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Purpose: To analyze the contribution of the transverse relaxation
parameter (T2), macroscopic field inhomogeneities (AB),
and blood volume fraction (BVf) to blood oxygen level-
dependent (BOLD)-based magnetic resonance (MR) mea-

Chantal Remy, PhD surements of blood oxygen saturation (SO,) obtained in a
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Materials and This study was approved by the local committee for animal
Methods: care and use. Experiments were performed in accordance
with permit 380820 from the French Ministry of Agricul-
ture. The 9L gliosarcoma cells were implanted in the brain
of eight rats. Fifteen days later, 4.7-T MR examinations were
performed to estimate T2*, T2, BVf, and TZ*ABOW‘M0 .in the
tumor and contralateral regions. MR estimates of SO, were
derived by combining T2, BVf, and T2*AB  according
to a recently described quantitative BOLD approach. Scat-
terplots and linear regression analysis were used to identify
correlation between parameters. Paired Student t tests
were used to compare the tumor region with the contra-
lateral region.

Results: No significant correlations were found between T2* and any
parameter in either tumor tissue or healthy tissue. T2 in the
tumor and T2* in the uninvolved contralateral brain were the
same (36 msec = 4 [standard deviation]| vs 36 msec * 3,
respectively), which might suggest similar oxygenation. Adding
T2 information (98 msec £ 7 vs 68 msec * 2, respectively)
alone yields results that suggest apparent hypo-oxygenation
of the tumor, while incorporating BVf (5.3% = 0.6 vs 2.6%
+ 0.3, respectively) alone yields results that suggest appar-
ent hyperoxygenation. MR estimates of SO, obtained with
a complete quantitative BOLD analysis, although not corre-
lated with T2* values, suggest normal oxygenation (68% =
3 vs 65% = 4, respectively). MR estimates of SO, obtained
in the contralateral tissue agree with previously reported
values.

Conclusion: Additional measurements, such as BVf, T2, and AB, are
needed to obtain reliable information on oxygenation with
BOLD MR imaging. The proposed quantitative BOLD ap-
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he availability of a technique with
which to image brain hypoxia in
vivo is of considerable interest.
Such tools may improve monitoring and
optimization of cancer therapies or de-
tection of tumor recurrence (1,2).
Magnetic resonance (MR) imaging
is already considered the method of
choice in the diagnosis of brain tumors,
as it provides information about tumor
size and location and extent of edema,
as well as hemodynamic information
(blood volume fraction [BVf], vessel
size index). MR imaging is also sensi-
tive to blood oxygenation via the blood
oxygen level-dependent (BOLD) effect
(3). Changes in magnetic susceptibility
of hemoglobin as it releases oxygen
induce perturbations of the magnetic
field inside and outside the vessels,
decreasing the T2* relaxation time in
an imaging voxel. Thus, T2* is related
to the total amount of deoxyhemoglo-
bin in the voxel and, by extension, the
blood oxygen saturation (SO,) and par-
tial pressure of oxygen in and around
blood vessels. In the healthy brain,
BOLD imaging is sensitive to variations
in the inspired oxygen fraction (4) and
is related to the SO, of major arteries
and veins (5). The appeal of mapping
blood SO, with BOLD MR imaging re-
lies on its noninvasiveness and wide-
spread availability in clinical imagers. It
could provide good spatial and temporal

Advances in Knowledge

B Additional MR measurements,
such as the transverse relaxation
parameter, macroscopic field in-
homogeneities, and blood volume
fraction, are necessary to make
an accurate assessment of tissue
oxygenation with blood oxygen
level-dependent (BOLD) MR im-
aging; failure to include any of
these parameters may lead to
incorrect conclusions about
tumor oxygenation.

