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ABSTRACT

Murine RIF-1 tumor blood flow and perfusion were quantified by

deuterium NMR using 1)2O as a freely diffusible tracer. After direct
intratumor injection of D:O saline solution, the tracer (HOD) residue
from the tumor was detected by deuterium NMR and the deuterium
residue washout time course was then analyzed employing multicompart-
ment flow models (S-G. Kim and J. J. H. Ackerman, manuscript sub

mitted for publication). The mean tumor blood flow and perfusion rate
was 18.5 Â±8.5 SD ml/(100 g-min) (n = 46) when analyzed by a two-
compartment in-series flow model. A number of tumors (n = 15 out of

61 total) showed a biexponential deuterium tracer washout curve. Appli
cation of a three-compartment flow model (S-G. Kim and J. J. H.

Ackerman, manuscript submitted for publication) fitted the biexponential
residue decay data well and yielded a mean tumor blood flow of 15.7 Â±
9.7 SD, fast- and slow-flow components of 36.8 Â±19.8 SD and 9.7 Â±5.8
SD ml/(100 g- min), and a fast-flow component fraction of 21 Â±10 SD%.
Small tumors of less than 0.5 cm3 had faster blood flow, 21.1 Â±8.4 SD
ml/(100 g-min) (n = 27), than large tumors of greater than 1.0 cm3, 9.4

Â±2.9 SD ml/(100 g-min) (n = 13). The NMR measurement of tumor

blood flow and perfusion was not dependent on the number of direct
intratumor injection sites and was found reproducible upon repeated
measurements of individual tumors. Good agreement with previous in
situ photon activation H215O flow determinations was observed.

INTRODUCTION

Quantification of tumor blood flow is of importance both for
proper evaluation of tumor growth and metabolism and for
improvement of the effectiveness of various therapeutic modal
ities (e.g., heat, photodynamic, drug, radiation, etc.). For ex
ample, the selective sensitization of tumors to hyperthermia is
generally ascribed to the poor blood flow (and, thus, poor heat
dissipation) of solid tumors relative to surrounding normal
tissue. Under conditions of hyperglycemia, a state of potentially
enhanced thermal sensitization, a flow reduction is hypothe
sized to result concomitantly with a build up of acidic waste
metabolites (e.g., lactic acid) resulting in a drop in tumor pH.
Other modalities of therapy also depend on the character of
tumor blood flow. The distribution and rate of blood flow in
tumors have important implications for radiotherapy and
chemotherapy. Ionizing irradiation preferentially kills those
cells that contain substantial amounts of dissolved oxygen (i.e.,
that are well perfused), while anoxic or hypoxic tumor cells
that are not fully oxygenated are relatively radiation resistant.
Enhancement of tumor blood flow is expected to improve tumor
oxygÃ©nationand to increase the effectiveness of radiotherapy.
The efficacy of chemotherapy also depends upon adequate
blood flow. For a drug to be effective, it must be delivered via
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blood flow in sufficient concentration to all viable tumor cells
prior to metabolism or excretion by the body. Clearly, quanti
fication of tumor blood flow is necessary to fully understand
the effects of various therapeutic agents such as heat, radiation,
and drugs. Also, quantitative measurement of tumor blood flow
and perfusion can guide a more efficacious application of var
ious therapies tailored to the individual tumor.

This laboratory has developed a novel flow measurement
method employing deuterium NMR3 in concert with D2O as a
freely diffusible, stable, nonradiative tracer (1-3). The use of
D2O may offer advantages over short-lived radioisotopes (e.g.,
H215O) in quantifying very low rates of blood flow (e.g., tumor

blood flow) as radiolabel activity would be greatly diminished
over extended observation periods due to nuclear decay. How
ever, D2O (more precisely, HOD, as a result of rapid proton-
deuteron exchange) is not quickly expelled through the lungs,
as is, for example, the inert gas radiotracer l33Xe. Thus, multi-

compartmental models were developed in a companion article
to account for label (HOD) recirculation.4 This deuterium

NMR measurement technique is applied herein to the quanti
fication of murine RIF-1 tumor blood flow and perfusion in
vivo and the practical utility of this technique in providing a
routine determination of tumor blood flow is demonstrated.

