin labelling (ASL) can be used to quantify CBF by

inverting the magnetisation of arterial blood to act as a diffusible tracer

(Alsop et al., 2015). These endogenous methods are particularly suit-

able for application in acute stroke as they can be acquired noninva-

sively in a clinically relevant manner (An et al., 2015; Lee et al., 2003).

Recently we proposed a refinement of the qBOLD method tar-

geted at minimising confounding effects during data acquisition,

rather than by postprocessing, which we term streamlined-qBOLD

(sqBOLD; Stone & Blockley, 2017). By minimising the influence of nui-

sance signals (macroscopic field inhomogeneities, MFIs; cerebral spinal

fluid, CSF; and R2-weighting) during image acquisition the application

of the qBOLD model is simplified, improving the robustness of the

resultant oxygenation maps. While measurements in healthy young

subjects look promising, so far measurements have not been per-

formed in more challenging clinical research applications. The aim of

this study is to investigate the potential of sqBOLD to monitor

regional changes in brain oxygenation following ischaemic stroke, and

its relation to tissue outcome over time in a cohort of patients under-

going serial non-contrast multi-modal MR imaging, including ASL per-

fusion imaging.

2 | MATERIALS AND METHODS

2.1 | Patients

Patients with ischaemic stroke were recruited into a prospective

observational cohort study regardless of age or stroke severity under

research protocols agreed by the UK National Research Ethics Service

committees (ref: 13/SC/0362). The following inclusion criteria were

used to select patients for this analysis: DWI (b = 1,000 s/mm2) lesion

on the presenting scan and a follow up scan at either 24 hr or, prefer-

ably, 1 week following the initial scan to enable the definition of the

regions of interest. Patients with lacunar stroke, as defined on DWI

scan (lesions <15 mm in diameter), were excluded from this analysis.

Nine patients met the criteria to be included in this analysis (Table 1).

The median symptom onset to MRI time was 13 hr 49 min (range

2 hr 20 min – 1 day 4 hr 19 min, Table 1). Where possible, follow-up

scanning was performed at 2 hr, 24 hr, 1 week, and 1 month relative

to the presentation scan.

2.2 | Image acquisition

Scanning was performed on a Siemens 3T Verio scanner (Siemens

Healthineers, Erlangen, Germany) for all time points. The scanning

protocol included the MRI techniques described in the following

paragraphs.

Diffusion weighted imaging (DWI) with apparent diffusion coeffi-

cient (ADC) calculation was used to identify areas of cerebral ischae-

mia based on restricted diffusion caused by cell swelling (Le Bihan

et al., 2001) (three directions, 1.8 × 1.8 × 2.0 mm, field of view =

240 mm2, four averages, b = 0 and 1,000 s/mm2, TR/TE = 9,000/

98 ms, 50 slices, 2 min 53 s).

A T1-weighted (T1w) MP-RAGE was used for structural imaging

and image registration (1.8 × 1.8 × 1.0 mm, field of view = 228 mm,

TR/TE = 2040/4.55 ms, TI = 900 ms, 192 slices, scan duration

3 min 58 s).

TABLE 1 Patient characteristics

Patient
Stroke
syndrome Hemisphere Sex Age NIHSS Thrombolysed

Onset to
scan Follow-up scans

Voxels in ROI
(core, growth)

Mean
motion
score

P01 PACS Right F 69 6 Y 00:10:52 1 week, 1 month 59, 38 0.17

P02 POCS Left M 68 3 Y 00:04:11 2 hr, 1 week, 1 month 8, 49 0.18

P03 TACS Left M 79 14 Y 00:02:20 24 hr 1264, 2270 0.56

P04 POCS Left M 68 12 Y 00:19:33 24 hr 94, 225 0.62

P05 PACS Right M 78 4 N 01:04:19 24 hr (38 hr), 1 month 560, 167 2.12

P06 PACS Right M 87 19 Y 00:13:49 24 hr, 1 week 190, 97 0.20

P07 TACS Left M 77 22 Y 00:13:05 24 hr, 1 week 675, 5,725 0.24

P08 TACS Right F 74 10 Y (+ thrombectomy) 00:22:17 24 hr, 1 week 61, 688 0.44

P09 TACS Right F 80 17 Y 00:17:50 24 hr, 1 week 3237, 1619 0.13

NA = not available; NIHSS = National Institute of Health Stroke Scale; PACS = partial anterior circulation stroke; POCS = posterior circulation stroke;
TACS = total anterior circulation stroke.
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A T2-weighted FLAIR turbo spin echo was used to identify infarc-

tion on follow-up scans (Harston et al., 2017) (1.9 × 1.9 × 2.0 mm, field

of view = 240 × 217.5 mm2, TR/TE = 9,000/96 ms, TI = 2,500 ms,

58 slices, scan duration 2 min 8 s).

Vessel encoded Pseudo-Continuous Arterial Spin Labelling (PCASL)

was used for perfusion imaging and CBF calculation (Okell, Chappell,

Kelly, & Jezzard, 2013; EPI readout, 3.4 × 3.4 × 4.5 mm, field of view =

220 × 220 mm, 24 slices, TR/TE = 4,080/14 ms, labelling duration =

1.4 s, postlabelling delays = 0.25, 0.5, 0.75, 1, 1.25, and 1.5 s, scan

duration 5 min 55 s). Performing ASL with multiple postlabelling delays

improves absolute quantification of CBF in the presence of delayed

blood arrival times (Harston et al., 2017; Okell et al., 2013; Wang et al.,

2013). This is in contrast to DSC perfusion weighted imaging (PWI)

where prolonged time to peak (TTP) or mean transit time (MTT) are

commonly used to define hypoperfused tissue, rather than CBF.

A FLAIR-GASE acquisition was used to measure baseline brain

oxygenation using the sqBOLD approach (Stone & Blockley, 2017)

(96 × 96 matrix, field of view = 220 mm2, nine 5 mm slabs consisting

of four 1.25 mm sub-slices, 100% partition oversampling, 1 mm slice

gap, TR/TE = 3,000/82 ms, TIFLAIR = 1,210 ms, ASE-sampling scheme

τstart/τfinish/Δτ = −16/64/8 ms, scan duration 4 min 30 s). FLAIR-

GASE consists of three separate components, nulling of CSF partial

volumes using FLuid Attenuated Inversion Recovery (FLAIR; Hajnal

et al., 1992), direct measurement of R20 using an asymmetric spin echo

(ASE; Wismer et al., 1988) and minimisation of MFI using gradient

echo slice excitation profile imaging (GESEPI; Yang, Williams,

Demeure, Mosher, & Smith, 1998). The GESEPI technique compen-

sates for residual magnetic field gradients (MFGs) in the slice direction

that are not corrected by the manufactuer's standard 3D volume shim

(Gruetter & Boesch, 1992). This is achieved by oversampling in the

slice direction using a 3D acquisition. It has recently been shown that

by combining GESEPI with the ASE technique (GASE) the effect of

MFGs can be minimised in the majority of the brain (Blockley & Stone,

2016). However, GASE can only compensate MFGs below a critical

threshold. Hence positioning of the imaging volume was focussed on

the ischaemic region and slices were angeled away from areas of

severe MFI. The combined FLAIR-GESEPI-ASE (FLAIR-GASE) acquisi-

tion reduces confounding effects and when combined with quantita-

tive modelling offers a streamlined qBOLD approach.

2.3 | Post-processing

All image analysis was performed using the Oxford Centre for Func-

tional MRI of the Brain (FMRIB) Software Library (FSL) (Jenkinson,

Beckmann, Behrens, Woolrich, & Smith, 2012) and MATLAB

(Mathworks, Natick, MA). Post-processing details of VEPCASL data

to produce CBF maps have previously been described (Harston,

Okell, et al., 2017; Okell et al., 2013).

For sqBOLD, preprocessing and parameter map calculation from

the FLAIR-GASE data is based on previously described methods

(Stone & Blockley, 2017). In brief, the four 1.25 mm slices of each slab

were averaged to produce a single 5 mm slice. The τ-series was

motion corrected using the FSL linear motion correction tool

(MCFLIRT; Jenkinson, Bannister, Brady, & Smith, 2002) to the spin-

echo image. As an indicator of the severity of head-motion that

occurred during FLAIR-GASE acquisition, the mean relative root mean

square value was output from MCFLIRT, and henceforth described as

the mean motion score. The spin-echo image was brain extracted using

the FSL brain extraction tool (BET; Smith, 2002) to create a binary mask

of brain tissue and all remaining τ-weighted volumes were brain

extracted using this mask. The data were spatially smoothed using a

Gaussian kernel with a full-width half-maximum that matched the in-

plane resolution (2.3 mm). This smoothing was chosen to reduce the

impact of noisy voxels on the model fit without unduly reducing the

spatial resolution of the resulting parameter maps.

