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Rationale and Objectives. The oxygen partial pressure (pO,) of human body fluids reflects the oxygenation status of sur-
rounding tissues. All existing fluid pO, measurements are invasive, requiring either microelectrode/optode placement or
fluid removal. The purpose of this study is to develop a noninvasive magnetic resonance imaging method to measure the
pO; of human body fluids.

Materials and Methods. We developed an imaging paradigm that exploits the paramagnetism of molecular oxygen to
create quantitative images of fluid oxygenation. A single-shot fast spin echo pulse sequence was modified to minimize
artifacts from motion, fluid flow, and partial volume. Longitudinal relaxation rate (R1 = 1/T1) was measured with a time-
efficient nonequilibrium saturation recovery method and correlated with pO, measured in phantoms.

Results. pO, images of human and fetal cerebrospinal fluid, bladder urine, and vitreous humor are presented and quantita-
tive oxygenation levels are compared with prior literature estimates, where available. Significant pO, increases are shown

in cerebrospinal fluid and vitreous following 100% oxygen inhalation. Potential errors due to temperature, fluid flow, and

partial volume are discussed.

Conclusions. Noninvasive measurements of human body fluid pO; in vivo are presented, which yield reasonable values
based on prior literature estimates. This rapid imaging-based measurement of fluid oxygenation may provide insight into

normal physiology as well as changes due to disease or during treatment.
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The oxygen partial pressure (pO,) of low-protein body
fluids, such as urine, vitreous humor, and cerebrospinal
fluid (CSF), is of physiologic interest, as such measure-
ments may yield information about surrounding tissue
oxygen levels (1-4). Current pO, measurements require
either fluid removal [and are susceptible to errors caused
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by contamination from room air during fluid removal and
analysis (5-7)] or the placement of invasive microelec-
trodes or optodes (4, 8—12). A truly noninvasive imaging-
based method would enable body fluid oxygenation mea-
surements under normal physiologic conditions or in the
setting of disease (13). Another possibility is the opportu-
nity to measure fetal fluid oxygenation, which may give
unique insight into fetal well-being in utero (14). Such a
method may also find use in nonmedical settings in which
a nondestructive and noninvasive imaging-based oxygen
measurement is desirable, such as cell viability assays
(12) or for nondestructive analysis of beverage oxygen-
ation (15).
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Evidence exists that oxygen monitoring of human body

fluid collections is valuable. Invasive human studies show
that lower CSF pO, is associated with brain injury (10,
16). In animals, lumbar CSF pO, rapidly decreases during
transient spinal cord ischemia (4). Renal pelvic and blad-
der urine pO, decreases during septic shock (17) and in-
creases following administration of renal protective agents
(18). Vitreous oxygenation changes following vitrectomy
have been implicated in the development of nuclear scle-
rotic cataracts (19). Other work suggests that abnormali-
ties in subretinal vitreous oxygenation during oxygen
challenge are a potential early predictor of diabetic reti-
nopathy (20).

Molecular oxygen (O,) has two unpaired electrons
and is therefore paramagnetic. As for any low concen-
tration paramagnetic solute, the water proton longitudi-
nal relaxation rate R1 (= 1/T1) increases linearly with
oxygen concentration (15, 21, 22). O, is far more ef-
fective at causing R1 changes than are equimolar
amounts of protein, and previous authors have con-
cluded that the proton NMR properties of many low-
protein body fluids (<2 g/L) are inseparable from wa-
ter at the same temperature (23). A recent NMR-based
study has used such a method to qualitatively estimate
the rates of oxygen outgassing for commercially avail-
able hyperoxygenated beverage products, both in the
bottle and in the human mouth and stomach (15, 24).
More recently, these principles have been applied to
measure quantitative CSF pO,, using a time-consum-
ing, spatially limited three-dimensional inversion re-
covery method (25).

