1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny Yd-HIN

"% NIH Public Access

(A & Author Manuscript
st

NATTG,
fiy

Published in final edited form as:
Neuroimage. 2013 May 15; 72: 33-40. doi:10.1016/j.neuroimage.2013.01.039.

An analysis of the use of hyperoxia for measuring venous
cerebral blood volume: Comparison of the existing method with
a new analysis approach

Nicholas P. Blockleyl:2* Valerie E. M. Griffeth3, Michael A. Germuska?, Daniel P. Bulte?,
and Richard B. Buxtonl4

1Center for Functional Magnetic Resonance Imaging, Department of Radiology, University of
California San Diego, La Jolla, CA, USA

2EMRIB Centre, Nuffield Department of Clinical Neurosciences, University of Oxford, Oxford, UK

3Department of Bioengineering and Medical Scientist Training Program, University of California
San Diego, La Jolla, CA, USA

4Kavli Institute for Brain and Mind, University of California San Diego, La Jolla, CA, USA

Abstract

Hyperoxia is known to cause an increase in the blood oxygenation level dependent (BOLD) signal
that is primarily localised to the venous vasculature. This contrast mechanism has been proposed
as a way to measure venous cerebral blood volume (CBVV) without the need for more invasive
contrast media. In the existing method the analysis modelled the data as a dynamic contrast agent
experiment, with the assumption that the BOLD signal of tissue was dominated by intravascular
signal. The effects on the accuracy of the method due to extravascular BOLD signal changes, as
well as signal modulation by intersubject differences in baseline physiology, such as haematocrit
and oxygen extraction fraction, have so far been unexplored. In this study the effect of
extravascular signal and intersubject physiological variability was investigated by simulating the
hyperoxia CBVv experiment using a detailed BOLD signal model. This analysis revealed
substantial uncertainty in the measurement of CBVv using the existing analysis based on dynamic
contrast agent experiments. Instead, the modelling showed a simple and direct relationship
between the BOLD signal change and CBVv, and an alternative analysis method with much
reduced uncertainty was proposed based on this finding. Both methods were tested
experimentally, with the new method producing results that are consistent with the limited
literature in this area.
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Introduction

Hyperoxia has previously been proposed as a tracer for measuring venous cerebral blood
volume (CBVv) (Bulte et al., 2007). The subject is asked to breathe a hyperoxic gas mixture
interleaved with periods of air breathing. Breathing a hyperoxic gas mixture produces an
increase in venous haemoglobin saturation resulting in an increase in the blood oxygenation
level dependent (BOLD) signal. In analogy with T4-based contrast agent studies for
measuring total cerebral blood volume (CBV), the measured BOLD signal from tissue is
normalised by the signal from a 100% CBV voxel located in a large vein (Rempp et al.,
1994; Newman et al., 2003). This analysis approach assumes that the signals measured in
both cases are dominated by intravascular signal change. However, the tissue signal has a
significant extravascular component that makes up around 70% of the total signal at 3.0 T
(Uludag et al., 2009). The magnitude of the BOLD response is also dependent on
physiological differences between subjects (Blockley et al., 2012) potentially confounding
the measurement of CBVv. However, quantitative measurements of CBVv have a number of
potential uses. For example, the acquisition of normative data in the healthy brain would
allow for a comparison with the diseased state. In addition, the dynamic range of the BOLD
response is strongly influenced by CBVVv (Blockley et al., 2012). Therefore measurements of
CBVV may be useful when controlling for differences in the magnitude of the BOLD
response across subjects and in disease.

In this work we performed simulations of the existing method of measuring CBVv using a
detailed model of the BOLD signal and its response to a hyperoxic stimulus. These
simulations enable the physiological confounds of this method to be considered in a way
that experiments alone could not achieve. Specifically the effect of intersubject variations in
baseline physiology and alterations in cerebral blood flow (CBF) and oxygen metabolism
(CMROy) due to hyperoxia were considered. Following on from these simulations an
alternative analysis method is proposed that has lower sensitivity to baseline physiological
variability. Experiments were performed to establish the plausibility of the measurements
produced by both methods with reference to literature values.