Oxygenation parameters R20 , DBV and [dHb] were directly

inferred from the sqBOLD data using the qBOLD model (Yablonskiy,

1998). To describe this model in simple terms, the mono-exponential

part of the signal decay (τ > 15 ms) is used to measure R20 and the

mismatch between a measured spin echo (τ = 0 ms) and the linear

intercept of the mono-exponential regime provides an estimate of the

DBV. The ratio of R20 and DBV is proportional to [dHb] (Equation 2).

To estimate sqBOLD oxygenation parameters for each voxel, R20 and

DBV were organised into a vector of unknowns (x) in a linear system

(A � x = B; Equation 1). S(τ) is the signal intensity of a given voxel for

a spin-echo displacement time (τ) and τ1,2, … n refers to the range

of spin-echo displacement times acquired in the long τ regime

(τ > 15 ms; Yablonskiy & Haacke, 1994). In this study τ values of

16, 24, 32, 40, 48, 56, and 64 ms were used. The first row of matrix

A describes where τ = 0, which is insensitive to DBV.

0 0 1

1 − τ1 1

1 − τ2 1

..

. ..
. ..

.

1 − τn 1

2
66666664

3
77777775

DBV

R2
0

log S0ð Þ− TE � R2

2
64

3
75 =

log S 0ð Þð Þ
log S τ1ð Þð Þ
log S τ2ð Þð Þ

..

.

log S τnð Þð Þ

2
66666664

3
77777775

ð1Þ

The weighted least squares solution was then used to produce

voxel-wise estimates and standard deviation of R20 and DBV. The

model fit was inversely weighted for τ, with data being acquired at

higher values of τ receiving less weighting in the fit, due to the

increasing contribution of noise with increasing signal decay. This

helps to account for the lower SNR in data acquired at longer τ-values

(Stone & Blockley, 2017). Parameter maps of [dHb] were calculated

using Equation 2, where DBV and R20 were estimated as above and

other parameters are known or assumed constants (Δχ0 = 0.264 ×

10−6 (He & Yablonskiy, 2007), κ = 0.03 (McPhee & Hammer, 2009)).

dHb½ � = 3:R2
0

DBV � 4 � γ � π � Δχ0 � κ � B0
ð2Þ

Estimating [dHb] negates the requirement for an assumed or

measured haematocrit, which is required in order to estimate the oxy-

gen extraction fraction (OEF). The standard deviation of [dHb] was

calculated by propagating the standard deviations calculated for R20

and DBV.

2.4 | Regions of interest

Binary masks of the presenting lesion were automatically generated

by thresholding maps of ADC at 620 × 10−6 mm2/s (Purushotham

et al., 2015). Initial clustering was performed using the FSL Cluster
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tool (http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/Cluster). The ROI cluster was

identified and smoothed (Gaussian kernel of standard deviation

1 mm) and followed by repeat cluster analysis. The small amount of

smoothing applied to the initial binary cluster mask was performed to

remove isolated noisy voxels during repeat clustering, resulting in bet-

ter specificity of the ADC ROI to the presenting lesion. These auto-

mated ADC masks were inspected by a clinician to ensure their

accuracy and manually corrected when necessary (Harston et al.,

2015). An independent observer manually defined the final infarct

ROI. This was preferentially performed using the 1-week T2-FLAIR

image or, if unavailable, the 24 hr b = 1,000 s/mm2 DWI image

(Harston, Minks, et al., 2017).

The following tissue outcomes were used in the analysis and were

defined from the infarct ROIs in the native space of the sqBOLD and

ASL parameter maps.

• The ischaemic core is tissue common to both the presenting ADC

lesion and final infarct.

• Infarct growth is tissue present in the final infarct that is not pre-

sent in the presenting ADC lesion.

• The contralateral tissue is defined by a composite mask of the

presenting and final infarct tissue mirrored to the contralateral

side of the brain.

2.5 | Registration

Registration of imaging modalities within a single time point was

achieved using rigid body registration (6 degrees of freedom [DOF])

(Jenkinson & Smith, 2001). Between time point registration was per-

formed using nonlinear registration of the T1-weighted structural

scans to limit potential error introduced by edema (Harston, Minks,

et al., 2017). To create contralateral ROIs, the infarct masks were

mirrored in standard space following nonlinear registration of the T1-

weighted image to a standard atlas (MNI152; Mazziotta et al., 2001).

At each time point, the FLAIR-GASE spin-echo image (τ = 0 ms) was

registered (6 DOF) to the T1-structural using the b = 0 s/mm2 DWI

image as an intermediate registration step. For the ASL data, an

unsubtracted reference volume was registered (6 DOF) directly to

the T1-structural image.

2.6 | Regional analysis

For the MRI data acquired during presentation and follow-up scan-

ning, voxel values of R20, DBV, [dHb], and CBF were extracted from

the native space of the acquired parameter maps using the ROI defini-

tions of ischaemic core, infarct growth and contralateral tissue.

A voxel-level analysis of the presenting imaging data was con-

ducted by pooling voxel values of R20 , DBV, and [dHb] across all

patients for each tissue outcome ROI. This analysis enables the sensi-

tivity of the sqBOLD parameters to different tissue outcomes. For

each parameter (R20, DBV, and [dHb]), differences between the voxel-

value-distributions from the tissue outcome ROIs on presentation

(ischaemic core, infarct growth, and contralateral tissue) were tested.

To test the null hypothesis of no difference between the voxel-value-

distributions from the tissue outcome ROIs a Kruskal–Wallis test was

used. The Kruskal–Wallis test is a version of the classical one-way

ANOVA that does not require the assumption of normally distributed

data. This non-parametric test was chosen as the distribution of [dHb]

values in healthy grey matter have previously been found to be non-

normally distributed (Stone & Blockley, 2017). On rejecting the null

hypothesis, post hoc pairwise comparisons between the different tis-

sue outcome ROIs were performed using the Tukey–Kramer method

(honest significant difference test) to consider which pairs were signif-

icantly different. The Tukey–Kramer method controls for such multi-

ple comparisons.

A patient-level analysis of the presenting imaging data was con-

ducted by calculating the median R20, DBV, [dHb], and CBF for each

of the tissue outcome ROIs in each patient for presenting scans. For

the median values extracted across the patient group, the null hypoth-

esis of no difference between the three tissue outcomes was tested

using a two-way ANOVA. Again if the null hypothesis was rejected

for a given parameter, post hoc pairwise comparisons were performed

using the Tukey–Kramer method.

To aid the development of suitably powered follow on studies,

the results of these experiments were used to calculate the effect size

for each measure. Cohen's d was chosen to measure the differences

between means when comparing each of the pairs of tissue outcome

ROIs. Since these data are paired, d was calculated from the mean dif-

ference and standard deviation of differences.

To investigate the evolution of sqBOLD parameters in follow-up

scans, the median R20, DBV, [dHb], and CBF were calculated for each

of the tissue outcome ROIs in each patient for the presenting and

1 week scans. Median parameter values in the ischaemic core and

infarct growth ROIs were normalised within scan to the contralateral

tissue ROI. Two tailed paired t-tests were performed to test the

hypothesis that the mean difference between time points is zero.

3 | RESULTS

3.1 | Group characteristics

Nine consecutive large volume stroke patients met the criteria for

inclusion in this analysis. The median National Institute of Health

Stroke Scale at presentation was 12 (range 3–22). Eight patients

received intravenous (IV) thrombolysis with one of those patients also

undergoing thrombectomy (Table 1). Infarct growth was observed

in all nine patients. Patient demographics, including details of the

number of voxels included in the ischaemic core and infarct growth

ROIs in the space of the FLAIR-GASE image space, are provided in

Table 1.

3.2 | Comparison of presentation scans and tissue
outcome

To demonstrate the potential of sqBOLD for quantitatively mapping

oxygenation in a clinical research setting, data acquired during the ini-

tial MRI scan session are displayed in Figure 1 for all patients (n = 9).

For each patient, oxygenation (sqBOLD) and blood flow (ASL) parame-

ter maps are presented alongside diffusion (DWI, b = 1,000 s/mm2)

images. Core (blue), growth (orange), and contralateral (yellow) tissue
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outcome ROIs are displayed on the sqBOLD spin-echo image. As a

measure of the error in the oxygenation parameters, maps of the stan-

dard deviation of R20 , DBV and [dHb] are provided. Higher error is

noticeable in patients with more severe head motion during acquisi-

tion. For example, patient P05 displays the highest mean motion score

and shows the largest standard deviation in the oxygenation parame-

ters compared with patient P09, who moved the least. The mean

motion scores estimated during motion correction for the presenta-

tion scans are listed in Table 1. It can also be seen that high DBV in

the ventricles coincides with high DBV standard deviation and a large

FIGURE 1 Data acquired during initial MRI scanning for all patients included in the study (n = 9). (a) DWI (b = 1,000 s/mm2), (b) asymmetric spin-echo

(τ = 0 ms), (c–h) sqBOLD oxygenation and (i) ASL blood flowmaps are presented for a single axial slice in each stroke patient. All images are presented
in their native acquisition space. Core (blue), growth (orange), and contralateral (yellow) tissue outcome ROIs are displayed on the spin-echo image of
the sqBOLD acquisition (b). Streamlined-qBOLD parameter maps (R20(c), DBV(e), and [dHb](g)) are presented alongside standard deviations on the
parameter estimates calculated from the least-squares fitting for (d) R20, (f) DBV, and (h) [dHb] [Color figure can be viewed at wileyonlinelibrary.com]
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mean motion score. In contrast, regions of tissue generally show low

standard deviation across oxygenation parameters, which does not

appear to vary across tissue outcome ROIs. This demonstrates a bet-

ter fit to the qBOLD model (Equation 1) in these regions.

