The susceptibility of dissolved oxygen
Avery J.L. Berman'?, Yuhan Ma', Richard D. Hoge”, and G. Bruce Pike'?
'Montreal Neurological Institute, McGill University, Montreal, Quebec, Canada, *Department of Radiology/Hotchkiss Brain Institute, University of Calgary,
Calgary, Alberta, Canada, *Unité de neuroimagerie fonctionelle, Centre de recherche de l'institut de gériatrie de Montréal, Montreal, Quebec, Canada

Target audience: MRI researchers using gas challenges, particularly hyperoxia (or carbogen) and those who are interested in magnetic
susceptibility calculations and theory.

Purpose: It has been predicted that, during hyperoxia, excess O, dissolved in arterial blood will significantly alter the blood’s
magnetic susceptibility, leading to non-negligible MR signal changes'. This would confound the interpretation of the hyperoxia-
induced BOLD signal as arising solely from changes in venous and capillary deoxyhemoglobin (dHb), the implications of which
are significant. This study, therefore, aimed to determine how dissolved O, affects the susceptibility of blood ()}), both
theoretically and experimentally, and, in turn, how this would affect the hyperoxia BOLD signal.

Theory & Methods: In the model for y;, from [1], referred to here as the ideal gas model (IGM), the volume fraction of dissolved
0, was given by the product € - pO,, where & = 3.1x10”° mL O,/mL blood/mm Hg O, is the solubility coefficient of dissolved O,
in blood and pO; is the partial pressure of O,. In a previous study, we showed that € - pO, significantly overestimated the true
volume fraction of dissolved O, and we proposed an alternate model for y;,”. Briefly, our model is an extension of Spees et al.’s’
formulation of y;, that incorporates dissolved O, directly into the water compartments of blood (i.e. the water in plasma and red
blood cells). This enables straightforward calculation of the volume fraction of dissolved O, in water and the calculation of y;, for
arbitrary hematocrit (a quantity that the IGM did not account for with respect to dissolved Oy).

To validate our model, long centrifuge tubes containing oxygenated samples of either distilled water or bovine plasma
were placed one at a time along the centre of a large water phantom that was then placed in a 3 T scanner (Siemens Tim Trio)
with the tube axis parallel to BO. A single-slice through the centre of the tube was imaged with a multi-echo gradient echo
sequence and the phase images were subsequently processed to measure the field offset produced by the tube. After background
field removal using a 6"-order 2D polynomial®, the remaining field offset inside the tube was related to the susceptibility
difference between the sample and the surrounding water using the infinite cylinder model’.

Additional simulations were performed to compare the blood-tissue susceptibility difference and the BOLD signal across
the vascular tree (arteries, capillaries, and veins) using three models: the IGM, our model, and ignoring dissolved O,”. All three
models ulsgd the same baseline value for y of tissue when pO, = 0" but incorporated dissolved O, using their respective volume
fractions .

Results: In distilled water and plasma, a linear fit to the measured changes in susceptibility gave excellent results (R* > 0.97),
with identical slopes of 0.062 ppb/mm Hg of O, (ST units)(Fig. 1). This change is dramatically less than predicted using the IGM
and is very 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,.

Further modelling of the blood-tissue susceptibility difference indicated that, while the contribution from dissolved O, to
Xp 1s small, it partially offsets the diamagnetic change in y;, produced by the remaining ~2% dHb in arteries that converts to oxy-
Hb under hyperoxia (Fig. 2). This was reflected in simulations of the BOLD signal from tissue occupied by arteries, where the
relative signal change between 100% fixed inspired O, and normoxia was (2.8 + 0.4)% using the IGM, (-0.54 + 0.07)% using our
model, and (—1.0 £ 0.1)% ignoring O,

Conclusion: We found that the change in susceptibility of distilled water and plasma was marginally less than predicted by our
detailed model. Most importantly, in contrast to previous predictions, our results indicate that the BOLD signal from hyperoxia
will have a negligible contribution from arteries under most physiological conditions.
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Figure 2 (right): Change in the arterial blood-tissue susceptibility difference (SI units) relative to % %0
normoxia for a range of hyperoxia levels as calculated when ignoring dissolved O, (blue), using our 3
model (red), and using the IGM (grey). Each data point was produced using randomly selected € 0 =-:',7:\1." 3 0% .gﬁ;zgiigﬁ’:
b 1 1 1 o 87 ~ &:;5:%%- DN °f.""4 N
aseline oxygen extraction fraction (0.1 — 0.55), arterial pO, (Pa0O,) (90 — 130 mm Hg), Het (0.35 — g 5o st PAF ceEE Y e
0.5), and increase in PaO, (0 — 500 mm Hg). 5

100 200 300 400 500 600
PaO, [mm Hg]

Proc. Intl. Soc. Mag. Reson. Med. 23 (2015) 2130.



