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The Effect of Dissolved Oxygen on the Relaxation
Rates of Blood Plasma: Implications for Hyperoxia
Calibrated BOLD

Yuhan Ma,1* Avery J.L. Berman,1,2 and G. Bruce Pike2

Purpose: To determine the contribution of paramagnetic dis-
solved oxygen in blood plasma to blood-oxygenation-level-

dependent (BOLD) signal changes in hyperoxic calibrated
BOLD studies.
Methods: Bovine blood plasma samples were prepared with

partial pressures of oxygen (pO2) ranging from 110 to 600
mmHg. R1, R2, and R2

* of the plasma with dissolved oxygen

were measured using quantitative MRI sequences at 3 Tesla.
Simulations were performed to predict the relative effects of
dissolved oxygen and deoxyhemoglobin changes in hyperoxia

calibrated BOLD.
Results: The relaxivities of dissolved oxygen in plasma were

found to be r1, O2 ¼1.97 6 0.09 �10-4 s-1mmHg-1, r2, O2 ¼2.3
6 0.7 �10-4 s-1mmHg-1, and r2, O2

* ¼ 2.3 6 0.7 �10-4 s-

1mmHg-1. Simulations predict that neither the transverse nor

longitudinal relaxation rates of dissolved oxygen contribute
significantly to the BOLD signal during hyperoxia.
Conclusion: During hyperoxia, the increases in R2 and R2

* of

blood from dissolved oxygen in plasma are considerably less
than the decreases in R2 and R2

* from venous deoxyhemoglo-

bin. R1 effects due to dissolved oxygen are also predicted to
be negligible. As a result, dissolved oxygen in arteries should
not contribute significantly to the hyperoxic calibrated BOLD

signal. Magn Reson Med 000:000–000, 2015. VC 2015 Wiley
Periodicals, Inc.
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INTRODUCTION

The calibrated blood-oxygenation-level-dependent (BOLD)
method is a quantitative MRI technique to measure the
cerebral metabolic rate of oxygen (CMRO2), an important
index of neuroenergetics and a biomarker of brain tissue
viability (1,2). This method induces elevated BOLD sig-
nals by a mixed gas inhalation with additional CO2 or O2

to achieve conditions of hypercapnia or hyperoxia,
respectively (3). Compared with hypercapnic calibration,
hyperoxic calibration is more comfortable for subjects and

has a minimal effect on cerebral blood flow (CBF), thus

avoiding using a low signal-to-noise ratio perfusion imag-

ing modality, such as arterial spin labeling (4,5). Carefully

controlled hyperoxic-normocapnic calibration was also

found to result in less variability in the estimated BOLD

calibration constant (6). In addition, in recent years, the

usage of hyperoxic calibration combined with hyper-

capnic calibration (dual-gas calibration) has become an

emerging technique to assess baseline brain oxygen

metabolism, therefore, providing valuable diagnostic and

prognostic information on baseline brain tissue functions

(7–10).
During a hyperoxic calibration, subjects breathe a gas

mixture enriched with oxygen. After gas exchange at the

lungs, the extra oxygen enters the arterial blood as dis-

solved gas because the hemoglobin is already nearly

fully oxygenated. The extra oxygen dissolved in the arte-

rial blood plasma is the first to be extracted into the

brain tissue for aerobic metabolism, thereby reducing the

dissociation rate of bound oxygen from the hemoglobin

relative to normoxic conditions. As a result, the para-

magnetic deoxyhemoglobin (dHb) concentration in the

postarteriolar vascular compartments is decreased as

compared to normoxic conditions. The process reduces

the surrounding magnetic field inhomogeneity, thus

shortening blood R2 and R2
* to produce a positive BOLD

response. This well-known phenomenon is the funda-

mental basis of BOLD functional MRI (11,12). However,

in hyperoxic arterial blood, where the concentration of

dHb is negligible, the effect of paramagnetic dissolved

oxygen on the relaxation rates of blood plasma is less

clear. If the dissolved oxygen in arterial blood plasma

alters the relaxation rates significantly, it will confound

the interpretation of hyperoxic calibrated BOLD, which

assumes that the signal arises solely from the decreased

concentration of dHb in capillary and venous blood.
Several studies have measured the variation in R1, R2,