MATERIALS AND METHODS

Tumors. A radiation-induced fibrosarcoma, RIF-1, originally ob
tained from R. F. Kallman (Stanford University), was maintained by
the serial in vitro-in vivopassage technique (4) under the direction of J.
L. Evelhoch and S. A. Sapareto at Wayne State University. 10* viable

tumor cells in 0.1 ml of media were inoculated s.c. in the flanks of
female C3H/HeSnJ and C3H/HeJ mice. This solid tumor grows to a
suitable size (1.0-1.5 cm in diameter) in about 13-20 days. Two to 9
days after receiving the tumor implants, mice were shipped by air
freight to Washington University where the mice were allowed to
acclimate at least for 4 days and then the tumors were examined by
NMR in situ. Tumor volume was estimated by calculating the volume
of an ellipsoid from, I" = (ir/6)a2Â¿>where a and b represent major and

minor axis dimensions. Sixty-one tumors were examined by NMR for
this study with mean size 0.71 cm3, range 0.18-3.29 cm3.

For the determination of tumor-to-blood partition coefficient, wet
and dry weights of tumor and blood were measured. After wet tumor
tissue and blood were weighed, they were then placed in an oven at a
temperature of 90Â°Cand dried until constant weight was achieved.

Blood-Flow Measurement Technique. Deuterium NMR flow meas
urements were performed either at 55.2 MHz on an 8.5 tesla Broker
WH-360 spectrometer or at 30.7 MHz on a 4.7 tesla Bruker CXP-200
spectrometer (Bruker Instruments, Inc., Billerica, MA). Mice were
anesthetized with 1.0 V/V% halothane (Ayerst Laboratories, New
York, NY) in O2 and maintained at 37 Â±1"C rectal temperature by

warm water circulation through a heating pad. When in the WH-360
spectrometer (room temperature shim vertical bore diameter, 7.2 cm),
mice were maintained in a vertical position due to magnet bore orien-

3The abbreviations used are: NMR, nuclear magnetic resonance; TBF, tumor

blood flow.
4 Kim, S-G. and Ackerman, J. J. H., Multicompartment analysis of blood flow

and perfusion employing D..O as a freely diffusible tracer: a novel deuterium
NMR technique demonstrated via application with murine RIF-1 tumor, submit
ted for publication.
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tation and size limitation. A single-turn surface coil of 1.5-cm outer
diameter (5, 6) was employed which was double-tuned for low frequency
deuterium observation at SS.2 MHz and for magnetic field homogeneity
optimization by shimming via the H:( ) resonance of the tumor through
the higher frequency channel (7). When in the CXP-200 spectrometer
(room temperature shim vertical bore diameter, 8.5 cm) mice were
maintained in a horizontal position. A four-turn solenoid coil of 1.2-
cm outer diameter (8) tuned to 30.7 MHz was employed for both
deuterium observation and field homogeneity optimization. In both
spectrometers, the tumor was externalized somewhat from the mouse
body using a slotted Faraday shield (9). This Faraday shield is predicted
to ensure negligible signal contribution from normal tissue adjacent to
the tumor (9).

In previous work from this laboratory (10), RIF-1 tumor "P spectra

quantifying ATP, PCr, Pi, and pH levels with mice in the vertical
orientation were observed to be stable over a 2-h period. More recent
"P NMR experiments with mice in the horizontal position demon

strated stable tumor spectral characteristics over a 4-h time period (data
not shown).9 Because tumors from mice in both orientations appear
metabolically stable, at least as monitored via "P NMR in parallel

control experiments (vide supra), and since the tumor blood flow rate
determinations from mice in either orientation are similar, results from
mice in both orientations have been pooled.

