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The Effect of Dissolved Oxygen on the Susceptibility of

Blood

Avery J.L. Berman,"** Yuhan Ma,"' Richard D. Hoge,”* and G. Bruce Pike?

Purpose: It has been predicted that, during hyperoxia, excess
O, dissolved in arterial blood will significantly alter the blood’s
magnetic susceptibility. This would confound the interpretation
of the hyperoxia-induced blood oxygenation level-dependent
signal as arising solely from changes in deoxyhemoglobin.
This study, therefore, aimed to determine how dissolved O,
affects the susceptibility of blood.

Theory and Methods: We present a comprehensive model for
the effect of dissolved O, on the susceptibility of blood and
compare it with another recently published model, referred to
here as the ideal gas model (IGM). For validation, distilled
water and samples of bovine plasma were oxygenated over a
range of hyperoxic O, concentrations and their susceptibilities
were determined using multiecho gradient echo phase
imaging.

Results: In distilled water and plasma, the measured changes
in susceptibility were very linear, with identical slopes of 0.062
ppb/mm Hg of O,. This change was dramatically less than pre-
viously predicted using the IGM and was close to that predicted
by our model. The primary source of error in the IGM is the
overestimation of the volume fraction occupied by dissolved O..
Conclusion: Under most physiological conditions, the suscep-
tibility of dissolved O, can be disregarded in MRI studies
employing hyperoxia. Magn Reson Med 000:000-000, 2015.
© 2015 Wiley Periodicals, Inc.
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INTRODUCTION

The magnetic susceptibility of materials and tissues is of
fundamental importance in NMR and MRI. It relates the
magnetization induced in matter to an applied external
field, and differences in susceptibility across boundaries
can produce nonlocal field offsets that alter the MR sig-
nal. The susceptibility of hemoglobin (Hb) is of particu-
lar significance because the molecule undergoes
conformational changes and electronic rearrangement
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when binding O,, which result in a conversion of Hb
from being paramagnetic in the deoxygenated state to
diamagnetic when oxygenated (1). This property of Hb
has been exploited in several MRI techniques, most nota-
bly blood oxygenation level-dependent (BOLD) func-
tional MRI (fMRI) for the localization of changing neural
activity (2—4) and susceptibility-weighted imaging for the
identification of veins (5). These techniques are made
possible by the fact that, under normal physiological
conditions, Hb in veins and capillaries is partially satu-
rated with O,, making these vessels paramagnetic rela-
tive to the surrounding tissue, which results in
frequency offsets between the vessels and tissue and
increased transverse decay (6). On the other hand, Hb in
arteries under normal physiological conditions generally
is nearly fully oxygen saturated, imparting little suscepti-
bility difference relative to the surrounding tissue, and
therefore negligible contributions to BOLD fMRI and
susceptibility-weighted imaging (neglecting inflow
enhancement effects).

Some fMRI techniques now use hyperoxia as a means
of altering the BOLD signal. Under hyperoxia, the partial
pressure of O, (pO,) in blood is high enough that nearly
all arterial Hb is oxygenated and an excess of O, mole-
cules are dissolved in arterial blood (7). The excess O, in
arterial blood that is not consumed by tissue metabolism
ends up bound to Hb in veins, reducing the venous con-
centration of deoxy-Hb (dHb) and resulting in a subse-
quent increase in the BOLD signal relative to normoxia
(breathing of room air). By modulating the BOLD signal,
hyperoxia has been used in calibrated BOLD (8,9) and
has also been proposed as a method for measuring
deoxygenated cerebral blood volume (10).

Being a paramagnetic molecule, O, can have signifi-
cant effects on MR images. It creates large susceptibility
differences between air cavities and tissue and in turn
can lead to extensive areas of signal dropout in T;-
weighted images and geometric distortion in echo-planar
imaging. It has also been shown to produce aberrant T}
fluctuations during hyperoxia in brain regions fairly dis-
tal to the airways (11) and in peripheral vascular reactiv-
ity BOLD studies employing air-pressurized cuffs, even
in slices up to 15 cm away from the cuff (12). Despite
these effects of gaseous O,, the susceptibility of dis-
solved O, in blood is commonly ignored during nor-
moxia because the amount dissolved in plasma is
normally very small and its contribution to the net sus-
ceptibility of blood is negligible compared to that of
the other major constituents, specifically oxygenated and
deoxygenated red blood cells (RBCs) and plasma
(13-15).