Figure 2 presents the voxel-level analysis as the median and inter-

quartile ranges of each tissue type at the presenting time point via

box and whisker plots (whisker length 1.5 × interquartile range, out-

liers outside the whisker length are not shown).

Each parameter (R20, DBV, and [dHb]), as measured at presentation,

differed significantly between the tissue outcome ROIs (Kruskal–Wallis

test, p < 0.001). Post hoc pairwise comparisons of each parameter in

the different ROIs (ischaemic core and contralateral tissue; infarct

growth and contralateral tissue; ischaemic core and infarct growth)

revealed differences between all ROIs for each parameter (p < 0.01 in

all cases). A more detailed voxel-level investigation of CBF in a similar

patient cohort has been published elsewhere (Harston, Okell,

et al., 2017).

Figure 3 presents the patient-level analysis of the presenting

imaging data. Group-average (mean ± standard deviation) baseline

brain oxygenation and perfusion measurements are shown for each of

the tissue outcome ROIs. A significant difference between tissue out-

comes was detected for [dHb] (two-way ANOVA, p < 0.0001), but

not for the other parameter maps (R20 , DBV, and CBF). Post hoc pair-

wise comparisons of the tissue outcomes for [dHb] revealed a signifi-

cant difference (p < 0.01) between ischaemic core and contralateral

tissue and between ischaemic core and infarct growth. However, the

patient-level measures demonstrate a heterogeneity of responses

across the group (Table 2). For example, both hypo- and hyperperfu-

sion was observed for measurements of CBF. The effect size was

greatest for [dHb] when making pairwise comparisons between each

of the tissue outcomes and the contralateral ROI (Table 3).

3.3 | Comparison of presentation and follow up
scans

The pertinent features of the sqBOLD technique as applied to acute

stroke are illustrated through four example patients (Figures 4–7).

Firstly, the use of sqBOLD to investigate brain oxygenation over multi-

ple time points is demonstrated in two patients and, secondly, two

important confounding effects are considered through further examples.

Lastly, the potential of serial imaging is investigated at the patient level

by comparing the presenting data with images acquired at 1 week.

The images in Figure 4 were acquired from patient P03 on pre-

sentation (2 hr 20 min postonset) and 24 hr after presentation. This

patient received IV thrombolysis at 1 hr 24 min post-onset. On pre-

sentation, a lesion is clearly evident on the b = 1,000 s/mm2 map. The

presenting R20 parameter map shows a large region of elevated R20 in

the area surrounding the presenting DWI lesion, which corresponds

to a region of reduced CBF in the presenting CBF map. At the follow

[s-1] [%] [g.dl-1]

Core Growth ContraCore Growth ContraCore Growth Contra

R2´ [dHb]DBV

0

12 8

0
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0

FIGURE 2 Box and whisker plot showing voxel-level analysis of the tissue outcome from presenting time points. For each parameter (R20, DBV,

and [dHb]) at presentation, the null hypothesis was rejected suggesting that the voxel-value-distributions differed between the tissue outcome
ROIs (Kruskal–Wallis test, p < 0.001 in all cases). Post hoc multiple comparisons analysis showed statistically significant pairwise differences
between the tissue outcome ROIs (ischaemic core and contralateral tissue; infarct growth and contralateral tissue; ischaemic core and infarct
growth; p < 0.01 in all cases) for each parameter [Color figure can be viewed at wileyonlinelibrary.com]

Core

[s-1] [%]

[g
.d
l-1
]

[m
l.1
00
g-
1 .m
in
-1
]

Growth Contra

Core Growth Contra

Core Growth Contra

Core Growth Contra

R2´

CBF[dHb]

DBV

0

9

6

0

20

100

00

FIGURE 3 Patient-level, group average (± standard deviation)

parameters showing tissue outcome from presenting time points.
Using a two-way ANOVA the null hypothesis was rejected in the case
of [dHb] (p = 0.0001). Post hoc, multiple comparisons testing showed
a significant difference between [dHb] measured in the core
compared to growth (p = 0.0016) and core compared to contralateral
tissue (p = 0.0001). No significant difference was found between
[dHb] measured in growth and contralateral tissue (p = 0.3207) [Color
figure can be viewed at wileyonlinelibrary.com]

6 STONE ET AL.

http://wileyonlinelibrary.com
http://wileyonlinelibrary.com


up imaging time point (24 hr), the DWI lesion has grown to include

the region that was elevated on the presenting R20 parameter maps,

while the region of reduced CBF remains similar. Elevated R20 is indic-

ative of an increase in the presence of deoxyhaemoglobin in this

region, which is driven by increases in DBV and/or [dHb] as seen in

the accompanying parameter maps. In contrast to the large elevated

region of R20 there is also a region of reduced R20 that approximately

coincides with the presenting DWI lesion, which is indicative of a

reduced amount of deoxyhaemoglobin. Nevertheless, the median R20

extracted from the ischaemic core ROI, which is defined based on the

presenting DWI, is still greater than the infarct growth ROI (Table 2).

The measure of R20 in this region appears to decrease between the

presenting and follow-up imaging time points.

Figure 5 displays data from patient P01 on presentation (10 hr

52 min postonset) and at 1 week and 1 month after presentation.

This patient received IV thrombolysis at 2 hr 31 min post-onset. At

presentation, a well defined lesion is visible in the b = 1,000 s/mm2

images. This is paralleled by similarly well defined regions of elevated

R20 and reduced CBF. An elevation in DBV can also be seen. At

1 week R20 appears to have normalised, but now hyperperfusion is

seen where previously hypoperfusion had been present. Finally, CBF

is observed to be normalised by the 1 month scan.

Figure 6 shows images acquired from patient P05 who did not

receive IV thrombolysis and was scanned on presentation (28 hr

20 min postonset), with follow up scanning performed at 38 hr and

1 month after presentation. Elevated R20 is observed in regions

expected to contain CSF at presentation. This is consistent with a fail-

ure of the CSF nulling FLAIR preparation. This is most likely due to

patient motion since this patient recorded the highest mean motion

score of 2.12, which compares with the 1 month scan where CSF

signal appears nulled and a mean motion score of 0.86 was recorded.

Maps of CBF demonstrate a heterogenous pattern of perfusion in the

ischaemic region and appear to be relatively consistent between imag-

ing time-points.

Figure 7 shows images acquired from patient P06 scanned on

presentation (13 hr 49 min postonset), with follow up scanning per-

formed at 24 hr and 1 week after presentation. This patient received

IV thrombolysis at 3 hr 28 min post-onset. On presentation, there is

an obvious deep grey matter lesion on the affected side of the brain

that is clearly visible on the b = 1,000 s/mm2 image, which corre-

sponds with a region of elevated CBF compared with the mirrored

contralateral ROI. However, the presenting R20 parameter maps show

bilateral elevations in R20 on both the affected and unaffected sides,

although to a larger degree in the ischaemic core (Table 2). These deep

grey matter structures are known to have high iron content and the

presence of this iron causes an elevation in R20 that is unrelated to

oxygenation and confounds the oxygenation measurement that is

made within this region. Similarly, elevated R20 regions are also

observed in the growth ROI of patient P08, which is partially within

this deep grey matter region (Figure 1). This highlights the importance

of considering sources of susceptibility other than deoxyhaemoglobin

in the locality of the region of interest. Despite this [dHb] appears to

be elevated in the affected hemisphere compared with the unaffected

hemisphere (Table 2).

Figure 8 compares measurements made at presentation with those

made at the follow up scan at 1 week, which was available in 6 of the

9 patients. The null hypothesis was rejected for the R20 measurements in

the ischaemic core (paired t-test, p < 0.05) and infarct growth (paired

t-test, p < 0.01) ROIs. In both cases R20 is reduced at 1 week compared

with presentation, which is consistent with increased blood oxygenation.

This increase in blood oxygenation is mirrored in measurements of DBV

and [dHb], which both result in a nonsignificant reduction in the amount

of deoxyhaemoglobin present in the voxel.