Theory and Simulations

Extravascular BOLD signal

Firstly we consider the effect of an increase in venous haemoglobin saturation on the BOLD
signal when the brain is under baseline resting conditions. At 3.0 T the majority of the
BOLD signal originates in the extravascular compartment and is caused by an enhancement
of the tissue transverse relaxation rate, Ro*, by magnetic field gradients surrounding
deoxygenated blood vessels. Theoretical and Monte Carlo numerical analyses have shown
that the enhancement of extravascular Ry* (6R,*) is a function of CBVv (V,)) and venous
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deoxyhaemoglobin concentration ([dHb]y, 9gub Alblood 1) (Ogawa et al., 1993; Yablonskiy
and Haacke, 1994).

SRy=kV,[dHD)” ()

Here « reflects properties of the experiment including vessel geometry, field strength and
the susceptibility of deoxyhaemoglobin. The exponent g is dependent on the blood vessel
scale under examination due to diffusion of water protons around these vessels, with =1
being used for larger vessels, such as venules and larger, and =2 being used for capillaries.
The aim of this study was to target CBVv and hence =1 is most appropriate, leading to the
following relation for the change in extravascular Ry* (AR5*). Since the aim of these
experiments was to measure resting baseline CBVYv it is assumed to be unchanged in this
simple model.

AR;=kV,A[dHb], (2)

Hyperoxia results in only small changes in AR,* suggesting that a linear approximation is
appropriate to describe the fractional change in BOLD signal (8Syjss)-

0Stss = TEKV,A[dHD], (3)

Therefore, for venous vessels the resting CBVVv is a function of the BOLD signal change
that results from the change in deoxyhaemoglobin concentration (A[dHb],) caused by a
hyperoxic stimulus. This enables CBVVv to be measured as long as A[dHb],, can be
accurately estimated. However, it is clear that this would not be the case for capillaries. In
addition this model does not take account of intravascular signal change, which still
represents a significant fraction of the total signal at 3.0 T. Therefore, detailed modelling of
the BOLD signal, incorporating all of these effects, is required to test whether CBVv can be
measured in this way.

Oxygen transport modelling

We now consider the underlying physiology that results in an increase in venous
haemoglobin saturation during the administration of a hyperoxic stimulus. Oxygen is carried
by the blood in two ways, bound to haemoglobin or dissolved in plasma. If we first consider
the arterial blood, its saturation (SaO,) is dependent on the oxygen partial pressure of the
blood (PaOy) in units of mmHg. This can be approximated by the following relation
(Severinghaus, 1979).

1
23400 4
(Pa02)3+150 PaO2 +

SG,OQZ

The total oxygen content of the blood (CaO5) is the sum of the haemoglobin (¢ [Hb] SaO,)
and plasma (e PaO,) contributions.

Ca0s=¢ | Hb| SaOs+ePa0y (5)
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The constants ¢, [Hb] and e are the oxygen carrying capacity of haemoglobin (¢=1.34 mlO,
Oub 1), the blood haemoglobin concentration ([Hb]=15 gnp dlpood L, €quivalent to a
haematocrit of 0.45) and the solubility coefficient of oxygen in blood (£=0.0031 mIO,
dlpiood 2 mmHg™1), respectively (Chiarelli et al., 2007). This relation holds for venous
blood, but the total oxygen content of venous blood (CvO5) can also be defined in terms of
Ca0,, where CmetOs is the oxygen extracted to serve oxidative metabolism.

Cv02=Ca02 — CmetOy (6)

Rearranging, the venous haemoglobin saturation (SvO,) can be written in the following
way, where PvO, is the oxygen partial pressure of venous blood.

Ca05 — CmetOy — e Pv0Oy
¢ [ Hb]

Sv0y= @

Hence the resting [dHb],, level can be evaluated given the following relation.