Recently, Schwarzbauer and Deichmann (SD) extended
the model of the susceptibility of blood to include
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Table 1
Susceptibility Values Including Their Sources and Their Conversion to Volume Susceptibility in SI Units
Source x(22 °C) x(37 °C)
Substance Symbol (ppm, cgs units) Conversion Factor (ppm, Sl units)  (ppm, Sl units)
Water XH,0 —12.96 cm®/mol (34) Eq. [B.1] -9.022 —9.001
Oxygen X0, 3415 cm®mol (34) x4n - 293.15 K/(T +273.15)/ 1383 1342
V0, +,0(T)°
Hemoglobin XdiamHp®  —0.587 cm®/g (13) x4 - 5.5 x 107® mol/cm® - —2.61 —2.61
(diamagnetic component) 64450 g/mol (13)
Plasma proteins Xprot” —0.587 cm®/g (13) x4n/0.730 cm®/g (19) -10.1 —10.1
Difference between AXgo 0.27 (13,32) x4n - 310.15 K/AT +273.15) 3.57 3.39

deoxygenated and
oxygenated RBC

Sl, International System of Units.
All sources were in cgs units.

8Aside from H,0, the molar susceptibilities of the diamagnetic molecules were assumed to be temperature-independent (15).
bVMAozszo is the partial molar volume of O, dissolved in water (see Appendix A for more details).

dissolved O, (16). SD theoretically predicted that when
concentrations of dissolved O, in blood were sufficiently
high, such as during hyperoxia, dissolved O, would sig-
nificantly contribute to the susceptibility difference
between arterial blood and the surrounding tissue. Using
their extended model and simulations, they predicted
that in going from normoxia to hyperoxia, MR signal
changes from tissues populated by arteries could be sub-
stantial and even comparable to venous-driven BOLD
contrast. Considering that BOLD studies are geared
toward measuring changes in dHb and not dissolved O,
directly, the implications of SD’s findings for fMRI stud-
ies using hyperoxia, such as calibrated BOLD, are pro-
found and have led us to reexamine the model of the
susceptibility of dissolved O, proposed by SD.

In this article, we show that the model used by SD for
incorporating the effect of dissolved O, into the suscepti-
bility of blood was inaccurate, specifically, the volume
fraction of dissolved O, was significantly overestimated.
We present an alternative model that corrects for this
overestimation and have validated it by measuring the
effect of increasing levels of dissolved O, on the suscep-
tibility of distilled water and ex vivo bovine plasma.

THEORY

Unless stated otherwise, all susceptibilities are volume
susceptibilities in the International System of Units (SI);
however, several original sources used cgs units, and the
susceptibility is often expressed as molar or mass sus-
ceptibility. Table 1 and Appendix B describe all of the
susceptibility values used throughout this article, includ-
ing their original sources and their conversion to volume
susceptibility in SI units.

For a mixture of substances in solution such as in
blood, the net susceptibility of the solution, X, is given
by the weighted sum of the individual susceptibilities, x;,

Xnet = Zai Xi» [1]
i

where the weighting factors, «;, are the volume fractions
occupied by the substances in solution. Applying this to
blood, Xpooq Can be divided into contributions from
RBCs and plasma (13),

Xblood = Hct - XrBC T (1 - HCt) ) Xplasmen [2]

where Hct is the hematocrit; xggc includes contributions
from intracellular water, paramagnetic dHb, and diamag-
netic oxy-Hb; and X,j4ma includes contributions from
water and plasma proteins.

To account for dissolved O,, SD divided xy,j,0q into con-
tributions from O,, with a volume fraction aq,, and from
RBCs and plasma, with a volume fraction (1 —ag,). For
the volume fraction of O,, they used ap, = &- pO,, where &
is the Bunsen solubility coefficient of O, in blood, which
was taken to be 3.1 x 10~° mL O,/mL blood/mm Hg (7).
Crucially, this quantity, - pO,, is the volume that O, in
blood would occupy as an ideal gas at standard tempera-
ture and pressure (STP) per mL of blood, it is not the phys-
ical volume fraction occupied by O, in blood (17). In fact,
when O, dissolves in a liquid such as blood or water, the
volume occupied by the O, in solution is orders of magni-
tude less than the volume occupied by the same number
of moles in the gaseous state at STP. Additionally, in this
model, the contribution of dissolved O, to xpip0q iS only
valid for an average Hb concentration (and therefore Hct)
(17). However, the amount of O, that can be dissolved in
blood is proportional to the amount of blood water, which
in turn is dictated by Hct because it displaces plasma—the
largest source of blood water. Therefore, SD’s formulation
considerably overestimated ap, and did not account for
the effect that Hct has on the amount of O, that can dis-
solve in blood. We refer to this model for the susceptibility
of dissolved O, as the ideal gas model (IGM).

To account for the volume of dissolved O, and Hct,
we consider the O, dissolved in each water compartment
of blood—specifically, the water in plasma and the water
in RBCs (18)—since quantities such as the partial molar
volume of O, dissolved in water are well documented
and enable direct calculation of the change of water vol-
ume as a function of pO,. The details for calculating ag,
and the relevant susceptibilities are given in Appendices
A and B, respectively.