4 | DISCUSSION

Streamlined-qBOLD is shown to provide metabolic information that is

indicative of tissue viability following acute stroke. Detailed regional

TABLE 2 Parameter map estimates for each patient and tissue outcome ROI at presentation

Patient

R2
0 (s−1) DBV (%) [dHb] (g.DL−1) CBF (mL�100g−1�min−1)

Core Growth Contra Core Growth Contra Core Growth Contra Core Growth Contra

P01 5.3 5.1 3.2 7.2 6.5 3.7 2.7 2.6 2.2 9.3 12.8 58.8

P02 3.6 3.2 3.5 4.2 4.1 5.1 3.6 2.8 2.3 23.4 19.3 29.7

P03 5.1 4.7 3.2 6.9 7.0 3.1 2.7 2.3 2.0 11.1 14.8 37.5

P04 3.5 4.3 2.4 6.5 3.6 4.5 1.8 1.9 1.6 67.6 54.3 40.5

P05 8.4 9.6 4.1 2.7 3.4 1.3 1.1 1.0 0.5 16.0 22.0 17.3

P06 12.4 4.3 7.5 8.8 6.0 6.6 4.1 2.6 2.7 85.1 35.1 25.9

P07 3.3 2.4 2.3 4.2 3.9 2.9 2.6 1.9 1.6 110.8 53.2 44.7

P08 2.9 4.1 4.3 2.5 4.2 5.3 3.3 2.0 2.5 90.3 60.1 53.4

P09 3.9 2.8 2.1 5.3 3.6 4.1 2.4 1.7 1.3 77.5 61.8 74.2

Mean 5.4 4.5 3.6 5.4 4.7 4.1 2.7 2.1 1.9 54.6 37.1 42.5

SD 3.1 2.1 1.7 2.1 1.4 1.6 1.0 0.6 0.7 39.5 20.4 17.7

TABLE 3 Effect size between tissue outcome ROIs calculated using

Cohen's d to consider differences between means

Parameter Core vs. contra Core vs. growth Growth vs. contra

R20 0.92 0.31 0.39

DBV 0.57 0.02 0.38

[dHb] 2.12 1.14 0.64

CBF 0.31 0.74 0.28
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analysis demonstrates that R20 , DBV and [dHb] are sensitive to oxy-

genation related changes in tissues with varying outcomes, supported

by serial-imaging from example patient cases. Significant pairwise dif-

ferences in voxel distributions were observed between the regional

tissue ROIs using pairwise comparisons for R20, DBV, and [dHb]

(ischaemic core and contralateral tissue; infarct growth and

contralateral tissue; ischaemic core and infarct growth; p < 0.01 in all

cases). At the patient level, a significant difference between tissue

outcomes was only observed for [dHb], with pairwise comparisons

revealing this effect to be driven by a significant difference between

ischaemic core and both infarct growth and contralateral tissue. Fur-

thermore, serial analysis at the patient level revealed significant

FIGURE 5 DWI (b = 1,000 s/mm2), sqBOLD parameter maps (R20 , DBV, and [dHb]) and CBF maps are presented for a single axial slice in an

example patient. Core (blue), growth (orange), and contralateral (yellow) tissue outcome ROIs are displayed on the spin-echo image of the
sqBOLD acquisition. Patient P01 (female, 69 years old, NIHSS = 6, IV thrombolysis at 2 hr 31 min postonset) was scanned on presentation (13 hr
49 min postonset) and again at 24 hr and 1 week postinitial scan [Color figure can be viewed at wileyonlinelibrary.com]

FIGURE 4 DWI (b = 1,000 s/mm2), sqBOLD parameter maps (R20 , DBV, and [dHb]) and CBF maps are presented for a single axial slice in an

example patient. Core (blue), growth (orange), and contralateral (yellow) tissue outcome ROIs are displayed on the spin-echo image of the
sqBOLD acquisition. Patient P03 (male, 79 years old, NIHSS = 14, IV thrombolysis at 1 hr 24 min postonset) was scanned on presentation (2 hr
20 min postonset) and again at 24 hr [Color figure can be viewed at wileyonlinelibrary.com]
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changes in R20 between the presentation and 1 week scans for both

ischaemic core (p < 0.01) and infarct growth (p < 0.05).

4.1 | Ischaemic penumbra

The definition of the infarct growth region used in this study is

expected to be spatially and metabolically consistent with the fraction

of the ischaemic penumbra that does not survive. In this region, an

increase in [dHb] is anticipated in order to maintain the rate of oxygen

metabolism in tissue that is experiencing a reduction in CBF. The

potential of sqBOLD to detect these changes was demonstrated by

the statistically significant increase in [dHb] measured in the infarct

growth ROIs at the voxel level (Figure 2; p < 0.01). Furthermore,

[dHb] was found to be elevated, and CBF reduced, at the patient-

level, although this was not statistically significant (Figure 3). In addi-

tion to the observed changes in CBF and [dHb], DBV was found to be

elevated in the infarct growth region (Figure 3). In order to interpret

this it is important to understand the definition of DBV, which repre-

sents the blood volume occupied by deoxygenated blood. In healthy

tissue this is largely contained within the veins and capillaries and an

elevation would therefore normally result from passive inflation dur-

ing increases in CBF. Since CBF is reduced here, increases in DBV can

only be achieved by decreasing blood oxygenation in normally highly

oxygenated vessels, such as precapillary arterioles. These vessels have

already been shown to have a higher degree of desaturation than

previously thought (Vovenko, 1999) which could feasibly be further

reduced during ischaemia.

The spatial correspondence of the sqBOLD parameter maps with

the infarct growth ROI can also be observed at the individual patient

level (Figure 4). This example case shows presenting measures of R20,

DBV, and [dHb] that are elevated in regions that correspond to the

infarct growth ROI. The CBF parameter map acquired on presentation

demonstrates a large region of decreased flow that coincides with the

elevated regions on the sqBOLD parameter maps. A restriction in flow

is expected to result in an elevated OEF, which in turn causes an

increase in the relative amount of deoxyhaemoglobin produced. As

such, the observation of reduced CBF and elevated [dHb] in this

patient is suggestive of the early identification of tissue exhibiting the

physiological traits of the ischaemic penumbra. This opens up the

prospect that concurrent MR based oxygenation and flow imaging can

be used to identify tissue at risk of infarction (Astrup et al., 1981). In

this patient, infarction occurs in this region at some point between

the presenting and follow up scan times as evidenced by the infarct

growth ROI (defined from the b = 1,000 s/mm2 image). Therefore,

early identification of penumbral tissue would provide a window of

opportunity for interventions that might salvage this tissue.

4.2 | Ischaemic core

From Figure 2, it can be seen that increases in all of the baseline brain

oxygenation parameters are observed in the ischaemic core compared

to infarct growth on presentation. This trend appears surprising at

first, particularly if the elevated signal in the core is to be associated

with the presence of deoxyhaemoglobin as a by-product of ongoing

FIGURE 6 DWI (b = 1,000 s/mm2), sqBOLD parameter maps (R20 , DBV, and [dHb]) and CBF maps are presented for a single axial slice in an

example patient. Core (blue), growth (orange), and contralateral (yellow) tissue outcome ROIs are displayed on the spin-echo image of the
sqBOLD acquisition. Patient P05 (male, 78 years old, NIHSS = 4, no IV thrombolysis) was scanned on presentation (28 hr 20 min postonset) and
again at 38 hr and 1 month postinitial scan [Color figure can be viewed at wileyonlinelibrary.com]
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metabolism. The infarct growth region is expected to contain tissue

that is metabolically active on presentation but later recruited to the

final infarct volume. This is in contrast to the nonviable tissue present

in the ischaemic core. However, the elevated qBOLD signal measured

in the ischaemic core can be explained either as stationary deoxyhae-

moglobin in metabolically inactive regions with no blood supply or as

ongoing metabolism in the diffusion lesion. This also offers two possi-

ble scenarios that explain the significant increase in core [dHb] mea-

sured at the patient-level (Figure 3).

4.3 | Stationary deoxyhaemoglobin

A similar regional trend in R20 can be extrapolated from a previous

study (Geisler et al., 2006) which looked at comparable tissue out-

come ROIs. Here it was proposed that the elevated R20 in the ischae-

mic core may result from stationary deoxyhaemoglobin present in

vessels without blood supply. In the event of a complete occlusion of

flow, stationary haemoglobin beyond the blockage will become fully

deoxygenated as the remaining oxygen is metabolised leading to an

increase in the amount of deoxyhaemoglobin present. This is likely to

be the main contributing factor to the trend seen in Figure 2, where

the ischaemic core demonstrates the largest elevation in R20, DBV,

and [dHb]. In the context of the DBV elevation observed in the infarct

growth region this would similarly reflect the desaturation of arteriolar

blood vessels.

4.4 | Reperfusion

In contrast, R20 and [dHb] parameter maps in Figure 4 demonstrate a

decrease in the ischaemic core. This may be explained by the presence

or restoration of flow to an infarcted region. In this case, metabolically

inactive tissue would not produce new deoxyhaemoglobin and previ-

ously produced deoxyhaemoglobin would be removed by the restored

blood flow, leading to a decrease in R20, DBV, and [dHb]. This patient

received thrombolysis at 1 hr 24 min postonset. Despite this, flow is

still noticeably reduced in this patient in the ischaemic core at presen-

tation (Table 2) suggesting that recanalisation has not occurred. It is

unclear whether this flow is sufficient to clear the deoxyhaemoglobin

from metabolically inactive tissue.