[dHb],=[Hb] (1 — Sv02) (8)

It is fair to assume that PvO, is negligibly small as the oxygen in the venous plasma is in
equilibrium with that bound to haemoglobin. Since the change in haemoglobin saturation
due to hyperoxia is relatively small the change in PvO, will be even smaller, i.e. APvO,%3
mmHg. For now, we will consider that CmetO, is not altered by hyperoxia. With these
assumptions the change in venous deoxyhaemoglobin concentration, A[dHb],, can then be
described by,

o [ Hb] ASaOz+eAPaOs

A[dHb] = — J

©)

Here ASaO, and APaO», are the changes in SaO, and PaO in response to hyperoxia,
respectively. Unlike PvO,, PaO, contributes significantly to A[dHb]y, as it can be easily
three orders of magnitude greater than the venous effect, i.e. APaO»~200 mmHg. Equation
[9] predicts that changes in venous blood oxygen saturation will dominate during a
hyperoxic stimulus. For example, when APa0O,=200 mmHg and [Hb]=15 gnp, dlpjood L, the
change in arterial deoxyhaemoglobin content, A[dHDb],, is approximately —0.24 gqup
dlpooq 2, Whilst A[dHb]y, is approximately —0.70 ggnp dlpiood +. This equates to a ~3 times
larger change in [dHb] in venous vessels. Hence changes in the BOLD signal will be
strongly weighted towards the venous vasculature. However, Eq. [9] assumes isometabolism
and therefore detailed modelling of the BOLD signal is required to examine the results when
this is not true.

Simulations were performed to test the underlying principle of using hyperoxia to measure
resting baseline CBVv and the sensitivity of this method to intersubject variations in
physiology. Oxygen transport and the BOLD signal are dependent on properties of the
blood, with the haematocrit and venous haemoglobin saturation being the most important.
However, the value of these parameters does have substantial variation within the
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population. The PET literature defines a relatively broad range of OEF values from 0.35 to
0.55 (Marchal et al., 1992). Similarly haematocrit varies in the range 0.42-0.50 for males
and 0.37-0.47 for females (McPhee and Hammer, 2009). These parameters, along with
CBVv, determine the maximum BOLD signal amplitude. A detailed BOLD signal model
(Griffeth and Buxton, 2011) was used to simulate the BOLD response to hyperoxia to
investigate the effect of variability in baseline physiology. A summary of the salient features
of the model and analysis approach will now be presented; see (Griffeth and Buxton, 2011)
and (Blockley et al., 2012) for further detail. The detailed BOLD signal model includes
intra- and extravascular signal contributions from three vascular compartments; arteries,
capillaries and veins. Extravascular signals were modelled using the results of numerical
simulations for two vessel scales to reflect the different signal characteristics of capillaries
(B=2) compared with arteries and veins (f=1) (Ogawa et al., 1993). Intravascular signals
were described using empirical measurements of blood Ry* as a function of oxygenation and
haematocrit (Zhao et al., 2007; Griffeth and Buxton, 2011). Capillary blood haemoglobin
saturation was described by a weighted average of the arterial and venous values (Griffeth
and Buxton, 2011). Distribution of blood to the three compartments was achieved by
assigning a value of total CBV and partitioning this volume into relative volume fractions,
Q, for each of the compartments (subscript a, ¢, v for the arterial, capillary and venous
compartments, respectively). Relative volume fractions were initially set as Q,=0.2, Q.=0.4
and Q,=0.4. The effect of physiological variation was simulated by randomly selecting pairs
of haematocrit and OEF values to sample the expected distribution of the population
(Blockley et al., 2012). Values were selected in the ranges 0.37-0.50 and 0.35-0.55 for
haematocrit and OEF, respectively. The baseline total CBV fraction was added as an
additional randomly selected value meaning that each data point was defined by three
parameters. Total CBV fraction was allowed to vary in the range 0 to 0.1 to bracket the
experimentally observed value of 0.05 (Roland et al., 1987).

The following steps were followed to simulate the CBVVv experiment. The BOLD signal
change (6S=AS/Sy) resulting from breathing a hyperoxic gas mixture was simulated for
tissue (tiss) and vein (vein) using the detailed BOLD signal model. One thousand values of
8Stjss and 8S,ein Were produced using a uniform random number generator to select values
for haematocrit, OEF and CBVVv in the ranges described above. The uncertainty introduced
by this physiological variability was assessed by plotting the measured signals against the
true CBVV to assess the scatter in this relationship. For the existing method the measured
quantity is the tissue signal normalised by the signal from a vein measured at steady state,
per Eq. [10] (Bulte et al., 2007). This equation is re-written in terms of percentage CBVv
rather than ml g~ of tissue as in the original reference.