When the formulations for Xgp and Xpiasma from Spees
et al. (13) are modified such that the susceptibilities of
the contributing components are all expressed using vol-
ume susceptibilities and the contribution from dissolved
O, to the water compartment is added, we get
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XRBC = %Hb Xdiamtb + (1 — amp) ((1 — @0,)xm,0 + @0, * Xo,)
+ (1 — SbOZ) . AXdO

(3]

and

Xplasma = @prot Xprot + (1 - aprot) ((1 - OLOZ)XHZO + g, - XOZ)‘

(4]

In Eq. [3], am, is the intracellular volume fraction of
Hb and is equal to 0.266 (13), Xgiamup represents the dia-
magnetic contribution to the susceptibility from each Hb
molecule, regardless of oxygenation state; Ayxg, repre-
sents the susceptibility difference between fully oxygen-
ated and fully deoxygenated RBCs (ignoring dissolved
0,); and SbO, is the fractional O, saturation of Hb. In
Eq. [4], Xprot 18 the susceptibility of plasma proteins; and
Qprot, the volume fraction of plasma proteins, is given by
the product Wprot Pplasma Vprot = 0.052, where wyor = 0.07
is the assumed mass fraction of proteins in plasma (13),
Pplasma = 1.026 g/cm® (19), and Vo = 0.730 cm®/g is
the partial specific volume of plasma proteins (19).

METHODS

Susceptibility measurements were made in oxygenated
samples of distilled water as well as ex vivo bovine
plasma in a large water phantom for imaging. Details of
the methods are given below.

Sample Preparation

Distilled water was used for the experiments in water,
and ex vivo bovine plasma (GeneTex, Inc., Irvine, CA)
was used for the plasma experiments. The plasma com-
position was 8 g/dL of protein, a molality of 174.5
mmol/kg, <2 mg/dL of Hb, and 8 g/L of trisodium citrate
(Na-citrate) anticoagulant. All measurements were con-
ducted at room temperature.

For each water and plasma measurement, a 50-mL cen-
trifuge tube was filled three-quarters full with the liquid
and sealed with a rubber septum and self-adhesive film.
O, was bubbled through the liquid at a low flow rate (<
5 L/min) for 0 to 10 minutes using a catheter connected
to a medical O, supply.

After bubbling, the sample was gently agitated to ensure
uniform oxygenation. The oxygenated liquid was trans-
ferred via syringe to a 120-mm, 15-mL polypropylene cen-
trifuge tube with a 17-mm outer diameter that was also
sealed with a rubber septum and self-adhesive film.
Another needle was inserted into the tube such that as
much air as possible could be expelled prior to imaging it.

Immediately after the transfer, the sample was imaged
while the pO, of the remaining liquid in the large centri-
fuge tube was measured. pO, measurements were made
with an Orion Star A323 dissolved O, meter connected
to a photo-luminescence pO, probe (Thermo Fisher Sci-
entific Inc., Waltham, MA).

MR Susceptometry

To measure the susceptibility of the samples, we used
the relation between the susceptibility difference inside

and outside the tube, Ax = xi, — Xour» to the Larmor fre-
quency shift inside the tube, Afy, by approximating the
tube as an infinite cylinder (20):

Ay = & Axfo(8cos %0 — 1), [5]

where fp is the center frequency, and 6 is the angle the
tube makes with the external field, By. For small 6, the
field offset outside of the tube is negligible.

Based on our theory, the expected difference in suscep-
tibility between plasma at a pO, of 110 mm Hg (at nor-
moxia) and at 550 mm Hg (upper range of hyperoxia
challenges) is approximately 24 ppb. Using Eq. [5] with
the tube aligned parallel to B, this change in susceptibil-
ity would result in a frequency shift of only 1 Hz at 3
Tesla (T); therefore, the imaging protocol was designed to
be sensitive to frequency shifts with a precision < 0.1 Hz.

To measure the frequency shifts across the phantom, we
used multiecho gradient-recalled echo (GRE) imaging and
the linear relation between phase and frequency over time:

¢(X7.V7 t) :Z“TAfO(X7Y)'t+¢o(X7Y)7 [6]

where ¢(x,y,t) is the phase at time ¢ at the voxel with
coordinates (x,y) and ¢, is the phase offset immediately
after excitation at that voxel.