4.5 | Ongoing metabolism in the diffusion lesion

Elevated [dHb] and DBV in the ischaemic core may also be explained by

observations made using PET, which have shown that regions of ongoing

oxygen metabolism are possible within the presenting diffusion lesion

(Fiehler et al., 2002; Guadagno et al., 2004, 2006; Kidwell et al., 2000).

As such, it is possible that deoxyhaemoglobin production may still be

occurring in regions of decreased ADC and contribute towards elevated

R20 in the ischaemic core. While none of the patients in this study clearly

demonstrate this phenomenon (ie, elevated R20 in the presence of non-

zero CBF), the parameter maps shown in Figure 6 show some evidence

of a heterogeneous pattern of blood oxygenation within the diffusion

lesion. Unfortunately, these parameter maps are of low quality due to

FIGURE 7 DWI (b = 1,000 s/mm2), sqBOLD parameter maps (R20 , DBV, and [dHb]) and CBF maps are presented for a single axial slice in an

example patient. Core (blue), growth (orange) and contralateral (yellow) tissue outcome ROIs are displayed on the spin-echo image of the sqBOLD
acquisition. Patient P06 (male, 87 years old, NIHSS = 19, IV thrombolysis at 3 hr 28 min postonset) was scanned on presentation (13 hr 49 min
postonset) and again at 24 hr and 1 week postinitial scan [Color figure can be viewed at wileyonlinelibrary.com]
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patient motion during the acquisition, particularly at the presenting time

point. Head motion can introduce noise into the ASE τ-series and can

result in the failure of the FLAIR CSF nulling preparation. This has the

potential to cause unreliable parameter fits. The impact of patient motion

is considered later in this section.

4.6 | Interpretability of [dHb] and OEF

It is evident that the relaxometry based method used in this study is

sensitive to deoxyhaemoglobin regardless of the patency of the blood

supply and can therefore exhibit elevated R20 in the ischaemic core. As

such, knowledge of the local blood supply is important to distinguish

stationary deoxyhaemoglobin present in infarcted tissue from active

tissue with an elevated metabolism. This motivated the calculation of

[dHb] rather than OEF to avoid the false interpretation of a high R20

as always representing elevated oxygen extraction. This sensitivity to

stationary deoxyhaemoglobin also reconciles the apparent differences

between PET and BOLD based measurements (Geisler et al., 2006). In

PET the oxygen sensitive tracer is prevented from being delivered to

the ischaemic core, meaning that signal is not detected there and

reduced oxygen metabolism is inferred. This is in contrast to BOLD

based measurements, which do not rely on the arrival of a tracer and

hence the presence of deoxyhaemoglobin will still cause an increase

in R20. However, in this study all of the patients with hypoperfused

lesions had nonzero median CBF in the ischaemic core ROI at presen-

tation (Table 2). It remains to be seen whether there is a threshold

CBF below which the blood is functionally stationary with respect to

the accumulation of deoxyhaemoglobin.

4.7 | Prospects for serial imaging of brain
oxygenation

Streamlined-qBOLD and ASL data were successfully acquired at each

of the time points listed in Table 1. Follow up time points were most

commonly missed due to patient or scanner unavailablility. Despite

this six out of the nine patients included in this study had a 1 week

follow up scan. Comparison of sqBOLD and ASL metrics between pre-

sentation and 1 week at the patient level was performed by normalis-

ing these ROI based measurements to the contralateral ROI at each

time point. This analysis revealed significant changes in R20 for ischae-

mic core and infarct growth regions. This likely reflects the greater

robustness of the R20 maps compared to the physiological maps of

DBV and [dHb] (Figure 1). Since R20 reflects the amount of deoxyhae-

moglobin present in the voxel, it can be seen that the decrease in

DBV and [dHb] is consistent with a decrease in R20. Likewise all three

metrics converge towards unity at 1 week, representing a normalisa-

tion of these tissue oxygenation parameters. Conversely measure-

ments of CBF become even greater than contralateral values at

1 week, representing increasing hyperperfusion.

4.8 | Confounds: Non-deoxyhaemoglobin related
elevations and patient-motion

Streamlined-qBOLD is sensitive to other sources of magnetic suscep-

tibility in the brain not related to deoxyhaemoglobin and care must be

taken when interpreting elevations in signal. Iron and myelin are

known sources of susceptibility that can confound the accurate quan-

tification of brain oxygenation with this method and are of particular

relevance as both can vary during ageing and in different pathologies.

Figure 7 shows bilateral elevations in R20 on both the affected and

unaffected sides of the brain due to the high iron content of the deep

grey matter structures. The presenting [dHb] map appears to be more

highly elevated in deep grey matter on the affected side, pointing

towards the importance of interpreting the R20, DBV, [dHb], and CBF

parameter maps in combination, as well as being aware of non-oxygen

related sources of susceptibility in the locality of the region of inter-

est. Furthermore, a change in local haematocrit level could influence

regional sqBOLD measurements (Broisat et al., 2018). For example, a

local increase in Hct would increase R20 even in the case of high CBF.

Significant head-motion during imaging is a challenge in acute

stroke patients. Despite the segmented nature of the FLAIR-GASE

acquisition, image artefacts were minimal. However, large head

motions did impact the accuracy of the FLAIR CSF suppression. Slice

selective inversion recovery pulses were used to optimise CSF sup-

pression for each slice. However, large head motions between this

FLAIR preparation and image acquisition resulted in ineffective

removal of the CSF signal. This is evident in the presentation parame-

ter maps in Figure 6, where elevated signal can be seen within the

ventricles, particularly in the R20 map. As the presence of CSF signal

can lead to apparent elevations in R20 not related to oxygenation, it

may obscure the oxygenation changes within the diffusion lesion on

presentation (Dickson, Williams, Harding, Carpenter, & Ansorge,

2009; He & Yablonskiy, 2007; Simon, Dubowitz, Blockley, & Buxton,

2016). However, it is encouraging that heterogeneous patterns of

oxygenation can be seen within the diffusion lesion at the follow-up

imaging time points where CSF suppression was effective. Further-

more, voxel-wise error maps demonstrate that the error calculated on

parameter estimates are considerably lower in tissue compared with

values in the ventricles, where high DBV can be observed in some

patients with high mean motion scores (Figure 1). This provides some

assurance of oxygenation measurements made in tissue even in cases

where there is significant head motion during sqBOLD acquisition.

Through patient-wise comparison of mean motion scores (Table 1)

and R20 standard deviation maps (Figure 1) it is noticeable that

patients with higher motion scores demonstrate larger standard devai-

tions in areas such as the ventricles and subarachnoid spaces, consis-

tent with a failure in CSF nulling. The impact of patient motion and

elevated motion score on the parameter maps is demonstrated in Fig-

ure 4. Regions of reduced DBV and CBF are noticeable in the larger

contralateral region on presentation. This is at least partially due to

motion artefact as evidenced by the relatively high mean motion score

(P03, Table 1). Although there are localised areas of decreased DBV

and CBF in the presenting contralateral ROI, the median values from

this region (P03, Table 1) are not unreasonably low.

From Figure 5 a noticeable increase in DBV can be seen between

the presentation and 1 week follow-up scans. On closer inspection,

the 1 week DBV error map (data not shown) appears uniformly ele-

vated compared to presentation. Further inspection of this data,

which was found to have a low mean motion score, indicates that

patient motion was not a problem here. It is therefore possible that

STONE ET AL. 11



the observed elevation in DBV could be of physiological origin. How-

ever, further work is required to establish the accuracy and repeatabil-

ity of this technique. From Figure 1 it can be seen that the error in

DBV can be quite high and from previous work it has been noted that

the accuracy of this measurement requires improvement (Stone &

Blockley, 2017).

4.9 | Group heterogeneity, flow, and further work

From the patient-level analysis (Figure 3), only the ischaemic core

[dHb] demonstrated a significantly different value from infarct growth

and contralateral ROIs. Although strict inclusion criteria were

employed in this study to provide a uniform patient cohort, the failure

to detect significant changes in R20 and DBV may be partly explained

by remaining heterogeneity in this group. Heterogeneity in regional

perfusion status is apparent, with almost equal numbers of patients

exhibiting hypo- and hyperperfusion in their presenting ischaemic

core ROIs. A further source of heterogeneity across the group may be

attributed to differences in onset to scan time (Table 1).

Alongside demonstrating the sensitivity of sqBOLD to changes in

oxygenation, this study provides a demonstration of how complemen-

tary measurements of flow and oxygenation can be used to provide a

unique insight into tissue viability. In practise, the information pro-

vided by sqBOLD could aid the interpretation of ASL CBF measure-

ments, since low flow does not always progress to infarction in

regions experiencing benign oligaemia (Kidwell, Alger, & Saver, 2003).

Although it is beyond the scope of this study, the combination of CBF

and [dHb] measurements allows for the calculation of the cerebral

metabolic rate of oxygen consumption (CMRO2) (Blockley, Griffeth,

Stone, Hare, & Bulte, 2015). This has been shown to improve tissue

outcome prediction and may partly explain the variability seen in the

presenting sqBOLD oxygenation measurements (An et al., 2015). The

ASL acquisition used in this study utilises multiple postlabelling delays

and as such offers improved accuracy of CBF quantification in the

case of delayed blood arrival times. However, care should be taken

when comparing these resuls with typical DSC PWI measurements

where TTP and MTT are often preferred.