In (8Sgsst1
Scaling of the measured signals in terms of CBVVv is provided by the constant h=(1-Hct)/(1-r
Hct), where Hct is the haematocrit and r=0.85 corrects for differences between small and
large vessel haematocrit. However, this scaling was neglected at this stage in order to test
the fundamental relationship between the measured quantity and CBVv. Figure 1a-c plot the
effect of intersubject physiological variation on this relationship for three different levels of
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hyperoxia: APaO,=200 mmHg, 300 mmHg and 400 mmHg. The effect of haematocrit and
OEF alone, and in combination, reveals that OEF causes substantial variability in this
relationship. Such variability will increase the uncertainty on the measurement of CBVv.

This result led us to consider an alternative analysis approach that does not require a
measurement of the venous BOLD signal change (8Syein). Figure 1d-f plots the
unnormalised tissue BOLD signal, 8S;jss, against CBVv for the same hyperoxic levels to
investigate the effect of haematocrit and OEF alone and in combination. A much tighter and
approximately linear relationship is revealed that shows lower sensitivity to OEF. However,
the slope of this relationship is dependent on the specific APaO, experienced by the subject.
Due to the linearity of the relationship between 8S;jss and CBVVv a method for scaling the
former in units of the latter is required. Figure 1d-f show that variations in haematocrit and
OEF result in much less uncertainty in this relationship than was the case for the existing
method. However this effect is relatively small, leading to a £5% variation in the value of
A[dHb],, with respect to the mean value for APaO,=200 mmHg (typical of the experiments
below) given the range of haematocrit expected in the population. This variation is similarly
small for the OEF. Therefore, an empirical model, inspired by the form of Eq. [3], is
proposed to calculate an appropriate scaling factor as a function of echo time (TE) and
APaO, alone. The error caused by not including the effects of variation in haematocrit and
OEF are likely to be smaller than the typical precision of this experiment. This also results in
a more practical method as further measurements of haematocrit and OEF are not required.

CBV —( A +B)< ¢ +D)5S
=\ TE APaO, tiss - (11)

Further simulations were performed (not shown) varying TE and APaO, to estimate A, B, C
and D yielding the following values: A=27.0 ms, B=0.2, C=245.1 mmHg, D=0.1.

Three potential confounds of this new method were identified. Firstly, the relative volume
fractions (Q) of the vascular compartments determines the proportion of the signal derived
from the different extravascular regimes (static dephasing versus motional narrowing) with
the potential to increase the uncertainty in the CBVv measurement. This effect was
examined by setting the arterial volume fraction as Q,=0.2 and varying the venous fraction
Q, between 0.4 and 0.6, whilst keeping the sum of Q, and, the capillary fraction, Q¢
constant. Figure 2a shows that this has only a weak effect on the relationship between 8Sq;ss
and CBVv. Secondly, it has been observed that CBF decreases during hyperoxia, through
the direct effect of oxygen (Bulte et al., 2007) and through an associated reduction in blood
carbon dioxide (CO,) levels (Iscoe and Fisher, 2005). This effect was investigated by
simulating the effect of a 5% flow reduction during hyperoxia. The concomitant change in
CBV was modeled as previously described (Griffeth and Buxton, 2011). Briefly, the change
in total CBV at steady state was defined using Grubb’s relation;: CBV=CBF* where a.=0.38.
This change was then distributed across the vascular compartments using similar power law
relations. For the venous compartment a was set to 0.2 (Chen and Pike, 2009) and for the
capillary compartment a value a=0.1 was used, with the arterial compartment contributing
the remainder of the volume change. Since these experiments were performed at steady
state, the slow recovery of CBVv due to balloon effects was not considered. Figure 2b
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shows that this causes the relationship between 6Sijss and CBVVv to shift and broaden.
Finally, the effect of a change in CMRO> during hyperoxia was considered. However, it
isn’t clear from the literature whether CMRO, increases (Rockswold et al., 2010), remains
the same (Diringer et al., 2007) or decreases (Richards et al., 2007; Xu et al., 2012) during
hyperoxia. Therefore, CMRO, changes of +10% were simulated. Figure 2c shows that this
causes the relationship between &S;;ss and CBVV to shift and broaden in a similar manner to
Fig. 2b, but to a larger degree.

