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A new model based on an extension of the Krogh’s cylindrical model was developed to cal-

culate tumor oxygen tension (pO2) from the H-1 dynamic contrast enhanced MRI (DCE-

MRI) measurements.  The model enables one to calculate the tumor pO2 using the vascu-

lar volume fraction (fb) obtained by the DCE-MRI.  The proposed model has three parame-

ters.  For small values of fb one assumes that there exists a linear relationship between  and

fb.  The constant of proportionality in this case is given by C1 - the oxygen tension per vas-

cular volume fraction.  For larger values of fb a modified version of Krogh model using two

parameters is developed and here C2 - is the integrated blood oxygen tension, and C3 -

given by the combination of the oxygen diffusion coefficient, solubility of oxygen in the tis-

sue, capillary radius, and tissue metabolic consumption rate.  The parameters of the model

can be determined by performing simultaneous in-vivo F-19 MRI oxygen tension measure-

ment and dynamic Gd-DTPA enhanced MRI on the same tumor.  Dynamic MRI data can be

used with a compartmental model to calculate tumor vascular volume fraction on a pixel by

pixel basis. Then tumor oxygen tension map can be calculated from the vascular volume

fraction by the extended Krogh model as described above.  In the present work, the model

parameters were determined using three rats bearing Walker-256 tumors and performing

simultaneous F-19 and DCE MRI on the same tumor.  The parameters obtained by fitting

the model equation to the experimental data were: C1 = 983.2+ 133.2torr, C2 = 58.20 + 2.4

torr, and C3 = 1.7 + 0.1 torr.  The performance of the extended Krogh model was then test-

ed on two additional rats by performing both F-19 and DCE-MRI studies and calculating the

pO2 (H-1) using the model and comparing it with the pO2 (F-19) obtained from the F-19 MRI.

It was found that the measurements obtained by both techniques had a high degree of cor-

relation [pO2 (H-1) = (1.01 + 0.07) pO2 (F-19) + (0.91 + 0.05) and r=0.96], indicating the

applicability of the proposed model in determining pO2 from the DCE-MRI.

Introduction

Tumor oxygenation has long been recognized as an important factor for radio-
sensitivity and become a major determinant in predicting the outcome of radio-
therapy (1-4).  The reason for this being that the ratio of the radiation dose need-
ed to achieve the same biological effect for anoxic and aerated tumor cells is gen-
erally between 2.5 - 3 for therapeutic photon beams (5).  In the past, the oxygen
electrode method (6-9) has been used to measure tumor oxygenation, yet it is
invasive and a non-imaging modality.  Furthermore, it only provides oxygenation
information within a region of about 200 mm around the tip of the electrode,
while the oxygenation within a tumor could be very heterogeneous due to the
existence of the highly vascular areas, the poorly vascular hypoxic regions and
the necrotic sections (10, 11).  Although this could be circumvented by using
additional electrodes the problem of inadequate spatial sampling usually
remains.  Thus, there is a great need to develop a tumor oxygenation mapping
technique that can easily be implemented in a clinical setting and also provide
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spatially resolved measurements throughout the tumor. 

F-19 MRI has recently been used for tumor oxygen tension
mapping (12-19). The spin-lattice relaxation rate of perfluo-
rocarbon (PFC) emulsions has a linear relation with the dis-
solved oxygen concentration.  Hence tissue oxygen tension
maps can be obtained by measuring the relaxation rate of the
tissue-sequestered perfluorocarbon using F-19 MRI. A great
amount of effort has been put in the past to overcome the
technical difficulties associated with F-19 imaging including
the chemical shift artifacts due to the multiple resonance
peaks that exist in many perfluorocarbon emulsions (20-30).
In order to solve this problem, Dardzinski and Sotak (17)
developed F-19 MRI using a single peak perfluorocarbon
named perfluoro-15-crown-5-ether.  Recently, dynamic Gd-
DTPA enhanced MRI (DCE-MRI) has been applied exten-
sively to study tumors (31-33). It has been shown that with
proper compartmental modeling (34-42) one can separate the
tracer concentration within intravascular space from the one
within interstitial space.  This yields valuable data on tumor
vascular volume fraction that is closely related to the tumor
oxygen supply.