The identification of tissue outcomes based solely on measure-

ments from this method does not currently appear to be possible, as

evidenced by the considerable overlap between tissue outcome distri-

butions in Figure 2. However, Kruskal–Wallis tests and post hoc pair-

wise comparisons found significant differences between these

distributions suggesting that tissue outcome is dependent on tissue

oxygenation and that the parameter maps derived from sqBOLD are

sensitive to identifying this information on presentation. As such,

sqBOLD provides complementary information to existing imaging

modalities such as DWI and ASL and the combination of this informa-

tion may allow for earlier identification of tissue under metabolic

stress during the acute phases of stroke (An et al., 2015).

Future development of sqBOLD should focus on improving the

robustness of the oxygenation measurements through refinement of

the sqBOLD acquisition, modelling and analysis routines. This work

would be aided by a study of the repeatability of the R20 measure-

ment. To date the only study to compare multiple techniques for mea-

suring R20 suggested that ASE has a marginally increased intersubject

standard deviation (Ni, Christen, Zun, & Zaharchuk, 2015). However,

it is difficult to compare these results with the current work, since the

acquisitions differ significantly, and therefore further investigation of

the GASE technique is warranted.

In addition, this study supports the further investigation of

sqBOLD in a larger scale study and highlights the importance of con-

trolling for onset to scan time and tissue perfusion status. The results

presented here provide an initial estimate of the effect size that may

be used to ensure follow on studies are adequately powered (Table 3).

The noninvasive, quantitative nature of this method also means it is

suitable for the longitudinal monitoring of stroke evolution and may

provide unique insight into the various pathways to infarction and

recovery, as well as providing valuable biomarkers with which to

assess treatment and intervention (Figure 8).

5 | CONCLUSION

Streamlined-qBOLD was used to acquire information about oxygen

metabolism in a cohort of acute ischaemic stroke patients, which is

complementary to conventional MRI methodologies. It was found that

resting brain oxygenation related parameters (R20, DBV, and [dHb])
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FIGURE 8 Comparison of measurements made during presenting and

1 week stroke-onset-to-scan-times (n = 6). For each parameter (R20,
DBV, [dHb], and CBF), measurements made in core and growth ROIs
are normalised to contralateral tissue and group averaged (± standard
deviation). Significant decreases in R20 were detected in both core
(p = 0.049) and growth (p = 0.006) after 1 week (paired t-test).
*p < 0.05 [Color figure can be viewed at wileyonlinelibrary.com]
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vary between regions with different tissue outcomes. The appropriate

implementation of R20 , DBV and [dHb] parameter maps has the poten-

tial to refine the identification of the ischaemic penumbra.

ACKNOWLEDGMENTS

This work was supported by the Engineering and Physical Sciences

Research Council [grant number EP/K025716/1], the National Insti-

tute of Health Research Biomedical Research Centre Oxford, the

National Institute of Health Research Clinical Research Network, the

Royal Academy of Engineering, the Oxford University Clinical Aca-

demic Graduate School, the Dunhill Medical Trust [grant number:

OSRP1/1006] and the Wellcome Trust Institutional Strategic Sup-

port Fund (2014-2015). The authors also wish to acknowledge the

staff and facilities provided by the Oxford Acute Vascular Imaging

Centre.

ORCID

Alan J. Stone https://orcid.org/0000-0002-5188-4323

George W. J. Harston https://orcid.org/0000-0003-4916-5757

Davide Carone https://orcid.org/0000-0002-1646-6089

Thomas W. Okell https://orcid.org/0000-0001-8258-0659

James Kennedy https://orcid.org/0000-0002-9083-672X

Nicholas P. Blockley https://orcid.org/0000-0003-2595-8285

REFERENCES

Ackerman, R. H., Correia, J. A., Alpert, N. M., Baron, J. C., Gouliamos, A.,
Grotta, J. C., … Taveras, J. M. (1981). Positron imaging in ischemic
stroke disease using compounds labeled with oxygen 15: Initial results
of Clinicophysiologic correlations. Archives of Neurology, 38(9),
537–543. https://doi.org/10.1001/archneur.1981.00510090031002

Alsop, D. C., Detre, J. A., Golay, X., Günther, M., Hendrikse, J., Hernandez-
Garcia, L., … Zaharchuk, G. (2015). Recommended implementation of
arterial spin-labeled perfusion mri for clinical applications: A consensus
of the ISMRM perfusion study group and the European consortium for
ASL in dementia. Magnetic Resonance in Medicine, 73(1), 102–116.
https://doi.org/10.1002/mrm.25197

An, H., Ford, A. L., Chen, Y., Zhu, H., Ponisio, R., Kumar, G., … Lin, W.
(2015). Defining the ischemic penumbra using magnetic resonance
oxygen metabolic index. Stroke, 46(4), 982–988. https://doi.org/10.
1161/STROKEAHA.114.008154

An, H., Ford, A. L., Vo, K. D., Liu, Q., Chen, Y., Lee, J.-M., & Lin, W. (2014).
Imaging oxygen metabolism in acute stroke using MRI. Current Radiol-
ogy Reports, 2(3), 39. https://doi.org/10.1007/s40134-013-0039-3

An, H., & Lin, W. (2000). Quantitative measurements of cerebral blood
oxygen saturation using magnetic resonance imaging. Journal of Cere-
bral Blood Flow and Metabolism, 20(8), 1225–1236. https://doi.org/10.
1097/00004647-200008000-00008

An, H., Liu, Q., Chen, Y., Vo, K. D., Ford, A. L., Lee, J. M., & Lin, W. (2012).
Oxygen metabolism in ischemic stroke using magnetic resonance imag-
ing. Translational Stroke Research, 3, 65–75. https://doi.org/10.1007/
s12975-011-0141-x

Astrup, J., Siesjö, B. K., & Symon, L. (1981). Thresholds in cerebral
ischemia—The ischemic penumbra. Stroke, 12(6), 723–725. https://doi.
org/10.1161/01.STR.12.6.723

Baron, J. C. (1999). Mapping the ischaemic penumbra with PET: Implica-
tions for acute stroke treatment. Cerebrovascular Diseases, 9(4),
193–201. https://doi.org/10.1159/000015955

Bauer, S., Wagner, M., Seiler, A., Hattingen, E., Deichmann, R., Nöth, U., &
Singer, O. C. (2014). Quantitative T20-mapping in acute ischemic stroke.
Stroke, 45(11), 3280–3286. https://doi.org/10.1161/STROKEAHA.114.
006530

Blockley, N. P., Griffeth, V. E. M., Stone, A. J., Hare, H. V., & Bulte, D. P.
(2015). Sources of systematic error in calibrated BOLD based mapping
of baseline oxygen extraction fraction. NeuroImage, 122, 105–113.
https://doi.org/10.1016/j.neuroimage.2015.07.059

Blockley, N. P., & Stone, A. J. (2016). Improving the specificity of R2’ to
the deoxyhaemoglobin content of brain tissue: Prospective correction
of macroscopic magnetic field gradients. NeuroImage, 135, 253–260.
https://doi.org/10.1016/j.neuroimage.2016.04.013

Broisat, A., Lemasson, B., Ahmadi, M., Collomb, N., Bacot, S., Soubies, A., …
Barbier, E. L. (2018). Mapping of brain tissue hematocrit in glioma and
acute stroke using a dual autoradiography approach. Scientific Reports,
8(1), 9878. https://doi.org/10.1038/s41598-018-28082-w

Christen, T., Schmiedeskamp, H., Straka, M., Bammer, R., & Zaharchuk, G.
(2012). Measuring brain oxygenation in humans using a multipara-
metric quantitative blood oxygenation level dependent MRI approach.
Magnetic Resonance in Medicine, 68(3), 905–911. https://doi.org/10.
1002/mrm.23283

Dickson, J. D., Williams, G. B., Harding, S. G., Carpenter, T. A., &
Ansorge, R. E. (2009). Nulling the CSF signal in quantitative fMRI. In
Proceedings of International Society of Magnetic Resonance in Medicine
(Vol. 57, p. 2083). Retrieved from https://cds.ismrm.org/protected/
09MProceedings/files/01640.pdf

Fiehler, J., Foth, M., Kucinski, T., Knab, R., Von Bezold, M., Weiller, C., …
Röther, J. (2002). Severe ADC decreases do not predict irreversible tis-
sue damage in humans. Stroke, 33(1), 79–86. https://doi.org/10.1161/
hs0102.100884

Geisler, B. S., Brandhoff, F., Fiehler, J., Saager, C., Speck, O., Röther, J., …
Kucinski, T. (2006). Blood oxygen level-dependent MRI allows meta-
bolic description of tissue at risk in acute stroke patients. Stroke,
37(7), 1778–1784. https://doi.org/10.1161/01.STR.0000226738.
97426.6f