MRI Data Acquisition

All imaging was on a 3 T Siemens TIM Trio system (Sie-
mens, Erlangen, Germany) using the vendor-supplied 32-
channel receive-only head coil. The prepared sample was
placed along the axis of a plastic 4-L cylindrical phantom
filled with distilled water as a reference medium while
two poly(methyl methacrylate) (PMMA) inserts held the
tube in place by its ends. The phantom was positioned in
the head coil with the tube aligned parallel to the B, field.
A single slice, two-dimensional (2D) multiecho GRE
sequence with monopolar readout was used for imaging.
A 5-mm axial slice centered on the midpoint of the tube
was acquired on a 256 x 256 matrix over a 200 x
200 mm? field of view. Imaging parameters were: 16 ech-
oes, first echo time (TE) of 3.0 ms, 3.75-ms echo spacing,
500 Hz/pixel readout bandwidth, and a 90-ms repetition
time (TR). The total acquisition time was 23 s. Prior to
running the sequence, Siemens advanced shimming was
performed on the slice.

For the plasma samples only, forcing all of the air bub-
bles out of the tubes was sometimes not possible; in this
case, the phantom was tilted upward slightly in order to
shift the bubbles away from the imaging slice. For all
plasma samples, therefore, an additional low-resolution
2D multislice GRE scan was acquired such that the tube
angle could be measured on the magnitude images. This
scan used the same imaging parameters as the single
slice acquisition above, except that it used 20 5-mm sli-
ces with a 1-mm slice gap, a 128 x 128 matrix, a single
echo time with TE =20 ms, and a 500 ms TR.

Image Processing

All image processing was performed in MATLAB (The
MathWorks Inc., Natick, MA). To accurately generate
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FIG. 1. Schematic overview of the field mapping pipeline on a water sample going from raw phase images to background-corrected fre-
quency maps (see the Methods section for a detailed description of the steps). The dotted black circle on the frequency maps in the cen-
ter column represents the boundary of the inclusion ROI within which the background field mapping was performed. The top right is a
zoom-in of the background-corrected field map, with the windowing adjusted to highlight the frequency difference inside and outside the
tube. The dashed black circle within the zoom-in represents the boundary of the ROI in the tube over which the frequency values were

averaged for determining Ay with Eq. [5].

phase images for each echo, we reconstructed individual
channel images using the multichannel recombination
method introduced by Robinson et al. (21). We adapted
their implementation to our data by using all 16 echoes
at the full spatial resolution of the acquisition. The
offset-corrected images were bound between *m and
were saved for processing in the main pipeline. Magni-
tude images were output from the scanner using sum of
squares reconstruction.

To calculate Ax from the magnitude and offset-
corrected phase images, the following steps were per-
formed: temporal phase unwrapping, field map estima-
tion, background field removal, and susceptibility
calculation. These steps are summarized in Figure 1.
First, the phase images were temporally unwrapped such
that the phase values were no longer bound between *.
For the n-th echo, this was done by adding the phase of
the product of the n-th complex image and the complex
conjugate of the (n—1)-th complex image to the phase of
the previously unwrapped image. The phase of the first
echo was left unmodified.

After phase unwrapping, a field map, Afpeas, was esti-
mated by linearly fitting the phase over time on a voxel-
wise basis using weighted least-squares. The squared
magnitude image values were used as the fit weights
(22). The frequencies were given by the linear coeffi-
cients of the fits and maps of their estimated uncertain-
ties, oy, were also produced.

To correct for macroscopic field inhomogeneities,

Afinhom, @ retrospective background field estimation
method was used (23). In the original method, a second-

order 2D polynomial was fit to the field map across the
entire phantom using weighted least-squares and sub-
tracted from Afess to produce a corrected map, Afcorn.
Prior to fitting, regions of interest (ROIs) covering the
tubes and the voxels whose values in the magnitude
image were below a certain threshold were masked out
such that the fit would not be influenced by the offset of
interest in the tube and by unreliable frequency measure-
ments, respectively.

In our study, we found that fitting Afiuhom across the
entire phantom with a 2nd-order 2D polynomial did not
satisfactorily remove the inhomogeneity in the region of
the tube because large frequency fluctuations near the
phantom wall tended to skew the fit. Therefore, we
tested higher-order fits and restricted the fit to a 55-mm
diameter inclusion ROI that was just over three times the
diameter of the tube (as shown in the center column of
Figure 1). A 6th-order 2D polynomial gave Afioy closest
to 0, the lowest variance, and the highest adjusted coeffi-
cient of determination (R?) of the fits when the phantom
and the tube were both filled with distilled water and
when no tube was present at all. To exclude voxels with
low signal from the fit, a threshold corresponding to the
maximum signal from any voxels with partial voluming
with the tube wall was used. The weighting values for
each voxel in the fit were given by 1/(os +\)?, where
A=1.6 x 10 2 Hz prevented division by zero.

