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Quantification of cerebral venous oxygenation using a two-pool model of local phase evolution

Elena Kleban

⇤
, Richard Bowtell, Penny Gowland, Molly Bright

Sir Peter Mansfield Imaging Centre, School of Physics and Astronomy, University of Nottingham, UK
⇤elena.kleban@nottingham.ac.uk

Purpose MRI methods to quantify cerebral venous oxygenation, Yv, o↵er an exciting
biomarker for tissue metabolism. Existing techniques characterise intra-vascular magnitude
or phase information to measure Yv, however these are limited to studying vessels larger
than the imaging resolution1,2. Smaller vessels with known geometry can be examined,
modelling the gradient-echo signal decay as a two-pool model containing tissue and venous
contributions3. An alternative approach4 induces a change in perivascular signal phase by
altering blood oxygen levels, removing dependence on vessel geometry, however this is also
only appropriate for single, resolved veins. We propose that a two-pool model of the evolu-
tion of signal phase, processed using FDM5, could be applied to study venous oxygenation
and architecture at the microscopic scale. This study demonstrates proof-of-concept, quan-
tifying Yv in large vessels, and tests the sensitivity of these values to hyperoxia. We discuss
how this new method can be adapted to probe venous microstructure within grey matter,
providing more sensitive measures of brain tissue function.
Methods

Data Acquisition Multi-echo gradient-echo 2D sagittal single-slice magnitude and phase im-
ages were acquired from 4 healthy volunteers on a 7T Philips Achieva, scanning parameters
are listed in Tab. 1. For one participant, normoxic/hyperoxic gas mixtures were delivered
using the RespirActTM system to modulate Yv.
Two-pool model The complex signal evolution with echo-time TEn = TE1+(n�1) ·�TE

from a voxel can be described using a 2-pool model

Sn = S(TEn) ⇠ Sv + St = (1� �) · e�R⇤
2,tTEn

+ � · e�R⇤
2,vTEn · ei�h!iTEn , (1)

where R⇤
2 denotes the venous and tissue rates of relaxation, � is the venous signal fraction

and �h!i is the average orientation- and oxygenation-dependent frequency o↵set:
�h!i = 1/2 · �B0 ·��do · htc · (1� Yv) ·

�
cos

2 ✓ � 1/3
�
. (2)

Fitting the 2-pool model, assuming hct = 0.45 and ��do = 4⇡ · 0.18 ppm, and estimating
the orientation of each vessel from the ROI geometry, we can then calculate Yv from the
FDM results.
FDM analysis of signal phase Prior to modelling the signal, the complex data were pre-
processed by removing the RF-related phase o↵sets and large length-scale field variations.
This can be established as described previously5, calculating FDM at each TEn as:

FDM(TEn) = arg

 
Sn · Sn�2

1

Sn�1
2

!
·

1

2⇡(TEn � TE2)
(3)

Large veins were identified in the magnitude images at TE = 20ms; ROIs were drawn around
straight segments of each vessel, and the vessel orientation with respect to represented by
angle ✓ was estimated. Frequency di↵erence and magnitude data were averaged across each
ROI for each echo.

Results F1 provides example magnitude, phase and calculated FDM images. The distribu-
tions of � and Yv values estimated from the best-fitting parameters for 8 vessels from each
scan are presented in F2. To examine the sensitivity of these results to changes in orientation
and oxygenation, the normoxia/hyperoxia magnitude and FDM data in 3 vessels of di↵erent
orientations, and the 2-pool model fits to these data, are presented in F3. Fitted values for
�h!i from all 8 ROIs in these scans are plotted as a function of ✓ (F4), and fit using (2) to
measure Yv(normoxia) = 0.30± 0.05 and Yv(hypeoxia) = 0.45± 0.07.

Discussion

Quantification of Y
v

Several vessel ROIs produced non-physiological Yv values above 1, as
well as implausible blood volume measurements. F4 shows that inaccurate fitting of �h!i
occurs when approaches ✓ the magic angle, which reflects a fundamental limitation when
studying susceptibility e↵ects. Other ROIs demonstrate more reasonable agreement with
expected values (Yv = 0.49 . . . 0.72)1-4 , however more robust fitting procedures and mea-
surement of haematocrit would improve estimation of both � and Yv.
Sensitivity to hyperoxia and orientation In the combined data of F4, we observe an increase
in Yv during hyperoxia, as expected, demonstrating our method is sensitive to oxygenation
changes. This increase translates to a reduction in �h!i, which is manifested as a reduced
frequency di↵erence at longer TEn values (F3).
Limitations and future work Higher through-plane resolution and greater coverage would
improve estimation of vessel geometry, improving the accuracy of quantification. Breath-
holding reduced phase artefacts, but also limited the acquisition time and thus resolu-
tion/coverage in this study. This new technique must be validated against existing method-
ologies for single, sub-voxel veins; however, it can also theoretically be expanded to model
venous microstructure. Although signal models typically assume small vessels in brain tissue
can be described as randomly oriented cylinders , any coherence in the orientation of these
cylinders would produce a frequency o↵set between the intravascular and tissue pools. We
aim to adapt the models presented here to assess whether there is coherent venous orienta-
tion in the cortical ribbon of grey matter, and whether useful oxygenation diagnostics can
be mapped across the brain using phase data.
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Flow and metabolic coupling associated with positive and negative BOLD responses across retinotopic early 
visual cortices 

Authors Rebecca J. Williams, Erin L. Mazerolle, M. Ethan MacDonald, Avery J.L. Berman, Wen-Ming Luh and G. 
Bruce Pike (Correspondence and presenting author: rjwillia@ucalgary.ca) 
Introduction Recent focus has been placed on understanding the negative BOLD response (NBR) as this may allow 
for functional mapping of inhibitory neural mechanisms. Currently, the physiological origins of the NBR are not 
entirely known, and recent research has raised the question of whether neurovascular coupling is different between 
the standard positive BOLD response (PBR) and NBR. An unaddressed question is whether coupling for NBRs 
induced by the same task differs across cortical region, which has implications for work describing the physiological 
origins of the NBR as well as fMRI studies using the NBR as a proxy of neural inhibition. To address this, the 
present study characterised BOLD, cerebral blood flow (CBF), and cerebral metabolic rate of oxygen (CMRO2) 
changes associated with visual stimulation tasks inducing NBRs and PBRs across the early visual regions, V1, V2, 
V3, with the dorsal (V2d, V3d) and ventral (V3v, V3v) regions separately assessed. 
Methods 11 healthy subjects (5 female) with a mean age of 25.2 years (± 4.5) were scanned. Retinotopic mapping 
was performed using standard BOLD acquisition, travelling-wave stimuli and FreeSurfer analysis for the delineation 
of the visual cortices V1, V2 and V3. A dual-echo pseudo-continuous arterial spin labelling echo planar imaging 
sequence was used to identify BOLD and CBF changes associated with PBRs and NBRs across the visual regions to 
flashing checkerboard stimuli, and a 5% CO2 hypercapnic challenge. PBRs and NBRs from the same voxels, within 
each visual region (as determined from retinotopic mapping), were identified. The hypercapnia data and Davis 
model1 were implemented to calculate subject and region-specific M values and task-related CMRO2 changes. 
Linear regression analyses were performed on the CBF and CMRO2 percent changes to determine the CMRO2:CBF 
coupling ratio during the NBR and PBR. 
Results Table 1 shows M values (%), percent signal changes and slopes of CMRO2:CBF regression analyses. Linear 
fits shown in Figure 1. 
 
Table 1. For all five assessed visual regions, mean M, BOLD, CBF and CMRO2 percent signal changes with 
standard deviations shown in parentheses. Bottom row shows slopes of CMRO2 vs. CBF linear fits with R2 in 
parentheses.   

 
Figure 1 (right). Hemo-metabolic coupling associated with the NBR 
(blue) and PBR (red) across the five visual regions. Each data point 
represents a single subject.  
 
Discussion The CMRO2:CBF coupling ratios for the NBR were closer 
to 1, indicating highly proportional CBF and CMRO2 changes. This was 
consistent across all 5 assessed visual regions. Conversely, the PBR 
demonstrated significant variability across regions, with the difference 
between CBF and CMRO2 changes greatest in V1. These findings may 
indicate different neurovascular coupling mechanisms between the PBR 
and NBR.  
References 1Davis, T., Kwong, K., Weisskoff, R., Rosen, B. (1998). 
Proc. Natl. Acad. Sci. USA, 95, 1834-39. 

 V1 V2d V2v V3d V3v 

 PBR NBR PBR NBR PBR NBR PBR NBR PBR NBR 
M  10.10 (± 3.88) 7.22 (±2.10) 9.68 (±2.56) 6.84 (±2.11) 8.89 (±3.80) 
∆%BOLD 2.38 

(±0.44) 
-0.46 
(±0.23) 

1.33 
(±0.50) 

-0.38 
(±0.13) 

2.10 
(±0.49) 

-0.49 
(±0.21) 

0.92 
(±0.39) 

-0.27 
(±0.11) 

1.18 
(±0.53) 

-0.42 
(±0.20) 

∆%CBF  37.24 
(±8.90) 

-9.08 
(±6.33) 

36.04  
(± 12.69) 

-12.94  
(± 7.86) 

 36.20 
(±13.68) 

 -5.36 
(±7.02) 

 31.03 
(±12.24) 

 -8.44 
(±11.40) 

 23.67 
(±13.02) 

 -6.14 
(±7.29) 

∆%CMRO2 5.72 
(±7.37) 

-4.73 
(±5.73) 

15.82 
(±6.91) 

-8.54 
(±7.04) 

7.81 
(±7.67) 

-1.08 
(±5.60) 

16.36 
(±7.84) 

-5.31 
(±9.83) 

8.48 
(±7.42) 

-2.03 
(±5.47) 

CMRO2:CBF 0.11 
(0.02) 

0.97 
(0.93) 

0.40 
(0.53) 

0.92 
(0.97) 

0.34 
(0.36) 

0.77 
(0.92) 

0.59 
(0.83) 

0.86 
(0.99) 

0.37 
(0.38) 

0.74 
(0.94) 



Investigating the Calibrated BOLD Response along the Cortical 

Depth—Prospects and Pitfalls 

Harald E. Möller,1* Maria Guidi,1 Laurentius Huber2 

1Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany 
2National Institute of Mental Health, Bethesda, MD, USA 

The earliest and most widely employed approach to extract information on the cerebral 

metabolic rate of oxygen (CMRO2) from the blood oxygenation level-dependent (BOLD) 

response relies on additional measurements of cerebral blood flow (CBF) and the application 

of the Davis model [1]. Recently, vascular space occupancy (VASO) measurements [2,3] have 

been used as an alternative means to substitute cerebral blood volume (CBV) for CBF in the 

model. At high field (7T or above), this has achieved a superior signal-to-noise ratio (SNR) to 

support calibrated BOLD-fMRI on a submillimeter scale for cortical depth-dependent 

investigations [4]. Figure 1 shows average laminar profiles of CBV, BOLD and CMRO2 

changes in human primary motor cortex during finger tapping. The maximum CMRO2 

increase of 35% is located well inside the gray-matter ribbon. Experimentally, main 

drawbacks of calibrated BOLD-fMRI are that it relies on a gas manipulation scan and the 

acquisition of an additional functional contrast for quantifying the vascular response. To 

overcome such limitations, normalization based on resting-state fMRI has been suggested 

[5]. Preliminary results in human volunteers show that this approach may also reach 

submillimeter resolution. However, apart from initial success on the experimental end, the 

change from conventional large voxels averaging across the entire cortical depth to a spatial 

scale approaching laminar resolution leads to a number of conceptual issues related to the 

validity of underlying model assumptions. We will discuss such potentially confounding 

factors including, among others, the limited validity of an invariant Grubb relationship 

between CBF and CBV along the cortical depth, effects from non-linear noise propagation 

and low temporal SNR input data, errors in the 

assumed baseline CBV, and different depth 

dependence and time courses of the BOLD, 

CBF and CBV responses.  

References 
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The acute effects of caffeine on brain oxygen metabolism: a dual 
calibrated FMRI study 

 
Alberto Merola*, Mike A Germuska, Esther AH Warnert, Sharmila Khot, Daniel Helme, Lewys Richmond, Kevin Murphy and 

Richard G Wise  
CUBRIC, Cardiff University, UK; *now at Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany 

 
Introduction – Caffeine is a non-selective antagonist of the adenosine receptors causing stimulation of brain 

activity, via increased neuronal firing rates1, and reduction of cerebral blood flow (CBF), via vasoconstriction2. 
Previous MRI studies have shown effects of this drug on brain metabolism, mostly looking at grey matter changes 
in CBF3 and cerebral metabolic rate of oxygen consumption (CMRO2), with CMRO2 having been shown to both 
increase4 and decrease5. Recently, methods6 exploiting fMRI acquisitions during hypercapnic and hyperoxic 
respiratory tasks have been developed to estimate absolute CMRO2 (dual calibrated fMRI or dcFMRI) potentially 
allowing brain oxygen metabolism to be mapped in drug studies. 

Aim - We want to show how a dcFMRI approach can be used to assess the acute effects of caffeine on oxygen 

extraction fraction (OEF), CBF, cerebrovascular reactivity (CVR) and CMRO2 across grey matter.  