Gersing, A. S., Ankenbrank, M., Schwaiger, B. J., Toth, V., Janssen, I.,
Kooijman, H., … Preibisch, C. (2015). Mapping of cerebral metabolic
rate of oxygen using dynamic susceptibility contrast and blood oxygen
level dependent MR imaging in acute ischemic stroke. Neuroradiology,
57(12), 1253–1261. https://doi.org/10.1007/s00234-015-1592-7

Gruetter, R., & Boesch, C. (1992). Fast, noniterative shimming of spatially
localized signals. in vivo analysis of the magnetic field along axes. Jour-
nal of Magnetic Resonance (1969), 96(2), 323–334. https://doi.org/10.
1016/0022-2364(92)90085-L

Guadagno, J. V., Warburton, E. A., Aigbirhio, F. I., Smielewski, P.,
Fryer, T. D., Harding, S., … Baron, J. C. (2004). Does the acute
diffusion-weighted imaging lesion represent penumbra as well as core?
A combined quantitative PET/MRI voxel-based study. Journal of Cere-
bral Blood Flow and Metabolism, 24(11), 1249–1254. https://doi.
org/10.1097/01.WCB.0000141557.32867.6B

Guadagno, J. V., Warburton, E. A., Jones, P. S., Day, D. J., Aigbirhio, F. I.,
Fryer, T. D., … Baron, J. C. (2006). How affected is oxygen metabolism
in DWI lesions? A combined acute stroke PET-MR study. Neurology, 67
(5), 824–829. https://doi.org/10.1212/01.wnl.0000233984.66907.db

Gulani, V., Calamante, F., Shellock, F. G., Kanal, E., & Reeder, S. B. (2017).
Gadolinium deposition in the brain: Summary of evidence and recom-
mendations. The Lancet Neurology, 16(7), 564–570. https://doi.org/10.
1016/S1474-4422(17)30158-8

Hajnal, J. V., de Coene, B., Lewis, P. D., Baudouin, C. J., Cowan, F. M.,
Pennock, J. M., … Bydder, G. M. (1992). High signal regions in normal
white matter shown by heavily T2-weighted CSF nulled IR sequences.
Journal of Computer Assisted Tomography, 16(4), 506–513. https://doi.
org/10.1097/00004728-199207000-00002

Harston, G. W. J., Minks, D., Sheerin, F., Payne, S. J., Chappell, M.,
Jezzard, P., … Kennedy, J. (2017). Optimizing image registration and
infarct definition in stroke research. Annals of Clinical and Translational
Neurology, 4(3), 166–174. https://doi.org/10.1002/acn3.388

Harston, G. W. J., Okell, T. W., Sheerin, F., Schulz, U., Mathieson, P.,
Reckless, I., … Kennedy, J. (2017). Quantification of serial cerebral
blood flow in acute stroke using arterial spin labeling. Stroke, 48(1),
123–130. https://doi.org/10.1161/STROKEAHA.116.014707

Harston, G. W. J., Tee, Y. K., Blockley, N., Okell, T. W., Thandeswaran, S.,
Shaya, G., … Kennedy, J. (2015). Identifying the ischaemic penumbra
using pH-weighted magnetic resonance imaging. Brain, 138(1), 36–42.
https://doi.org/10.1093/brain/awu374

STONE ET AL. 13

https://orcid.org/0000-0002-5188-4323
https://orcid.org/0000-0002-5188-4323
https://orcid.org/0000-0003-4916-5757
https://orcid.org/0000-0003-4916-5757
https://orcid.org/0000-0002-1646-6089
https://orcid.org/0000-0002-1646-6089
https://orcid.org/0000-0001-8258-0659
https://orcid.org/0000-0001-8258-0659
https://orcid.org/0000-0002-9083-672X
https://orcid.org/0000-0002-9083-672X
https://orcid.org/0000-0003-2595-8285
https://orcid.org/0000-0003-2595-8285
https://doi.org/10.1001/archneur.1981.00510090031002
https://doi.org/10.1002/mrm.25197
https://doi.org/10.1161/STROKEAHA.114.008154
https://doi.org/10.1161/STROKEAHA.114.008154
https://doi.org/10.1007/s40134-013-0039-3
https://doi.org/10.1097/00004647-200008000-00008
https://doi.org/10.1097/00004647-200008000-00008
https://doi.org/10.1007/s12975-011-0141-x
https://doi.org/10.1007/s12975-011-0141-x
https://doi.org/10.1161/01.STR.12.6.723
https://doi.org/10.1161/01.STR.12.6.723
https://doi.org/10.1159/000015955
https://doi.org/10.1161/STROKEAHA.114.006530
https://doi.org/10.1161/STROKEAHA.114.006530
https://doi.org/10.1016/j.neuroimage.2015.07.059
https://doi.org/10.1016/j.neuroimage.2016.04.013
https://doi.org/10.1038/s41598-018-28082-w
https://doi.org/10.1002/mrm.23283
https://doi.org/10.1002/mrm.23283
https://cds.ismrm.org/protected/09MProceedings/files/01640.pdf
https://cds.ismrm.org/protected/09MProceedings/files/01640.pdf
https://doi.org/10.1161/hs0102.100884
https://doi.org/10.1161/hs0102.100884
https://doi.org/10.1161/01.STR.0000226738.97426.6f
https://doi.org/10.1161/01.STR.0000226738.97426.6f
https://doi.org/10.1007/s00234-015-1592-7
https://doi.org/10.1016/0022-2364(92)90085-L
https://doi.org/10.1016/0022-2364(92)90085-L
https://doi.org/10.1097/01.WCB.0000141557.32867.6B
https://doi.org/10.1097/01.WCB.0000141557.32867.6B
https://doi.org/10.1212/01.wnl.0000233984.66907.db
https://doi.org/10.1016/S1474-4422(17)30158-8
https://doi.org/10.1016/S1474-4422(17)30158-8
https://doi.org/10.1097/00004728-199207000-00002
https://doi.org/10.1097/00004728-199207000-00002
https://doi.org/10.1002/acn3.388
https://doi.org/10.1161/STROKEAHA.116.014707
https://doi.org/10.1093/brain/awu374


He, X., & Yablonskiy, D. A. (2007). Quantitative BOLD: Mapping of human
cerebral deoxygenated blood volume and oxygen extraction fraction:
Default state. Magnetic Resonance in Medicine, 57(1), 115–126.
https://doi.org/10.1002/mrm.21108

Jenkinson, M., Bannister, P., Brady, M., & Smith, S. (2002). Improved opti-
mization for the robust and accurate linear registration and motion cor-
rection of brain images. NeuroImage, 17(2), 825–841. https://doi.
org/10.1016/S1053-8119(02)91132-8

Jenkinson, M., Beckmann, C. F., Behrens, T. E. J., Woolrich, M. W., &
Smith, S. M. (2012). FSL. NeuroImage, 62(2), 782–790. https://doi.
org/10.1016/j.neuroimage.2011.09.015

Jenkinson, M., & Smith, S. (2001). A global optimisation method for robust
affine registration of brain images. Medical Image Analysis, 5(2),
143–156. https://doi.org/10.1016/S1361-8415(01)00036-6

Kidwell, C. S., Alger, J. R., & Saver, J. L. (2003). Beyond mismatch: Evolving
paradigms in imaging the ischemic penumbra with multimodal mag-
netic resonance imaging. Stroke, 34(11), 2729–2735. https://doi.
org/10.1161/01.STR.0000097608.38779.CC

Kidwell, C. S., Saver, J. L., Mattiello, J., Starkman, S., Vinuela, F.,
Duckwiler, G., … Alger, J. R. (2000). Thrombolytic reversal of acute
human cerebral ischemic injury shown by diffusion/perfusion magnetic
resonance imaging. Annals of Neurology, 47(4), 462–469. https://doi.
org/10.1002/1531-8249(200004)47:4<462::AID-ANA9>3.0.CO;2-Y

Le Bihan, D., Mangin, J. F., Poupon, C., Clark, C. A., Pappata, S., Molko, N., &
Chabriat, H. (2001). Diffusion tensor imaging: Concepts and applica-
tions. Journal of Magnetic Resonance Imaging: JMRI, 13(4), 534–546.
Retrieved from http://www.ncbi.nlm.nih.gov/pubmed/11276097

Lee, J. M., Vo, K. D., An, H., Celik, A., Lee, Y., Hsu, C. Y., & Lin, W. (2003).
Magnetic resonance cerebral metabolic rate of oxygen utilization in
hyperacute stroke patients. Annals of Neurology, 53(2), 227–232.
https://doi.org/10.1002/ana.10433

Mazziotta, J., Toga, A., Evans, A., Fox, P., Lancaster, J., Zilles, K., …
Mazoyer, B. (2001). A probabilistic atlas and reference system for
the human brain: International consortium for brain mapping (ICBM).
Philosophical Transactions of the Royal Society B: Biological Sciences, 356
(1412), 1293–1322. https://doi.org/10.1098/rstb.2001.0915

McPhee, S. J., & Hammer, G. D. (2009). Pathophysiology of disease:
An introduction to clinical medicine, (Lange medical books) (6th ed.).
New York, NY: McGraw-Hill Medical.