For each sample, Afcor at the center of the tube was
averaged over a 12-voxel diameter ROI, giving Af_ .
(ROI represented by the dashed black circle in the top-
right field map in Figure 1). For the plasma samples, the
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tilt angle, 6, of the tube was measured by selecting three
points along the axis of the tube on the low-resolution
multislice image and then calculating the angle between
the line of best fit through the points and B,. Finally, Ax
was calculated from Eq. [5] using Af = Af_, .., the meas-
ured value of 6 for plasma or 6 =0 for water, and f; from
the scanner (stored in the image headers). The uncer-
tainty on Ay, oay, was estimated using standard error
propagation methods with OxF. equal to the standard

deviation of Afi,; in the tube ROI and oy =0.5° for all
samples, including water.

We tested the validity of the background field removal
and susceptibility calculation by performing Fourier-
based forward field modeling on a digital representation
of our phantom (24-26) using realistic susceptibility val-
ues for all the materials (27). After fitting the generated
background field to a 6th-order polynomial and subtract-
ing this fit, the relationship between the remaining field
shift inside the tube and the susceptibility difference
between the liquid inside the tube and outside the tube
agreed with the infinite cylinder model to within 0.1%
when the tube angle relative to B, was varied from 0 to
5°. This was in agreement with other studies examining
the range of validity of the infinite cylinder model
(28,29).

Analysis

The measured values of Ax in water and plasma were
compared with the theory presented above using the pO,
and temperature measurements from the oxygenated
samples to calculate x inside the tube, x;,, and from the
distilled water in the phantom to calculate x in the sur-
rounding water, X, Equation [4] for X;j.sma Was used
for the calculations of both x;, and x,,: for the bovine
plasma, o was given by the product [protein]
“Vprot =0.08 g protein/cm® plasma x 0.730 cm® plasma/g
protein =0.058; and for water, oy was set to 0. For
each set of measurements, the line of best fit for Ay vs.
pO. was found using a general least-squares approach
that incorporated the uncertainty in both the pO, and Ax
measurements (30). Differences between the measured
and theoretically predicted slopes of Ax/pO, were tested
for statistical significance using a two-tailed ¢ test. Addi-
tionally, the measured slopes in all three solutions were
themselves compared for statistical differences using an
analysis of covariance (ANCOVA) test.

Because the original model for xyo0q (13) did not use
anticoagulant, nor did it account for the susceptibilities
of electrolytes, an offset between the measured suscepti-
bility in plasma and the theoretical predictions from Eq.
[4] was present. To account for this offset, we incorpo-
rated electrolytes and Na-citrate into our calculations by
assuming that they also dissolve in the water compart-
ment of Eq. [4].

To account for Na-citrate, we measured its susceptibil-
ity in water using our technique described above, dis-
solving 8 g/L of it in distilled water (the same
concentration as the bovine plasma). We also repeated
our measurements of the effect of dissolved O, on the
susceptibility of the Na-citrate solution by oxygenating
the solution over a range of pO, values.

For the electrolytes, we assumed that Na® and Cl~
were the sole electrolytes contributing to the susceptibil-
ity because they constitute the majority of the electrolyte
concentration in plasma (31). Given a total molality of
174.5 mmol/kg in the plasma samples, we varied the
molality of sodium chloride (NaCl) from 0 to 175 mmol/
kg and determined which value resulted in the suscepti-
bility offset that matched the measurements.

Finally, because the solubility coefficient of blood, &,
that the IGM used was measured for whole blood with
normal Hb concentrations (17), it was not possible to
compare it directly to our measurements in water and
plasma. Because ¢ was based on the volume that all the
moles of O, dissolved in blood would occupy as an ideal
gas at STP, as a means of comparing this theory to our
measurements, we first calculated the mole fraction and
volume fraction in water/plasma using our theory and
then converted these using the ideal gas law to the vol-
ume fraction that O, would occupy if the same number
of moles were in the gaseous state:

Q. ) R- Tstp

?
Pstp

2

V M,0,:H,0

(7]

aQ,, IGM —

where R=282.06 (cm® atm)/(mol K) is the ideal gas con-
stant, Typ=273.15 K, Pyp =1 atm, and vy 0,n,0 is the
partial molar volume of O, dissolved in water. For this
comparison, we calculated xo, in the same manner as
SD (16), described in Appendix B.

RESULTS

Oxygenating and scanning the samples was conducted at
room temperature. The average temperature of the solu-
tions was (22 = 1) °C for distilled water, (23 =1) °C for
distilled water with 8 g/L of dissolved Na-citrate, and
(21.92 = 0.08) °C for plasma. The reason for the variation
in temperature ranges was that the distilled water experi-
ments were performed on multiple days, whereas the
plasma samples were performed over several hours. The
pO. and temperature of the water in the phantom was
measured multiple times throughout the experiment, and
the average values were (151 + 3) mm Hg and (21.1 + 0.2)
°C, respectively.

Using the multislice scans of the plasma samples, the
average tilt angle of the tubes was (1.4 £0.8)°, with a
maximum angle of 2.7° with respect to By.