Methods - Sixteen healthy, moderate caffeine consumers (51 to 298 mg/day; 8 females, age = 24.75.1) were 

recruited for a double-blind, crossover, placebo-controlled study. Each participant was scanned on two separate 

days (30.118.8 days apart, same time of the day), with each day including two dcFMRI experiments: one before 
(“pre”) and one about 45 min after (“post”) delivery of an oral caffeine (250 mg) or placebo capsule. The dcFMRI 
experiment consisted of an 18 min dual-gradient echo acquisition (TE1 = 2.7 ms, TE2 = 29 ms, 64x64, 
3x3x7mm3, 12 slices) while performing a respiratory task including three periods of hypercapnia (5% CO2 
balanced) interleaved with two periods of hyperoxia (50% O2 balanced). A spiral k-space acquisition was used 
along with a PICORE tagging scheme and a QUIPSS II cut-off at 700ms. These data were analysed using a new 
forward model7, to estimate maps of OEF, CBF, CVR and CMRO2. Along with grey matter statistics, voxel-wise t-
tests were performed on the estimated maps to test the difference of the changes from pre to post session with 
placebo and caffeine.  

Results – Hyperoxia and hypercapnia caused an average increase of approximately 210 mmHg and 11 mmHg 

in end-tidal O2 and CO2 pressure respectively. Grey matter values of CBF and CMRO2 averaged across the 
subjects significantly decreased by 30.4% (±6.1% sd) and 18.6% (±11.1%) with caffeine, compared to a non-
significant variation with placebo. A significant difference is also found for OEF with an increase of 15.6% 
(±18.9%), while for CVR the increase of 17.4% (±27.7%) with caffeine is not significantly different from placebo 
(Fig.1). T-test maps show a widespread significant reduction compared to the pre-dose scan with caffeine 
compared to placebo for CBF, while more localized decrease for CMRO2 and increase for OEF and CVR (Fig.2).  

Conclusions – Results show significant effects of caffeine compared to placebo, with directions consistent with 

what is expected from previous findings for CBF and OEF1,4,5, while somehow counterintuitive for CMRO2. 
Statistics on the estimated maps enable to localise the spatial distributions of the response to caffeine both at a 
voxel-wise resolution. We propose the dcFMRI approach using our novel forward model7, as the first viable MRI 
method to assess the effects of drugs on brain metabolism with a voxel-wise resolution. 

  
 
 

Figure 1: Mean grey matter values of % change between “pre” and 

“post” for the estimated parameters (N=15, bars = sd; *<.05, **<.01). 

Figure 2: Group t-test between differences from “pre” 

to “post” in caffeine and placebo (α=0.01, αc=0.05). 

References – [1] Laurienti et al., AJNRm, 2003; [2] Fredholm et al., Pharma. rev., 1999; [3] Chen et al., Neuroimage, 2009; [4] Griffeth 
et al., Neuroimage, 2011; [5] Xu. et al, Neuroimage, 2015;  [6] Wise et al., Neuroimage, 2013; [7] Germuska et al., NeuroImage, 2016. 



Dynamic cerebrovascular reactivity mapping in Sickle Cell Disease using pCASL 
with acetazolamide administration

Lena Vaclavu1*, Benoit Meynart1, Henri Mutsaerts1,2, Esben Thade Petersen3, Bart Biemond4, Aart Nederveen1

1. Department of Radiology, Academic Medical Center, Amsterdam, The Netherlands.
2. Department of Radiology, University Medical Center, Utrecht The Netherlands.
3. DRCMR, Hvidore Hospital, Copenhagen, Denmark.
4. Department of Haematology, Academic Medical Center, Amsterdam, The Netherlands.
*Correspondence: l.vaclavu@amc.uva.nl

Introduction: With growing interest to establish cerebrovascular reactivity (CVR) as a clinical imaging 
biomarker1, studies of CVR mapping and its applications are increasing. In patients with Sickle Cell 
Disease (SCD), vessels are maximally dilated at resting state. This accommodates high blood flow 
demands of anaemic blood2. CVR measurements could identify patients in whom compensation by 
vasodilation is exhausted, raising vulnerabilities to silent or even overt infartcs. There is a clinical need 
to improve patient selection for infarct prevention therapies. CVR is commonly measured from the 
BOLD response to CO2inhalation3. We used ASL, which has several advantages over BOLD, to measure 
the CBF response to actetazolamide - a potent vasodilator - which induces maximal dilation via a 
CO2–related increase in blood pH. We compared SCD patients and controls.
Materials and Methods: 30 patients (HbSS/HbSβ0 ; mean age=33 ± 12y) and 11 race-matched 
healthy controls (mean age=39 ± 15y) participated in this IRB-approved MRI study. Pseudo-
continuous arterial spin labelling (pCASL) data were acquired at 3T on a Philips Ingenia MR system 
with body-coil transmission and a 32-channel receive head-coil (Philips Healthcare, Best, NL) with 
a 2D echo-planar imaging readout and the following parameters: TR/TE=4400/14ms; post-label 
delay=1800ms; label duration=1800ms; FOV=240x240mm; 19 slices, voxel size=3x3x7mm3; 140 
dynamics; duration 20min. The dynamic acquisition is shown in more detail in figure 1. In addition, 
an MRA, M0 and 3D FLAIR scan were obtained. White matter hyperintensities (WMH) were manually 
delineated on FLAIR scans. Data were processed using the ExploreASL toolbox4, to obtain average 
cerebral blood flow (CBF) and CVR maps for the patient and control cohorts respectively. Voxel-wise 
CVR was calculated as ΔCBF divided by baseline CBF. FLAIR images were corrected for non-uniform 
background signal intensities using Non-parametric Non-uniformity Normalisation (N3)5, and were 
then segmented into grey matter (pGM) and white matter (pWM) probability maps (Figure 3), which 
were each thresholded at a strict 90% for CBF quantification. Motion was corrected and motion 
outliers removed6. CBF images were registered to pGM images. CBF was quantified using a single 
compartment model7 using subject-specific T1blood values measured in the sagittal sinus8,9. The pGM 
and pWM maps were spatially normalized using DARTEL10. Group comparisons at baseline and 
response to acetazolamide in grey and white matter were tested with Mann-Whitney or Wilcoxon 
rank tests, and p<0.05 was considered statistically significant.

Figure 1. Offset, magnitude and between-subject variability. 

Figure 3. Examples in a healthy control and patient with Sickle Cell Disease show the circle of Willis 
vasculature and white matter hyperintensities. Cohort average maps show grey and white matter 
segmentations and cohort averaged CBF at baseline, after vasodilation, and the percentage change 
(CVR%) after acetazolamide challenge. 

Figure 2. Box-plots show significantly higher CBF at 
baseline, spaghetti plots show significant increase after 
acetazolamide, and boxplots on bottom row significantly 
lower CVR in patients. Dotted red line indicates 2* SD 
from mean of controls. 
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Results: Patients with Sickle Cell Disease had higher baseline CBF compared to healthy controls. 
Acetazolamide elicited a CBF increase in both groups, although the response was less pronounced 
and more variable in the patient-group. The dynamic ASL scan demonstrated that, on average, 10
minutes after injection of acetazolamide, a plateau of maximum vasodilation was reached. There 
were no adverse effects of acetazolamide administration. SCD patients had a median WMH volume 
of  0.3 mL (range 0 - 16.2 mL) and controls 0.2 mL (range 0 - 8.9 mL) (ns). Two patients each with WMH 
volumes >6 mL had CVRs <20%.
Discussion: In addition to demonstrating that acetazolamide provides a response that is measureable 
with pCASL, we found profound differences between SCD patients and healthy controls, such that 
patients had a baseline CBF offset, which increased only minimally after acetazolamide, suggesting 
that vasodilation may gave been exhausted and no longer able to accomodate increased demand. This 
study demonstrates that MRI with acetazolamide could be extended to assess cerebrovascular 
autoregulation and predict silent infarcts11.  
Conclusion: ASL CVR mapping with acetazolamide has potential to serve as an imaging biomarker to 
select patients for blood transfusion or hydroxycarbamide therapy and to monitor functional 
responses to therapy in future clinical trials.



CMRO2 REACTIVITY TO CO2 AND VISUAL STIMULATION DURING HYPOXIA 
Aaron B Simon1,2, Richard B Buxton1, and David J Dubowitz1,** 
1Center for Functional MRI, Dept of Radiology, 2Dept of Bioengineering, University of California San Diego, USA 
(** DJD is presenting author. Email: dubowitz@ucsd.edu) 
 

Introduction:  
Local vulnerability to hypoxia is traditionally attributed to increased O2 metabolic demands of local tissues above their 
prevailing blood supply. However, regional hypoxia vulnerability does not correlate perfectly with resting O2 
metabolic demand. Local CO2 is well known to alter regional cerebral blood flow (CBF) CBF (and hence O2 
delivery). We investigated if local CO2 sensitivity during hypoxia might also be an important modulator of CMRO2.  
We investigated how different durations of sustained hypoxia over 6hrs, 2days and 7days might influence the response 
of Cerebral O2 metabolism (CMRO2) to increased PETCO2 and visual stimulation.   
In addition we investigated whether there are regional differences in the CMRO2 sensitivity to CO2 for brain regions 
that are more vulnerable to the effects of hypoxia. 
 

The Calibrated BOLD MRI technique, combining CBF and Blood Oxygenation Level-Dependent (BOLD) responses, 
permits quantitative estimates of the CMRO2 response to a neuronal stimulus.  
However, the implicit assumption that CMRO2 is unchanged by elevated CO2, and that arteries are fully saturated 
limits current implementations of this technique during hypoxia. To address this we developed a novel detailed 
biophysical model that accounts for variability in SaO2 and uses a Bayesian framework to estimate the CMRO2 
response given the uncertainty in both measured and unmeasured model parameters.  
 

Methods: Ten subjects (5M, 5F) participated. Hypoxia exposure was 2 or 7days at 3800m, or 6hrs of equivalent 
normobaric hypoxia (90 torr). We made MRI measurements of CBF and BOLD responses to a 5% CO2, and a 
stereotypical 8Hz checker board visual stimulus. Global cerebral O2 extraction fraction was estimated from TRUST 
MRI. SaO2 and Hematocrit were also measured. All were then combined within the detailed biophysical model, the 
output of which was a posterior probability distribution of the estimated CMRO2 response to a given stimulus. 
 

Results:  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Conclusions: The Bayesian framework within a detailed biophysical model of the BOLD response allows an 
estimation of CMRO2 reactivity to CO2 during hypoxia. During hypoxia, CO2 is not isometabolic and has a significant 
depressant effect on CMRO2  that is unaffected by acclimatization to sustained hypoxia. By contrast, the CMRO2 
response to a visual stimulus is lower during hypoxia than normoxia, but this recovers with prolonged acclimatization. 
The influence of CO2 varies regionally, with more hypoxia sensitive regions retaining the ability to modulate CMRO2 
in response to local CO2, indicating the importance of metabolic reactivity to CO2 in the hypoxic response. 
 
Supported by: R01-‐NS053934(DJD),	  R21-‐NS091709(DJD), NIH R01-‐NS036722(RBB) 

Figure 2. Regional differences in CMRO2 reactivity to CO2 following 6hrs hypoxia (n=10).  Red bar indicates median % change in CMRO2 
to 5% CO2 during 6hrs hypoxia. Dashed red line is the posterior probability density distribution of CMRO2 in hypoxia. Blue dashed line is 
distribution for the CMRO2 response to CO2 in normoxia (a delta function because of the isometabolism assumption). The shift of the 
corresponding posterior distribution (and median value) for hypoxia indicates relative CMRO2 response to CO2 in hypoxia. Note the relatively 
small CMRO2 response to CO2 in hypoxia sensitive regions in basal ganglia (CMRO2 increase +4%) and insular cortex (-8%), and by 
comparison the larger CMRO2 declines with CO2 in posterior cingulate (-14%) and occipital cortex (-20%). 
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Figure 1. Changes in CMRO2 reactivity in visual cortex to CO2 and visual stimulus following 6hrs 2 days, 7 days hypoxia (n=10). Median 
∆CMRO2 increases ~15% during normoxia. CMRO2 response is diminished during 1-2 days hypoxia. After 7 days acclimatization to hypoxia, 
∆CMRO2 returns to normoxia levels. CMRO2 reactivity to 5% CO2 stimulus shows a ~26% decrease in ∆CMRO2 in response to acute 5% 
CO2 stimulus. The CMRO2 response is unaffected by hypoxic acclimatization. 
 