and R2
* of blood with hemoglobin oxygen saturation at

different magnetic field strengths from 1.4 Tesla (T) to

11.7T (13–24). Under normal conditions, R2 and R2
*

decrease quadratically with increasing oxygen saturation

levels in blood (13,19,21,25,26). However, during hyper-

oxia, dissolved paramagnetic oxygen can create micro-

scopic field inhomogeneities that can increase the

relaxation rates (27). Therefore, in arterial blood, where

very little dHb is present during hyperoxia, the relaxa-

tion rates may increase due to dissolved oxygen, and

these changes would oppose those occurring in partially

deoxygenated venous and capillary blood. Hence, it is

critical to characterize the contrast mechanism of
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dissolved oxygen in plasma to determine its impact in
hyperoxic calibrated BOLD experiments.

The effects of dissolved oxygen on R1, R2, and R2
* of

blood plasma in the absence of hemoglobin have not yet
been investigated thoroughly and are generally ignored
when arterial oxygen tension is < 350 mmHg (28).
Gauthier and Hoge questioned whether hyperoxia indu-
ces an arterial signal by inspecting voxels that contain
large arteries in T2

*-weighted images and reported no
signal changes in such (8). However, a recent theoretical
study suggested that excess oxygen dissolved in arterial
blood plasma can produce pronounced BOLD signal
changes, thereby complicating the interpretation of the
measured hyperoxia response and confounding its use in
calibrated BOLD-based measurement of CMRO2 (29). Our
lab recently presented and experimentally validated a
first principles derivation of the effects of dissolved oxy-
gen on the susceptibility of plasma and predicted that it
should not significantly alter the susceptibility values of
blood within the ranges expected from hyperoxia (30).
Another study at 4.7T reported significant changes in R1

and R2 of bovine serum with increasing oxygen tension
(31). However, no direct measurements on the relaxation
rates, in particular R2

*, of blood plasma with dissolved
oxygen have been reported at magnetic field strength of
3T, the most commonly used field strength for fMRI.
Because of the paucity of experimental data on this sub-
ject, we aimed to resolve the question of whether the
hyperoxic calibrated BOLD signal is contaminated by the
paramagnetic effects of dissolved oxygen by means of
direct experimental measurements.

This study investigates the effect of dissolved oxygen
in bovine blood plasma by directly measuring longitudi-
nal and transverse relaxation rates of the bovine plasma
under various partial pressures of oxygen (pO2). It com-
plements our previous research on the effects of dis-
solved oxygen on the susceptibility of blood plasma (30).
The relaxivities that we measure enable a straightforward
prediction of the influence of dissolved oxygen on T2*-
weighted signals. The potential influence of dissolved
oxygen on the hyperoxic calibrated BOLD signal is simu-
lated using the measured relaxation rates and a detailed
BOLD signal model (32).

METHODS

Sample Preparation

Bovine blood plasma (GeneTex, Inc., Irvine, CA) was
used to mimic human blood plasma. The plasma contains
8 g/dL of protein, <2 mg/dL of Hb, and 8 g/L of trisodium
citrate (Na-citrate) anticoagulant. All measurements were
performed at room temperature of 296 to 297 K.

In this study, we used the same sample preparation
procedure described in Berman et al (30). A 50-mL cen-
trifuge tube was filled with bovine plasma to three quar-
ters full. The centrifuge tube was then sealed with a
rubber septum and self-adhesive Parafilm to maintain
the desired pO2. Two catheters were inserted into the
rubber septum: one was connected to the pure medical
O2 supply to increase the pO2 of the plasma; the other
was used to outgas the air from the sample. pO2 values
ranging from 100 to 600 mmHg were achieved in the

plasma samples by bubbling pure O2 at a low flow rate
(< 5 L/min) for 0–15 min. After reaching the desired
pO2, the oxygenated plasma was transferred into a 15-
mL centrifuge tube sealed with a rubber septum and
Parafilm.