Theory

The cylindrical model was first introduced by Krogh (43) to
calculate the oxygen tension within a tissue cylinder with a
concentric capillary in the center. Considering the mass bal-
ance between the oxygen consumption and supply, which
arises from oxygen diffusion in the tissue, the tissue oxygen
tension distribution along the radial direction within the tis-
sue cylinder can be described by the following differential
equation:

where P(r) is the tissue oxygen tension at a radial distance r
from the central axis of the cylinder, D is the oxygen diffu-
sion coefficient, m is the tissue metabolic consumption rate,
and ST is the solubility of oxygen in the tissue. After inte-
grating Eq. [1], the oxygen tension distribution within the
Krogh’s cylinder can be expressed as (44):

where R1 is the capillary radius, R2 is the radius of the Krogh’s
cylinder, P = P(r) and P0 is the oxygen tension at the vessel
walls. Equation [2] describes the dependence of tissue oxygen
tension P on the radial distance r within the cylinder with 
R1 ≤ r ≤ R2. In order to relate the data obtained from the F-19
MRI oxygen tension mapping to the dynamic contrast enhanced
MRI vascular volume fraction imaging, we must further inte-
grate the oxygen tension within the Krogh’s cylinder and convert

R2
1/R2

2 to the vascular volume fraction fb. After integrating equation
[2] over “r” the relationship between the oxygen tension and the
vascular volume fraction, both averaged over a voxel, is given by:

where C2=PO is the average oxygen tension integrated along
the vessel walls and C3= mR2

1/DST is a parameter combining
the oxygen diffusion coefficient, solubility of oxygen in the
tissue, capillary radius, and tissue metabolic consumption rate.

It should be noted that equation [3] becomes singular when
fb approaches to zero.  In order to extrapolate this equation
to low pO2 values, which are more interesting biologically,
we further assume that in this region the pO2 is linearly pro-
portional to fb, that is, 

This assumption is reasonable especially when the oxygen
diffusion from blood is the only source of oxygen supply in
tissue.  The constant C1 is determined by choosing this
straight line to be tangent to the curve given by equation [3].
Equations (3) and (4) define the extended Krogh model that
is applicable at all pO2 values.

By using the pO2 values obtained from the F-19 MRI and fb
values by the dynamic Gd-DTPA enhanced MRI, the param-
eters C1, C2 and C3 can be determined by a least squares fit-
ting of Eqs. (3-4).  After C1 ,C2 and C3 are obtained, one can
calculate the tumor oxygen tension map from the vascular
volume fraction values derived from the H-1 dynamic con-
trast enhanced MRI alone using Eqs. [3-4].