Non-contrast Assessment of Blood-brain-barrier Permeability using  

Water Extraction Estimation with Spin Tagging (WEEST) MRI 
Zixuan Lin*¶, Yang Li, Pan Su, Jay J. Pillai, Matthias van Osch, and Hanzhang Lu 

Purpose Subtle disruption of blood-brain-barrier (BBB) is implicated in many diseases, such as Alzheimer’s disease, multiple sclerosis, and 

amyotrophic lateral sclerosis. Current methodology to measure BBB permeability requires gadolinium contrast agent as well as lengthy scan 

duration (to allow time for sufficient number of Gd molecules to leak out). A non-contrast method would be desirable1,2. In this study, we proposed 

a new method, referred to water extraction estimation with spin tagging (WEEST), to quantify BBB permeability using water as a tracer, through 

detection of arterially labeled blood spin in the venous vessels. Indeed, although it is traditionally assumed that all arterial spins are exchanged to 

tissue, this is the first study to show definitively that a small fraction of arterial spins do get drained into the vein and that these can be detected. A 

series of three studies were performed to provide proof-of-principle, to validate a newly developed sequence to improve efficiency, and measure 

response to a CO2 challenge.  

Theory BBB-permeability can be represented as permeability-surface-area-product (PS): 𝑃𝑆 = −ln(1 − 𝐸) ∙ 𝑓, where 𝐸 is the extraction fraction of 

water, and 𝑓is cerebral blood flow (CBF)3. 𝑓 is relatively easy to measure. For 𝐸, we reason that water molecules labeled arterially will be partially 

extracted to tissue, whereas non-extracted spins will be drained into the venous system. In this study, we will focus on a large vein: the superior 

sagittal sinus (SSS). By labeling incoming arterial water by pCASL and measure the signal at SSS, we will be able to assess 𝐸 and thereby PS. 

Assuming little dispersion, the pCASL signal at SSS can be written as ∆𝑀 = 2𝛼(1 − 𝐸)𝑀0𝑒
−

𝛿

𝑇1,𝑏𝑙𝑜𝑜𝑑(𝛿 < 𝑡 < 𝜏) , where δ is bolus arrival time (BAT), α is 

labeling efficiency and τ is labeling duration.  

Materials and Methods  

Study One – Proof-of-principle with conventional multi-delay pCASL sequence A Philips 3T MRI 

system was used. A conventional pCASL sequence with six (long) post-labeling delays (PLD=2000, 

2500, 3000, 3500, 4000, 4500 ms) was used (labeling duration=2s). Images were acquired at mid-

sagittal plane (N=6, Male/Female: 3/3, Age: 27±6.4 yrs; single slice, voxel size = 3.13*3.13 mm2). 

ASL signal at SSS was fitted to the model above. Scan time=40m42s. 

Study Two – Improving efficiency by using a background-suppressed Look-Locker pCASL sequence 

We improved the efficiency of the technique using Look-Locker acquisition with optimal 

background suppression for all readouts. This allows nine PLD acquisitions in one TR (N=6, 

Male/Female: 2/4, Age: 25±5.7 yrs; flip angle = 90°, single, coronal slice, voxel size = 2.34*2.34 

mm2). Scan time=3m55s. 

Study Three – Enhancing sensitivity by CO2 inhalation We examined the effect of hypercapnia on 

ΔM. We reasoned that 1) CO2 reduces BAT; 2) CO2 increases CBF which should increase (1-E), both 

of which should augment the targeted signal ΔM. Both Study 1 and Study 2 sequences were 

performed under room-air and CO2 inhalation periods (N=5, Male/Female: 1/4, Age: 21±3.8 yrs).  
Results and Discussion Study 1: Representative sagittal ASL images acquired with conventional 

multi-delay pCASL method are shown in Fig 1a. Venous ASL signal can be seen at SSS starting at 

PLD=2500ms, reaching a peak around PLD=3000-3500ms and decaying afterwards. Quantitative 

analysis of SSS-signal in Fig 1b indicates that, from anterior to posterior SSS, the BAT increases and 

that the peak signal decreases due to T1-related decay of label. Average E was 96.5±1.7% (N=6). 

Assuming CBF of 57ml/100g/min, this corresponds to PS=191.3±26.5ml/100g/min. In study 2, 

coronal images were acquired with background-suppressed Look-Locker pCASL (Fig 2). It can be 

seen that data from short PLDs contained substantial tissue perfusion, which contaminated venous 

ASL-signal. Thus, only data from PLD=1500ms and above were used in the fitting analysis. Average E 

was 97.3±2.1%. Assuming CBF=57ml/100g/min, this corresponds to PS=218.7±46.0ml/100g/min. 

The E and PS results measured from Study 1 and Study 2 were not significantly different (p=0.38), 

and are in general agreement with literature values from PET 4,5.  

As shown in Fig 3, CO2 inhalation induced an increase in the SSS-signal compared to room air, and 

the labeled spins arrived earlier. Quantitative analysis showed an increase in CBF and decrease in E. 

Paired t-test showed significant differences in CBF (RA: 57.8±5.4 ml/100g/min; HC: 89.2±16.5 

ml/100g/min) and E (RA: 97.6±0.9%; HC: 94.5±2.3%) (p=0.005 and 0.03), but not a significant 

change in PS (RA: 218.0±22.4 ml/100g/min; HC: 262.6±48.5ml/100g/min, p>0.05).  

Conclusion In this study, we developed a novel method for non-contrast agent assessment of BBB 

permeability of water, by measuring ASL-signal in the venous vessels. CO2 effect on this method was 

also examined, which showed a decrease in extraction fraction of water, thereby enhancing the 

overall sensitivity.  

References [1] Gregori et al, JMRI 2013; 37: 332–342.  [2] St. Lawrence et al, MRM 2012; 67: 1275–

1284. [3] Crone et al, APS 1963; 58: 292–305. [4] Herscovitch et al, JCBFM 1987; 7: 527-542. [5] 

Paulson et al, Microvasc Res 1977; 13(1): 113-123.  
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Introduction: Multiple Sclerosis (MS) affects several different biological processes and 

pathways. Conventional MRI lacks specificity in characterizing the heterogeneous 

pathological features, but MR Spectroscopy (MRS) allows detection of metabolic 
abnormalities in patients with MS within both lesions and normal appearing tissues1,2. 

Recently, vascular involvement and perfusion abnormalities have received increasing interest 

adding to a new pathophysiologic concept in MS3,4,5,6. This study has assessed 
haemodynamic and metabolic alterations within spinal cord (SC) during disease progression 

in an Experimental-Autoimmune-Encephalomyelitis (EAE) animal model by combining both 

(Arterial Spins Labelling) ASL and MRS. 

Methods: EAE was induced by immunising Dark Agouti rats with rMOG in IFA. Control 

animals received an emulsion of IFA and saline. Thirteen animals (6 controls and 7 EAE) 

were weighed and assessed daily for functional deficit on a 10-point scale5, and they were 
scanned before immunization, and at onset, remission, and relapse phases. MR data were 

acquired on a 9.4T Agilent scanner using transmit volume coil and surface receive 
coil. Perfusion maps with an in-plane spatial resolution of 190x190um2 at lumbar 

level were obtained using an optimised pre-saturation-FAIR-Q2TIPS ASL 

preparation combined with a reduced FOV readout sequence7,8. The acquisition 
parameters were: recovery time =3.2s, TI1/TI2=1.55/1.65s, TE/TR=20/5015ms and 

TA=25min. Short TE MR spectra were acquired using PRESS9 sequence with 

TE=10ms, TR=5s, VOI=5x2x1.2mm3 at L1/L2 level, and TA=11min. Long TE 
spectra (TE=144ms) were acquired on some animals to confirm the presence of 

metabolites such as lactate and glycine. Non water-suppressed spectra were used as 

reference. To reduce motion artefacts, data acquisition was synchronised with the 
respiratory cycle.  

Results: Typical Spinal Cord Blood Flow (SCBF) maps are depicted in Fig1. The 

average SCBF before immunisation (n=13) in GM and WM were 
346.7±26.1ml/100g/min and 151.7±23.1ml/100g/min, respectively. Regarding 

spectroscopy, the short TE quantification results are shown in Table1. For both 

techniques, there were no significant differences between baseline and controls at 
different time points. Compared with controls, EAE animals showed significant 

decrease of SCBFGM during the first peak of disease (-30.6%,p<0.0001) and relapse 

(-47.0%,p<0.0001) Fig2. Within WM, significant SCBF differences were observed 
at relapse (-42.8%,p<0.0001). Regarding MRS, typical short and long TE spectra are 

shown in Fig3. Significant drop of tNAA was detected at onset (-

16.3%,p<0.005) and relapse (-28.4%,p<0.0001) phases. Both lactate/lipids 

(1.3ppm) and lipids (0.9ppm) increased significantly by 179.2% and 23.4% at 
the onset before decreasing at remission and then drastically increasing by 

540.7% and 123.8% at relapse. At remission, lactate/lipids were significantly 

higher than baseline measurements (+63.6%,p<0.001). A significant increase 
of total creatine (17.3%,p<0.05) was observed at remission. At onset, 

glutamate/glutamine (Glx) concentration increased significantly 

(26.3%,p<0.001) and then returned to baseline values. However, taurine 

concentration increased considerably by more than 185% and stayed 

significantly higher than baseline measurements even during remission. Total 

choline increased significantly by more than 30% (p<0.001) at both remission 
and relapse. However, myo-inositol/glycine drop was significant at remission 

(-23%,p<0.001) and relapse (-22.1%,p<0.007). 

Discussion: Baseline measurements of SCBF and metabolite concentrations 
showed high group reproducibility despite the technical challenges of SC 

MRI/S. Neurological deficits were strongly correlated with impaired blood 

flow (r=-0.851). Total NAA followed the changes in SCBF reflecting neuronal dysfunction. Lactate was strongly correlated with 
hypoperfusion consistent with anaerobic metabolism (hypoxia) due to deficient blood perfusion at onset and relapse. High levels of total 

choline indicate increased cell membrane turnover as seen in de-remyelination, inflammation and gliosis. Elevated total creatine levels 

might represent high glial cell density. High Glx at onset is consistent with active inflammatory infiltrates and increased release of glutamate 
by activated leucocytes, macrophages and microglial cells. Progressive drop of mI/Gly indicates abnormal glial cell activity. Drastic 

increase of taurine might reveal acute inflammatory and neurotoxicity events. Significant increase of lipids at late stages reveals myelin 

breakdown and membrane degradation. Our findings are in agreement with those reported for patients with MS, except for Tau and 
mI/Gly1,2,10 because such data are absent in humans. Significant increase of myo-inositol levels has been reported contrasting with 

progressive reduction in our study. These findings could be related to our animal model and need further investigation. 

Conclusion: This is the first longitudinal study in EAE rats combining both perfusion and spectroscopy within SC to assess the 
pathophysiology underlying MS progression. It demonstrates that the neurological deficits are strongly correlated with impaired blood flow 

and reveals both reversible and irreversible concurrent metabolic alterations. Further studies with more time points and metrics are needed to 

investigate the causes of hypoperfusion, the interdependency of these changes, and the alterations in energy metabolism during disease 
progression. 

References: [1] Kirov et al. Neurology 2013 ; [2] Llufriu et al. JAMA Neurol. 2014 ; [3] D’haeseleer et al. JCBFM 2015 ; [4] 

Koudriavtseva et al. J. Neurol 2015 ; [5] Davies et al. Ann. Neurol. 2013 ; [6] Nathoo et al. PLoS One. 2015 ; [7] Tachrount et al. ISMRM 
2015 (#6758) ; [8] Luh et al. MRM 1999 ; [9] Bottomley et al. Ann N Y Acad Sci. 1987 ; [10] Azevedo et al. Ann Neurol 2014.  



COULD VASOMOTION BE AN EMERGENT EARLY BIOMARKER OF CEREBROVASCULAR 

DISEASE?  

Jason Berwick (presenter), Priya Patel, Aneurin Kennerley, Luke Boorman, Sam Harris, Devashish 
Das. 

Objectives  

Vasomotion is a low frequency (0.1Hz) oscillation in blood flow that emerges when vascular system or 
delivery of oxygen to any region of the body is perturbed (1). Two recent articles have shown that 
cerebral vasomotion can occur in patients with brain tumours (2) and those undergoing cardiac 
bypass surgery (3). Vasomotion may therefore be a compensatory mechanism to ensure adequate 
oxygen supply in a compromised circulation and may be a valuable biomarker of cerebrovascular 
disease. It may also raise a confound in recent fMRI studies investigating changes in spontaneous 
connectivity networks as possible biomarkers for dementia (4-6). These studies are underpinned by 
the tacit assumption that the BOLD signal equates to neural activity and is unchanging. However, if 
neurovascular coupling is debilitated in disease this could suggest such connectivity changes to be 
the product of an emerging vasomotion and not related to neuronal activity. In this study we 
manipulated the magnitude of cerebral vasomotion in anaesthetised healthy rats by altering blood 
pressure and respiratory gases.  

Methods 

Experiments were performed on urethane anaesthetised female Hooded Listar rats. 2D-dimensional 
imaging spectroscopy (2D-OIS) and multi-channel electrophysiology were used to measure cortical 
hemodynamics and neural activity respectively (n=10). 2D-OIS allowed localisation of the whisker 
sensory and motor cortices following presentation of whisker stimuli. The resultant ‘maps’ were used 
to guide electrode placement in both cortical regions. We then performed two experiments in which 
spontaneous neural and hemodynamic data were collected in the absence of stimuli for a period of 
2100s. A known property of urethane anaesthesia is a reduction of mean arterial blood pressure 
(MABP). Thus in the first period of experiment 1 animals had low blood pressure (‘vasomotion’ 
condition) then after 290s a continuous infusion of intravenous phenylephrine began to elevate MABP 
to physiologically normal levels. In the second experiment the phenylephrine infusion ceased after 
290s had elapsed. After 1410s of the data collection period the inspired gases were changed from 
room air to 100% oxygen. 2D-OIS data was subject to seed based correlation connectivity analysis to 
assess whether the resultant maps were altered in the different conditions (lowered MABP, normal 
MABP, lowered MABP with elevated Oxygen).  