This report outlines development of an MRI-based
methodology to measure fluid oxygenation of low-pro-
tein human body fluids. A standard single-shot fast
spin-echo (SSFSE) pulse sequence has been modified
to minimize imaging artifacts and quantification errors
caused by fluid flow and partial volume of surrounding
tissue structures. R1 is measured using a time-efficient,
nonequilibrium saturation recovery approach, allowing
pO, maps to be acquired in several minutes. We have
applied this method to measure pO, noninvasively in
cerebral and lumbar CSF, vitreous humor, and bladder
urine of normal young adults. We demonstrate oxygen-
ation changes in CSF and vitreous following supple-
mental oxygen inspiration. Finally, we present an ex-
ample of the method for measuring oxygen content of
fetal CSF and vitreous in utero.
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Figure 1. Schematic diagram of the SSFSE sequence and satu-
ration recovery approach for pO, imaging. Each imaging module
consists of four parts: (i) fat saturation, which does not affect wa-
ter spins; (ii) nonselective T2-preparation pulse cluster (27); (iii)
SSFSE readout; and (iv) crusher gradients to destroy any remain-
ing transverse magnetization. Note that the best representation of
the time for longitudinal magnetization recovery (Tsgry and Tsgo) is
from the end of the FSE readout to the start of the T2-preparation
cluster (26). In blue is a schematic of the longitudinal magnetiza-
tion (M,) recovery. The ratio of the signal intensity in any voxel
(84/8y) is solely a function of R1 and can be determined using the
iterative method described in Appendix A.

MATERIALS AND METHODS

Acquisition Method

A modified SSFSE pulse sequence was used to acquire
a pair of images in succession at each location (Fig. 1). If
longitudinal magnetization is completely recovered prior
to the first acquisition (S;), saturated by the long train of
refocusing pulses, and only partially recovered prior to
the second acquisition (S,), then variation in signal inten-
sity of the two acquisitions will be due only to longitudi-
nal relaxivity (R1). It should be noted that the appropriate
recovery time for SSFSE images is from the end of the
image readout period to the subsequent excitation (26).
The ratio of S; and S, (as well as the saturation recovery
times, Tsg; and Tgg,, of the two acquisitions) is used to
calculate the R1 of fluid on a voxel-by-voxel basis, as
described in Appendix A. Variations in other MR param-
eters, such as proton density or T2, do not affect the
S1/S2 ratio or the R1 value.

Fluid R1 measurement is complicated by two factors:
(1) partial volume in voxels containing both fluid and soft
tissue and (ii) inflow of fluid with fresh spins after the
initial saturation. To address the first, a long effective TE
or a T2 preparatory (27) segment can be used prior to
excitation to suppress nonfluid signal. To address the lat-
ter, nonselective T2 preparation and refocusing pulses are
used during image acquisition; thus fluid, stationary or
flowing, is equally saturated.
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Phantom Studies

Distilled water phantoms were prepared by bubbling
mixtures of nitrogen (N,) and O, gas to achieve a range
of oxygenation, and direct pO, measurement was per-
formed using a polarographic electrode (Licox; GMS,
Kiel-Mielkendorf, Germany). Glass volumetric flasks (10
ml) were submerged during the measurement and stop-
pered with ground-glass stoppers. Care was taken to ex-
clude gas bubbles from the flasks. Phantoms with pO,
ranging from 7 to 276 mm Hg were placed into a water
bath maintained at 37 °C within a 1.5-T MR scanner
(Signa; GE Healthcare, Milwaukee, WI). Higher pO, lev-
els were not used because of the potential for bubble for-
mation, which would change the dissolved oxygen con-
centration in an unpredictable fashion (15). Images were
acquired using the following parameters: Tsg; = 10 sec-
onds, Tggry = 3 seconds, TE = 200 milliseconds, field
of view (FOV) = 20 cm, matrix 320 X 256, slice thick-
ness = 8 mm, receiver bandwidth = 31.25 kHz, and echo
train length = 136. R1 was determined by the iterative
method described in Appendix A, using five iterations.

The effect of protein on the pO, measurement was
assessed by imaging a range of different concentrations of
bovine serum albumin (BSA) (Sigma-Aldrich, St. Louis,
MO) from O to 5 g/L in normal saline (0.9% NaCl). The
samples were at equilibrium with room air, and measured
within a water bath maintained at either room temperature
(21 °C) or body temperature (37 °C). R1 measurements
were performed using the same parameters as above.