Materials and Methods

Tumor Model and MRI Experiments

Five female Sprague Dawley rats were implanted with Walker
256 tumors in the thighs. About 107 tumor cells were injected
intramuscularly to grow a tumor. The tumor cells were harvest-
ed from donor rats and preserved in RPMI 1640 (49).  These
tumors grew slowly in the first three days and much faster later.
On the sixth day after the implantation, the tumor grew to a size
of about 2 cm in diameter with some necrotic region present in
the center. The rats were anesthetized with 50 mg/kg Ketamine
plus 5 mg/kg Rompun and surrounded by foam to maintain a
constant body temperature during the MRI scans.  The temper-
ature of each animal was monitored throughout the experiment
and was found to be 37.0 + 1.0 ºC averaged over five animals.
The animals were breathing room air during the MR studies.
All the MRI experiments were performed using a 1.5T whole
body magnet with the SMIS (Surrey Medical Imaging Systems,
UK) data acquisition system. A home made double-tuned RF
coil was used to acquire both the F-19 and H-1 images of the
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same slice. Perfluoro-15-crown-5-ether emulsion (40%
v/v, HemaGen, St. Louis, MO), which resonates at a single
frequency was used to avoid the chemical shift artifacts
(17). One c.c. of the emulsion was slowly injected into the
tumor during several minutes one hour before the meas-
urement using a 28-gauge needle. The needle was placed
at 3 - 5 positions along an off-center line with the deepest
position being the first. An H-1 multi-slice T2 weighted SE
pulse sequence with TR / TE = 1500 ms / 110 ms was used
to localize and acquire anatomical axial slices of the tumor
region. A set of six spin echo F-19 images with different
TR values (1, 1.5, 2, 2.5, 3 and 5 seconds) were used to
measure the R1 for the calculation of tumor oxygen ten-
sion. The image slices were prescribed through both tumor
and liver regions. The other imaging parameters for F-19
imaging were: TE = 30 ms, FOV = 16 cm, matrix = 128 x
128, and slice thickness = 5 mm.  Right after collecting the
F-19 images for each rat, a series of 45 sets of dynamic
Gd-DTPA enhanced short-TR spin echo images were
acquired with a temporal resolution of 18.8 seconds on the
same slices as in the case of F-19 MRI. For both imaging
techniques two slices were selected through the tumor
while one was through the liver.  The liver slice in the
DCE-MRI was used for calibration as discussed above
while the F-19 and H1 pO2 studies were confined to the
two slices passing through the tumor.  The imaging param-
eters were the same as the F-19 images except that TR / TE
= 133.3 msec / 10 msec. A bolus of Gd-DTPA (Magnevist,
Berlex) at a dose of 0.1 mmol/kg was injected at the begin-
ning of the 5th image. We performed both the F-19 and H-
1 dynamic Gd-DTPA enhanced MRI on five rats bearing
Walker 256 tumors.  The parameters C1, C2, and C3 in Eqs.
(3-4) were obtained by fitting the  (F-19) obtained from F-
19 imaging and fb (H-1) calculated from the dynamic
enhanced MRI data on the first three rats.  In order to
assure that there was no slice shift between the F-19 and
H-1 images, we first placed half a bottle of perfluoro-15-
crown-5-ether emulsion obliquely within the coil and
repeated the F-19 and H-1 MRI measurements.  We then
subtracted the F-19 and H-1 images to check the slice shift
in the x, y and z directions. No shift of slice position was
observed in any of the three directions.

Calculation of pO2 Values from the F-19 MRI

Using the sets of F-19 images acquired at various TR’s, we
found all the tumor pixels that contained perfluoro-15-
crown-5-ether emulsion and performed pixel wise nonlinear
least squares fitting according to S=S0(1-e-TR•R1) to measure
the R1 value for each pixel. The R1 values were converted to
oxygen tension values through a calibration curve. The cali-
bration curve between R1 and oxygen tension was obtained
by measuring the R1 values of a phantom with various oxy-
genation states at 37 ºC, which was controlled by a water bath.

Two needles were inserted through the rubber seal for bub-
bling. The longer needle was pushed to the bottom and used as
inlet of the bubbling gas. The shorter needle was above the
surface and used as the outlet of the bubbling gas. The phan-
tom was bubbled with 0, 9.5%, 21% and 100% oxygen with a
balance of nitrogen for 30 minutes to reach an equilibrium of
oxygen tension. The signal intensities for six different TR val-
ues were read from the magnitude of the FID signal. Five
independent readings were obtained for each TR. The calibra-
tion equation was obtained by a linear least squares fitting of
the R1 at various oxygen tension values under the assumption
that R1 and pO2 are linearly related (50).