For the initial flow measurement with a specific tumor, 10 n\ of
isotonic saline !)..() solution was administered into the subject outside
the magnet via a bolus, direct intratumor injection (one to six sites)
using a 10-Â¿ilmicrosyringe (Hamilton, Reno, NV) with 28s-gauge
needle (outer diameter, 0.392 mm; inner diameter, 0.095 mm). Deute
rium spectra were collected generally using 30-s time blocks with 120
scans per block with an interpulse repetition period of 0.25 s. Typical
acquisition parameters are as follows: WH-360 spectrometer (spectral
width, 1.5 KHz; 450 complex data points; pulse width, 45 Â¿isat 100
W); CXP-200 spectrometer (spectral width, 1.5 KHz; 512 complex
data points; pulse width, 10 us at 100 W). During the full time course
of the blood flow experiment, data were acquired and stored in the
computer core memory to avoid disk access delays.

For flow measurement reproducibility experiments, the blood flow
and tissue perfusion were remeasured with specific tumors at approxi
mately 6 h after the initial flow measurement. Between each flow
experiment, mice were caged out of the magnet and had access to food
and water ad libitum. The first blood flow measurement employed a
live-site direct intratumor injection of 10 /il D2O saline solution. For

the second flow measurement, 20 n\ of D2O saline solution was admin
istered via a six-site direct intratumor injection.

In studying the effect of the number of intratumor injection sites
upon the result of the flow measurement, a slight variation of the above
tumor measurement reproducibility experiment was employed. As be
fore, two flow measurements were made on specific tumors with ap
proximately 6 h between determinations. Here, however, single- or
double-site direct intratumor injection preceded multisite (five- or six-
site) direct intratumor injection. The initial labeling employed 10-20
n\ of I).â€¢() saline solution while the repeat labeling used 20-40 Â¡i\.

Data Analysis. NMR spectral data analysis, such as exponential time
domain apodization, zero filling, and Fourier transformation, was
performed using a Bruker Aspect 2000A computer. All Fourier-trans
formed data were transferred to a MicroVax-II computer (Digital
Equipment Corp., Maynard, MA). Deuterium HOD resonances were
integrated by the method of Simpson's Rule. Time course peak integra

tion data were fitted to monoexponential or biexponential decay func
tions using nonlinear least-squares routines by use of RS/1 software
(BBN Software Products Corp., Cambridge, MA).

For single-compartment kinetic modeling, one analyzes only the
linear portion of the residue decay curve (semilog basis) found at early
time data points where tracer recirculation is negligible, Fig. \A. After
subtraction of the background HOD level, this early decay data was
fitted to a two-parameter monoexponential curve of the form,

q(t) = ?(0)exp(-f/r) (A)
1Y. C. Hwang, C. L. Jarrett, J. L. Evelhoch, and J. J. H. Ackerman. Glucose

and glucose analog induction of tumor acidification in situ: a "P NMR study,

manuscript in preparation.
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Fig. 1. Deuterium NMR washout time courses (semilog scale) of the in vivo
murine RIF-1 tumor HOD resonance area following multisite direct injections of
IM> saline solution. Tracer background is subtracted from the original decay
curves. O, experimental data points. .f, fitting the early linear portion (between
arrows) of the curve using the single-compartment model (two-parameter mon
oexponential decay, ) yields a tumor blood flow of 17.3 ml/(100 g- min).
Deuterium signal at later time does not continue to zero, but displays curvature
due to HOD recirculation. Correction for this using the two-compartment in
series model (three-parameter monoexponential decay, ) yields a tumor blood
flow of 18.9 ml '( 100 g-min), li. application of the three-compartment model to

this data (biexponential decay, ) yields a fast-flow component of 31.8 ml/
(100 Kmin), a slow-flow component of 6.0 ml/( 100 g-min), fast- and slow-flow
component fractions of 24 and 76%, and a mean tumor blood flow of 12.2 ml/
(100 g-min). Tumor blood flow as determined from a less satisfactory fit to the
two-compartment in-series model (monoexponential decay, ) is 11.9 ml/
(100 g-min).