B The proposed quantitative BOLD
approach, which includes the
aforementioned measurements,
appears to be a promising tool
with which to map blood oxygen
saturation.

resolution and could be coregistered
with anatomic and functional informa-
tion on the tumor microenvironment.
Because of these features, recent
studies have proposed the use of T2*
estimates to assess tumor oxygenation
(6-8). However, it is important to real-
ize that the T2* of a particular voxel is
not purely a reflection of blood SO, but
that it also depends on other param-
eters. Microscopic nuclear electron in-
teractions between neighbor atoms give
rise to a dissipative relaxation mecha-
nism described by T2. This transverse
relaxation time may be linked to T2*
by using the following equation: 1/T2*
= 1/T2 + 1/T2’. Macroscopic field inho-
mogeneities, which may originate from
magnet imperfections, poor shimming,
tissue-air interfaces, or other causes,
may affect the measurement and level
of tissue oxygenation. T2* is sensitive
to the total amount of deoxyhemoglobin
in the voxel. Thus, knowledge of BVf is
of tantamount importance. Particularly,
tumor BVf varies in space and time as
the tumor grows and matures (9,10).
Recently, it has been shown that
these other factors can be combined
according to a mathematic model to ob-
tain quantitative MR estimates of SO,
(11). This quantitative BOLD approach,
which follows the work pioneered by
An and Lin (12) and which was refined
by He and Yablonskiy (13), has shown
encouraging results in the healthy rat
brain (11). However, it remains unclear
whether the additional factors included
in the quantitative BOLD calculations are
really necessary to accurately measure
SO, in the brain. Is one T2* measure-
ment sufficient to determine the tumor
oxygenation level? In this study, we an-
alyzed the contribution of the trans-
verse relaxation parameter (T2), mac-
roscopic field inhomogeneities, and BVf
to BOLD-based MR estimates of SO,
obtained in a brain tumor model.

Materials and Methods

No industry support was received for
this study; costs were covered by in-
tramural Institut National de la Sante
et de la Recherche Medicale funding.
One author (E.L.B.) contacted Guerbet

(Aulnay-sous-Bois, France) to obtain the
contrast agent. One author (B.L.) is an
employee of Oncodesign Biotechnology.
The other authors, none of whom has
a reportable relationship with industry,
collectively had control over the inclu-
sion of any data and information that
might have presented a conflict of in-
terest for this author. The study design
was approved by the local committee
for animal care and use. Experiments
were performed in accordance with
permit 380820 from the French Minis-
try of Agriculture.

Animals and Tumor Model

An author (B.L., 4 years of experience
in tumor models) implanted 9L gliosar-
coma cells (14) in the brain of eight
male Fischer (Charles River, 'Abresle,
France) rats (weight range, 120-150 g),
as described previously (15). Briefly,
tumor cell inoculation was performed
after the rats had been anesthetized.
Anesthesia was achieved by using 5%
isoflurane for induction and intraperi-
toneal injection of ketamine (64.5 mg
per kilogram of body weight, Ketamine
500; Centravet, Lapalisse, France) and
xylazine (5.4 mg/kg, Rompun; Centra-
vet) in saline. An inoculation of 1 pL
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of cell suspension in serum-free Roswell
Park Memorial Institute 1640 medium
(Invitrogen, Pontoise, France) contain-
ing 10* cells was administered in the
right caudate nucleus through a 1-mm
burr hole 3.5 mm lateral from the
bregma. After injection, the burr hole
was filled, the skin incision was sewn
shut, and animals were revived in an
incubator before they were returned to
the animal facility (15).

MR Imaging

Fifteen days after inoculation, MR imag-
ing was performed at 4.7 T (Avance III
console; Bruker, Wissembourg, France)
by using volume and surface cross coil
configuration (T.C., B.L.; each with 4
years of experience in MR imaging).
Animals were given 5% isoflurane in
air for induction of anesthesia and 2%
isoflurane in air for maintenance of an-
esthesia. A catheter was inserted in the
tail vein to deliver the contrast agent.
Animals were held in place in the MR
imager with a head holder and teeth
bars. Animals were breathing freely in
a facemask, and rectal temperature was
maintained at 37.0°C via a heating
blanket. After careful shimming, the fol-
lowing MR sequences were performed
in the axial plane.