Calculation of Vascular Volume Fractions

The dynamic Gd-DTPA enhanced MRI signal time course
was analyzed by the two-compartment model as
described by Tofts (43) to extract the vascular fraction
values. In this model, the tracer concentration in a tumor
tissue voxel is assumed to be composed of the intravas-
cular and the extravascular contributions. Then the time
evolution of the tracer concentration can be described by
the following equation:

where Ct is the tracer concentration in the whole tumor tis-
sue voxel, Cp is the plasma concentration, vp is the plasma
volume fraction, KPSρ

in and  KPSρ
out

are the apparent permeabil-
ity values diffusing into and out of the extravascular-extra-
cellular space and ve is the volume fraction of the extravas-
cular-extracellular space. The first term represents the accu-
mulation in the early stage and clearance in the late stage of
the extravascular contribution, and the second term is due to
the intravascular contribution. The tracer concentrations in
tissue (Ct) and plasma (Cp) can be replaced by the ∆-signals
of the tumor tissue and plasma as measured by the dynamic
Gd-DTPA enhanced MRI by assuming the linearity between
the concentration and the ∆-signal. The ∆-signal is defined to
be the MRI signal intensity at time “t” minus the baseline
signal before the contrast agent administration. This lineari-
ty holds if TR << T1, which was satisfied by the pulse
sequence used in the current investigation. The constant of
proportionality as described in equation [24] of reference
(43) for different tissues depends on their proton density,
which is almost the same for various tissues. Therefore, the
constant of proportionality can be eliminated from both sides of
equation [5], and the concentrations can be simply replaced by
the ∆-signals. In the present study the plasma signal was derived
from the liver, which was used as the reference tissue. Since
liver has non-continuous type of capillaries, Gd-DTPA mole-
cules can quickly reach equilibrium and the kinetics of the com-
pound within the liver tissue is similar to that in blood thus we
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believe that this was a good choice. The liver ∆-signal was
converted to the plasma ∆-signal by multiplying it with a
scaling factor of 6.87, which is the inverse of the product of
(1 - Hct) and the liver blood volume fraction 0.31 (45-48)
where Hct is the fractional hematocrit. A nonlinear least
squares fitting was performed for each tumor pixel to extract
the values of vp, KPSρ

in and  KPSρ
out

/ve from the ∆-signal time
course curve. The plasma volume fraction vp was converted
to the whole vascular volume fraction using the factor 1/(1-
Hct) = 2.13. The ∆-signal for tumor and liver were obtained
by subtracting the baseline signal intensities of the images
acquired before the injection of the contrast agents from
those acquired after the injection.

Tumor Oxygen Tension Mapping from the H-1 Dynamic Gd-
DTPA Enhanced MRI

The pO2 (F-19) maps from the F-19 MRI and the correspon-
ding vascular volume fraction (fb) images from the dynamic
Gd-DTPA enhanced MRI were generated for all the pixels
containing perfluoro-15-crown-5-ether emulsion.  Then a his-
togram of pixels according to their vascular volume fraction
(fb) value was formed going from low to high fb.  Pixels
falling within a range of Dfb = 0.005 were averaged both in
their fb value as well as their corresponding pO2 (F-19) val-
ues to improve the SNR.  The process was repeated for all
five animals individually.  The data collected on the three rats
was used to generate the pO2 (F-19) vs. fb (H-1) curve.  The
model constants C1, C2, and C3 were determined by a least
squares fitting of equations [3-4] to the experimental data.

In order to test the performance of the model, the fitted pO2
vs. fb curve was used on the remaining two rats who also had
both F-19 and DCE- MRI studies.  The data collected on

them was analyzed similar to the previous three rats.  The fb
values obtained from the DCE-MRI study were substituted
into equations [3-4], using the previously determined con-
stants to calculate the pO2 (H-1) pixel wise.  These values
were then compared with the pO2 (F-19) measurements
obtained by F-19 MRI from the corresponding regions. 

Results

Oxygen Tension and R1 Calibration Curve

The calibration curve being used to convert the R1 values to
the oxygen tension was measured at 0, 9.5, 21, and 100% O2
at 37 ºC. The R1 values were averaged over five FID meas-
urements, and plotted in figure 1. The error bars show the
standard deviation. The relation between R1 value and oxy-
gen tension was obtained by linear least squares fitting, and
given by:

with a correlation coefficient of r = 0.99.  The parameters of
the fitting were n = 0.294 + 0.008 and m = 0.005446 +
0.00016.