Human Studies

Our hospital’s institutional review board approved the
following study (total n = 17, 10 men and 7 women,
mean age 32 * 5 years, age range 22-38 years). Not all
subjects had all body fluid regions imaged; cerebral CSF
and vitreous were imaged in 11 subjects (9 men and
2 women), bladder urine in 13 subjects (8 men and
5 women); and lumbar CSF in 9 subjects (7 men and 2
women). Prior informed consent was obtained. Images
were acquired during room air breathing. In one subject
(35-year-old man), cerebral CSF and vitreous images
were acquired before and after 20 minutes of 100% O,
supplied by nonrebreather facemask (model 1060; Hudson
RCI, Temecula, CA). In one 25-year-old pregnant
woman, images were acquired of the maternal bladder
and fetal fluids (CSF, vitreous) of her 30-week fetus; the
scan was obtained to evaluate probable inferior vermian
agenesis noted on prior ultrasound. The anatomical MRI
confirmed this finding, and additionally noted left cerebel-
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Figure 2. Plot of R1 (= 1/T1, second~") for distilled water at
body temperature (37 °C) and 1.5 T. Error bars show *1 standard
deviation of the mean for 12 repeated measurements. The slope
(0R1/0p0y) and intercept [R1(pO, = 0)] were used to calibrate the
human body fluid measurements.

lar hemisphere hypoplasia. The baby was born at term
and was clinically normal in the newborn period.

The imaging sequence used for the human studies was
the same as for the phantom study, with the exception of
changes in FOV (24-35 cm; the minimum size was cho-
sen that included the structures of interest), matrix
(256 X 256), and slice thickness (5 mm for CSF and vit-
reous, 10 mm for bladder urine). Signal averaging of be-
tween 3 and 10 nex was used, resulting in a total imaging
time of 45-150 seconds. To minimize partial volume er-
rors, heavy T2-weighting was applied, either by using a
TE of 750 milliseconds or using a 700-millisecond nonse-
lective T2-preparatory segment (27) followed by image
acquisition with a short (60 milliseconds) TE. These val-
ues were chosen based on simulations of partial volume
errors (Appendix B). Conservative regions of interest
were drawn manually for bladder urine and vitreous im-
ages. For CSF, thresholding of the images was performed
based on signal intensity at a level expected to incur less
than a 5 mm Hg error in pO, due to partial volume ef-
fect.

RESULTS

Figure 2 plots body-temperature distilled water R1 ver-
sus pO, measured with a polarographic electrode, demon-
strating a highly correlated linear slope. R1 of deoxygen-
ated water was measured to be 0.213 second™!, 95% con-
fidence range 0.208-0.217 second™!, corresponding to a
T1 of 4.69 seconds (95% confidence range 4.61-4.81
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Figure 3. R1 versus protein concentration (BSA) of normal saline
(0.9% NaCl) at both room and body temperature. The fluids were
in equilibrium with room air. The R1 increase due to protein con-
tent at body temperature corresponds to an overestimation in pO,
of 11 mm Hg/(g/L protein), 95% confidence range 5-16 mm Hg/
(9/L protein). The findings at room temperature compare well with
those measured by previous investigators (33, 35). Error bars rep-
resent =1 SD of 12 repeated measurements.

seconds). The proportionality constant linking changes in
R1 with changes in oxygen content (JR1/0p0O,) was cal-
culated to be 2.49 X 107* second™!/mm Hg, 95% confi-
dence interval 2.19-2.78 X 10~ second™!/mm Hg.
Figure 3 shows the dependence of R1 on bovine serum
albumin concentration. There is a linear increase in R1
due to protein, with an estimate of 2.7 X 1073 second™!/
(g/L), 95% confidence range 1.3—4.0 X 1073 second™!/
(g/L) at 37 °C. This corresponds to an overestimation of
pO, by 11 mm Hg for every additional g/L. of protein,
with 95% confidence range 5-16 mm Hg/(g/L).