Ni, W., Christen, T., Zun, Z., & Zaharchuk, G. (2015). Comparison of R20 mea-
surement methods in the normal brain at 3 tesla. Magnetic Resonance in
Medicine, 73(3), 1228–1236. https://doi.org/10.1002/mrm.25232

Okell, T. W., Chappell, M. A., Kelly, M. E., & Jezzard, P. (2013). Cerebral
blood flow quantification using vessel-encoded arterial spin labeling.
Journal of Cerebral Blood Flow and Metabolism, 33(11), 1716–1724.
https://doi.org/10.1038/jcbfm.2013.129

Purushotham, A., Campbell, B. C. V., Straka, M., Mlynash, M., Olivot, J. M.,
Bammer, R., … Lansberg, M. G. (2015). Apparent diffusion coefficient
threshold for delineation of ischemic core. International Journal of
Stroke, 10(3), 348–353. https://doi.org/10.1111/ijs.12068

Seiler, A., Blockley, N. P., Deichmann, R., Nöth, U., Singer, O. C.,
Chappell, M. A., … Wagner, M. (2017a). The relationship between
blood flow impairment and oxygen depletion in acute ischemic
stroke imaged with magnetic resonance imaging. Journal of Cerebral
Blood Flow and Metabolism, 39(3), 454–465. https://doi.org/10.
1177/0271678X17732448

Seiler, A., Deichmann, R., Nöth, U., Pfeilschifter, W., Berkefeld, J.,
Singer, O. C., … Wagner, M. (2017b). Oxygenation-sensitive magnetic
resonance imaging in acute ischemic stroke using T20/R20 mapping:
Influence of relative cerebral blood volume. Stroke, 48(6), 1671–1674.
https://doi.org/10.1161/STROKEAHA.117.017086

Seiler, A., Jurcoane, A., Magerkurth, J., Wagner, M., Hattingen, E.,
Deichmann, R., … Singer, O. C. (2012). T2 imaging within perfusion-
restricted tissue in high-grade occlusive carotid disease. https://doi.
org/10.1161/STROKEAHA

Siemonsen, S., Fitting, T., Thomalla, G., Horn, P., Finsterbusch, J., Summers, P.,
… Fiehler, J. (2008). T20 imaging predicts infarct growth beyond the acute
diffusion-weighted imaging lesion in acute stroke. Radiology, 248(3),
979–986. https://doi.org/10.1148/radiol.2483071602

Simon, A. B., Dubowitz, D. J., Blockley, N. P., & Buxton, R. B. (2016). A
novel Bayesian approach to accounting for uncertainty in fMRI-derived
estimates of cerebral oxygen metabolism fluctuations. NeuroImage,
129, 198–213. https://doi.org/10.1016/j.neuroimage.2016.01.001

Smith, S. M. (2002). Fast robust automated brain extraction. Human Brain
Mapping, 17(3), 143–155.

Stone, A. J., & Blockley, N. P. (2017). A streamlined acquisition for mapping
baseline brain oxygenation using quantitative BOLD. NeuroImage, 147,
79–88. https://doi.org/10.1016/j.neuroimage.2016.11.057

Vovenko, E. (1999). Distribution of oxygen tension on the surface of arte-
rioles, capillaries and venules of brain cortex and in tissue in normoxia:
An experimental study on rats. European Journal of Physiology, 437(4),
617–623. https://doi.org/10.1007/s004240050825

Wang, D. J. J., Alger, J. R., Qiao, J. X., Gunther, M., Pope, W. B., Saver, J. L.,
… Liebeskind, D. S. (2013). Multi-delay multi-parametric arterial spin-
labeled perfusion MRI in acute ischemic stroke––Comparison with
dynamic susceptibility contrast enhanced perfusion imaging. Neuro-
Image: Clinical, 3, 1–7. https://doi.org/10.1016/j.nicl.2013.06.017

Wismer, G. L., Buxton, R. B., Rosen, B. R., Fisel, C. R., Oot, R. F.,
Brady, T. J., & Davis, K. R. (1988). Susceptibility induced MR line broad-
ening: Applications to brain iron mapping. Journal of Computer Assisted
Tomography, 12(2), 259–265. https://doi.org/10.1097/00004728-
198803000-00014

Yablonskiy, D. A. (1998). Quantitation of intrinsic magnetic susceptibility-
related effects in a tissue matrix. Phantom study. Magnetic Resonance in
Medicine, 39(3), 417–428. https://doi.org/10.1002/mrm.1910390312

Yablonskiy, D. A., & Haacke, E. M. (1994). Theory of NMR signal behavior
in inhomogeneous tissues: The static. Magnetic Resonance in Medicine,
32(6), 749–763.

Yang, Q. X., Williams, G. D., Demeure, R. J., Mosher, T. J., & Smith, M. B.
(1998). Removal of local field gradient artifacts in T2*-weighted images
at high fields by gradient-echo slice excitation profile imaging. Magnetic
Resonance in Medicine, 39(3), 402–409. https://doi.org/10.1002/mrm.
1910390310

Zhang, Y. T., Zhang, J., & Chen, Y. M. (2011). Blood-oxygenation-level-
dependent-(BOLD-) based R20 MRI study in monkey model of revers-
ible middle cerebral artery occlusion. Journal of Biomedicine and Bio-
technology, 2011(2), 1–8. https://doi.org/10.1155/2011/318346

SUPPORTING INFORMATION

Additional supporting information may be found online in the Sup-

porting Information section at the end of this article.

How to cite this article: Stone AJ, Harston GWJ, Carone D,

Okell TW, Kennedy J, Blockley NP. Prospects for investigating

brain oxygenation in acute stroke: Experience with a non-

contrast quantitative BOLD based approach. Hum Brain Mapp.

2019;1–14. https://doi.org/10.1002/hbm.24564

14 STONE ET AL.

https://doi.org/10.1002/mrm.21108
https://doi.org/10.1016/S1053-8119
https://doi.org/10.1016/S1053-8119
https://doi.org/10.1016/j.neuroimage.2011.09.015
https://doi.org/10.1016/j.neuroimage.2011.09.015
https://doi.org/10.1016/S1361-8415
https://doi.org/10.1161/01.STR.0000097608.38779.CC
https://doi.org/10.1161/01.STR.0000097608.38779.CC
https://doi.org/10.1002/1531-8249(200004)47:4462::AID-ANA93.0.CO;2-Y
https://doi.org/10.1002/1531-8249(200004)47:4462::AID-ANA93.0.CO;2-Y
http://www.ncbi.nlm.nih.gov/pubmed/11276097
https://doi.org/10.1002/ana.10433
https://doi.org/10.1098/rstb.2001.0915
https://doi.org/10.1002/mrm.25232
https://doi.org/10.1038/jcbfm.2013.129
https://doi.org/10.1111/ijs.12068
https://doi.org/10.1177/0271678X17732448
https://doi.org/10.1177/0271678X17732448
https://doi.org/10.1161/STROKEAHA.117.017086
https://doi.org/10.1161/STROKEAHA
https://doi.org/10.1161/STROKEAHA
https://doi.org/10.1148/radiol.2483071602
https://doi.org/10.1016/j.neuroimage.2016.01.001
https://doi.org/10.1016/j.neuroimage.2016.11.057
https://doi.org/10.1007/s004240050825
https://doi.org/10.1016/j.nicl.2013.06.017
https://doi.org/10.1097/00004728-198803000-00014
https://doi.org/10.1097/00004728-198803000-00014
https://doi.org/10.1002/mrm.1910390312
https://doi.org/10.1002/mrm.1910390310
https://doi.org/10.1002/mrm.1910390310
https://doi.org/10.1155/2011/318346
https://doi.org/10.1002/hbm.24564

	 Prospects for investigating brain oxygenation in acute stroke: Experience with a non-contrast quantitative BOLD based approach
	1  INTRODUCTION
	2  MATERIALS AND METHODS
	2.1  Patients
	2.2  Image acquisition
	2.3  Post-processing
	2.4  Regions of interest
	2.5  Registration
	2.6  Regional analysis

	3  RESULTS
	3.1  Group characteristics
	3.2  Comparison of presentation scans and tissue outcome
	3.3  Comparison of presentation and follow up scans

	4  DISCUSSION
	4.1  Ischaemic penumbra
	4.2  Ischaemic core
	4.3  Stationary deoxyhaemoglobin
	4.4  Reperfusion
	4.5  Ongoing metabolism in the diffusion lesion
	4.6  Interpretability of [dHb] and OEF
	4.7  Prospects for serial imaging of brain oxygenation
	4.8  Confounds: Non-deoxyhaemoglobin related elevations and patient-motion
	4.9  Group heterogeneity, flow, and further work

	5  CONCLUSION
	5  ACKNOWLEDGMENTS
	  REFERENCES