Results - Low MABP was associated with reliable large cortical vasomotion oscillations in all aspects 

of hemodynamics. These oscillations qualitatively altered functional connectivity maps across the 

cerebral cortex. At low MABP increasing oxygen to 100% significantly reduced the magnitude of the 

vasomotion oscillations.  

Conclusions - Data suggest that during perturbations of systemic rodent physiology vasomotion is 
enhanced and as such may be present at the early stages of cerebrovascular disease as an early 
defence mechanism to guarantee sufficient transport of oxygen to brain tissue and thus has the 
potential to be a powerful early biomarker. 
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SUMMARY: Conventional measurements of cerebrovascular reactivity (CVR) are often based on the 

BOLD changes in response to a ramp CO2 stimulus ranging from hypo- to hypercapnia.  Using a 
simple model of two vascular beds, one with a healthy standard reference resistance, both supplied 
by the same major artery, we derive the sigmoidal relative resistance changes in the other branch of 
the model from measured BOLD responses.  Maps displaying the spatial pattern of the resistance 
sigmoid parameters describe the physiology and pathophysiology of the vessels themselves.  
INTRODUCTION:  The cerebral blood flow (CBF) response to a ramp increase in the end-tidal partial 

pressure of CO2 (PETCO2) differs between brain regions partly because of differing regional 
resistance responses and partly because of changes in perfusion pressure induced by the resistance 
responses in other brain regions (Fisher, et al., 2017; Sobczyk, et al., 2014).  Consequently, CVR 
measurements reflect both of these aspects. We introduce a method to provide a relative measure of 
the underlying vascular resistance response to CO2, and show maps displaying the parameters.  
METHODS:  To provide a relative measure of a voxel’s resistance response to CO2 we apply a 

model, which consists of two vessels (which may be fractally scaled from vascular beds in single 
voxels to cerebral hemispheres) supplied in parallel via a fixed arterial flow resistance.  By assigning 
one branch of the model to a standard healthy reference resistance with a sigmoidal response, the 
other branch resistance response may be calculated from its measured CBF response to a ramp 
increase in PETCO2 from hypo- to hypercapnia CO2.  We used the BOLD response as a surrogate 
measure of the CBF pattern of response.  The calculated resistance responses were fitted with 
sigmoids, and then in turn used to calculate the model BOLD response patterns. The quality of fit was 
assessed by r2 values.  
RESULTS:  For all four variations in measured BOLD-CO2 response patterns (Fisher, et al., 2017) we 
found that the calculated resistance-CO2 responses using the model were well fitted by a sigmoid 
function as shown by the r2 maps, and the BOLD response patterns were reproduced.  We show 
maps of the resistance sigmoid parameters; amplitude, midpoint, and linear range as well as derived 
measures such as resistance reserve at resting PETCO2.   
DISCUSSION: The resistance parameters provide insight into the physiology underlying the BOLD-

CO2 responses. High amplitude responses with midpoints close to resting PETCO2 indicate a highly 
responsive cerebral vasculature i.e. healthy regions, whereas low amplitudes signify the possible 
presence of steal, where reductions in resistance are insufficient to counteract the decrease in local 
perfusion pressure caused by vasodilation in other regions. When the midpoint of a region is lower 
than resting PETCO2 the resistance response reaches its minimum at a lower PETCO2 than other 
regions and so may be unable to vasodilate further as the CO2 stress increases.  As a result the flow 
to this region may fall at the higher PETCO2.  Conversely, when the midpoint of a region is higher than 
the resting PETCO2 the resistance response may not initially decrease as CO2 stress increases while 
the resistance of other regions falls.  Consequently, with resistance decreasing only at the higher 
PETCO2 stress, flow to these regions may fall initially and then rise with increasing CO2 stress.  
CONCLUSION:  This is the first report providing a physiologically based explanation of the variety of 
BOLD response patterns to a ramp PETCO2 stimulus in terms of the underlying changes in resistance.  
That the resistance responses were sigmoidal, regardless of the patterns of the measured BOLD 
responses is expected on physiologic principles and is verified by the high r2 fit values for the 
resistance sigmoids. We concluded that this model approach provides a physiological explanation in 
terms of the differences in amplitude and midpoint of the sigmoidal resistance dependence on CO2 of 
a particular region compared to competing regions, providing insight into regional pathophysiology.   
REFERENCES:  Fisher, J.A., Sobczyk, O., Crawley, A., Poublanc, J., Dufort, P., Venkatraghavan, L., 

Sam, K., Mikulis, D., Duffin, J. (2017) Assessing cerebrovascular reactivity by the pattern of 
response to progressive hypercapnia. Hum Brain Mapp.in press 

Sobczyk, O., Battisti-Charbonney, A., Fierstra, J., Mandell, D.M., Poublanc, J., Crawley, A.P., Mikulis, 
D.J., Duffin, J., Fisher, J.A. (2014) A conceptual model for CO2-induced redistribution of 
cerebral blood flow with experimental confirmation using BOLD MRI. NeuroImage, 92:56-68. 



Characterizing the regional and inter-subject variability between cerebrovascular 

reactivity measurements: BOLD vs. cerebral blood flow MRI  

Allen A. Champagne, BSc, BA, Nicole S. Coverdale, PhD, Alex Bhogal, PhD, Clarisse I. Mark, 

PhD, Douglas J. Cook, MD, PhD 

Delegate: Allen A. Champagne (MD/PhD Student, Queen’s University; a.champagne@queensu.ca)  

In recent years, cerebrovascular reactivity (CVR) has become an important metric of cerebrovascular 

health. CVR quantifies the modulation of cerebral blood flow (CBF) in response to a vasoactive agent, 

and is an indicator of vasodilatory reserve that varies across different tissue types (Bhogal et. al 2015). 

Despite a linear relationship between hypercapnic blood level oxygen dependent (BOLD-) and CBF-CVR 

(Mark et al. 2010), the level of heterogeneity across cortical regions using each signal remains unclear. 

Furthermore, the degree of inter-subject variability for regional CVR estimated using BOLD or CBF 

measurements needs additional examination. In this project, we used a bootstrapping method to 

characterize BOLD- and CBF-CVR across different anatomical regions of interest (ROI). We also 

compared the regional variability of each signal across healthy controls to investigate whether BOLD- or 

CBF-based reactivity measurements are more consistent between subjects. 

  Twenty-five healthy athletes (20±2 years, 10M) from the varsity athletics program, and Canadian 

National team, were recruited to complete the imaging protocol. BOLD and CBF data were acquired 

simultaneously using a pseudo-continuous arterial spin labeling sequence, and a boxcar hypercapnic 

breathing challenge. Individual cortical masks (frontal, parietal, temporal and occipital lobes) were 

created using the subject-specific segmented grey-matter (GM), normalized into standard space. To 

evaluate the variance in CVR signals across regions, and between subjects, GM lobes were sub-divided 

into cortical ROIs using the Harvard cortical atlas (Desikan et al. 2006). Mean CVR was extracted from 

each ROI in all subjects, after removing outlier voxels using the non-parametric Tukey’s algorithm 

(factor=1.5). BOLD- and CBF-CVR heterogeneity across and within each lobe was assessed using 

cumulative frequency functions. Regional distributions were generated by bootstrapping the sample mean 

CVR values with replacement (n=2000). The inter-subject BOLD- and CBF-CVR variability was 

quantified by means of the coefficient of variation. Equality of variance between the signals was 

statistically assessed across GM lobes using Levene’s test (P<0.05). 

 The CBF-CVR bootstrapped distributions showed distinct differences between regional GM 

vascular reactivity, with higher CVR in the temporal and occipital lobes, followed by the frontal and 

parietal regions. In comparison, the BOLD-CVR distributions were similar between most lobular ROIs, 

except the occipital lobe, which was distinctively higher. Inter-subject regional variability analysis of 

cortical regions showed that BOLD-CVR is significantly more variable within the frontal (P=0.0160) and 

temporal (P=0.0349) lobes, when compared to co-localized CBF-CVR. These findings provide evidence 

for the heterogeneity of CVR behavior across different regions of the brain. Moreover, although BOLD-

CVR may be more accessible, our findings emphasize that a comprehensive analysis of vascular 

reactivity should include CBF-based measurements, as they provide a more direct quantification of 

changes in perfusion, and seem to be more consistent across healthy subjects.   
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Background and purpose: Cerebrovascular reactivity (CVR) is typically assessed with a carbon dioxide (CO2) stimulus combined 

with BOLD MRI. However, BOLD signal is a complex function of CBF, blood volume and oxygen metabolism, thus the relationship 

between BOLD CVR and the classic definition of perfusion-based CVR is unclear. ASL could be used to validate BOLD CVR, but 

this technique itself is susceptible to low SNR and, importantly, shortening of bolus-arrival-time (BAT) known to occur in 

hypercapnia. Therefore, the first goal of this project is to use a simple, quantitative CBF method, i.e. phase-contrast (PC) MRI, to 

validate BOLD-based CVR. As a second goal, we investigate how BOLD CVR results may depend on two important physiological 

parameters during the hypercapnia experiment, specifically baseline end-tidal CO2 (EtCO2) and ΔEtCO2.  

Methods: Eleven subjects (4M, mean (range) age: 28 (18-40) years) were included. MRI (Philips, 3T) was as follows: (1) For the 

validation study, PC MRI was performed under three physiological states: room air (RA), 2.5% CO2, and 5% CO2 inhalation. CBF 

difference of each pair was calculated and divided by mean CBF (or CBF at 40mmHg) and ΔEtCO2, resulting in three PC-CVR values 

corresponding to 0-2.5%, 0-5%, and 2.5-5% comparison. (2) Three BOLD MRI scans (5-7 minutes each) were performed. Scan 1 

used interleaved room-air (RA) with 2.5% CO2; Scan 2 used interleaved RA with 5% CO2; and Scan 3 used interleaved 2.5% CO2 

with 5% CO2. When time allowed, BOLD MRI interleaving RA with 7.5% CO2 was added. Thus, comparison of BOLD Scan 1 and 

BOLD Scan 2 will allow the assessment of ΔEtCO2 effect. Comparison of BOLD Scan 1 and BOLD Scan 3 will allow the assessment 

of EtCO2 effect. Each BOLD scan, when compared to the corresponding PC CVR (same CO2 concentrations), will allow the 

validation evaluation. 

Results: Summary of the results is given in Table 1. (1) Validation study. There was a significant relation between BOLD and PC 

CVR (normalized to mean flow) when using 0to5% CO2 (R
2
=0.499, p=0.033) (Figure 1), suggesting that BOLD CVR has the 

potential to be used as surrogate for perfusion reserve. The relations between BOLD and PC CVR when using 0to2.5% and 2.5to5% 

CO2 were not significant. (2) Gas concentration dependence study. PC CVR results were found to be independent of the gas 

concentrations used, as PC CVR values obtained from 0to2.5%, 0to5%, and 2.5to5% CO2 were highly consistent, especially when 

calculating CVR based on a standard CBF value at 40 mmHg (Table 1). For BOLD CVR, we investigated its dependence on both 

baseline EtCO2 and ΔEtCO2. No significant differences in BOLD CVR were found between 0to2.5% and 0to5% data, suggesting that 

ΔEtCO2 does not influence CVR within typical range, although BOLD CVR measured with 0to7.5%CO2 showed a trend of lower 

values. There were no significant differences in CVR measurements between 0to2.5 and 2.5to5% CO2 data which suggests no effect 

of baseline EtCO2 on CVR. 

Table 1. 

 PC CVR BOLD CVR 

 EtCO2 ΔEtCO2 CVR (N=9)* CVR(N=9)**  EtCO2 ΔEtCO2 CVR (N=10) CVR (N=3)*** 

Baseline 36.6±4.7         

2.5% CO2 36.6±4.7 3.7±1.2 4.7±1.8(0.37) 4.4±1.46(0.33)  37.6±4.3 4±0.7 0.19±0.048(0.26) 0.20±0.03(0.15) 

5% CO2 36.6±4.7 9.8±2.3 4.2±0.9(0.23) 4.5±0.8(0.22)  38.2±4.1 8.2±1.2 0.19±0.035(0.18) 0.21±0.02(0.11) 

2.5to5%CO2 40.6±4.2 6.0±1.5 4.0±0.9(0.23) 4.4±0.99(0.18)  41.6±4.1 4.7±0.9 0.18±0.046(0.26) 0.14±0.04(0.28) 

7.5% CO2 x x  x  40.6±3.8 14.3±4.9 x 0.16±0.01(0.09) 

*PC CVR normalized to mean flow **PC CVR normalized to expected flow at 40mmHg ***Includes only the results of subjects in whom a 7.5% 

CO2 BOLD MRI was performed.  