Anatomic sequence.—T2-weighted
images were acquired with a spin-echo
MR sequence and the following param-
eters: repetition time msec/echo time
msec, 4000/33; two signals acquired;
19 sections with 30 X 30-mm field of
view; matrix, 256 X 256; voxel size, 117
X 117 X 1000 pm. Acquisition duration
was 4 minutes 17 seconds.

Multiple spin-echo sequence.—A
multiple spin-echo two-dimensional se-
quence was performed with the fol-
lowing parameters: 1500/15; 20 spin
echoes; change in echo time, 12 msec;
field of view, 30 X 30 mm; matrix, 128
X 128; voxel size, 234 X 234 X 1000
pm. Acquisition duration was 3 mi-
nutes 40 seconds.

Multiple gradient-echo three-di-
mensional sequence.—A multiple gra-
dient-echo three-dimensional sequence
was performed with the following pa-
rameters: 100/4; 15 gradient echoes;
change in echo time, 4 msec; field of

view, 30 X 30 X 4 mm; matrix, 256
X 2536 X 20; voxel size, 117 X 117 X
200 pm. Acquisition duration was 12
minutes 48 seconds.

Multiple gradient-echo and spin-
echo sequence.—A multiple gradient-
echo and spin-echo sequence was per-
formed with the following parameters:
6000/3; eight gradient echoes; change
in echo time, 3 msec; duration of one
spin echo, 60 msec; field of view, 30 X
30 mm; matrix, 128 X 128; voxel size,
234 X 234 X 1000 pm. Acquisition du-
ration was 6 minutes. This sequence was
performed before and after administra-
tion of ultrasmall superparamagnetic
iron oxide via the tail vein (200 pmol
of iron per kilogram of body weight)
(Sinerem, Guerbet, Roissy, France; Com-
bidex, AMAG Pharmaceuticals, Lexing-
ton, Mass).

MR Data Analysis

Processing was performed within the
Matlab 7 environment (MathWorks,
Natick, Mass) by using custom soft-
ware, as will be described (T.C., B.L.,
N.P., E.L.B., C.R.; 4, 4, 4, 15, and
20 years of experience in MR imaging,
respectively).

Transverse relaxation times.—T2*
was calculated by using a nonlinear ex-
ponential fit (preferred to a linear fit
after log transformation [16]) of the
gradient-echo signal of the multiple gra-
dient-echo and spin-echo sequence. To
avoid the initial nonexponential phase
of MR signal decay, the initial 10 msec
of signal decay were not included dur-
ing fitting (11). To remove macroscopic
inhomogeneities from the voxel T2%,
which was termed T2*A,, . the
multiple gradient-echo three-dimen-
sional sequence was used. Each of the
thin sections (200 pm thick) was aver-
aged to form the same 1000-pm section
thickness as that used for T2* measure-
ments. An exponential fit of this signal
evolution yielded corrected T2*A, .
T2 was computed by fitting a nonlinear
exponential fit of the multiple spin-echo
data. Finally, T2 (a relaxation param-
eter equal to T2* corrected for spin-spin
effects) was computed as 1/(1/T2*—=1/
T2), and T2'A, . was calculated as
1/(1/T2*A —1/T2).

BOcorrected

BVf estimation.—BVf was estimated
by using the steady-state approach de-
scribed by Tropres et al (17) and ac-
cording to the formula:

BVf = 1 AB Z
. Tc . ’Y . X S .
USPIO 0 (1)
P N
Tz*afler T2 *before '
where T2 . =~ and T2*aﬁer correspond

to the transverse relaxation time ob-
tained before and after injection of
the contrast agent, respectively. The
change of susceptibility after injection
of the contrast agent (ultrasmall super-
paramagnetic iron oxide) is represented
by AX gm0 and is equal to 0.231 ppm
(centimeter-gram-second unit) (18). The
proton gyromagnetic ratio is represent-
ed by v and is equal to 2.67502 X 108
rad/s/T.