The tube containing the oxygenated plasma solution
was then positioned at the center of a 4-L watertight con-
tainer filled with 20 mM MnCl2 and 48 mM NaCl solu-
tions. To reduce the susceptibility difference between the
plasma sample and the surrounding background, 20 mM
MnCl2 was used, so that it is easier to achieve a homoge-
neous magnetic field through shimming (14). To match
the conductivity of tissue and avoid radiofrequency (RF)
penetration artifact, 48 mM NaCl was used (33,34).

After the plasma samples were transferred into the 15-
mL centrifuge tube, the pO2 of the remaining plasma
sample in the 50-mL centrifuge tube was measured using
an Orion Star A323 dissolved O2 meter connected to a
photoluminescence pO2 probe (Thermo Fisher Scientific
Inc., Waltham, MA). The photoluminescence pO2 probe
was inserted into the plasma sample while isolated from
the surrounding air by sealing it using Parafilms.

MRI Data Acquisition

All experiments were performed on a Siemens Tim Trio
3T scanner with a 32-channel RF receiver head coil. The
phantom was positioned in the head coil such that the
plasma tube was aligned approximately parallel to the B0

field. A single 1-cm thick axial slice with an in-plane
voxel size of 0.5 � 0.5 mm2 was acquired near the iso-
center. R1 was measured using an inversion-recovery
sequence with six inversion times (TI) ¼ 30, 530, 1200,
2000, 3800, 5300 ms and repetition time (TR) ¼ 6 s. R2

was measured using a CPMG spin echo sequence with
composite RF pulses and crusher gradients placed sym-
metrically around RF refocusing pulses to avoid stimu-
lated echo effect (35). Thirty-two echoes were used for
R2 measurements with an echo spacing of 15 ms. R2

*

was measured using a gradient echo sequence with 32
echoes at an echo spacing of 15 ms. Before each R2

* mea-
surement, localized shimming (FASTESTMAP, Siemens)
was performed on a 30 � 30 � 30 mm3 volume centered
on the acquired slice to minimize the macroscopic static
field inhomogeneities that can enhance R2

* (36). For
each pO2, three measurements of R2 and R2

* were
repeated at three axial slice locations within 2 cm of the
isocenter to account for variability in shimming and
measurement errors.

Image Analysis

A region of interest (ROI) containing only the plasma
sample (approximately 20 voxels) was manually drawn
on the acquired images. Relaxation rates of plasma were
fitted on a voxel-by-voxel basis within the selected ROI
using custom Matlab (The MathWorks, Inc., Natick, MA)
scripts. For each repeated measurement, the average of
R2 and R2

* of all voxels within the ROI was calculated
and used as the relaxation rates for that measurement.
Under each pO2, the reported final R2 and R2

* of the
plasma is the average of three repeated measurements.
Because the R1 measurement is less sensitive to the
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macroscopic field inhomogeneity, only one measurement

of R1 was performed for each pO2. R1 was fitted from the

inversion-recovery magnitude data using a general non-

linear least-squares model, which accounts for imperfect

inversions and excitation flip angles (37). The reported

R1 is the voxel-wise average within the ROI at that pO2.
To evaluate the effect of dissolved oxygen on the relax-

ation rates of the bovine plasma, relaxation rates were

fitted using a total least-squares fitting script with

respect to the measured pO2. The slope of each fit was

compared against the null hypothesis that there is no

change in the relaxation rates as the pO2 increases (i.e.,

the slope is zero) using the two-tailed t-test. Statistically

significant results were reported when P < 0.05.