Here q(t) is the quantity of tracer at time t (the HOD deuterium
resonance area) minus the tracer background level. In the single-
compartment model, the volumetric rate of tumor blood flow and
perfusion, TBF, [in units of ml/(100 g-min)] is given by

TBF = lOOX/r (B)

where X is the tumor-to-blood partition coefficient and T is the expo
nential time constant governing tracer residue decay.

The two-compartment in-series flow model was developed to account
for the HOD tracer recirculation evident in the long time course data.4

The first compartment is the tumor in which tracer quantity will be
monitored by deuterium NMR after labeling with D2O at t = 0. The
second compartment is that part of the rest of the body in which tracer
exchange with the tumor via blood flow recirculation is on a time scale
comparable to that of flow (i.e., the mean transit time) through the
tumor. Diffusible tracer entering the second compartment is assumed
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to distribute rapidly and uniformly throughout this second compart
ment's aqueous space. Note that at t = 0 only tumor is labeled with

tracer although there may be a nonzero steady-state background level
in both compartments. A monoexponential deuterium washout decay
from the tumor is predicted as

</(/) = </(Â»)+ [Â«(0)- Â«7(Â°o)]exp(-r/r) (Q

where g(0) and ?(Â°Â°)are deuterium signal intensities at t = 0 and f = Â°Â°,
and T is the exponential time constant governing tracer residue decay,
Fig. IA.

The volumetric rate of tumor blood flow and perfusion is expressed
as

TBF = 100X /g(Q) - q(Â°Â°)
I 9(0) - fb, (D)

where </h,is deuterium background signal intensity. This tracer back
ground is measured by obtaining the HOD deuterium resonance area
before tracer administration into the tumor and T, 4(0), and q(x) are
obtained by fitting the full time course tracer decay curve to a three-
parameter monoexponential function (Equation C). As with the single-
compartment analysis, the tracer background, Q\V,can alternatively
be set equal to zero by subtracting it from all the original q(t) data
(Fig. \A).

In those instances where the tumor deuterium residue washout
follows a biexponential curve, Fig. IB, a three-compartment model
may be considered even in absence of direct anatomical or functional
evidence for such flow characteristics (11). This model consists of two
parts. The first part describes two noncommunicating flow compart
ments within the tumor that are rapidly labeled with tracer at / = 0 and
which receive tracer again as recirculation from the rest of the body.
The second part describes that part of the rest of the body in which
tracer exchange with the tumor via blood flow recirculation is on a time
scale comparable to that of flow (i.e., the mean transit time) through
the tumor. Note that at t = 0 only tumor is labeled with tracer. The
total deuterium tracer quantity in the tumor is detected by single-
volume external monitoring (e.g., deuterium NMR).

In this flow model, fast- and slow-tumor blood flow components
(TBF, and TBF.,) and volume fractions of fast and slow components
( Wfand W,) are determined and tracer recirculation is fully accounted
for. The mean tumor blood flow and perfusion is determined by

TBF = TBFffFf + TBF.W, (E)

More detailed discussions of these multicompartment models, the
resulting mathematical analyses, and the deuterium HOD residue decay
curves are provided in a companion article.4

Statistics. The paired Student's t test was employed for all statistical

comparisons presented herein of results derived from multiple meas
urements on individual tumors. The nonpaired Student's t test was

employed only for comparisons of results from large and small tumors.
Statistical significance was assigned at the 95% confidence level.

RESULTS AND DISCUSSION

For isotopically labeled water the tumor-to-blood partition
coefficient is defined as the ratio of the water weight of a unit
mass (1 g) of tumor to the water weight of a unit volume of
blood. The water weight of a unit mass of murine RIF-1 tumor
was determined from wet and dry weights of tumors to be 0.821
Â±0.006 SD g-water/g-tumor (n = 5). The water weight of a
unit volume of blood was determined from wet and dry weights
of mouse blood and the density of blood, 1.06 g/ml (12), to be
0.872 Â±0.015 SD g-water/ml-blood (n = 6). Thus, for mouse
RIF-1 tumor, Ais determined to be 0.942 Â±0.023 est. SD ml/
g (Â«= 5).