Determination of the Extended Krogh Model Parameters

The pO2 values for each pixel were calculated by using
equation [6] and R1 values obtained using six different TR’s
in F-19 MRI.  Figure 2 shows a typical set of signal intensi-
ties at various TR and a fitted curve by the nonlinear least
squares fitting.  The R1 value of this pixel was 0.502 + 0.015
s-1 and was converted to the pO2 value of 38.2 + 2.8 torr.

The dynamic Gd-DTPA enhanced MRI signal time courses
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Figure 1: The calibration curve between the R1 values and oxygen tension.
The error bars show the standard deviations. The fitted line was R1 (s-1) =
(0.294 + 0.008) + (0.005446 + 0.00016) x  (torr).

[6]

Figure 2: F-19 signal intensities at various TR’s from a pixel with the fitted
R1  value of 0.502 + 0.015 s-1.  This resulted in a  value of 38.1 + 2.8 torr
from Eq. (6).



were analyzed by the two-compartment model according to
equation [5]. The reference plasma ∆-signal time course
obtained from the liver slice of one rat is plotted in figure 3
and fitted by the nonlinear least squares fitting to a bi-expo-
nential decay curve given by Sp(t) = Ae-αt + Be-βt. The fit-
ting parameters were A = 3,192 + 128, α = 1.287 + 0.051
min-1, B = 2,232 + 67, and β = 0.0932 + 0.0056 min-1.  The
∆-signal time evolution of each tumor pixel was separated
into the extravascular and intravascular components corre-
sponding to the first and the second terms in equation [5] to
extract the plasma volume fraction. Figure 4 shows a typical
∆-signal time course with the fitted extravascular and
intravascular contributions. The fitting parameters were: vp
= 0.0203 + 0.0020 ml/g, KPSρ

in = 0.0589 + 0.0041 min-1 and
KPSρ

out
/ve = 0.2440 + 0.0146 min-1. The plasma volume frac-

tion was converted to the vascular volume fraction by multi-
plying with the factor 1/(1-Hct).  Since the compartmental
model is not applicable in regions of low perfusion the
necrotic regions were excluded from the analysis.

For all the tumor pixels containing the perfluoro-15-crown-5-
ether emulsion both pO2 maps from F-19 images and the cor-
responding vascular volume fraction maps from the DCE-
MRI were calculated.  Then a histogram of pixels according
to their vascular volume fraction (fb) value was formed going
from low to high fb.  Pixels falling within a range of ∆fb =
0.005 were averaged both in their fb value as well as their cor-
responding pO2 (F-19) values to improve the SNR.  The
process was repeated for all animals individually.  The model
constants C1, C2, and C3 were determined by fitting equa-
tions (3-4) to the experimental data.  Figure 5 shows the
measured pO2 (F-19) using the F-19 images vs. the vascular
volume fraction fb obtained from the DCE-MRI for the cor-
responding regions. The error bars show the standard devia-
tion in each measurement.  The parameters obtained by least

squares fitting of equations [3-4] to the experimental data
were: C1 = 983.2+ 133.2 torr for fb from 0 to 0.025; C2 = 58.2
+ 2.4 torr, and C3 = 1.7 + 0.1 torr (r=0.88) for fb > 0.025.  The
transition point, fb = 0.025 where the two curves are tangent
to each other, is also shown in the same figure.

Comparison of pO2 values as Obtained from F-19 MRI and
DCE-MRI

The performance of the extended Krogh model was then
tested on two additional rats by performing both F-19 and
DCE-MRI studies. The T2 weighted anatomical images of
these two rats, called Rat D and E, are shown in Figures 6a
and 6b with the tumor region marked for each.  We calculat-
ed the vascular volume fraction map for each animal as pre-
viously described.  The vascular volume map of only the
tumor region is shown Figures 6b and c for the same ani-
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Figure 3: The reference plasma D-signal time course that was obtained
from a dynamic Gd-DTPA enhanced MRI on a liver slice of a rat and fitted
by the nonlinear least squares to a bi-exponential decay curve given by ,
with A = 3,192 + 128, a = 1.287 + 0.051 min-1, B = 2,232 + 67, and b =
0.0932 + 0.0056 min-1.