Compensation for Diffusion Effect Due to the MR Imaging
Gradients

Both the spin echo and gradient echo sequences used in

our experiments consist of many magnetic field gra-

dients. These gradients can lead to additional MR signal

loss due to the diffusive motion of protons in water as

described in the following equation (38):

S ¼ S0e�t�Re�bD [1]

where S is the detected signal intensity, S0 is the initial

signal intensity, R is the relaxation rate, b is the

sequence-specific diffusion-weighting factor, and D is

the diffusion coefficient of water protons. Here, we use

D ¼ 2.299 � 10-9 m2s-1 (39). D in water is used because

bovine plasma consists of 91% water (40).
In the spin-spin relaxation rate measurement, the sig-

nal loss due to the diffusion effect will increase the

measured spin-spin relaxation rate as follows:

Rapp ¼ Rint þ Rdiff [2]

where Rapp is the measured apparent relaxation rate, Rint

is the desired intrinsic relaxation rate, and Rdiff is the

additional relaxation rate due to the diffusion effect.
In this study, the additional diffusion-related signal

dephasing (Rdiff) due to the imaging gradients in both the

gradient echo and the spin echo sequences were taken

into account. The diffusion b-factor was calculated for

both the gradient echo and spin echo sequences by

applying the Block-Torrey equation:

b ¼ g2
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where ~GðtÞ is the applied gradient in the sequence as a

function of time and g is the gyromagnetic ratio. Because

the blood plasma sample lacks restrictive microscopic

structures, isotropic diffusion was assumed. The diffu-

sion b-factor was calculated using Matlab scripts written

in-house, taking the gradient waveforms as the input.

The phase-encoding gradient was not used in the calcu-

lation because the zero phase-encoding should contrib-

ute the most to the final MR signal in the large, uniform,

ROI we selected. After computing the b-factor, Rdiff was

calculated as Rdiff ¼ bD=t using a least-squares fitting

algorithm, where t refers to the echo times used in the

experiment. The desired intrinsic relaxation rate Rint was

then calculated from Eq. [2].

Simulations of the Calibrated BOLD Signal with the Effect
of the Dissolved Oxygen

To evaluate the potential effects of changes in relaxation

times induced by the dissolved oxygen in the arterial

plasma on the measured hyperoxic calibrated BOLD signal,

a detailed BOLD model was implemented to simulate the

gradient echo signal (32). The detailed BOLD model (DBM)

is a volume-weighted sum of BOLD signal from four com-

partments: the extravascular tissue signal and the three

intravascular blood signals divided into arterial, capillary,

and venous compartments. The overall BOLD signal

change during a calibration or a stimulus is represented as:

dS ¼ H ½ð1� VI Þe�TE�DR�2E þ eAVAe�TE�DR�2A þ eCVCe�TE�DR�
2C

þ eV VV e�TE�DR�
2V � � 1

[4]

where

H ¼ 1

1� VI ;0 þ VA;0 þ VC;0 þ VV ;0
: [5]

Here V is the volume fraction of each compartment. The

subscripts E, I, A, C, and V represent extravascular, intra-

vascular, arterial, capillary, and venous compartments,

respectively. The subscript “0” defines the baseline val-

ues. The signal ratio of each intravascular compartment

to the extravascular compartment is represented by the

parameter e. DR�2 is the change of the R2
* relaxation rate

for each compartment in the presence of a stimulus.

Intravascular DR�2 is calculated based on previous meas-

urements of in vivo blood (19); whereas extravascular D

R�2 can be obtained following the procedures described

in Griffeth and Buxton (32).
The DBM was then expanded to include the arterial

plasma R1 changes (DBM-R1) with dissolved oxygen, as

well as the arterial plasma R1 and R2
* changes (DBM-R1-

R2
*) due to dissolved oxygen during the hyperoxic cali-

brated BOLD experiment:

dS ¼ H ½ð1� VI Þe�TE�DR�2E þ heAVAe�TE�DR�2A

þ eCVCe�TE�DR�
2C þ eV VV e�TE�DR�2V � � 1 [6]

where

h ¼ ð1� e�TR�R1A;0 e�TR�DR1AÞ � ð1� e�TR�R1A;0 cosuÞ
ð1� e�TR�R1A;0 e�TR�DR1A cosuÞð1� e�TR�R1A;0Þ : [7]