Tissue SO,.—MR estimation of SO,
(MR_SO2) was performed by using a
previously described quantitative BOLD
approach (11). This technique uses a
mathematic model of MR signal time
evolution in a gradient-echo experiment
and a combination of MR-derived pa-
rameters. The following equation was
fitted to the MR signal decay, repre-
sented by s(t), beyond 10 msec of the
volume-averaged multiple gradient-echo
three-dimensional sequence:

1 4
s(t) = Cte - exp[-—— -t =BV -y- = - 7+ Ay, - Het
s(t) = Cte - exp|[ T2 t Y 3 - Ay, - Het

-(1-MR_S02) -B, - 1], (2)

by using T2 and BVf from the cor-
responding maps. The microvascular
hematocrit fraction (Hct) was set to
0.42:0.85 (85% of the macrovascular
hematocrit level) (11). The difference
between the magnetic susceptibilities
(expressed in centimeter-gram-second)
of fully oxygenated and fully deoxy-
genated hemoglobin (Ax,) was set to
0.264 ppm (19). Cte is a proportional-
ity constant that depends on different
parameters—such as spin density, flip
angle, magnetic field, and hardware
sensitivity—and B is equal to 4.7 T.
Tumor regions of interest (ROIs) were
manually delineated on the anatomic
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Table 1

MR-derived Measurements in Contralateral and Tumor ROIs

ROI T2* (msec) T2 (msec) T2’ (msec) T27AB,  ocreq (MSEC) T2'AB, e (MSEC) BVf (%) MR Estimate of SO, (%)
Contralateral 365 68 + 2 99 + 39 51 =1 383 =+ 204 26+03 65 + 4
Tumor 36 *+4 98 +7 69 = 16 56 = 185 £ 30 53+06 68 =3

Note.—Data are means = standard deviations.

700 PELTII0?
[JContra WM Tumor — 4 ClContra MTumor
£ 80 p=15'10%
500 70 —
400 60
- p=T.0*10°  p=3.1°102  p=8810° =
* * 40
200 30
*
(— 20
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A 1l I_Li - .
T2* T2 T2 T2*Bgoomectes T2 Bogcorrected (10x)BVF MR_S02
(ms) (ms) (ms) (ms) (ms) (%) (%)

Figure 1:

deviation. MR_SO, = MR estimate of SO,. * = P < .05.

T2-weighted images (B.L., 4 years of
experience with tumor models). ROIs
were also drawn in the contralateral
striatum on the same sections (con-
sidered healthy tissue). The mean ROI
size across animals was 140 mm® + 98
(standard deviation). Each ROI was
transferred on T2%, T2*A, . T2,
T2, T2’ Ay veeear BVE, and final calcu-
lated MR estimates of SO, maps. Some
voxels were then excluded from the
ROL. Exclusion criteria were as follows:
voxel for which fitting did not converge,
voxel with negative BVf or MR estimates
of SO, (corresponding to nonphysiolog-
ic values), voxels with MR estimates
of SO, above 100% (corresponding to
nonphysiologic values), and voxels with
BVf values outside the range of valid-
ity of the method (BVf > 17%) (20).
Less than 10% of the pixels were ex-
cluded according to these criteria.

Statistical Analysis

Paired Student t tests were used to
compare the tumoral region with the
contralateral region. Values were con-
sidered significantly different when the
P value was less than .05. The Pearson
correlation coefficient was computed to

determine if BVT, TZ*AB()normcwd’ T2, or
MR estimates of SO, were predictors of
T2*. Log transformation of the outcome
was considered to increase the accuracy
of the linear regression procedure.