An example of the field mapping and background field
removal for a scan of an oxygenated water sample is
shown in Figure 1. In the inclusion ROI used for fitting
the background field, the typical estimated uncertainty
on the frequencies was approximately (0.040 =+ 0.008)
Hz, with a maximum uncertainty of 0.1 Hz; and inside
the tube it was (0.036 = 0.007) Hz, with a maximum
uncertainty of 0.05 Hz. Therefore, this technique was
capable of measuring frequency offsets with our speci-
fied precision = 0.1 Hz in our ROL

Plots of Ax versus pO, for all three solutions are
shown in Figure 2. Also shown in Figure 2 are our mod-
el’s predictions and the IGM’s predictions for Ax using
the average temperature of each solution and the sur-
rounding water in the phantom in the calculations of
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FIG. 2. Measured susceptibility differences (squares plus error bars) between oxygenated water (a), water + Na-citrate (b), and bovine
plasma (c) and the surrounding water in the phantom. In each plot, the dashed black line is the line of best fit for the measurements;
the solid red line is the predicted susceptibility difference using our (BMHP) theory; and the dotted grey line is the predicted susceptibil-
ity difference using the ideal gas model (IGM) employed by Schwarzbauer and Deichmann (16). To better compare the effect of
dissolved O,, the vertical offsets of the theoretical predictions have been adjusted in the plots such that the lines intersect with the lines
of best fit at normoxia. For clarity, the graphs’ limits are constrained to the range of measured Ay rather than the full range predicted by

the IGM.

both. Note that in this figure, the Ay offsets for the theo-
retical predictions have been adjusted such that the lines
intersect with the lines of best fit at normoxia in order to
best visualize the differences in Ax/pO, slopes. We have
labeled our theory with our initials “BMHP”.

The regression coefficients for the measured data are
shown in Table 2, as well as the coefficients from our
theory and the IGM. The far right column gives the coef-
ficient of determination (R?) for the lines of best fit; from
these results and qualitatively from the plots in Figure 2,
Ax’s dependence on pO, is obviously very linear for all
three solutions.

From the Ay measurements of distilled water with dis-
solved Na-citrate, we found the susceptibility of dis-
solved Na-citrate to be xng-cit =(—12.1*+0.2) ppm. For
plasma, we used this value and tested the effect that dis-
solved Na-citrate and dissolved Na-citrate + NaCl had on
the slope and offset of our theory. We found that the
added solutes had no measurable effect on the slope but
large effects on the offset. When both solutes were
included in the model, 125 mmol NaCl/kg plasma was
the molality that produced the offset best matching the
measurements. This value is within an acceptable range,
given a molality of 174.5 mmol/kg (31).

The most salient result was the discrepancy between
the measured and modelled slopes of Ax/pO,. We found
that the IGM overestimated the slope by over 500%,
whereas our theory produced a much more accurate pre-
diction of the slope but still overestimated it by 14% to
21%. As demonstrated by the P-values in Table 2, the dif-
ferences between the measured and our modelled slopes
were statistically significant in water (P=2 x 10™*) but
not significant in water + Na-citrate or in plasma (P=0.06
and 0.10, respectively). At a pO, of 550 mm Hg in
plasma, these errors in the slopes translated into errors in
the susceptibility of 145 ppb with the IGM and 4.5 ppb
using our theory. When we compared the three measured
Ax/pO, slopes from water, water 4+ Na-citrate, and plasma
using an ANCOVA test, there was no significant differ-
ence between the three of them (P=0.8).

Finally, the high degree of linearity between Ax and
pO. would suggest that the detailed model presented
here could be further simplified. This is because the vol-

ume fraction of O,, ap,, is extremely linear as a function
of pO,, so we can express it as ap, = ¢ - pO,, similar in
form to the original IGM but with an empirically esti-
mated constant of proportionality (¢/). Linearly fitting
Eq. [A.1] versus pO,, we get £ =5.42 x 10" % mL O,/mL
H,0/mm Hg at 22 °C and 4.24 x 10~® mL O,/mL H,0/
mm Hg at 37 °C. Based on the measured slopes of Ax/
pO., the corresponding values of xg, to use would be
(1140 = 60) ppm at 22 °C and (1090 = 50) ppm at 37 °C
using Curie’s law.

DISCUSSION

Here, we have introduced a new model for the suscepti-
bility of blood that incorporates dissolved O, in the
water compartments of blood, and we have measured the
change in susceptibility of plasma as a function of
increasing pO,. Previous studies have already evaluated
the change in xp0q for whole blood with pO, ranging
from 0 up to ~120 mm Hg (13,32). The work presented
here complements these studies by considering the
change in xpq Over the hyperoxia range 120 mm
Hg < pO, < 600 mm Hg. Plasma, rather than whole blood,
was used here in order to disentangle dissolved O,-
induced susceptibility changes from Hb-induced suscep-
tibility changes.