Experimental Methods and Results

Imaging

Analysis

This study was approved by the National Research Ethics Service, Oxfordshire REC A.
Informed consent was obtained from nine healthy subjects (6 male, mean age 28+4 years).
Subjects were scanned at 3.0T on Siemens Trio (n=7) and Verio (n=2) scanners (Siemens
Medical Solutions, Erlangen, Germany). Both systems were equipped with a transmit body
coil and multi-channel head receive coils (Trio — 12 channel, Verio — 32 channel). Foam
inserts were placed around the subject’s head to minimise motion. Gradient-echo echo
planar images (EPI) were acquired with BOLD-weighting (TE=30 ms). Images were
acquired with 3x3x3 mms3 spatial resolution using a 64x64 matrix over 53/44 (Trio/Verio)
slices with a temporal resolution of 3.0/2.4 s. A high resolution structural MPRAGE scan
(Mugler and Brookeman, 1990) was acquired to enable grey and white matter masks to be
generated (TR/TE = 2040/4.7 ms, flip = 8°, 1 mm isotropic resolution).

The hyperoxic condition was achieved by presenting 100% oxygen to the subject via a two
tube nasal cannula at 7 Ipm, whilst simultaneously sampling inspired and expired gases. Due
to mixing with room air, the inspired oxygen fraction was approximately 50%. Two 2
minute periods of hyperoxia were interleaved with 2 minutes of room air. End-tidal PO,
(PerO3) and PCO,, (PerCO5) were recorded throughout the experiment using a Biopac
MP150 (Biopac Systems, Inc. Goleta, CA, USA) with oxygen and carbon dioxide gas
analyser units (02100C and CO2100C), at a sampling rate of 25 Hz. PCO, data were not
analysed further due to a calibration error in some data sets.

Two subjects were excluded from the analysis due to a AP=rO5 less than 100 mmHg. Images
were pre-processed using FSL software tools for motion correction (Jenkinson et al., 2002)
and brain extraction (Smith, 2002). High pass temporal filtering with a cut-off of 240 s and
spatial smoothing with a Gaussian kernel with a full width half maximum of 5 mm was
applied to the data. The BOLD signal response due to hyperoxia was analysed by fitting a
general linear model of the expected time-course using FEAT (Woolrich et al., 2001). This
model function was generated by convolving a 2 minute box-car with a Gamma-variate
function (phase 0 s, standard deviation 30 s, mean lag 60 s) (Bulte et al., 2012). The PerO,
time-course was not used as a regressor as this would require accurate synchronisation with
the scanner, precise selection of the end-tidal PO, in the respiratory cycle and would lead to
the inclusion of additional noise. The resulting parameter estimate for the hyperoxia
challenge was converted to percent BOLD signal change by dividing by the mean signal
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intensity over time and multiplying by 100. Maps of percent BOLD signal change were then
used to calculate CBVV in percent using Eq. [10] (existing method) and Eq. [11] (new
method).

For the existing method, voxels within the sagittal sinus were selected in the following way.
Firstly, the centre of the sagittal sinus was manually defined on 5 slices and a 3 dimensional
spline fitted to these points. An 8x8 voxel region of interest was then placed at the vessel
centre defined by the spline on a slice-by-slice basis to produce the final mask. The percent
BOLD signal change map was then masked before thresholding at the 99™ percentile.
Finally, the mean of the remaining voxels was used to define 8§Syin in Eq. [10]. The new
method (Eqg. [11]) requires a measurement of the change in PaO, between the normoxic and
hyperoxic states (APaO,). We infer this from measurements of PerO, under the assumption
that the arterial blood is well equilibrated with the gas in the alveoli and that the alveolar-
arterial oxygen gradient is not altered by hyperoxia. The hyperoxic PerO, was measured
from the last 30 s of each 2 minute hyperoxia challenge, whilst the normoxic value was
taken from a 1 minute window preceding the first hyperoxic block.