Figure 4: The D-signal time course for a pixel and the compartmental mod-
eling analysis with the fitting parameters were: vp = 0.0203 + 0.0020 ml/g,
= 0.0589 + 0.0041 min-1 and /ve = 0.2440 + 0.0146 min-1.  The D-signal
time evolution was separated into the extravascular (dotted line) and
intravascular (dashed line) components corresponding to the first and the
second terms in Eq. [5]. 

Figure 5: The  (F-19) as a function of vascular volume fraction (fb) meas-
ured in three rats was used for calibration.  The solid curve is the extended
Krogh model with the linear and non-linear regions as marked.



mals.  The vascular volume fraction at a given pixel was con-
verted to the pO2 (H-1) by using the extended Krogh model
with the parameters and analysis method given in the previ-
ous subsection. The next figures, Figures 6c and 6f, show the
calculated pO2 (H-1) maps of the tumor on the same ani-
mals.  Note that the fb and pO2 maps were magnified with
respect to the anatomical images for better visualization.
The calculated pO2 (H-1)’s shown in Figures 6c and 6f were
then compared with the pO2 (F-19) obtained form the F-19
MRI study from the corresponding locations. The results
obtained from two rats are shown in Figure 7.  The figure
also shows the linear regression line [ pO2 (H-1) = (1.01 +
0.07) pO2 (F-19) + (0.91 + 0.05)].  It is seen that the meas-
urements obtained by both techniques have a high degree of
correlation r=0.96, supporting the applicability of the pro-
posed model in determining pO2 from the DCE-MRI study.

Discussion

Krogh’s model for tissue oxygenation has been studied by
many groups in the past (43-48).  In this model, capillaries
are assumed to be the only oxygen source, boundary condi-
tions are assumed to be cylindrical, the oxygen distribution
is assumed to be symmetric around the capillary, and no oxy-
gen flux is assumed at the outer boundary of the Krogh’s
cylinder. Although quite simplistic, this approach still
remains as one of the most significant models for describing
tissue oxygenation and has been used extensively to calcu-

late tissue oxygen tension. In the present work, we extended
it to calculate tumor oxygen tension from the vascular vol-
ume fraction as measured by the dynamic contrast enhanced
MRI. The parameters of the model were determined from the
tumor pixels that were measured by both F-19 MRI and the
H-1 dynamic contrast enhanced MRI. We then tested the per-
formance of this model on additional animals bearing
Walker-256 tumors who also had both F-19 and DCE MRI.
In taking this approach, we made the implicit assumption
that the model’s parameters remain constant for a given
tumor type. Although this assumption could be a potential
source of error, our results indicate the error to be insignifi-
cant as seen in Figure 7. We believe this is due to the fact that
our technique produces an average value obtained from the
whole tumor and the integrated blood oxygen tension aver-
aged along the vessel wall surfaces, oxygen diffusion coeffi-
cient, solubility of oxygen in the tissue, capillary radius, and
tissue metabolic consumption rate averaged over a large
number of cells of the same type should remain relatively
constant.  For voxels containing large blood vessels, this
approximation does not hold, but the oxygen tension in
equation [3] saturates to the integrated blood oxygen tension
when the vascular volume fraction increases.  It should be
noted that equation [3] derived from Krogh’s model becomes
singular when fb approaches to zero.  In order to extend the
model to low pO2 values, which are more interesting biolog-
ically, we further assumed that in this region the pO2 is lin-
early proportional to fb as given in equation [4].  This
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Figure 6: The T2 weighted anatomical images of the two rats used in testing
the performance of the proposed technique are seen in the first column.
Tumor regions are marked as shown.  The vascular volume fraction maps
obtained from the H-1 dynamic contrast enhanced MRI (second column) and
the calculated oxygen tension maps (third column) are also shown in the

same figure. Note that the calculated fb and  (H-1) maps only cover the tumor
region where F-19 was localized.  Furthermore, images given in the second
and third column were magnified for better visualization.  The top and bot-
tom rows are for rats D and E, respectively.



assumption is valid when the oxygen diffusion from blood is
the only source of the tissue oxygen supply. The oxygen dif-
fusion distance is typically around 100 µm [55, 56], but the
MRI voxel size is 1.25 mm x 1.25 mm x 5 mm, therefore the
fraction of the oxygen diffused from other voxels should be
small.  The contribution gets even smaller when the voxel
size gets larger.