Here the parameter h is the ratio of the signal at echo

time (TE) ¼ 0 with and without a stimulus. DR1A is the

change of the R1 relaxation rate in the arterial blood with

a stimulus. The parameter h represents the flip angle. TR

is the repetition time of the applied MRI sequence. To

incorporate the effect of the change of the R2
* relaxation

rate of the arterial blood plasma, DR�2A is also separated

into two components: the change of R2
* caused by the

Dissolved Oxygen and Blood Plasma Relaxation Rates 3



oxygen saturation of hemoglobin (DR�2A;Hb); and the
change of R2

* in red blood cell (RBC) water and plasma

water due to dissolved oxygen (DR�2A;O2). Such that

DR�2A ¼ DR�2A; Hb þ ð0:65Hctþ ð1�HctÞÞr�2A;O2 � DpO2 [8]

where Hct is the hematocrit of arterial blood and (1 –
Hct) represents the volume fraction of plasma. Because
red blood cells consist of approximately 65% water, the

volume fraction of water in red blood cells is calculated
as 0.65Hct (41). DR�2A; Hb is computed for Hct of 0.44 as a
function of arterial blood oxygen saturation level follow-

ing the equation presented in Zhao et al (19). r�2A;O2 is
the experimentally measured R2

* relaxivity of dissolved
oxygen in plasma water, which is assumed equal for
both RBC water and plasma water here. DpO2 is the dif-

ference in pO2 under hyperoxia.
Three simulations were performed: first, the original

DBM was simulated; second, the DBM was expanded
with the parameter h to examine the effect of R1; lastly,
the DBM was expanded to include the parameter h and

the two-compartment model of DR�2A. For all three simu-
lations, a standard hematocrit (Hct) of 0.44 and baseline
oxygen extraction fraction (OEF0) of 0.4 were assumed.
Arterial pO2 during the hyperoxic calibrated BOLD

experiments was set between 210 and 610 mmHg, with a
step size of 100 mmHg. We also assumed that no
changes in CBF and CMRO2 were induced during the

hyperoxic calibrated BOLD experiments. Simulations
were performed for 3T with the following sequence
parameters: TE ¼ 30 ms, TRs ¼ 0.5 s and 3 s, the Ernst
angle for gray matter was used as the flip angle with the

gray matter T1 taken as 1.3 s (42). The long TR of 3 s is
the common TR used in the traditional fMRI acquisi-
tions, whereas the short TR of 0.5 s was used to reflect
emerging simultaneous multislice fMRI acquisitions (43).

In addition to the relative BOLD signal change, the
hyperoxic calibration parameter MHO was simulated as:

MHO ¼
dS

1� ½dHb�
½dHb�0

� �b
[9]

where [dHb]/[dHb]0 is the fractional reduction of the
deoxyhemoglobin concentration in the venous vascula-

ture due to the hyperoxic stimulus. The parameter b is a
constant linking the blood oxygenation and the BOLD
signal. Here b is chosen to be 1.3 for experiments at 3T

(44). [dHb]/[dHb]0 was calculated as described in Mark
et al (6).

RESULTS

R1, R2, and R2
* all linearly increased with increasing

pO2 and were fitted against pO2 using a total least-
squares fitting method (Fig. 1). From the slopes of the
fits, the longitudinal and transverse relaxivities of the
dissolved oxygen in plasma were found to be r1, O2

¼1.97 6 0.09 �10-4 s-1mmHg-1, r2, O2 ¼2.3 6 0.7 �10-4 s-

1mmHg-1, and r2, O2
* ¼2.3 6 0.7 �10-4 s-1mmHg-1.