We present in Table 1 and Figure 1
the quantitative results obtained for
all MR-derived parameters. Mean and
standard deviation for the eight rats are
given for the tumor and contralateral
ROIs. A T2* value of about 36 msec was
found in both ROIs. However, T2 in the
tumor ROI was 30 msec longer than
that in the contralateral ROI. Accord-
ingly, the derived T2’ is lower in the tu-
mor than in the controlateral ROI. The
correction for macroscopic inhomoge-
neities substantially increases the T2*
value in both ROIs. Tumor T2*A,
is longer than that of contralateral tis-
sue. Thus, T2’'A, . which reflects
both T2*A, . and T2 differences
between regions, is significantly lower
in the tumor ROI than in the contra-
lateral ROIL. Conversely, the tumor BVf
is significantly higher than that in the
contralateral ROI (5.3% vs 2.6%, P <

Graphs show MR parameters obtained in tumor and contralateral regions in eight rats. Data are mean = standard

.0001). Use of the quantitative BOLD
approach to combine these estimates
leads to an MR estimate of SO, of 65%
* 4 in the contralateral ROI. At this
growth stage, the MR estimate of SO,
in the 9L gliosarcoma cell tumor is com-
parable with that in contralateral tissue
(68% = 3vs 65% = 4, P=.12).
Figure 2 shows examples of T2, T2*,
T2*Al§0(‘ov'l'ec(ed’ T2’A1§0('0|'1'ected’ BVf, and MR
estimates of SO, maps obtained in one
representative animal. The tumor ROI
is shown. Visually, it is clear that the
T2*ABUWmcmd map is more homogeneous
than the original T2* map. The MR es-
timates of the SO, map, although rel-
atively uniform in gray matter, exhibit
significantly lower MR estimates of SO,
values in the corpus callosum.
Scatterplots of the different parame-
ters pitted against one another were ob-
tained to enable us to identify correla-
tions between MR-derived parameters.
An example in one animal is shown in
Figure 3. The values correspond to vox-
els inside both tumor and contralateral
ROIs. The equation of the regression
line and R? are given for each graph. No
linear correlation was found between
the parameters. On the T2* versus T2
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Figure 2:  Parametric maps obtained in one representative rat. Dashed lines represent tumor ROl superimposed on anatomic images.
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Figure 3:  Scatterplots show MR estimates of T2* as a function of BVf, T2*AB_ . T2, and MR estimate of SO, (MR_S0,) in tumor and
contralateral regions in one rat. Linear regression curves, as well as corresponding equations and correlation coefficients, are given for each
scatterplot.