Vaupel et al. (9, 57) studied the oxygenation of solid breast
tumors with the oxygen electrode method. The median value
of the breast tumor oxygen tension was 28 torr according to
their measurements. The averaged oxygen tension we calcu-
lated from the dynamic contrast enhanced MRI for Walker
256 mammary carcinoma using five rats was 32.9 ± 6.7 torr,
which is within the correct range.

Like most other perfluorocarbon emulsions, the relationship
between the oxygen tension and the relaxation rate R1 of the
perfluoro-15-crown-5-ether emulsion is also affected by the
temperature. Dardzinski and Sotak (17) measured the tem-
perature dependence of the perfluoro-15-crown-5-ether
relaxation rates at 2.0 T. They determined that a one degree
Celsius reduction in temperature can cause an increase of
0.013 sec-1 in the R1, corresponding to an oxygen tension
increase of 3.98 torr according to equations [2] and [4] in ref-
erence 21. This results in a 6.6% error in the pO2 for pO2 =
60 torr at 37 ºC in a single pixel. The percentage error in pO2
goes up to ~ 20% at 20 torr at 37 ºC but can be reduced by
averaging multiple pixels as was done in our investigation.

The relaxation rate calibration in our study was performed at
37 ºC.  In order to minimize errors arising from changes in
the temperature we kept the body temperature at 37 ºC by
surrounding the animal in an insulating foam which was pre-
heated to 37 ºC by a lamp.  The temperature of each animal
was monitored throughout the experiment and was found to
be 37.0 + 1.0 ºC averaged over five animals.  Thus the error
estimate for pO2 due to changes in the temperature remained
in the same range as discussed above.  The mean oxygen ten-
sion was 32.9 ± 6.7 torr for all five Walker tumors studied
here. Considering the fact that this is a pO2 value averaged
over all the pixels within a tumor and over five animals, the
experimental error in pO2 appears to be much larger than any
errors that may arise from temperature changes when aver-
aged over the same number of pixels.  Therefore, we do not
believe that temperature changes within + 1 ºC would con-
tribute a significant amount of error to the measurement of
pO2 when compared to all the other experimental errors.

Dardzinski and Sotak (17) used the RIF-1 tumors, and deter-
mined the mean oxygen tension values to be 15 - 37 torr,
which differed considerably among the individual tumors.
One major difference between their study and ours is the fact
that they injected the perfluoro-15-crown-5-ether emulsion
intravenously and measured the oxygen tension of the
sequestered PFC 3-7 days after the injection. We repeated
this technique and observed no appreciable amount of PFC
within the tumors while most of the PFC being sequestered
in liver and spleen. The intratumoral PFC injection was first
introduced by Mason et al (18). They measured tumor oxy-
gen tension in Dunning prostate R3327-AT1 tumors by intra-
tumorally injecting Hexafluorobenzene. The mean oxygen
tension was determined to be 4.0 torr in the central region
and 48.8 torr in the peripheral region. The Walker 256
tumors that were used in the present study had a tendency to
develop necrosis in the central region; therefore we avoided
this region when injecting the PFC emulsion. We also per-
formed an experiment to monitor the amount of F-19 signal
change in the tumor during the period it took to perform the
oxygen tension measurement by repeating the spin echo
pulse sequence with the same TR and TE values. The signal
change was less than 4 % and no appreciable signal was
detected in liver and spleen. Various H-1 MRI techniques
have been investigated to study tumor oxygenation, such as
the T2* weighted signal [58, 59] and ADC (60). However,
whether it is possible to relate T2* or ADC is still an open
question requiring further investigation.