We found that the IGM for the susceptibility of dis-
solved O, dramatically overestimated the change in sus-
ceptibility in all three of the solutions that we studied.
This was due to the overestimation of the volume frac-
tion of dissolved O,, as described in the Theory section
and Appendices A and B. Our model was in much better
agreement with the measurements, although it did
slightly, but statistically significantly, overestimate the
slope of Ax/pO, for water. We speculate that two sepa-
rate factors may be contributing to the slightly decreased
slope. The first is that, whereas Curie’s law is sufficient
for modelling the change in susceptibility for most para-
magnetic molecules of interest in MRI, diamagnetic con-
tributions to the susceptibility of O, from pairwise
intermolecular interactions are greater with increasing
molar density (33). Our estimate of xo, may not have
fully accounted for the diamagnetic contribution because
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Table 2

The Coefficients of the Linear Fits of the Measured and Theoretical Changes in Ax Versus pO, Using Our Theory® and the IGM. Fits Are

of the Form Ax =my, x pO, 4+ Axg

may (ppb/ may, % Axp%
Solution mm Hg) Difference t Test (P) Axq (ppb) Difference R2
Water
Measured 0.062 + 0.002 -9.8+0.8 0.993
BMHP 0.075 21 2 x107* —11 12
IGM 0.42 580 3x 107" —65 560
Water + Na-citrate
Measured 0.063 +0.003 -32+1 0.998
BMHP + 8 g/L Na-citrate 0.072 14 0.06 -32 0
IGM 0.41 550 2 x10°® —62 94
Plasma
Measured 0.062 + 0.005 —121 2 0.973
BMHP 0.071 15 0.09 —74.4 -39
BMHP + 8 g/L Na-citrate 0.071 15 0.10 —-95.4 -21
BMHP + 8 g/L Na-citrate + 125 mmol/kg NaCl 0.071 15 0.10 —122 0.8
IGM 0.40 550 7 x107°© -129 7

IGM, ideal gas model.
BMHP theory by Berman, Ma, Hoge, and Pike.

O, dissolved in liquid is actually at a much higher den-
sity than as a gas, and our reference value for xo, was
measured with O, in its gaseous state at 1 atm (34).

In addition to intermolecular interactions having a
potential impact on the diamagnetic contribution to xq,,
there is evidence for O,—H,O interactions that may affect
the paramagnetism of xg,. Dissolved O, has been found
to add another ultraviolet absorption band to the spectra
of organic solvents, including water (35). It is believed
that this is caused by a charge transfer effect in which
O, behaves as an electron acceptor and the solvent mole-
cules as electron donors. Given that O,’s paramagnetic
behavior is the result of it having two unpaired elec-
trons, it is plausible that this charge transfer could frac-
tionally reduce the effective number of unpaired
electrons and therefore reduce the magnetic moment and
paramagnetism of dissolved O,. It is not clear how much
each of the above two mechanisms contribute to the
observed minor discrepancy between theory and experi-
ment; it is beyond the scope of this study.

If we briefly reexamine how increased dissolved O, in
arterial blood may affect T,-weighted imaging, it is best
to put it in perspective with the changes occurring in
venous blood. If a subject has average resting physiologi-
cal conditions with arterial pO, =110 mm Hg, Hct=0.4,
and O, extraction fraction =0.35, then the venous SbO,
will be 0.65. If arterial pO, increases to 550 mm Hg
under hyperoxia and changes in O, metabolism and
blood flow are considered negligible, the venous SbO,
will increase to 0.74 (7). Using our model for x}00q4 at 37
°C with xp,=1,090 ppm, as measured, the expected
change in the susceptibility of arteries would be —5.3
ppb,” whereas the change in veins would be —127 ppb.
The change is more than 20 times larger in venous blood
than in arterial blood, meaning that any possible signal

"Arteries show a negative change in susceptibility because, at 110 mm Hg,
SbO, is approximately 98%; and at 550 mm Hg, it increases to essentially
100%. Therefore, the change in susceptibility from the 2% dHb converting to
oxy-Hb outweighs the positive change in susceptibility from the added dis-
solved O».

change that may arise from Ay in arteries would be
dwarfed by the change resulting from veins. For compar-
ison, the IGM predicted a change of +125 ppb in
arteries. A scenario in which arterial susceptibility
changes may actually contribute more noticeably would
be in the event of scanning extremely anemic patients
during hyperoxia. Performing the analysis above but
with Hct=0.2, Ay for arteries is +7.1 ppb and for veins
is —98 ppb. In this case, caution may be required when
interpreting BOLD signal changes from hyperoxia. How-
ever, for most physiological conditions, hyperoxia-driven
T, contrast will be dominated by dHb in veins and
capillaries.