Functional data were also registered to the subject’s own structural image (Jenkinson et al.,
2002). Automated segmentation of the structural image was performed using FAST to
produce grey matter, white matter and CSF regions of interest (ROI) (Zhang et al., 2001).
Grey and white matter ROIs were then transformed back into functional space and
subsequently used to calculate the mean and standard deviation of CBVv for these tissue
types. Figure 3 shows five example slices taken from approximately the same region of the
brain in each of the subjects. Table 1 gives mean grey and white matter CBVv values.

Discussion

Measuring the BOLD response to a hyperoxia challenge has the potential to provide the
most sensitive measurement available of CBVv. The existing analysis approach essentially
treated hyperoxia as a contrast agent that simply alters the venous blood signal, so that
normalising the BOLD signal change in a tissue voxel to the signal change measured inside
a large vein gives the fractional venous CBYV in that voxel. Here we used a detailed model of
the BOLD effect to show that a different physical picture of the effect of hyperoxia can
provide a better foundation for determining CBVVv. Specifically, we found that the BOLD
signal change itself, without normalisation, has a simple and direct relationship with CBVv.
The basic physical picture is that a given level of hyperoxia, in the absence of flow or
metabolism changes, produces the same change in venous deoxyhemoglobin concentration
A[dHDb]y in all venous vessels, regardless of the baseline oxygen extraction fraction. Because
the BOLD signal change is primarily driven by a change in total deoxyhemoglobin (the
product of CBVv and A[dHb],), CBVV can be determined directly from the BOLD signal
change provided that A[dHDb]y is accurately estimated. Experimental data was analysed
based on using both the new approach and the existing approach. The results differed by
about a factor of four, with the results of the new approach in good agreement with literature
values.
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In addition, we examined the confounding effects of subject variability of haematocrit and
baseline oxygen extraction fraction on the estimate of CBVv. If there is no accompanying
change in CBF or CMRO, with hyperoxia, the new method is insensitive to variations in
baseline OEF. However, if CBF or CMRO, changes with hyperoxia, this conclusion
changes, and the sensitivity to baseline OEF grows. For this reason, maintaining constant
CBF and minimising the potential for CMRO, change are important goals for these
experiments. We also examined the effect of variability in haematocrit, which affects the
estimation of the deoxyhaemoglobin change A[dHb],. Whilst this effect is small, accuracy
can be improved by directly measuring haematocrit in each subject and including its effect
in a model of the scaling factor. Knowledge of the subject’s OEF could also improve the
accuracy of the new method and could be incorporated into the model, but is unlikely to be
available in practice.

An ideal method for measuring CBVV should produce a tight one-to-one relationship
between the measured quantities and CBVv, regardless of differences in haematocrit and
OEF across subjects. If these unknown variables broaden the distribution of possible
measurement outcomes for a given CBVV increase, the uncertainty of the CBVv estimate
grows. Figure 1a-c show that the existing measurement technique (Eq. [10]) gives a large
uncertainty in CBVv. However, by plotting 8S;jss alone (Fig. 1d-f) a much lower uncertainty
in the value of CBVV can be achieved. This perhaps paradoxical result can be explained by
considering two elements of the signal change. Firstly, the change in BOLD signal due to
hyperoxia is proportional to CBVv and A[dHb],, as suggested by the simplistic model
described by Eq. [3]. Secondly, oxygen transport modelling reveals that when CMRO, is
constant during hyperoxia A[dHb]y is independent of OEF and only weakly dependent on
haematocrit (Fig. 1d-f). Hence changes in tissue signal with hyperoxia should be
proportional to CBVv. However, during an uncontrolled hyperoxic respiratory challenge it is
likely that CBF may be reduced (Bulte et al., 2007), resulting in an altered relationship
between 8S;;ss and CBVv, and increased uncertainty (Fig. 2b). A reduction in CBF causes an
increase in the OEF. Importantly the resultant decrease in venous oxygen saturation is
dependent on baseline OEF, unlike isometabolic hyperoxia. Correction for this effect
requires an unconfounded estimate of the change in CBF (see discussion below). There is
still much debate as to whether CMRO, is altered during hyperoxia (Diringer et al., 2007;
Richards et al., 2007; Rockswold et al., 2010; Xu et al., 2012). However, it is clear from Fig.
2c that, if changes in this parameter were present, they would cause a large degree of
uncertainty in measurements made with the new method. In a similar manner to changes in
CBF, changes in CMRO> introduce a dependency on the baseline OEF. Likewise a
measurement of OEF is required for correction, which is not easily obtainable.