Testing the linear regressions against the null hypothe-
sis H0: slope ¼ 0 yielded the P-values presented in Table
1. R1, R2, and R2

* were found to have statistically signifi-
cant correlations with pO2; however, the changes in R2

and R2
* from baseline to a standard hyperoxic pO2 of

410 mmHg were small (þ2%), indicating that dissolved
oxygen did not introduce substantial microscopic field
inhomogeneities in blood plasma.

Measured R2
* and R2 values were very similar, verify-

ing that the residual macroscopic field inhomogeneities
were negligible using the FASTESTMAP shimming tech-

nique. The fitted bovine blood plasma relaxation rates
were corrected for the signal loss from the diffusion
effect due to the magnetic gradients following the proce-
dures described in the Methods section. For the spin
echo sequence, the calculated additional diffusion-
related signal dephasing (Rdiff) was 0.15 s-1. For the

FIG. 1. Longitudinal (left) and transverse (right) relaxation rates of bovine plasma versus partial pressures of dissolved oxygen (pO2).

Table 1

Coefficients of the Linear Regressions of R versus pO2
a

Slope
(10�4 s�1mmHg�1) P-Value R2

R1 1.97 6 0.09 3.7x10�13 0.85
R2 2.3 6 0.7 0.0036 0.51

R2
* 2.3 6 0.7 0.0027 0.24

aTesting the linear regressions against null hypothesis H0: slope ¼
0 yields the P-values in the table. R1, R2, and R2

* are found to

have statistically significant correlations with pO2. R2 is the coeffi-
cient of determination of the least squares linear fit.
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gradient echo sequence, the calculated additional

diffusion-related signal dephasing (Rdiff) was 0.03 s-1.

After correcting for Rdiff, the intrinsic Rint for R2 and R2
*

measurements were obtained (Fig. 1).
Simulations of the hyperoxia calibrated BOLD signal

change using the DBM, DBM-R1, and DBM-R1-R2
* are

shown in Figure 2. For the range of pO2 (210 to 610

mmHg), the simulated relative BOLD signal increase was

1–3%; these increases were nearly identical for all three

simulation schemes. For TR ¼ 3 s, the average of the cal-

ibration parameter M across all ranges of pO2 was found

to be 10:060:3 for the DBM, 10:160:3 for DBM-R1, and

10:160:3 for DBM-R1-R2
*. M calculated from DBM-R1

and DBM-R1-R2
* were not significantly different from M

calculated from DBM (two-sample t-test yielded P: 0.61

and P: 0.61, respectively). When a TR of 0.5 s was used

in the simulations, the R1 effect became larger for higher

pO2 levels. For TR ¼ 0.5 s, the average of the calibration

parameter M across all ranges of pO2 was 10:060:3 for

the DBM, 10:360:4 for DBM-R1, and 10:260:4 for DBM-

R1-R2
*. Again, for this TR, M values calculated from

DBM-R1 and DBM-R1-R2
* were not significantly different

from M calculated from DBM (two-sample t-test yielded
P: 0.22 and P: 0.40, respectively).

DISCUSSION

This work presented the first experimental study of the
effect of dissolved oxygen on R1, R2 and R2

* of blood
plasma at the most commonly used field strength (3T)
for calibrated BOLD fMRI. Our results suggest that the
excess dissolved oxygen in arterial blood plasma during
hyperoxic calibrated BOLD should not induce a signifi-
cant arterial BOLD signal through R1, R2, and R2

* effects.
We have shown that the changes in R2 and R2

* from
baseline pO2 ¼ 110 mmHg to standard hyperoxic pO2 ¼
410 mmHg are very small (2%), indicating that dissolved
oxygen did not introduce substantial microscopic field
inhomogeneities in blood plasma. On the other hand, we
observed that the dissolved oxygen enhances R1 of the
blood plasma, which can be attributed to the paramag-
netic effect of oxygen molecules.