Typical R1 (pO,) maps of adult human CSF, vitreous,
and bladder urine are shown as Figure 4. There is varia-
tion in CSF oxygenation in different parts of the brain,
with highest oxygen concentrations overlying the cortical
surfaces, and lower concentrations within the ventricular
system. Vitreous and bladder urine images generally dem-
onstrate relatively homogenous oxygenation, as might be
expected in such well-mixed systems. The typical stan-
dard deviation of voxels measured centrally on the vitre-
ous or bladder pO, maps was on the order of 10-15% of
the mean; this is purely determined by voxel size and
imaging time, which may be traded off for one another.
Table 1 presents the mean and standard deviation of pO,
measurements in different fluid compartments for all of
the subjects along with best estimates from limited previ-
ous literature.

Figure 5 is a pO, map of the pelvis in a pregnant 25-
year-old woman, contrasting the relatively low pO, of the

Figure 4. Representative pO, images of CSF around the brain
(@-c), the vitreous humor of the eye (b), the lumbar CSF (d), and
bladder urine (d) in young adult subjects breathing room air. Dif-
ferences between CSF pO, surrounding different brain regions are
evident. Vitreous and urinary oxygenation appears more homoge-
nous. The color pO, scale ranges from 0 to 200 mm Hg.

maternal bladder (62 = 18 mm Hg) with the higher pO,
of the CSF of her 30-week fetus (124 = 90 mm Hg). The
fetal vitreous pO, was 66 = 53 mm Hg. Figure 6 demon-
strates the effect of 20 minutes of 100% oxygen inhala-
tion on CSF and vitreous pO, in a 35-year-old man.

CSF pO, increased from 124 * 55 mm Hg to 228 *=

18 mm Hg in the cerebral sulci, while remaining un-
changed in the lateral or fourth ventricles. Vitreous pO,
also increased from 73 = 42 mm Hg to 93 = 22 mm Hg.

R1 changes in water attributable to paramagnetic mo-
lecular oxygen were first recognized by Bloch in the ear-
liest NMR experiments (28). Subsequent investigators
demonstrated the linear relationship between R1 and oxy-
gen concentration predicted by theory (21, 22, 25). Using
R1-based imaging methods to glean information regarding
pO, of human body fluids in vivo is a relatively new de-
velopment (3, 24, 25). This may be due to several rea-
sons: (i) the concept that O, causes relatively large R1
changes compared with those due to natural variation in
protein or macromolecular concentrations found in many
body fluids (23); (ii) the difficulties in removing the ef-
fects of partial volume and fluid flow; and (iii) the inher-

1019



ZAHARCHUK ET AL Academic Radiology, Vol 13, No 8, August 2006

Table 1
Comparison of MRI-Based Noninvasive pO, Measurement With Literature Values

Region (n) R1 (second™") pO, (mm Hg) Literature “Best Estimates” References

Cerebrospinal fluid

Lateral ventricles (11) 0.226 = 0.004 52 + 14 30-74*t 7,8, 11

Cisterna magna (11) 0.228 + 0.007 62 =29 31-741 1,16

Cortical sulcal (11) 0.247 = 0.011 138 = 46 * *

Lumbar subarachnoid (9) 0.230 =+ 0.005 69 *+ 22 40-571 16, 39, 40
Vitreous (11) 0.228 *= 0.009 63 = 34 9-20t 19, 43
Bladder urine (13) 0.228 *= 0.004 63 = 16 25-80 17, 18, 38

MRI-based pO, measurement of human body fluids compared with prior invasive measurements. “Best estimates” are from prior re-
ports in either normal animals* or sick humansT, as only bladder urine pO, has been measured in normal humans.
¥No measurements in animals or humans. Findings are in reasonable concordance, except for vitreous oxygenation; possible reasons

for this are discussed in the text.