The weak dependence of this method on haematocrit was predicted to produce a +5%
variation in A[dHb],. Since the change in Ry* due to hyperoxia is proportional to the product
of CBVv and A[dHb],, this results in a £5% error in the estimation of CBVv. This error can
be minimised by measuring haematocrit in each subject and including it in the model used to
calculate the scaling factor (Eq. [11]). Alternatively this error can be reduced by increasing
APaO,, resulting in an increased fraction of the total oxygen content to be carried by the
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plasma. Since the plasma content is independent of haematocrit the mean A[dHb],, is
increased, but the variability due to haematocrit is unchanged, diluting the effect of
physiological variability. It must be noted that the parameters that define Eq. [11] are
magnetic field dependent and hence the values presented here are only valid at 3.0 T.
Similar simulations would be required to define these parameters at different magnetic field
strengths.

The underlying cause of the uncertainty seen with the existing method can be explained by
the differing relaxivity characteristics of the intravascular and extravascular signal. Figure
2a suggests that the extravascular signal is dominated by larger venous vessels, since
altering the volume fraction occupied by small vessels (capillaries) has only a weak effect
on the resulting BOLD signal. We might therefore consider the extravascular compartment
to have linear relaxivity (Eq. [2]) (Ogawa et al., 1993; Yablonskiy and Haacke, 1994).
However, the relaxivity of blood has been shown by theory and experiment to be quadratic
(Thulborn et al., 1982; Jensen and Chandra, 2000; Silvennoinen et al., 2002; Gardener et al.,
2010) meaning that the change in intravascular signal is dependent on the normoxic
haemoglobin saturation of the blood. This introduces a dependency on OEF, that does not
exist for the extravascular signal, resulting in the observed uncertainty.

It is also important to note that the interpretation of the hyperoxia BOLD signal presented
here is incompatible with using hyperoxia to calibrate the BOLD response (Chiarelli et al.,
2007). In hyperoxia calibrated BOLD a hyperoxic respiratory challenge is used to measure
the BOLD scaling parameter M, which encompasses properties of the baseline physiological
state including CBVv and [dHb]q (Chiarelli et al., 2007). However, we have recently shown
that this approach is only valid when the correct values for haematocrit and OEF are
assumed in the calculation of M (Blockley et al., 2012). Therefore suggesting that the
hyperoxia BOLD signal is predominantly modulated by CBVv.

Experimental measurements of CBVv using both methods produced very different mean
values; 8.24% and 2.18% for grey matter for the existing and new methods respectively.
There are currently few studies in the literature that quantitatively measure CBVv. Variants
of the gBOLD sequence have been used in several studies with whole brain average CBVv
estimates in the range 2.68% to 3.68% (An and Lin, 2002; An and Lin, 2002). One study
presented grey and white matter specific CBVv values of 1.75% and 0.58% (He and
Yablonskiy, 2007). The fact that the results of the new method are comparable with those
derived from the gBOLD method lends credibility to the assumption that CBF and CMRO,
changes are small or non-existent at the hyperoxic levels achieved in this study. However,
confirmation of this assumption is still required and is the subject of ongoing work.

The consistency of the results of the new method with those from gBOLD is also not
surprising, as measurements of CBVv made using hyperoxia and gBOLD share a common
theoretical background. The gBOLD technique relies on the different characteristics of the
extravascular transverse signal decay during short and long timescales following excitation
or refocussing. In the short timescale the signal decay is quadratically exponential, but
reverts to monoexponential in the long timescale. Each of these timescales is differently
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sensitive to CBVv and [dHb],, enabling these parameters to be disentangled when data are
acquired in both conditions. The hyperoxia CBVv method only acquires data in the long
timescale, relying on the effects of hyperoxia to separate the CBVv effect from [dHb],, i.e.
by modulating [dHb], whilst keeping CBVv constant.