The unit of EtCO2 and ΔEtCO2 is mmHg. For CVR, mean ± sd (coefficient of variation) are given, in % per mmHg. 

Figure 1. 

 
 

 

Discussion and conclusions: When using 5% CO2 as a hypercapnic 

challenge, BOLD CVR showed a strong correlation with CBF-based 

CVR, suggesting that BOLD CVR can provide an excellent 

indicator of perfusion reserve despite complicated signal 

mechanism. In terms of the sensitivity of BOLD CVR measurement 

to gas concentration used, BOLD CVR values are relatively 

insensitive to baseline EtCO2 or ΔEtCO2 within typical range.  

 



Rapid cerebrovascular reactivity mapping: Comparison of a sinusoid protocol with the conventional block protocol 
Nicholas P Blockley1*, James W Harkin2, Daniel Bulte3 

1FMRIB, Nuffield Department of Clinical Neurosciences, University of Oxford, Oxford, 2Department of Physics, University of 
Oxford, Oxford, 3The Institute of Biomedical Engineering, University of Oxford, Oxford, *nicholas.blockley@ndcn.ox.ac.uk 

Introduction 
Cerebrovascular reactivity (CVR) mapping is a useful technique for stress testing the brain. In contrast to the majority of MRI 
techniques that are acquired whilst the brain is at rest, CVR mapping provides information about the capacity of the vasculature to 
respond to increases in demand. However, clinical adoption of CVR mapping has so far been hindered by relatively long scan 
durations. In this study we aim to address this limitation by reducing scan duration from the typical 7-12mins to a more clinically 
practical 3-5mins. To achieve this, we propose replacing the conventional block carbon dioxide (CO2) stimulus1 with a 
sinusoidally modulated protocol2. This stimulus is robust to regional vascular delays, enabling shorter stimulus cycles. In this 
work we compare the conventional block protocol with a sinusoid protocol of equal duration. Furthermore, we retrospectively 
reanalyse the sinusoid data with fewer stimulus cycles to assess the effect scan time reduction has on maps of CVR. 
Methods 
Imaging was performed on a Siemens Prisma 3T scanner with the approval of the local ethics committee. Ten healthy volunteers 
(age range 19 – 21, 5 female) were recruited and informed written consent obtained. Functional imaging consisted of BOLD-
weighted EPI images with the following pulse sequence parameters: TR 2s, TE 30ms, FOV 220mm × 220mm, matrix 64×64, 
slices 24, slice thickness 5mm, slice gap 0.5mm, GRAPPA 2, flip angle 80°. A total of 7mins of data were acquired for each 
stimulus protocol. CO2 stimuli were generated by a computer controlled gas blender using a prospective algorithm3 for targeting 
end-tidal CO2 (PETCO2) (RespirActä Gen 3). The block protocol1 consisted of two periods of elevated CO2 for 45s and 120s 
preceded by baselines of 60s and 90s, respectively. The sinusoid protocol consisted of seven sinusoidal cycles with a time period 
of 60s. Both protocols were targeted to increase PETCO2 by 10mmHg above baseline. Analysis was performed using FSL tools4 
including standard preprocessing steps and linear regression. The block protocol was modelled using the recorded PETCO2 trace 
temporally aligned to the whole brain BOLD timecourse. The sinusoid protocol was modelled by sine and cosine terms with time 
periods of 60s. For the block protocol CVR was calculated from the GLM parameter estimate for the PETCO2 regressor and for the 
sinusoid by calculating the sum of squares of the sine/cosine parameter estimates. CVR estimates were normalised by the 
measured PETCO2 change to give units of %/mmHg. The equivalence of the two protocols was assessed by fitting a simple model 
(linear slope and intercept) to the CVR values 
from both protocols on a voxel by voxel basis. 
The effect of shortening scan duration was 
investigated by truncating the sinusoid data set 
between 1min and 6mins. A common ROI was 
defined (statistically significant voxels from the 
block paradigm refined by a grey matter mask) 
and used to calculate the mean and standard 
deviation of the CVR as a function of scan 
duration. A two-way ANOVA test was used to 
test whether all group averages were equal. On 
rejecting the null hypothesis, pairwise 
comparison was performed to consider which 
pairs were significantly different. 
Results and Discussion 
One subject was excluded due to motion. Fig. 1 displays an example voxel 
by voxel comparison between the two protocols, from which the slope and 
intercept were estimated, alongside per subject estimates of slope and 
intercept. The slope was not significantly different from unity across the 
group, suggesting that the two protocols give equivalent CVR estimates. 
The intercept values were found to be significantly different (p<0.05) and 
equivalent to a small mean bias of 0.03%/mmHg. Fig. 2 considers the effect 
of scan time reduction. The group average of the mean CVR across the ROI 
was seen to increase slightly with reduced scan time. Not all group averages 
were equal (p<0.001), but paired analysis showed that only the 1min 
duration was significantly different (p<0.001) to the full data set. A similar 
increase was observed for the group average standard deviation of the CVR 
across the ROI. Again group averages were not all equal (p<0.001) and only 
the 1min duration was significantly different (p<0.001) to the full data set. 
Conclusion 
This study demonstrates that there is great potential for reducing scan duration in CVR mapping. We have shown that equivalent 
CVR maps to conventional block CO2 stimuli can be generated in only a few minutes. Alongside advancements in automated gas 
delivery we are hopeful this will enable more widespread clinical application of this technique.  
References: 1. Spano VR et al. Radiology 2012;266:592, 2. Blockley NP et al. Magn. Reson. Med. 2010;65:1278, 3. Slessarev M 
et al. The Journal of Physiology 2007;581:1207, 4. Jenkinson M et al. Neuroimage 2012;62:782. 
Acknowledgements: This work was funded by EPSRC grant EP/K025716/1. 

 
Fig. 1 – CVR estimates were compared on a voxel by voxel basis for each subject. A linear model 
(slope and intercept) was fitted to these data. Estimates of the slope were not significantly different 
to unity, indicating the estimates are equivalent. Estimates of the intercept were significantly 
different from zero, indicating a small mean bias of 0.03%/mmHg. 
 

	
Fig. 2 – The effect of reducing scan duration was quantified by 
calculating the mean and standard deviation over a grey matter 
ROI per subject. Mean and standard deviation is only significantly 
different from the full data set for the 1 min scan duration. 
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Reduced	cerebrovascular	reactivity	in	young	adults	carrying	the	APOE	ε4	allele	
	

Sana	 Suri1*,	 Nicola	 Filippini1,	 Michael	 E	 Kelly2,	 Michael	 Germuska2,	 Elizabeth	 M	
Tunbridge1,	Klaus	P	Ebmeier1,	Daniel	P	Bulte2,	Clare	E	Mackay1		
1University	Department	of	 Psychiatry	 and	 2FMRIB	Centre,	University	of	Oxford,	Oxford	
OX3	9DU,	United	Kingdom	
*	Presenting	author.	Email:	sana.suri@psych.ox.ac.uk		
	
The	 APOE	 gene	 has	 three	 variants	 that	 differently	 influence	 survival	 and	 cognitive	
health.	 A	 quarter	 of	 the	 population	 carries	 the	 APOE	 ε4	 variant,	 which	 is	 the	 best-
established	genetic	 risk	 factor	 for	 late-onset	Alzheimer’s	disease	 (AD).	By	contrast,	 the	
rare	APOE	ε2	 gene	 is	 believed	 to	 confer	 a	 protection	 to	AD	 (Suri	 et	 al	 2013)	whereas	
APOE	 ε3,	 present	 in	 a	 majority	 of	 the	 population,	 presents	 an	 “average’”	 risk	 of	
developing	 AD.	 In	 addition	 to	 its	 close	 association	 with	 AD,	 APOE	 ε4	 also	 exerts	 a	
deleterious	 effect	 on	 cardiovascular	 health.	 Using	 functional	 magnetic	 resonance	
imaging	 (MRI),	 we	 have	 previously	 shown	 that	 the	 three	 APOE	 variants	 differently	
modulate	 brain	 activity	 decades	 before	 potential	 cognitive	 decline,	 both	 during	 a	
memory-encoding	 task	 as	 well	 as	 in	 the	 resting-state	 brain	 (Filippini	 et	 al	 2009;	
Trachtenberg	 et	 al	 2012).	 Here	 we	 examined	 the	 effect	 of	 APOE	 on	 cerebrovascular	
health	in	young	adults,	aged	20-40	years.	Eighteen	cognitively	healthy	APOE	ε2-carriers,	
17	ε3-homozygotes	and	18	ε4-carriers	(matched	for	age,	sex,	and	family	history	of	AD)	
received	 a	 pseudo-continuous	 arterial	 spin	 labeling	 (pCASL)	 MRI	 scan	 during	 which	
respiratory	gases	were	delivered	via	a	nasal	cannula	in	blocks	of	medical	air,	hyperoxia,	
and	 hypercapnia.	 Whole-brain	 voxelwise	 analysis	 was	 performed	 using	 FSL	 tools	 and	
cerebrovascular	 reactivity	 to	 carbon	 dioxide	 (CO2-CVR)	 was	 measured	 as	 the	
compensatory	cerebral	blood	flow	response	to	hypercapnia	(Bulte	et	al	2012).	CO2-CVR	
gauges	the	dilatory	ability	of	blood	vessels	and	higher	CO2-CVR	is	considered	a	surrogate	
marker	of	brain’s	vascular	health.	We	observed	a	significant	effect	of	APOE	on	CO2-CVR	
in	a	pattern	that	mirrors	lifetime	risk	for	AD;	ε2-carriers	had	the	highest	and	ε4-carriers	
had	 the	 lowest	 CO2-CVR	 values	 in	 widespread	 brain	 regions	 including	 the	 bilateral	
hippocampi	(p<0.05,	corrected	for	whole-brain	voxelwise	comparisons).	Thus,	CO2-CVR,	
an	 imaging	marker	 that	 is	known	to	be	 impaired	 in	AD	patients	 (Glodzik	et	al	2013),	 is	
also	 reduced	 in	 young	 adults	 at	 a	 genetic	 risk	 for	 AD.	 Our	 finding	 provides	 valuable	
insights	 into	 the	 effects	 of	 APOE	 in	 the	 brain,	 and	 lends	 support	 to	 our	 growing	
understanding	of	AD	as	a	vascular	disorder.	
References:	Bulte	et	al	2012	doi:	10.1016/j.neuroimage.2011.12.017	
Filippini	et	al	2009	doi:	10.1073/pnas.0811879106	
Glodzik	et	al	2013	doi:	10.3233/JAD-122011	
Suri	et	al	2013	doi:	10.1016/j.neubiorev.2013.10.010	
Trachtenberg	et	al	2012;	doi:	10.1016/j.neurobiolaging.2010.03.009	
This	study	has	been	published:	Suri	et	al	2015	doi:	10.1016/j.jalz.2014.05.1755	
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Dual-calibrated fMRI measurement of resting capillary and venous blood 
volumes 
 
Germuska M.1, Merola A.1, Wise R.1 1Cardiff University, CUBRIC, Cardiff, 
United Kingdom 
 
Objectives: We present a novel analysis methodology to estimate capillary 
(CBVcap) blood volume from dual-calibrated fMRI (dc-fMRI) data. 
Methods: Dual-calibrated fMRI allows for the estimation of OEF, CBF, venous-
weighted blood volume (CBVv) and CMRO2. In this work we incorporate flow-
diffusion modelling of oxygen extraction1 to derive voxel-wise estimates of 
CBVcap. The kinetics of oxygen extraction is based on extended Bohr-Kety-
Crone-Renkin equations and the assumption of an idealised vascular network, 
such that capillary transit-time heterogeneity is linearly related to the mean 
transit time (MTT). This kinetic model predicts a monotonic relationship 
between OEF and MTT. Thus, according to the central volume theorem, 
CBVcap can be calculated from resting OEF and CBF estimates (obtained from 
dual-calibrated fMRI measurements). 
Data (in 10 healthy volunteers) were acquired on a 3T MRI system using a 
pulsed ASL acquisition scheme (TE1 = 2.7 ms TE2 = 29 ms, TR = 2.2 s, TI1 = 
700 ms, TI2= 1500 ms). Respiratory challenges consisted of 3 periods of 
hypercapnia (5% CO2) and 2 periods of hyperoxia (50% O2) interleaved with 
room air (total acquisition time 18 minutes). 
Results: The mean grey matter CBVcap was 1.61 ± 0.29 ml/100g, with a mean 
CBVv of 1.55 ± 0.16 ml/100g. Maps of CBVv showed significant contributions 
from large veins, which were absent from maps of CBVcap (see figure). Across 
subjects grey matter values of CBVcap were correlated with CBF and 
CMRO2 (R2 0.78 and 0.96, p< 0.001). CBVv was not significantly correlated with 
any measured parameter. 
 

 
Figure 1. In-vivo maps of CBVv and CBVcap estimated from dual-calibrated fMRI data. 
 
Conclusions: We present a novel method for non-invasive mapping of CBVcap. 
The strong correlation between CBVcap and CMRO2 suggests an important 



role for CBVcap in assessing cerebral metabolic function and neurovascular 
coupling.  
 