Figure 5. pO, images of a 25-year-old woman showing the ma-
ternal bladder, as well as the CSF and vitreous in a 30-week fetus
in utero. The fetus is facing the viewer’s right on the sagittal im-
age (a). There is a striking difference in pO, between the maternal
bladder urine (62 = 18 mm Hg) and the fetal CSF (124 = 90 mm
Hg) (all CSF spaces included lateral ventricles, cortical sulci, and
basilar cisterna). The fetal vitreous humor pO, was 66 + 53 mm
Hg. To our knowledge, these are the first measurements of fetal
fluid oxygenation.

ent challenges surrounding measurement of long T1 sub-
stances, which can be time-consuming unless single-shot
methods are used. No other paramagnetic substances are
commonly found in most body fluid collections in signifi-
cant concentrations; their presence in an abnormal state
(such as transferrin in iron storage disorders or deoxyhe-
moglobin in the setting of hematuria) would be evident
based on decreased T2 values, which are much more
strongly affected by such large molecules than is T1.
The current SSFSE sequence (Fig. 1) has been pur-
posefully modified to minimize artifacts due to fluid flow
and partial volume, which can cause significant errors

1020
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Figure 6. CSF and vitreous images (a) before and (b) following
20 minutes of 100% O, inhalation in a 35-year-old man. Images
of the globes obtained from separate axial images are presented
above the sagittal images of the brain CSF. Cortical sulcal CSF
pO, increases from 124 + 55 mm Hg to 228 = 18 mm Hg, while
no change is seen in the lateral or fourth ventricles. This pattern is
consistent with “oxygen artifact” noted on FLAIR images. Smaller
vitreous pO, increases were observed (from 73 = 42 mm Hg to
93 + 22 mm Hg).

when measuring R1. Most clinical SSFSE sequences use
slice selective excitation and refocusing and are well
known to demonstrate artifacts due to fluid flow in high
flow regions, such as in CSF near the foramina of Monro
and in the bladder due to ureteral jets (29, 30). The cur-
rent method uses nonselective refocusing pulses during
readout, which make the sequence less sensitive to flow
during readout. If ultralong TE (750 milliseconds) or T2
preparation (27) followed by short TE (60 milliseconds)
is used, the signal from surrounding short-T2 soft tissues
is almost completely relaxed and does not affect the mea-
surement. Also, because water has such a long T2
(>2000 milliseconds), there is minimal blurring even
with readout times on the order of 1 second or longer,
allowing for high spatial resolution imaging. In-plane mo-
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tion can still cause signal loss due to intravoxel phase
dispersion, but these errors are relatively small because
the gradients used for refocusing the spin echoes have
been minimized and the use of T2 preparation allows
early sampling of magnetization before significant phase
eIrors occur.

One potential error not addressed by these modifica-
tions is the change of R1 due to fluid temperature. Based
on our phantom studies, we found a potential error 19
mm Hg for physiologic temperature fluctuations of =1 °C.
While this sets a lower bound on the accuracy of the
measurement, if the temperature is known [for example,
estimated from oral or rectal measurement or using an
MR-based temperature measurement (31)], pO, could be
corrected by calculating a new baseline value for deoxy-
genated water. The proportionality constant (dR1/9pO,) is
unlikely to change significantly for temperatures within
physiologic range.

The phantom study of distilled body-temperature water
with known dissolved oxygen concentrations again con-
firms a linear relationship between R1 and pO, in the
physiologic range (Fig. 2). The measurement of deoxy-
genated body-temperature water of 0.213 second™! is near
that estimated by Hopkins et al. (0.22 second™!) and in
line with previous measurements using a time-consuming
three-dimensional inversion recovery method (0.226 sec-
ond™!) (23, 25). The measured ratio of R1 to pO, changes
(0R1/0p0,) is also similar to prior measurements (25) and
falls between values observed at higher and lower mag-
netic field strengths (3, 32). Distilled water was used in
this experiment for convenience, as previous studies have
shown no differences in these parameters between dis-
tilled water, normal saline, or water with up to 2 g/L dis-
solved protein (25, 33, 34). Figure 3 demonstrates this
weak dependence of R1 on protein levels. The room-tem-
perature measurements are similar to those obtained by
other investigators (33, 35); the body-temperature mea-
surements suggest that any overestimation of pO, due to
relaxivity from proteins is on the order of 5-16 mm Hg/
(g/L of protein) (for reference, normal CSF protein is
0.3 g/L). It should be noted that these studies were per-
formed with a single, large, negatively charged protein
(BSA), and the results may be different for other proteins.