Effects of hyperoxia

Changes in CBF during hyperoxia can theoretically be corrected by measuring this change
using arterial spin labelling (ASL). However, oxygen is paramagnetic and is known to alter
the Ty of arterial blood (Silvennoinen et al., 2003). Accurate quantification of ASL data
requires knowledge of the arterial blood T4, confounding the estimation of CBF when the
oxygen level changes during an experiment (Buxton et al., 1998). Recently this limitation
has been overcome by measuring the T, of arterial blood in each experiment (Pilkinton et
al., 2012). However, this technique is time consuming and has not yet been performed in
humans.

Alternatively changes in CBF and CMRO, can be minimised by carefully controlling the
respiratory stimulus. The major driver of changes in CBF during hyperoxia is the associated
hypocapnic effect (Iscoe and Fisher, 2005). Similarly the effect of oxygen on CMRO> is
proportional to the degree of hyperoxia induced (Xu et al., 2012). In the experiments
performed in this study an uncontrolled hyperoxia challenge was employed. However,
greater control can be achieved using automated respiratory control methods (Wise et al.,
2007; Prisman et al., 2008). Such methods could be used to maintain isocapnia, whilst
maintaining an oxygen level that minimises changes in CMRO,. The ability to target
specific changes in PaO, using these methods opens up a further interesting possibility.
When TE=30 ms and APa0,=306 mmHg the scaling factor between CBVv and &S;jss is 1.
Therefore, the percentage BOLD signal change in response to hyperoxia is numerically
equivalent to the percentage CBVv.

Conclusion

It was shown by simulation that the existing method for measuring CBVv using hyperoxic
contrast has substantial sensitivity to variations in baseline physiology. This sensitivity is
caused by the normalisation of the mostly extravascular tissue signal by intravascular blood
signal. This knowledge enabled an alternative analysis with reduced sensitivity to be
proposed. Experimental application of this new method produced results that were
consistent with the limited results available in the literature.
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Figure 1.

Simulation of the relationship between the measured signal and true CBVVv for the existing (Eg. [10]) and new methods (Eq.
[11]). Three different hyperoxia levels were simulated described by the change in arterial PO, (APaO,). The effect of variations
in haematocrit (a,d) and OEF (b,e) alone, and in combination (c,f), are considered. A large amount of uncertainty is observed for

the existing method suggesting that it cannot accurately account for physiological variability. By plotting the unnormalised

tissue BOLD signal response a much tighter and approximately linear response is revealed.
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Figure 2.

Simulation of the relationship between the measured signal and true CBVv for the new method (Eq. [11]). (a) The effect caused
by the distribution of vessel scales was examined by altering the fraction of the total CBV occupied by venous vessels (Q,),
whilst keeping the combined capillary and venous fraction constant. (b) Hyperoxia has been shown to cause a reduction in CBF
(ACBF), hence the effect of a 5% flow reduction was examined. (c) It has also been suggested that hyperoxia may alter resting
CMRO,. CMRO3 changes of £10% (ACMRO,) were considered.
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Figure 3
Maps of CBVV for the existing and new methods, calculated using Eq. [10] and [11] respectively, as a percentage of the total
voxel volume. Note the difference in scaling between each of the methods; 0-16% versus 0-4%.
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Mean grey and white matter percent CBVv for both methods. Regions of interest created by segmentation of a
high resolution structural image.

Existing Method

New Method

Grey Matter

White Matter

Grey Matter

White Matter

Subject | "Ry /96 CBW /% CBWV /% CBW /% | APETO,
/mmHg
Mean | S.D. | Mean | S.D. | Mean | S.D. | Mean | S.D.

1 977 | 953 | 669 | 507 | 238 | 270 | 164 | 133 | 1984

2 816 | 920 | 421 | 201 | 268 | 331 | 137 | 097 | 2016

3 914 | 804 | 541 | 204 | 275 [ 279 | 160 | 088 | 1615

4 653 | 731 | 390 | 326 | 176 | 219 | 106 | 098 | 1473

5 868 | 861 | 464 | 441 | 203 | 215 | 108 | 108 | 1491

6 842 | 781 | 474 | 338 | 188 | 229 | 111 | 083 | 197.0

7 701 | 635 | 462 | 279 | 181 [ 204 | 124 | 080 | 2229

Mean® | 824 | 114 | 489 | 092 | 218 [ 041 | 130 | 024 | 1825

*
Intersubject mean and standard deviation calculated from individual subject mean values.
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