Putting our measured relaxation rates’ changes into
context with those generally observed in calibrated
BOLD fMRI experiments, the maximal R2

* change in
plasma due to dissolved oxygen was approximately one
tenth of the R2

* change in venous blood typically
observed during hyperoxic calibrated BOLD, assuming a
hematocrit of 0.44 and baseline OEF of 0.4. In addition,
under hyperoxic pO2, the increases of the arterial plasma
R2

* due to dissolved oxygen are around 0.6 to 1.7%,
which are generally outweighed by the decreases of the
arterial blood R2

* (around -3 to -4%) due to the binding
of oxygen with the small remaining percentage of deoxy-
genated red blood cells (i.e., arterial O2 saturation going
from �98% to 100%). The aforementioned comparisons
are calculated based on the previous measurements of
R2

* of whole human blood at 3T at various oxygen satu-
ration levels (19). These comparisons further verify that
under hyperoxia, the arterial BOLD signal changes do
not have significant magnitude to influence the BOLD
contrast that arises from changes in the concentration of
dHb in the venous and capillary blood.

In contrast to our observation, a theoretical study sug-
gested that significant BOLD signal change arises from
the arteries, due to the paramagnetic effect of dissolved
oxygen in blood plasma (29). However, that study over-
estimated the volume fraction of oxygen dissolved in
plasma by using the volume fraction that oxygen occu-
pies as a gas at the same pO2, resulting in an overesti-
mated BOLD signal. Measurements by Berman et al
showed that the impact of dissolved O2 on the suscepti-
bility of the arterial blood plasma is negligible during
the hyperoxic calibrated BOLD experiment (30). In the
context of these two studies, our measured R2

* change is
consistent with the susceptibility changes measured by
Berman et al.

The enhancement of R1 due to the paramagnetic effect
of oxygen molecules is consistent with previous studies
where the enhancement of R1 was observed in arterial
blood, fluid-rich tissues, and CSF under elevated oxygen
tension (24,27,41,45–47). For instance, in the arterial
blood with elevated oxygen tension, R1 was found to
increase linearly with increased oxygen tension (4). The

FIG. 2. Simulated hyperoxic calibrated BOLD signals from the
detailed BOLD model (DBM), the detailed BOLD model incorpo-

rating the effect of the arterial plasma R1 enhancement due to dis-
solved oxygen (DBM-R1), and the detailed BOLD model
incorporating the effect of both the arterial plasma R1 enhance-

ment and the arterial R2
* enhancement due to dissolved oxygen

(DBM-R1-R2
*) with TR ¼ 3 s (a) and TR ¼ 0.5 s (c). Simulated

BOLD calibration parameter M using the three DBMs with TR ¼ 3

s (b) and TR ¼ 0.5 s (d).
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measured R1 of the dissolved oxygen in the whole arte-
rial blood agree with the dissolved oxygen in the blood
plasma reported here. This is not surprising because the
hemoglobin in the arterial blood is almost fully oxygen-
ated, the blood plasma absorbs the majority of the dis-
solved oxygen, making the effect of dissolved oxygen in
the arterial blood very similar to that in the blood
plasma. Furthermore, because the commonly used perfu-
sion imaging technique, arterial spin labeling (ASL), uses
the blood R1 in the quantification of CBF, the R1 of blood
plasma with dissolved oxygen quantified in this study
can be used to improve the accuracy of CBF measure-
ments under hyperoxic conditions. A brief ASL based
calculation of CBF using the R1 of arterial blood plasma
quantified in this study (assuming arterial blood is fully
oxygenated) revealed that if the enhancement of R1 by
dissolved oxygen is not taken into account properly, the
resulting CBF will be underestimated by approximately
5% at the arterial pO2 level of 410 mmHg. The calcula-
tion was based on the pseudocontinuous ASL technique
with the parameters assumed from the “white” paper
(48) and the CBF was assumed to remain the same at
increasing pO2 here. It is worth noting that previous
studies that have reported CBF decreases during hyper-
oxia did so while incorporating a correction to R1 in
their CBF quantification (4,49). Therefore, their results
likely represent a true decrease in CBF, not merely an
underestimation of CBF if no R1 correction was used.