Radiology: \/olume 262: Number 2—February 2012 = radiology.rsna.org 499



EXPERIMENTAL STUDIES: Blood Oxygen Level-Dependent Analysis Christen et al

>
i

S
=

S
s

scatterplot, the tumor and contralat-
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+ —
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3| BICTILILTS summarizes the linear regression co-
o W =< <O O™
R < B < B © B © 2 efficients obtained for each animal
o 3 and for each combination of parame-
- g S ters. All R? values were less than 0.35,
+ . . .
z é 23, .83 559 suggesting an ab.sence of l{near relatlo'n
L= 585888558 between the estimates. Visual analysis
FW| © 6 S0 oo o oo . 2. .
< of the scatterplots indicates a larger dis-
_ § persion of the values in the lesion, in
o - .
< o f} agreement with the heterogeneous na-
(=} = . .
£ o - > i .
5 2| 2o g § § % 59 % tu.re of the t.umor‘ microenvironment
L =238 888888 Visual analysis of the plot also suggests
= O O O O o oo oo . .
© that the parameters are not linked with
=) a nonlinear relationship.
H i MR estimates of SO,, although de-
D L5623V 0SS rived from a combination of all param-
“dl S A DO DO - © S . .
A cHESEERE M eters, do not show correlation with the
g a1 T2* values. This observation suggests
Yol . . .
= re that the two estimates yield different
3 5 . .
E N fl information. We also plotted BVf versus
= E 5882523883 MR estimates of SO, for all rats to eval-
= L 28225388 he d d il B
= & - HeElEEE uate the dependence ol the two parame
© = O O O oo oo oo . .
= 3 ters (Fig 4). We found a clear nonlinear
8 a S relationship between the two estimates.
=} o= S - L
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= = . .
t = ;N 558V -2 First, in the range of normal BVf values
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= = 5| ocoococooco oo oo ) p
" o tween BVf and MR estimates of SO.,.
= o = . . . . -
S S S Second, in regions with high BVf, only
o . .
= < 5 + high MR estimates of SO, values (about
= 2 S R8522BELS8 80%) are found. On the contrary, for
= LE/ 385888555 :
IS NE SHEHEHEESESHES small BVf, only small MR estimates of
= .
s 5 o SO, values are obtained. These results
= ~ . .
s = = are in agreement with the concept that
= o
g = = + the tumor tissue extracts more oxygen
© ~ < © - o I~ ~ .
® g *2 I3xP®ygsS Y from blood as BVf decreases to main-
g S ) EHEEHEHEHE S tain a constant SO, level
E = O O O O o oo o o L 1 C L L o 1€ .
< o
[ =
o
e -
= : +
3 Sl © = © < ® < o .
8 23 83V YIFL Y It has been proposed that BOLD oxime-
.E NNl @ NSO =-S —-S o= .. . .
2 e = A = IR IR = IR Ir=JR= NS try could be a sensitive tool with which
] 3 to characterize the tumor oxygenation
= . " . .
2 S level. Despite the positive findings in
£ o t previous studies (6,7), the T2*-based
1) ™MW W < O < N ©
S 2| 8 SS8a88E8 method may suffer from dependence
5 Pl occocccssss oo of the BOLD signal on various param-
= = eters. Indeed, T2* depends on the vas-
— =} . .
2 B = cular oxygenation level, but it also de-
=] w 2 .ps .
5] 1 g pends on T2 (sensitive to tissue edema)
- = n .. . .
] 2 8§ 3 and BVf (sensitive to angiogenesis), as
e = @ . .
S = e K] < [l < [ o = well as on macroscopic magnetic field
inhomogeneities. Thus, a strategy that
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includes additional MR measurements,
such as BVf (7,21) and T2 (22), is likely
to improve both sensitivity and speci-
ficity of the T2*-based oximetry. In this
study, we measured and characterized
the relationship between T2*, T2, mac-
roscopic field inhomogeneities, and BVf
in a rat brain tumor model.

Our findings indicate that these
parameters are largely independent of
each other and vary in the tumor en-
vironment. The oxygenation status of
the tumor appears to depend on the
number of parameters included in
analysis of the TZ2*-based oxymetry.
While T2* maps suggest a normal ox-
ygenation level in the tumor, introduc-
ing a correction for T2 variations or
for macroscopic inhomogeneities of B
yields a hypoxic tumor. Alternatively,
incorporating BVf information alone to
the raw T2* data leads to the opposite
conclusion (a hyperoxic tumor).

To improve the specificity of BOLD
oxymetry, we recently proposed a math-
ematic model that combines all of the
additional parameters and yields a
quantitative estimate of SO, (11). The
method differs from the previous quan-
titative BOLD attempts, as we used
independent measurements of T2 and
BVf to extract oxygenation information
from T2* maps. This approach was mo-
tivated by results obtained recently that
show that quantitative BOLD results
have more uncertainty if all parameters
are optimized simultaneously during
the nonlinear fitting process (21,23).
However, if one or more of the param-
eters was fixed to an independent pre-
determined value, MR estimates of SO,
were estimated correctly (21). Numeric
simulations (11) also suggest that in-
corporating BVf measurements into the
model will lead to MR estimates of SO,
measurements that correspond quan-
titatively to the SO, averaged across
the arteriovenous networks within the
voxel. We further validated this in the
healthy rat brain by comparing MR
estimates of SO, and blood gas mea-
surements (11). In our study, the MR
estimate of SO, is about 65% in the con-
tralateral hemisphere. This finding is in
agreement with our findings in healthy
rats and with values obtained with other