CONCLUSION

We have presented a model for the susceptibility of
blood that incorporates dissolved O, and we have exper-
imentally validated the theory over a wide range of pO,
values in distilled water and in plasma. We found that
the change in susceptibility was marginally less than
predicted, and we have characterized the observed solu-
bility of dissolved O, in water and its susceptibility such
that they can easily be incorporated into future model-
ing. Most important, in contrast to previous predictions
that overestimated the volume fraction of dissolved O,
(16), our results indicate that the effect of dissolved O,
on the susceptibility of blood is negligible, even at the
highest levels of hyperoxia. This work shows that, except
in some extreme physiological circumstances, the sus-
ceptibility of dissolved O, can generally be ignored in
MRI studies employing hyperoxia.

APPENDIX A

Here, we describe how we calculate the volume fraction
of dissolved O, in water, ap,, for a given pO,. ap, can be
given by the product of the mole fraction of O, dissolved
in water, np,, and the partial molar volume of O, dis-
solved in water, V) 0,:n,0, all divided by the total molar
volume of the O,-water solution:



no, - Vp,0,H,0
no, - Vmo,H,0 + (1 —No,) VmMH,0

[A.1]

o, =

For the range of pO, encountered under normoxia
and hyperoxia, the dissolved O,-water solution is very
dilute; therefore, the molar volume of H,O ( vap,0) is
used in place of the partial molar volume. ng, is
obtained by Henry’s law using an empirical formula for
the reference np, at atmospheric pressure (36):

_ B
7o (PO 1) = oA {7575 15
' [A.2]
+ Cln((T +273.15)-100 K 1)) - P02
‘ 760 mm Hg ’

with A=-66.7354, B=8747.55 K, C=24.4526, and T is
the temperature in degrees Celsius. ¥y o0,1,0 can be
obtained empirically by the formula vy 0,1,0(T)=(31.7
— 0.04 °C™' - T) cm®/mol (37). Over the range of pO,
explored in this study, the ratio of ¢- pO,/ag, at 37 °C
remains relatively constant at 731. For example, when
pO,=500 mm Hg and T=37 °C, Eq. [A.1] gives a vol-
ume fraction for dissolved O, of 2.12 x 10~ °; whereas in
the IGM, & 500 mm Hg=1.55 x 10 %

To test the agreement of these calculations with the
established solubility coefficient of O, in blood at STP,
when ag, for a given pO, is converted back to the gase-
ous volume of O, relative to water volume using Eq. [7]
and then converted to the gaseous volume of O, relative
to blood volume using Eq. [5] from (17), we end up with
a Bunsen solubility coefficient of O, in blood equal to
3.13 x 10"° mL O,/mL blood/mm Hg. This is in perfect
agreement with the original value given in (7,17).

APPENDIX B

Here, we describe in detail how the susceptibilities of
several of the constituents of blood and our experimental
samples were calculated.

As shown in Table 1, the molar susceptibility of O, is
governed by Curie’s law and is therefore inversely pro-
portional to temperature. We converted to volume sus-
ceptibility by dividing the molar susceptibility by the
partial molar volume of O,; whereas in the IGM, the
molar susceptibility was divided by the molar volume of
gaseous O, at 1 atm and 37 °C. The result is that xq, is
actually significantly larger in our model; and the prod-
uct ap,Xp, works out to be roughly the same for our two
models. However, because ap, in the IGM is overesti-
mated, the factor (1 — ap,) significantly reduced the con-
tribution of the remaining constituents of X404

For the susceptibility of water, it has been shown that
there exists a slight temperature dependence, such that
Xu,0 is given by (38)

47(—12.96 x 107% cm?®/mol)

v ,0(T)
x (1+D-(T—20)+E- (T -20)%),

XHZO(T):
[B.1]
where D=1.38810 x 107* °C™', E=-1.2685 x 1077

°C72, and 47 (—12.96 x 107%) cm®/mol is the molar sus-
ceptibility of H,O at 20 °C (34). Spees et al. (13) did not

Berman et al.

account for this temperature dependence; therefore, our
values for xy,q differ slightly.

In order to measure Na-citrate’s susceptibility in dis-
tilled water and to incorporate this into the susceptibil-
ity of the plasma samples, the mole and volume
fractions of Na-citrate in the samples were calculated
using a molecular mass of 294.10 g/mol and a partial
molar volume of 69.32 cm®/mol (39). Similarly, for NaCl
we used a partial molar volume of 16.3 cm®/mol at 22°C
(40) to help convert the molality to a volume fraction
and to convert from molar susceptibility to get a volume
susceptibility of —23.2 ppm (34).
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