References: [1] Jespersen and Ostergaard. 2012. JCBFM 32, 264-277 
 



Neurovascular coupling in Multiple Sclerosis: A MEG-fMRI study 
Rachael Stickland (presenting), Marek Allen, Lorenzo Magazzini, Krish Singh, Valentina 

Tomassini and Richard Wise (corresponding author).  

 

Following increased neural activity, cerebral blood flow (CBF) increases through changes in cerebral 

blood vessel tone. This process is termed neurovascular coupling, and there is evidence to suggest it 

may be impaired in multiple sclerosis (MS). MS is an auto-immune neuro-inflammatory disorder 

leading to chronic physical and cognitive impairment, characterised by demyelination, axonal injury, 

gliosis and tissue degeneration. Hypoperfusion, reduced cerebrovascular reactivity, reduced oxygen 

metabolism, and altered levels of vasoactive components, have all been reported in MS. This research 

sought to investigate neurovascular coupling in MS, by comparing 12 RR-MS patients and 10 age-

matched controls. We defined as our empirical measure of neurovascular coupling the commonly 

reported positive correlation between BOLD signal change and neural oscillations within the gamma 

band (30-80Hz). We modulated the gamma oscillations in the human visual cortex, measured with 

Magnetoencephalography (MEG), and the BOLD and CBF responses, measured with a dual-echo 
pulsed-ASL fMRI sequence, by displaying a reversing checkerboard at five levels of visual contrast. 

We quantified the CBF at rest with a multi-inversion time pulsed-ASL fMRI sequence. A significant 

reduction in peak gamma power, BOLD and CBF (in ml/100g/min) responses to the visual stimuli, 

predominantly localised to the primary visual cortex, was seen in the MS group, despite no significant 

differences in visual acuity, P100 latencies, tissue volumes and baseline CBF. There were no 

significant differences in neurovascular coupling in the MS group, however many participants in the 

MS group showed a greater fMRI change for the same gamma power change, compared to controls, 

suggestive of a different relationship between neuronal activity and the local blood flow response. 

Reduced gamma power in MS has been reported once by a recent study, Barratt et al (2017), who also 

reported differences in oscillations in the beta band. Reduced BOLD and CBF signaling could be due 

to intact neurovascular coupling mechanisms, and a reduction in gamma power may suggest a 

dysfunction of GABAergic interneurons, as this cell population is thought to play a key role in the 

generation of gamma oscillations. Future studies should aim to assess neurovascular and metabolic 

functioning in MS, with larger sample sizes and looking at different stages of the disease. 

Furthermore, using stimuli that recruit more areas of the brain, in different oscillatory frequencies 

bands, could provide a more sensitive method for discovering differences in neurovascular coupling 

using MEG and fMRI. 

Relationship between peak gamma power and BOLD, CBF, CBF (quantified) in response to the visual checkerboard stimulus. Each point 

represents a different contrast level for each eye, and represents the median value for the group.   
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Laminar calibrated BOLD: are conventional models adequate? 
 

Alberto Merola, Maria Guidi and Nikolaus Weiskopf  

Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany 

 
Introduction – The functional organization of the human cortex follows a layered structure. Sub-millimetre-

resolution fMRI acquisitions have been developed in recent years at 7T[1],[2], resolving the cortical profile of the 
signal, potentially allowing in-vivo insights into the link between structure and function in the cortex. No single 
type of fMRI signal directly reflects neural activity due to its complex dependency on physiology[3]. A calibrated 
BOLD approach combining BOLD and VASO measurements with a hypercapnic (CO2) challenge has aimed at 
addressing this[4], estimating the cortical profiles of changes in cerebral metabolic rate of O2 consumption 
(dCMRO2), which is a parameter more tightly related to neuronal function[5]. The main caveat of such approach 
relates to the validity of the hypotheses underlying the physiological model used for estimating dCMRO2 [6], 
originally formulated for a lower spatial resolution.   

Aim – We investigate the feasibility of hyperoxic (O2) calibration for assessing the cortical profile of dCMRO2 in a 

motor task, comparing it to the results of hypercapnic calibration. We aim at exploring the limits of conventional 
calibrated BOLD at sub-millimetre resolution, highlighting possible issues.  

Methods – 6 healthy participants (25±3 years) underwent an experiment with a dual gas-manipulation and finger 

tapping at 7T (Siemens, Erlangen, Germany). Interleaved VASO and BOLD acquisitions were recorded with a 3D-
EPI-VASO sequence[2] with TI/TR/TE = 1100/3300/26 ms; 10 slices of 0.8×0.8×1.5 mm³; total duration 15min 24s. 
An interleaved hypercapnic (5% CO2-balanced, 3min) and hyperoxic (100% O2, 4min) gas manipulation was 
performed through a non-rebreathing mouth piece. Subjects breathed non-pressurised room air for the remaining 
2+3+3.4 min. A motor task of 33s off-on right hand finger tapping was performed for the entire duration of the 
acquisition. Analysis: Hand-knob (hKnob) regions of interest were manually defined on a single slice in the 
primary motor cortex based on maps of FEAT-detected VASO activations overlaid on tSNR maps (for anatomical 
contrast). Laminar profiles were then grown within the regions in an equi-distant fashion. M and dCMRO2 values 
were calculated using: i) for CO2 calibration: Davis model[6] with αtot = 0.38, αvein = 0.2, β = 1; ii) for O2 calibration: 
Chiarelli model[7] with OEF=0.4, αtot = 0.38, αvein = 0.2, β = 1 (both models adapted as per a previous study[4]). 

Results – The CO2 manipulation elicited a 102 mmHg (meansd) increase in end-tidal CO2, 4.71.4% BOLD 

signal and -1.90.9% VASO signal change in the hKnob. Calculated M was 10.81.6%, leading to estimated 

dCMRO2 of 18.17.8% (Fig.1, blue). The O2 manipulation elicited a 55540 mmHg increase in end-tidal O2, 

1.91.2% BOLD signal and -0.40.6% (ns) VASO signal change in the hKnob. Calculated M was 6.54.1%, 
leading to negative dCMRO2 for 4 subjects (Fig.1, red). Laminar profiles for M and dCMRO2 are reported in Fig.2. 

Conclusions – The results provisionally suggest that current models for O2 calibration supply physiologically 

implausible estimates of CMRO2 changes and cortical laminar-dependent responses different from those 
estimated with CO2 calibration. The data analysis also highlights issues related to i) SNR limitations, ii) inter-
subject variability and iii) spatial mismatch of the BOLD responses to the gases, which deserve further 
investigation. This represents a first attempt to introduce O2 calibration to laminar-specific fMRI. Future 
developments will involve combining the information given by both O2 and CO2 manipulations for a more reliable 
estimate of CMRO2.   

     

 
Figure 1: hKnob analysis - estimated values of the 

calibration parameter M and dCMRO2 for CO2 (blue) and O2 
calibration (red – only subjects in interval are shown).  

References:  [1] Huber et al., NeuroImage, 2015; [2] Huber et al., NeuroImage, 2016; [3] Exstrom et al., Brain Res. Rev., 2010; [4] Guidi et al., 
NeuroImage, 2016; [5] Lin et al., PNAS, 2010; [6] Davis et al., PNAS, 2016; [7] Chiarelli et al., NeuroImage, 2016 

Figure 2: laminar analysis – meansd values of M (top) and changes in 
CMRO2 (bottom) for CO2 (blue) and O2 calibration (red).  



Brain Tumour Detection Using Semantic 
Segmentation by Fully Convolutional Networks 
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Science and Informatics, Cardiff University. 
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Abstract 

The potential of improving disease detection and treatment planning 
comes with accurate full automatic algorithms for brain tumour segmentation. 
Brain tumours can appear in different size with different locations and shapes. 
Manual segmentation of Brain tumour regions is not only time consuming but 
also prone to human error, and its performance depends on the pathologist 
experience. In this work, we tackle these problems by leveraging a fully 
convolutional neural network for semantic segmentation with multi-MRI data 
modalities. FCN32s-Alexnet and FCN8s-VGG16 models are used in this work. 
These models are evaluated on real patient data found from the 2013 brain 
tumour segmentation challenge (BRATS2013), which contains training dataset 
(30 patient subjects all with pixel accurate ground truth (20 high grade and 10 
low grade tumours) and test dataset which contains 10 (all high-grade tumours). 
Preliminary results using 3 MRI data modalities (T1C, T2 and Flair) 
demonstrates that the accuracy performance of FCN8s-VGG16 model in brain 
tumour regions segmentation  outperforms the FCN32s-Alexnet model. 

mailto:Al-qazzazsa@cardiff.ac.uk
mailto:nokes@cardiff.ac.uk
mailto:yangx26@cardiff.ac.uk
mailto:sunx2@cardiff.ac.uk


Optimising Post Labelling Delays in Multiple-Delay Arterial Spin Labelling MRI for  
Cerebral Perfusion Imaging 

 

Joseph G. Woods1é*, Michael A. Chappell2, Thomas W. Okell1 
1Nuffield Department of Clinical Neurosciences, Centre for Functional Magnetic Resonance of the Brain, University of Oxford, UK and 2Department of 

Engineering, Institute of Biomedical Engineering, University of Oxford, UK. *Correspondence to Joseph G. Woods. E-mail: jwoods@fmrib.ox.ac.uk 
 

Introduction: Since clinical scan times are typically very short, there is a real need to objectively design Arterial Spin Labelling (ASL) 
acquisition timings to ensure Cerebral Blood Flow (CBF) estimation accuracy across a wide range of Arterial Transit Times (ATT). Previous 
work on pulsed ASL experimental design [1,2] have used normally distributed prior parameter distributions and have optimised for both CBF 
and ATT estimates. 
Here we demonstrate that a novel optimisation framework can be used to optimally design pseudo-continuous ASL (PCASL) experiments to 
maintain low parameter estimate errors across a broad, uniform, range of ATTs, which is important when there is little prior knowledge of 
patient haemodynamics. We compare two optimality criteria, one which optimises for both CBF and ATT estimation and one which only 
optimises for CBF estimation, while maintaining insensitivity to ATT variation, against 
a previously used protocol [3], henceforth referred to as the reference protocol. 
 

Theory: The Cramér-Rao inequality states that the inverse of the Fisher Information 
matrix is the lower bound of the covariance matrix for any unbiased parameter 
estimator. The Fisher Information matrix is defined in equation (1). Note, 𝜎 is the noise standard deviation (SD), η is the ASL signal model, ti is 
the ith acquisition time in the current design, and 𝛳 is the vector of model parameters, 𝛳 = [CBF, ATT].  

The optimality criteria considered were: (1) D-optimality, which minimises the reciprocal of the Fisher Information matrix 
determinant and is equivalent to minimising the confidence region of the two parameters, and (2) L-Optimality, which minimises the element of 
𝑴$% which corresponds to the CBF variance. In order to combine information across a 
probability distribution of parameter values, we evaluate the design criterion at each sample 
drawn from the distribution and sum across them. We incrementally adjust the Post Labelling 
Delays (PLDs), and number of PLDs, in order to minimise the design criterion across the 
chosen distribution. 
 

Optimisation: In the following, we used a single-compartment kinetic model for PCASL [4]. 
We make the assumption that outflow is constant in the model, as in [1]. Under this 
approximation, the model depends linearly on CBF, and so PLD placement is independent of 
CBF. Therefore, only optimisation across ATT is necessary, reducing complexity. The ATT 
probability distribution was a uniform distribution from 0.5 to 1.8 s, with a linearly decreasing 
taper at either end to account for boundary effects, sampled every 1 ms. Other parameters 
used were: CBF=50 ml/100g/min; label duration=1.4 s; T1 of blood/tissue=1.65/1.445 s. 
Noise variance was based on the number of averages achievable within a 5-minute scan. 
Optimality criteria were minimised across 5 2D slices, accounting for slice timing 
differences. 
Simulation: In order to compare the theoretical performance of each of the 3 protocols, 
data were simulated evenly across the ATT distribution, 0.5 to 1.8s, at 0.01 s 
increments, with 2000 repeats at each value, for each slice. Zero mean, normally 
distributed noise with realistic standard deviation, measured from previous data, was 
added. Data were fit using the single-compartment model [4] and a Bayesian inference 
algorithm [5]. The ATT fitting prior had a mean/SD of 1.3/1s, while the CBF fitting 
prior was non-informative, with mean/SD of 0/106 ml/100g/min. 
In vivo: Theoretical results were validated using in vivo data from 3 healthy volunteers 
(2 male, age 29-32), scanned at 3T (Prisma, Siemens). For each protocol, 5 axial slices 
(3.4x3.4x5 mm) were acquired with vascular crushing (VENC=4 cm/s in z-direction) 
and TE=20.5 ms. A presaturation module and two inversion pulses were used for 
background suppression as in [3]. Each protocol had a similar scan time of ~ 4:20 min. 
The PLDs from each protocol were interleaved to minimise physiological drift biasing 
the results. Data were fit in an identical manner to the simulated data. “Ground truth” 
CBF and ATT estimates were found by combining and fitting the data from all scans. 
Grey-matter (GM) masks were generated from each subject’s T1-weighted structural 
image. The ground truth ATT estimates were used to bin the estimates from each 
protocol within the GM mask for each subject, using a sliding window of width 0.1 s 
and evaluated every 0.01 s. 
Fitting: We used the posterior probability distribution SD as a measure of certainty in 
the parameter estimates. A smaller SD is equivalent to higher certainty in a parameter 
estimate. The posterior SDs were combined across subjects based on the ground truth 
estimates. 
 