In the hyperoxia calibrated BOLD method, the influ-
ence of this enhancement of R1 in arterial blood plasma
during hyperoxia has not been considered. Therefore,
the BOLD signal was simulated using the detailed BOLD
model proposed by Griffeth and Buxton (32). The DBM
was expanded to take both R1 and R2

* changes due to
the dissolved oxygen in the arterial blood plasma into
account. The simulation results showed minimal differ-
ence in both the relative BOLD signal and the calibration
parameter calculated with the dissolved oxygen’s effect,
indicating that the dissolved oxygen induced relaxation
rate changes are negligible. The effect of R1 and R2

*

changes will increase with shorter TRs and longer TEs.
However, even for a short TR of 0.5 s, as commonly seen
in the accelerated simultaneous multislice fMRI acquisi-
tion, there will be only a small increase in the relative
BOLD signal due to the R1 effect. Therefore, the influ-
ence of the dissolved oxygen in arterial blood plasma
during hyperoxic conditions on the measured calibrated
BOLD signal at 3T can generally be ignored.

In this work, we used FASTESTMAP shimming to
minimize the macroscopic field inhomogeneities that
can contaminate R2

* measurements. Without FASTEST-
MAP shimming, the gradient echo signal dropped
quickly to the noise floor, making it impossible to cor-
rectly measure R2

* (data not shown). FASTESTMAP
shimming before R2

* measurements led to a smooth
exponential decay of R2

* values and enhanced the sensi-
tivity of R2

* measurements to the possible microscopic
field variations due to the dissolved oxygen molecules.

We have carefully taken the diffusion effect from water
molecules into account for the R2 and R2

* measurements.
Although generally ignored, the imaging gradients in the
multiecho sequence can induce extra diffusion weighting

for water molecules. When the subject of study is an

aqueous solution, the diffusion effect can lead to an

apparent overestimation of the measured R2 or R2
*. To

confirm the existence of the extra diffusion weighting

due to the imaging gradients, we found that the meas-

ured R2 increased with the increased refocusing intervals

in the spin echo sequence (data not shown). This phe-

nomenon is consistent with the R2-dependency on the

CPMG refocusing intervals in the presence of weak mag-

netic field inhomogeneities (50). Similarly, a recent

study confirmed that the diffusion effect from the imag-

ing gradients in the CPMG quantitative T2 sequence does

lead to the overestimation of R2, which should be con-

sidered carefully in quantitative studies such as those

measuring the myelin water fraction (51). In our study,

the diffusion effect was accounted for by calculating the

b-factor of both the gradient echo and spin echo sequen-

ces, assuming a diffusion coefficient of water, and cor-

recting our R2 and R2
* measurements accordingly.

CONCLUSIONS

Our study found statistically significant increases in the

relaxation rates R1, R2, and R2
* of the blood plasma with

respect to increasing pO2. However, the changes in R2

and R2
* from baseline to standard hyperoxic pO2 ¼ 410

mmHg are quite small, approximately one-tenth of that

in venous and capillary blood typically observed during

a hyperoxic calibrated BOLD experiment. Furthermore,

despite the effect of dissolved oxygen on the relaxation

rates, our simulations of the calibrated BOLD signal and

the calibration parameter under hyperoxia showed no

significant difference when the dissolved oxygen relaxiv-

ities were accounted for or not. Our study verifies that,

under hyperoxia, BOLD signal contrast is dominated by

changes in the concentration of dHb in venous and cap-

illary blood, the fundamental basis of the calibrated

BOLD method, and not dissolved oxygen in arteries.

This conclusion further solidifies the theoretical basis of

the hyperoxic calibrated BOLD method and validates the

application of the hyperoxic calibrated BOLD method in

dual-gas calibration for the measurement of baseline

brain oxygen metabolism.
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