Many invasive studies document the relationship and
importance of pO, changes in specific disease states and
for patient outcomes (4, 8, 10, 16, 18, 19), but difficulties
associated with microelectrode placement and the exclu-
sion of room air oxygen from fluid samples have limited
widespread use of pO, monitoring. A noninvasive tech-

nique such as MRI obviates problems associated with
room air contamination and invasive catheter placement,
allowing wider application of pO, monitoring, including
the study of normal human and fetal physiology.

pO, maps of adult human body fluid collections are
shown in Figure 4. Vitreous and bladder pO, images ap-
pear relatively homogeneous, while CSF images demon-
strate regional differences between compartments, with
lower CSF pO, in the lateral ventricles compared with the
cerebral cortical sulci and the basilar cisterns. Following
inhalation of 100% oxygen, significant increases in CSF
pO, within the vitreous and the CSF in the cortical sulci,
basilar cisterna, and cisterna magna are noted (Fig. 6). No
changes were seen in the lateral or fourth ventricles. Of
interest, this pattern is identical to the “artifact” noted on
fluid-attenuated inversion recovery (FLAIR) sequences in
the presence of supplemental oxygen, further confirmation
that these findings are related to the presence of dissolved
oxygen within the CSF (33, 36). Our initial images of the
maternal pelvis demonstrate oxygenation differences be-
tween fluid in the maternal bladder and the fetal CSF
(Fig. 5). To our knowledge, this is the first measurement
of fetal fluid oxygenation made with any method. No
measurements of amniotic fluid pO, were made, given
that the protein content of the amniotic fluid can be quite
high (up to 8 g/L) and varies with gestation (37).

Comparing the current measurements to prior literature
values is difficult, as only bladder urine pO, has been
measured in normal humans using invasive techniques.
Studies of urinary oxygenation have yielded a wide range
(25-80 mm Hg), which is apparently dependent on hy-
dration and diet (2, 17, 18, 38). Various studies report
CSF values between 31 and 74 mm Hg in hospitalized
patients (8, 10, 16, 39, 40). Additionally, the levels re-
ported in the current study are quite similar to those mea-
sured in the CSF surrounding the brain using a three-di-
mensional inversion recovery MRI method in normal sub-
jects (25). Thus, we believe that the measurements from
the current study are compatible with previous measure-
ments of bladder urine and cerebral CSF. The current
measurement of 63 * 24 mm Hg for vitreous pO, is sig-
nificantly higher than that measured invasively in previtrec-
tomy patients and in animals (between 9 and 20 mm Hg)
(19, 41). One possible reason may be the difference be-
tween the current study of young normal subjects and the
older patients who were previtrectomy for significant ocu-
lar pathologies. Another explanation is that the current
measurement may be in error due to blinking or other eye
movements (42). Finally, T1 shortening in excess of that
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expected based on concentration due to proteoglycans and
collagen within the vitreous gel may be present, and fur-
ther investigations on this possibility are ongoing. Fetal
pO, measurements are roughly the same as in adults, with
a similar difference between the fetal vitreous and cortical
CSF levels. The background noise of the measurements is
higher than for adults, due to the small size of the fetal
structures and the relatively low sensitivity of a body re-
ceive coil, although this could be improved by longer
imaging times or dedicated surface coils.

While this report discusses a specific medical applica-
tion, it is possible that this method may find use in other
situations in which a noninvasive, nondestructive mea-
surement of oxygen content is of interest. One application
is quality control of oxygen content of commercially pro-
duced hyperoxygenated beverages (15). Another might be
application to closed biological systems, particularly for
experiments that monitor the effects of controlled oxygen
environments on cell growth and viability (12). Certainly,
one could envision monitoring the decrease in molecular
oxygen within a fluid supernatant surrounding viable aer-
obic cells during oxidative metabolism. The current imag-
ing-based method might lend itself to multiwell batch
processing schemes. In the medical arena, we suspect that
this method will permit more widespread evaluation of
oxygenation changes that occur during normal human
physiology, in the setting of disease, or during treatment.
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APPENDIX A