Results: In vivo, all three protocols produced qualitatively similar CBF maps to the 
ground truth estimates (fig 1). However, the ATT maps showed less agreement. Similar 
trends were seen in theoretical SD, simulation and in vivo posterior probability SDs 
across the ATT distribution (fig 2). The D-Optimal protocol achieved both improved 
CBF and ATT posterior SD across the whole ATT distribution. The L-optimal protocol 
had the lowest posterior SD over the ATT distribution, but had diminished ATT 
posterior SD. 
Conclusion: We have demonstrated that PCASL experiments can be objectively 
designed to achieve low parameter uncertainty over a large range of ATT. This flexible framework allows the optimisation criteria and ATT 
probability distribution to be chosen to suit the need of the experiment in a predefined scan time. 
 

References: 1. Xie et al. MRM 2008; 2. Owen et al. MICCAI 2016; 3. Okell et al. JCBFM 2013; 4. Buxton et al. MRM 1998; 5. Chappell et al. 
IEEE Trans Sig Pro 2009. 
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Fig 1. One slice of the CBF (top) and ATT (bottom) maps 
from the ground truth estimates and the 3 protocols tested, 
in a single subject. 

Fig 2. Theoretical standard deviation (SD), simulation 
posterior SD and in vivo posterior SD in grey-matter 
across 3 subjects. The median and median absolute 
deviations are plotted across the ATT distribution. 
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Introduction: Cardiac pulsatility has been shown to induce BOLD fluctuations, particularly in regions near major blood 

vessels.  Glover et al. (2000) proposed a method, dubbed RETROICOR, which aims to remove these confounds and has been 

employed in a large number of fMRI studies. This method assumes that cardiac activity is quasi-periodic and that its effect 

on the BOLD signal is phase-locked with the cardiac cycle. However, in cases where there are fluctuations in the heart rate 

of the subject during the scan, an approach that takes into consideration the dynamic nature of the underlying physiological 

process may model the effect of cardiac activity on the BOLD signal more accurately. In this study, we have developed a 

novel method for removing BOLD signal fluctuations due to cardiac pulsatility. A dynamic linear model that estimates the 

cardiac pulsatility in cerebral blood flow (CBF) is constructed in a voxel-wise basis taking also into account differences in 

latency of cardiac noise across voxels. A comparison of the proposed method with RETROICOR demonstrated the superior 

performance of the former for removing BOLD fluctuations in gray matter due to cardiac activity. 

Methods: The cardiac artifact is modeled as the convolution of a train of impulses located at the peaks of the 

photoplethysmograph (or the R-waves of the ECG) with a set of Gaussian basis functions. The parameters of the basis set 

that yields the best performance were found using the trust-region-reflective. Moreover, in this model, named dynamic 

linear model (DLM), a different pure time delay was allowed for each voxel that maximizes the fit of the model to the voxel 

timeseries. That way, differences in the latency of the pressure wave from the heart to the vessels in each brain region are 

considered. Also, this model is not affected by any synchronization delays that may be present between the fMRI timeseries 

and the physiological recordings. The performance of this method was tested on resting-state fMRI data from the Human 

Connectome Project (10 subjects) and the goodness of fit of the model was evaluated using the adjacent coefficient of 

determination, R2. This metric essentially reflects the variance in BOLD signal explained only by cardiac activity. 

Results: With respect to the mean R2 across all voxels, in both 10 subjects, the DLM performed better than RETROICOR (the 

mean R2 averaged across subjects increased from 3.8% to 6.0%). Fig. 1 shows R2-maps of the cardiac noise as estimated 

using RETROICOR and the DLM for a representative subject. 

Conclusion: Our results demonstrate the feasibility of using the proposed method to improve the removal of BOLD 

fluctuations due to cardiac pulsatility, improving ultimately the validity of findings in fMRI studies. 

References: 

[1] G. H. Glover, T. Q. Li, and D. Ress, “Image-based method for retrospective correction of physiological motion 
effects in fMRI: RETROICOR,” Magn. Reson. Med., vol. 44, no. 1, pp. 162–167, 2000. 

Fig.  1: Comparison of RETROICOR and the dynamic linear model (DLM) in explaining 
fluctuations in BOLD signal due to cardiac activity (maps are thresholded at R2>20%)  
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Introduction 

Multiple echo time arterial spin labelling (ASL) measurements provide an entirely non-invasive technique to separate 

the intra-vascular (IV) and extra-vascular (EV) components of labelled blood water in brain tissue [1]. The relative IV 

and EV contributions to the ASL signal is dependent on the permeability of cerebral vessels to blood water [2]. The time 

for the labelled blood water to move from the IV compartment to EV tissue (exchange time) gives a surrogate index of 

blood brain barrier (BBB) permeability. Exchange time has previously been assessed in the rat cortex [1], but this 

technique has yet to be applied to the mouse brain due, in part, to the markedly smaller size and associated susceptibility 

artefacts. But, given the range of transgenic mouse models of pathology currently available, development of this 

methodology in the mouse brain may be highly beneficial to the understanding of BBB integrity in neurodegenerative 

disease. 

Methods and Materials 

ASL data were acquired by an Agilent 9.4T imaging system in C57/B6 WT female mice (n=6). Imaging parameters 

were: TE = 10, 12, 15, 18, 23, 30, 40, 50, 65ms; FOV = 25 x 25mm; matrix size = 32x32; TR = 5000ms at inflow times 

(TI) = 1000ms and 1500ms. The mean ASL signal intensity in the cortex, ΔM, was extracted from the images at each 

TE. The data was evaluated using a bi-exponential model where IV and EV signal contributions were then used for 

calculation of the exchange time from the Buxton kinetic model [3]. 

Results 

Figure 1A shows that the transverse decay of the ASL signal in the mouse brain is well described by the bi-exponential 

model and provides evidence to support the feasibility of this approach to extract the intravascular, ΔMIV, and 

extravascular, ΔMEV, contributions to the ASL signal. Figure 1B shows that there is a reduction in the intravascular 

fraction of the ASL signal, from 0.66 ± 0.17 to 0.35 ± 0.10 as the TI increases from 1000 to 1500ms (p = 0.0087). This 

reflects the gradual exchange of the labelled blood water into the tissue. Figure 1B suggests that technique is able to 

estimate the compartmental distribution of the ASL signal with good between-subject reproducibility and thus may 

provide a sensitive non-invasive biomarker of BBB pathology. The mean cortical exchange time was measured to be 

467 ± 105 ms in the mouse brain. 

 

Figure 1A. The mean cortical ASL signal across all subjects 

fitting to the bi-expoential model with the mean parameter 

values and associated errors displayed. B. The intravascular 

fraction (ΔMIV / ΔMEV +ΔMIV) of the ASL signal determined 

for the invidivual subjects at each inflow times. 
 

Figure 2: ASL images at 

increasing echo times 

(indicated on image.) 

 

 Conclusion 

We have developed an imaging protocol to measure exchange time of labelled blood water in the mouse cortical brain 

tissue. This technique may be applied to transgenic mouse models of neurodegeneration to better understand the role of 

BBB integrity in neurodegenerative processes. 
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Background: Measurements of deoxygenated blood volume (DBV) via the streamlined-qBOLD[1] (sqBOLD) technique are larger 
than typically reported in the literature, resulting in underestimation of oxygen extraction fraction (OEF). In this study we address this 
limitation by acquiring a separate measurement of DBV using the BOLD response to the administration of oxygen, which has been 
shown to be specifically sensitive to venous blood volume[2]. The aim of this study is to produce quantitative maps of baseline brain 
oxygenation by combining relaxometry based measures of R2′ with a measurement of DBV using hyperoxia contrast. Hyperoxia-
constrained qBOLD (hqBOLD) results are compared with whole brain measurements of OEF made using TRUST[3] and parametric 
maps of baseline brain oxygenation made using sqBOLD[1]. 
 

Methods: Four healthy participants (aged 23-34; mean 27; 1 female) were scanned 
with local ethics committee approval using a 3T Siemens Prisma with a 32-channel 
receive coil. MRI data were acquired in the following order. TRUST: FOV 230mm2, 
64x64 matrix, TR 3s, TE 7ms, GRAPPA 3, partial fourier 6/8, bandwidth 2604Hz/px. 
Labelling parameters: gap 25mm, thickness 100mm, TI  1050ms, repetitions 40 (4 
tag-control pairs for eTE of 0, 40, 80 and 160ms). Scan duration 1min 53secs. T2 of 
venous blood was quantified from this data and converted to Yv by following the 

standard analysis approach[3]. Assuming arterial blood is fully saturated, an estimate of whole brain OEF is given by 1-Yv. 
Streamlined-qBOLD: A FLAIR-GASE acquisition[4] was used with the following 
parameters: FOV 220 mm2, 96x96 matrix, nine 5mm slabs (encoded into four 1.25mm 
slices), 2.5mm gap, TR 3s, TE 80ms, bandwidth 2004Hz/px, TIFLAIR 1210ms. ASE spin 
echo displacement times (τ): τ=0ms (11 repetitions) and τstart:Δτ:τfinish=15:3:66ms. Scan 

duration 11 mins 48 secs. R2′ was calculated using a log-linear fit to the mono-exponential 
regime[5] (τ>15ms) of the FLAIR-GASE data. DBV was calculated as the difference 
between the intercept of this fit and the log of the spin-echo signal (τ=0ms). OEF was then 
calculated using Eqn 1 with known or assumed constants (Δ𝝌0=0.264x10-6, κ=0.03). 
Hyperoxia-qBOLD: FLAIR-GASE was repeated for τ≥15ms to provide an independent 
measure of R2′. Scan duration 7mins 18secs. BOLD EPI data were acquired with a 
matched slice prescription: FOV 220 mm2, 96x96 matrix, nine 5mm slices, 2.5mm gap, TR 
1s, TE 35ms, bandwidth 2004Hz/px. A prospective end-tidal gas targeting system 
(RespirAct Gen 3) was used to modulate end-tidal oxygen (PETO2) between normoxic and 
hyperoxic (baseline +300 mmHg) conditions, whilst maintaining isocapnia. Hyperoxia 
paradigm: three 2mins blocks of normoxia interleaved with two 2mins blocks of hyperoxia. 
Scan duration 10mins. Hyperoxia BOLD data were analysed with FEAT[6] using the 
recorded PETO2 as a model. DBV was calculated from voxel-wise estimates of percentage 

BOLD signal change (S) using Eqn 2, where A=27ms, B=0.2, C=245.1mmHg and D=0.1. 
OEF was then calculated by combining DBV and R2′ parametric maps using Eqn 1. 
Measurements were limited to grey matter due to the presence of paramagnetic myelin in 
white matter invalidating qBOLD model assumptions[1]. 
 
Results: Fig 1 shows spin-echo images, grey matter masks and parameter maps for a 
selection of slices from one subject. For each subject, regional measurements of DBV and 
OEF were estimated for grey matter using sqBOLD and hqBOLD and compared with whole 
brain TRUST measurements of OEF, Table 1. 
 
Discussion: Group average DBV measurements from hyperoxia BOLD are considerably 
lower than from sqBOLD. Through Eqn 1 this propagates to higher estimates of OEF that 
are in better agreement with TRUST OEF than those from sqBOLD. Finally, the total 
acquisition time for hqBOLD was 17mins 18secs, but further investigation may permit a 
reduction in acquisition time.  

 
Conclusion: In this pilot study, hqBOLD produces estimates 
of OEF in grey matter that agree well with established 
measures of whole brain OEF by improving the measurement 
of DBV using hyperoxia.  
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Figure 1 Example images from hqBOLD 
technique for a single subject. Spin echo 
images are extracted from FLAIR-GASE 
data with τ=0ms. R2′ maps were 
generated from FLAIR-GASE data with 
τ≥15ms. Maps of DBV were calculated 
from hyperoxia BOLD data using 
Equation 2. Maps of OEF were generated 
by combining DBV and R2′ parametric 
maps using Equation 1. 

Sub TRUST 
 

Streamlined-qBOLD 
 

Hyperoxia-qBOLD 

OEF 
[%] 

DBV [%] OEF 
[%] 

DBV [%] OEF 
[%] 

1 38 3.5 16 1.5 41 

2 33 2.7 15 1.7 34 

3 34 3.8 15 1.6 48 

4 40 4.2 19 1.9 49 

Mean 36 ± 3 3.5 ± 0.6 16 ± 2 1.7 ± 0.1 43 ± 7 
Table 1 Regional estimates of OEF and DBV calculated from grey matter 
(GM). TRUST data reflects whole brain OEF measured in the sagittal 
sinus. Streamlined-qBOLD DBV is measured directly from the qBOLD 
signal, hyperoxia-qBOLD DBV was measured in a separate experiment 
using hyperoxia BOLD contrast. 
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Introduction 
The BOLD MRI signal can be quantified to measure oxygen extraction fraction (OEF) and deoxygenated blood volume (DBV) in the 
brain[1], which have potential to be used in the assessment of acute stroke[2]. Current Asymmetric Spin Echo (ASE) approaches[3] have 
relied on a simple analysis of the qBOLD signal by fitting the signal acquired in two regimes: the spin-echo regime (with ASE refocusing 
pulse offset τ=0ms) and long τ ASE (τ>15ms)[4]. This study aims to fit a continuous model of the qBOLD signal using Bayesian statistics 
to utilize data from the full range of available τ values, and ascertain the possibility of simultaneous estimation of OEF and DBV. 