120 Figure 4: MR estimate of
S0, (MR_S02) as a function of
100 BVf measured in the tumor or
contralateral region in one rat.
= 80
£
o™
@ 60
n:I
s
40
20
. b & " M Tumor © Contra
0 2 4 6 8 10 12 14
BVf (%)

approaches, such as near-infrared spec-
troscopy (24). At first blush, the con-
clusions drawn from the quantitative
BOLD approach appear to agree with
those drawn from the uncorrected T2*
estimates (similar SO, in the tumor and
healthy tissue). However, it can be seen
in Table 1 that the similar T2* values
obtained for the two regions arise from
cancellation of the competing effects of
the increase in the tumor T2 and BVf
(particular to this tumor model at this
growth stage) rather than being due to
a direct effect of the blood oxygenation.
Indeed, it is well known that tumors
may exhibit various patterns of edema
(leading to T2 variations), angiogenesis
(leading to BVf variations), or necrosis
(leading to T2* being equal to T2 and
BVf being equal to 0) (18). Although
comparisons with other approaches,
such as near-infrared spectroscopy, pos-
itron emission tomography, or pimo-
nidazole administration, should be per-
formed to validate the MR estimates of
SO, measurements in the tumor, the
results obtained in our study indicate
that the conclusions derived from the
quantitative BOLD approach are likely
to be more specific to oxygenation than
T2* measurements alone.

It is also important to recognize
potential limitations to the quantitative
BOLD approach described here. First,
T2* yields information on SO, instead
of on the tissue oxygen partial pressure
currently used to define tumor hypoxia.
Although a relationship between tissue
oxygen partial pressure and SO, can be
derived in the vicinity of blood vessels,

it is not clear that this applies to the tu-
mor environment. Nevertheless, recent
studies in which researchers compared
BOLD MR imaging and immunohisto-
chemistry suggest a direct relationship
between T2* and hypoxia. McPhail and
Robinson (25) showed correlation be-
tween baseline R2* (equivalent to 1/T2%)
and pimonidazole adduct formation in
a model of rat mammary tumor. Base-
line T2* has also been shown to have
high sensitivity in the definition of tu-
mor hypoxia in human prostate tumor
(6,7). Second, some assumptions of the
mathematic model, such as restricted
water diffusion or homogeneous vascu-
lar geometry, may induce bias in the MR
estimates of SO, estimates (23,26). The
main source of error in the MR estima-
tion of SO, remains the presence of non-
vascular magnetic susceptibility sources
in the voxel. For example, it is not possi-
ble to distinguish the presence of deoxy-
hemoglobin from the presence of iron
by using MR techniques. Thus, in the
case of a hemorrhagic tumor, the MR
estimation of SO, is likely to be hiased.
Further improvement of the quanti-
tative BOLD approach is possible. In its
current form, the method is applicable
in only animals since iron oxide parti-
cle-based contrast agents are not yet
approved for routine use in patients.
Bolus tracking techniques, such as dy-
namic susceptibility contrast material—
enhanced MR imaging, are routinely
used in patients and can yield accurate
BVf measurements. The combination of
ASL and DSC could also help to increase
the accuracy of the BVf measurements
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and would enable MR estimation of ce-
rebral metabolic rate of O, through the
addition of the blood flow measurement
(27). The acquisition time could also
be reduced by using rapid acquisition
schemes, such as echo planar or spiral
MR imaging, and/or MR sequences
that enable direct estimation of T2,
such as asymmetric spin-echo (28) or
combined gradient-echo and spin-echo
approaches (29).

Practical application: Our study
results enabled us to confirm recent
observations that additional measure-
ments, such as T2, T2*A, . and
BV, are integral to the accurate assess-
ment of tissue oxygenation with BOLD
MR imaging and that lack of inclusion
of any of these parameters may lead
to incorrect conclusions about tumor
oxygenation. Although it needs further
validation, the proposed quantitative
BOLD approach, which combines the
previously mentioned parameters, ap-
pears to be a promising tool with which
to measure SO,. Given that it is mini-
mally invasive, this T2*-based quantita-
tive BOLD approach could be extended
to study hypoxia in other tumor models
or to improve the ability to describe
the ischemic penumbra in patients who
have had a stroke.
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