Iterative R1 Measurement Using a Dual-Shot
SSFSE Sequence

If two SSFSE images are acquired in succession, with
the magnetization fully recovered prior to the first acquisi-
tion (#1), saturated by a long train of refocusing pulses and
postimage crusher gradients, then followed by a time period
(Tsro), at which time the second acquisition (#2) occurs, the
signal intensity of the two acquisitions are as follows:

S, =Myexp(—TE/T,)
(AD)
Sy = My(1 — exp(—Tsp/T1))exp(—TE/T>)

where M, is the initial longitudinal magnetization and 7E
is the echo time. These equations may be solved for T,
analytically:

- TSR2

= (A2)
ln(l - Sz/S])

T,

Given the long T1 of CSF (>4 seconds), it is time-con-
suming to wait >5 T1 for complete relaxation back to
equilibrium. Improved SNR per unit time can be achieved
using a shorter period between successive acquisitions. In
this case, incomplete recovery in the initial image will
lead to T1 underestimation; however, because this time
(Tsgry) is known, the effect of partial saturation on S; can
be calculated and the T1 estimate iteratively improved. A
new estimate (T) is based on the previous iteration’s esti-
mate (T,) according to:
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Figure 7. Demonstration of the efficacy of the iterative T1
method. Measurements were made in distilled water at 37 °C fol-
lowing 5 minutes of bubbling of 100% N, gas, room air (21% O,
balance N,), or 100% O, gas. Initial estimates overestimate R1
when the sample is not fully recovered, but the iterative refine-
ment corrects this overestimation. In practice, five iterations were
sufficient for convergence and were used for the measurements
in this study.
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Figure 8. The effect of partial volume on fluid pO, measure-
ments was simulated using a two-compartment model as a func-
tion of TE, assuming typical soft tissue parameters (T1; = 1 sec-
ond, T2; = 0.1 second), fluid parameters (T1; = 4 seconds, T2; =
2 seconds), and the imaging parameters from the current study
(Tsry = 10 seconds, Tsp, = 3 seconds). pO, overestimation (in
units of mm Hg) is shown for known nonfluid volume fraction and
chosen TE. The black horizontal bar indicates the effective TE
used in the current study, showing that less than 5 mm Hg error
is expected for up to 50% inclusion of nonfluid material within a
given voxel.
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- TSR2

Ti= (A3)

S,
In| 1 —
S1/(1 = exp(— T /T1))

Figure 7 shows an example of the T1 estimation error due
to short Tggr, and correction with the iterative method. In
practice, we have found rapid convergence to the true T1
and chose to use five iterations for the measurements de-
scribed in this report.

APPENDIX B

Effects of Partial Volume Contamination on
pO, Measurement

Fluid T1 is much longer than that of surrounding soft
tissue structures. Thus, inadvertent inclusion of this tissue
leads to R1 overestimation. The error can be severe for
even small amounts of partial volume (<5%), which may
not be easily recognizable on MR images.

1024

The transverse relaxation time (T2) of low-protein
fluid is also quite long and suggests a solution based on
ultralong effective TE. We performed two-compartment
simulations to assess the pO, error due to inadvertent in-
clusion of soft tissue (Fig. 8). These curves are based on
reasonable assumptions for the relaxivity of the two com-
partments: fluid T1; = 4 seconds, T2; = 2 seconds; soft
tissue T1, = 1 second, T2, = 0.1 second; Tsr; and Tgg,
are the same as those used for the human pO, mapping
(10 and 3 seconds, respectively). These simulations sug-
gest that the effect of partial volume on the pO, measure-
ment decreases significantly with increasing TE. In fact,
for TE equal to or greater than 750 milliseconds, even
50% partial volume with surrounding tissue causes an
overestimation of the pO, level of less than 5 mm Hg.
For such long TEs, the SNR loss is minimal for fluid due
to its long T2; however, the signal from surrounding soft
tissue structures is almost completely relaxed before im-
age acquisition.
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