Methods 
ASE signals from a single voxel with two compartments (parenchyma and 
venous blood) were simulated with TR/TE=3s/74ms, pulse offset τ=-16:64ms, 
in steps of 8ms. A grid search over parameter space was used to estimate 
possible distributions of values for OEF and DBV in the presence of Gaussian 
noise (SNR=50), in order to ascertain estimability. Patients with acute ischemic 
stroke were recruited and scanned at 3T under a National Ethics Committee 
approved protocol. GESEPI ASE scans were acquired with a FLAIR preparation 
(TI=1210ms) to null CSF signal[4] (FOV=220mm2, 96x96 matrix, nine 5mm slabs, 
1mm gap, TR/TE=3s/74ms, BW=2004Hz/px, scan duration 4.5 minutes, using 
the above τ values). Diffusion weighted imaging (DWI) data were also acquired 
following standard protocol. Data were processed in FSL using standard 
procedures. The same model as in the simulations was applied as a forward 
model in FABBER, a variational Bayesian (VB) tool within FSL[5][6]. OEF was 
estimated, with all other parameters assigned fixed values throughout the 
brain[7]. Spatial regularization was applied to the posterior distribution of OEF, 
which is expected to be fairly homogeneous. 

Results & Discussion 
Fig 1 shows the result of a 2D grid search, where distributions of both OEF and 
DBV are estimated simultaneously. In this case, the distribution was non-
Gaussian, and demonstrated clear collinearity of the two parameters. Fig 2 
compares the map of fitted OEF with the ADC and b=1000 s/mm2 diffusion 
maps of the same ischemic stroke patient on presentation, and 24 hours later. 
An area identified as ischemic after 24 hours has elevated OEF in the 
presentation scan, even though DWI suggests a smaller area. 

Simulations presented here have shown that simultaneous estimation of OEF 
and DBV may not be possible with this approach; however, single-parameter 
VB estimation still has potential utility in stroke diagnosis and assessment 
because of its ability to show the extent of affected penumbral areas before 
there is any detectable change in DWI. It is possible that estimation may be 
improved by incorporating prior knowledge of R2, which could be obtained by 
acquiring data with a range of TE, and through the use of a model which 
accounts for diffusion. It is our intention to develop such a model, and to 
evaluate it using real and simulated data[8], to improve the acquisition method.  

Conclusion 
We have used simulations and patient data to apply curve-fitting within a Bayesian framework to extract parameters from ASE data. 
Our results suggest that this is not straightforward, and that there is collinearity between OEF and DBV in the regimes considered, 
which makes quantifying both of them simultaneously problematic. It will therefore be necessary to employ a more detailed model 
in order to successfully measure both.  
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SYPNOSYS 
The structural nature of BOLD and CBV fluctuations during resting-state remains unclear. To address this, we first developed a simultaneous multi-slice VASO-BOLD 
EPI sequence at 3T and isolated resting-state VASO- and BOLD- based networks. We then performed ToF and SWI to quantify the arterial and venous contributions in 
each network. Overall, both BOLD and VASO showed similar networks which were spatially localized near large veins. Also, similar proportions of vasculature were 
observed throughout all networks. These results suggest that simultaneous BOLD-CBV acquisitions are feasible at 3T and that their resting state networks are spatially 
and structurally similar. 
INTRODUCTION 
Resting-state fMRI networks are often used to study the impact of brain disease or healthy aging on brain dynamics1. Since the BOLD contrast combines the cerebral 
metabolic rate of oxygen (CMRO2) with effects from cerebral blood flow (CBF) and CBV, important questions arise regarding the true origin of these networks, or 
more specifically, whether some simply reflect the heterogeneous layout of cortical veins and/or arteries. Recently, a simultaneous whole-brain VASO2 and BOLD 
acquisition was reported at 7T3. Based on this, we sought to develop a similar acquisition at 3T using a simultaneous VASO-BOLD EPI sequence. Image quality of the 
sequence was first assessed using a known cognitive task. We then used the same VASO-BOLD acquisition to investigate the similarities and differences between 
CBV- and BOLD-based resting-state networks obtained by machine-learning decomposition. We finally compared this to maps of arterial and venous density computed 
from ToF and SWI acquisitions to investigate the vasculature of these networks. 
METHODS 
Image acquisition was performed in healthy young adults (N=12, 18-30 years old) on a Philips 3T scanner. Each session started with an anatomical T1-weighted 
MPRAGE acquisition (TR/TE 7.8/3.54 msec, voxel size of 1 mm³), followed by a resting-state VASO-BOLD acquisition (5 min, 240x240x100 FOV, TR/TI1/TI2/TE 
3000/675/1825/20 msec, voxel size of 3x3x5 mm, 5-slice EPI readout with Multiband SENSE acceleration of 4, for a total of 20 slices). The VASO-BOLD acquisition 
was also tested on one participant using an alternating finger-tapping task (4min30, 30 secs on/off). Vascular brain structure (veins/arteries) was then assessed using a 
ToF angiography acquisition (200x200x120 FOV, TR/TE 23/3.6 msec, voxel size of 0.625x0.625x1.3 mm) and a high-resolution multi-echo SWI sequence 
(230x230x160 FOV, TR 28 msec, TE 6.9/12.6/18.3/24.0 msec, voxel size of 0.6x0.6x1.2mm). BOLD and VASO signal analysis were carried out using a pipeline 
consisting of motion correction, band-pass temporal filtering (0.005 to 0.1 Hz), spatial smoothing using non-local mean denoising4 and temporal normalisation (signal 
from -1.0 to 1.0) using AFNI5. Residual BOLD was finally regressed out of the VASO signal using a point-by-point divisions (VASO/BOLD)6. Both ToF and SWI 
were preprocessed using an in-house algorithm based on a Frangi measure of vesselness and vessels enhancement diffusion filtering7,8, then thresholded to obtain both 
whole-brain artery and vein maps. VASO and BOLD, SWI and ToF signals and maps were all registered to MNI standard space using ANTs non-linear registration9. 
The mean of all participants’ veins and arteries was computed to form a multi-subject venous and arterial atlas. The multi-subjects VASO and BOLD were respectively 
decomposed into 18 functionally defined maps using the multi-subject dictionary learning algorithm10 implemented in Nilearn11, similar to but more consistent, stable 
and less noisy than independent component analysis12. The VASO components were matched to the BOLD components to finally retain 15 positive matches. From 
these components, the percentage of veins and arteries was then reported as the proportion of non-zero voxels in each component map. 
RESULTS 
Figure 1 illustrates both venous (blue) and arterial (red) vessels computed from the mean of all participants’ SWI and ToF, respectively, on top of every resting-state 
networks. [21-34]% of vascular voxels were detected amongst networks ([4-11]% arteries,  [13-23]% veins). Figure 2 shows the 15 BOLD-based and VASO-based 
network components. In all cases, BOLD and CBV networks were highly similar and were for the most part localized near the larger veins.    
DISCUSSION & CONCLUSION 
We report reliable and highly similar brain networks detected from simultaneous multi-slice EPI VASO and BOLD across the brain. These results are in agreement with 
a previous study reporting a less consistent but similar parity across networks13. The improved correspondence observed in our results may be due to the use of a 
simultaneous multi-slice VASO-BOLD approach compared to separate 3D-GRASE VASO and EPI BOLD acquisitions which may be biased by slight changes in brain 
state. Even if our venous and arterial atlas revealed no significant distinction between the vascular composition of the networks, it was demonstrated that the resting 
state fluctuations observed by either VASO or BOLD occur in regions with a higher than average venous contribution, which is not the case for the arterial contribution.  
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Figure 2 VASO vs BOLD resting-state networks 
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Introduction 
Pulsatility in cerebral veins is thought to be a passive process, reacting to intracranial pressure changes arising due to arterial 
pulsatility. This normal process may be compromised in some pathologies, such as normal pressure hydrocephalus1. Non-invasive 
measurements of venous pulsatility have the potential to provide insight to such pathologies. Phase contrast MRI (pcMRI) is a 
powerful tool for measuring blood velocity in cerebral blood vessels and venous pulsatility has been observed previously2. However, 
so far, these studies of venous pulsatility have been limited to large cerebral veins, such as the superior sagittal sinus and jugular 
veins. Applying these measurements to smaller cortical veins would allow subtler changes to be studied and a better understanding to 
be gained of the functional consequences of venous pulsatility at the tissue level. Our study makes use of the increased signal to 
image at finer spatial resolution at 7 Tesla. We assess whether venous pulsatility can be resolved in veins with sub-millimeter 
diameters. 

Methods 
Image acquisition: Six subjects (4 female/2 male; 26-38 years) participated in this study. Measurements were performed on a whole-
body 7T research MR-system (Siemens Healthcare GmbH, Erlangen, Germany), with a 32-channel head receive/volume transmit 
coil. A T2*-weighted 3D FLASH image (1mm isotropic, TR/TE = 23/11ms) was acquired for slice planning and identification of 
cerebral veins (hypointense) and arteries (hyperintense). Two sets of cardiac-gated pcMRI data (venc = 50cm/s through slice, single 
slice, 3 averages per cardiac phase) were acquired over an acquisition window 100ms shorter than the subject’s average cardiac 
period, approximately 40 phases of the cardiac cycle. Prospective cardiac gating was performed using a photoplethysmogram placed 
on the subject’s finger. The first pcMRI was positioned perpendicular to the superior sagittal sinus (1x1x40mm; 256mm FOV; 
TR/TE = 19.1/5ms). The second pcMRI was acquired at finer voxel resolution (0.6x0.6x5mm; 192mm FOV; TR/TE = 19.3/5ms), 
positioned perpendicular to a small medial-posterior cortical vein, draining into the superior sagittal sinus, selected for being straight 
over the extent of the image volume. Analysis: Cerebral blood vessels were segmented using the magnitude of the pcMRI and their 
diameter was estimated manually. Each vessel was categorized as superior sagittal sinus, vein or artery based on the T2*-weighted 
FLASH image. Cardiac cycle resolved velocity time-courses were calculated from the phase of the pcMRI. 

Results 
Cardiac cycle time-locked pulsatility was observed in a range 
of veins, including at least one sub-millimeter diameter vein in 
each subject. The cardiac cycle time-course for an example 0.6 
mm diameter vein is shown in Figure 1, as well as example 
images. Figure 2 shows the shape of the pulsatile time-course, 
comparing small veins, the superior sagittal sinus and small 
arteries. The small vein time-course is similar to that of the 
small arteries, whereas the sagittal sinus time-course is 
delayed by approximately 50ms (p<0.05) with respect to small 
arteries. 

Discussion 
The similar pulsatile time-courses between small veins and 
small arteries are consistent with a passive mechanism causing 
venous pulsatility, due to venous volumes decreasing in 
response to arterial volume increase and transient rise in 
intracranial pressure. A delayed sagittal sinus time-course is 
consistent with waves of pulsatile flow propagating 
downstream from the pulsatile small veins. We used a simple 
method for segmenting blood vessels, based on thresholding 
the magnitude of the pcMRI. We chose not to use more 
sophisticated methods, which use the characteristic signal of 
pulsatility for segmentation3, since these signals were the 
objective of our study and we did not want to bias our results. 
Future work will incorporate these methods into our 
measurement. Our measurements feature variability in delay 
across subjects due to the anatomical distance between the 
finger photoplethysmogram and the cerebral vasculature. 
Future work will assess whether using an electrocardiogram 
for cardiac gating would provide a less variable delay than the 
photoplethysmogram. Further, our technique may benefit from 
the increased coverage available with a 3D acquisition, as 
demonstrated recently by Schuchardt et al.4. 

Conclusion 
We report the first MRI-based observations of pulsatility in sub-millimeter diameter cerebral veins. This approach makes use of the 
increased signal and finer spatial resolution available at 7 Tesla. 
References: 1. Greitz D. Neurosurg Rev. 2004;27:145–65.  2. Stoquart-ElSankari S et al. J Cereb Blood Flow Metab. 2009;29:1208-1215.  3. Alperin 
N and Lee S. Magn Reson Med. 2003;49(5):934-944.  4. Schuchardt F et al. Eur Radiol. 2015;25:2371–2380. 

	
Figure 1: (a) Cardiac cycle synchronized blood flow time-course for 
0.6mm cerebral vein, located on (b) the magnitude pcMRI image, (c) the 
phase pcMRI image and (d) the T2*-weighted FLASH image. 

	
Figure 2: Small vein (top row), superior sagittal sinus (middle row) and 
small artery (bottom row), cardiac cycle blood flow time-courses. 
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