In the present study, the fitted parameter C2 related to the
integrated blood oxygen tension was determined to be 58.2
torr which fell within the normal range between the venous
and arterial oxygen tension. The second parameter C3 value
was 1.7 torr. This parameter is related in a complicated way
to the oxygen diffusion coefficient, solubility of oxygen in
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Figure 7: The calculated  (H-1) vs. measured  (F-19) for the two rats that
were studied by both F-19 and H-1 MRI.  The error bars show the standard
deviation.  Dotted lines show + 2 x r.m.s. error of the fit.



the tissue, capillary radius, and tissue metabolic consump-
tion rate.  In order to get a rough estimate, we assumed that
the solubility of oxygen in tissue to be 9.4 x 10-10 , the oxy-
gen diffusion coefficient is 1.75 ~ 3.04 x 10-9 m2/sec, the
capillary radius is 5 mm, and the tissue metabolic consump-
tion rate is 16 ml O2/100gram•min (46, 61), then the calcu-
lated C3 value is 1.04 ~ 1.92 torr from its definition. The val-
ues used for the oxygen diffusion coefficient, solubility of
oxygen in the tissue, and tissue metabolic consumption rate
in our estimation were from the muscle studies (46). Their
values in a tumor could be somewhat different. However, the
value obtained for the Walker-256 tumors was within the
range obtained by estimation.

In the present investigation pixel wise tumor vascular vol-
ume fractions were obtained from the DCE MRI using the
two-compartment model. This technique has been studied by
several groups (29-37) and reviewed by Tofts (42). We used
the general solution, equation [5], of the two-compartment
model and replaced the contrast concentrations in equation
[5] by the ∆-signals. By doing this, we assumed that the ∆-
signal is linearly proportional to the contrast concentration
and the constant of proportionality is independent of the
material. The linearity is a valid assumption under the con-
dition of short TR, and the constant of proportionality
depends on the proton density and is independent of T10, as
shown by Tofts (42). The proton density could slightly
depend on the type of the tissue, but as a first approximation
it can be assumed to be the same for various tissues. We also
assumed that the Gd-DTPA kinetics in the liver is similar to
that of blood (62). The signal time course that was measured
from the liver showed a typical bi-exponential decay of the
blood Gd-DTPA contrast agent kinetics (63) with a fast
decay constant of 1.287 + 0.051 min-1 and a slow decay con-
stant of 0.0932 + 0.0056 min-1. These decay constants are
close to the ones that were obtained from the blood Gd-
DTPA concentration as reported by Wedeking et al (64). As
assumed in the work by others on compartmental modeling
analysis, the constant of proportionality between the Gd-
DTPA concentration and its induced relaxation rate change
D(1/T1) is approximately the same for various types of tis-
sues, which has been confirmed by various measurements
(65-67).

Conclusions

We developed an extended model based on the Krogh’s
cylindrical model to calculate tumor oxygen tension from the
H-1 dynamic contrast enhanced MRI. The parameters of the
model were determined by performing sequential F-19 MRI
oxygen tension measurement and the dynamic Gd-DTPA
enhanced MRI on the same tumor slices. Tumor vascular
volume fractions were derived from a compartmental mod-
eling analysis of the dynamic contrast enhanced MRI time

series, and tumor oxygen tension maps were calculated from
the vascular volume fractions for Walker 256 tumors
implanted in rats.  We found that model parameters deter-
mined using three rats was accurate to calculate the  in two
additional rats bearing the same type of tumor.  The  meas-
urements done by H-1 MRI had an excellent correlation
(r=0.96) with the p02’s measured by F-19 MRI from the
same locations.  Thus, the current study supports the feasi-
bility of oxygen tension mapping by H-1 dynamic contrast
enhanced MRI using proper modeling and analysis.  In spite
of some of the limitations that were mentioned earlier, our
work extends Krogh’s model to the low  range and also illus-
trates how dynamic contrast enhanced MRI might be useful
in monitoring tumor in a practical manner.
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