Single-Compartment Versus Two-Compartment In-Series
Model. The comparison of the single-compartment and the
two-compartment in-series models (minimal tracer recircula

tion at early time points versus full time course analysis with
accounting for tracer recirculation) as applied to RIF-1 tumor
blood flow and perfusion is shown in Table 1. The tumor blood
flow results using the two-compartment in-series model are
very close (means within 10%) to those using the single-com
partment model. Given the widespread accreditation of the
single-compartment flow model with tracers such as "3Xe and
H215O, this intermodel consistency of results supports internal
validation of the two-compartment recirculation analysis. How
ever, tumor blood flow determined by the two-compartment in-
series model [18.5 Â±8.5 SD ml/(100 g-min), n = 40] is
significantly greater (p < 0.0005) than that determined by the
single-compartment model [17.1 Â±8.2 SD ml/(100 g-min), n
= 40]. This blood flow measurement difference results from
accounting for the label (HOD) recirculation through the tumor
after its initial washout. This label reflow effectively results in
a slower disappearance of tracer from the tumor than expected
in the absence of recirculation and, therefore, an underestima
tion of blood flow using the single-compartment model.

In some additional tumors (n = 6), a substantial early portion
of the tracer washout time course data was not linear on a
semilog basis and, thus, did not fit well to the two-parameter
monoexponential curve, Equation A, representing the single-
compartment model. However, Â¡nthese instances the full wash
out time course did fit well to a three-parameter monoexponen
tial curve (i.e., Equation C). Thus, although the blood flow
through these tumors could not be determined by the single-
compartment model, it could be determined by the two-com
partment in-series model. Inclusion of these tumors with the
sample discussed above yields the same mean tumor blood flow
of 18.5 Â±8.5 SD ml/( 100 g- min) (n = 46) via two-compartment
modeling of the full tracer residue decay time course.

Tumor blood flow is dependent on tumor size and, thus,
external validation comparison with determinations from other
laboratories employing different techniques is difficult. How
ever, the mean tumor blood flow determined by deuterium
NMR using the two-compartment model, as well as that using
the single-compartment model, agrees well with flow rates
determined by the H215Oin situ photon activation and washout

method [14.9 Â±6.5 SD ml/(100 g-min), n = 11] where murine
RIF-1 tumors of 0.38-2.68 cm3 size range (mean size, 1.25 Â±
0.63 SD cm3) were examined (13). A marked advantage of the
H215O in situ photon activation technique is that of flow-

independent uniform labeling of tumor aqueous space. Thus,
the agreement between the deuterium and I5O methods supports

the use of D2O administration via bolus intratumor injection

Table 1 Comparison of murine RIF-1 tumor blood flow and perfusion rate using
single-compartment and two-compartment in-series flow models

Results are the means of tumor blood flow followed by their standard devia
tions.

Number of
Tumor size"tumorssO.80

g
X).80g
Total31

940Single-

compartment*19.9

Â±7.27.7
Â±2.1

17.1 Â±8.2TBFTwo-compartment'21.3

Â±7.5 (21.5 Â±7.5
8.9 Â±2.3 (9.1 Â±2.6,

18.5 Â±8.5 (18.5 Â±8.5,

n = 35/
n= llf
, n = 46f

" Estimated by calculation of the volume of an ellipsoid \V = (ji/h)u'/i where

a and b represent the major and minor axes].
''Iunior blood flow and perfusion in ml/(100 g-min) employing the single-

compartment flow model.'"Tumor blood flow and perfusion in ml/(100 g â€¢min)employing the two-

compartment in-series flow model with the same sample subset as in Footnote b.
''Tumor blood flow and perfusion in ml/(100 g-min) including additional

tumors in which flow cannot be determined by the single-compartment model but
which are well-represented by the monoexponential residue decay, two-compart
ment in-series flow model.
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for quantitative flow measurements (vide infra).
Three-Compartment Model. A significant number of tumors

(n = 15 out of 61) yielded a biexponential washout curve
consistent with the three-compartment model (two tumor flow
compartments, one recirculating compartment; e.g., see Fig.
IB). Considering this tumor sample subset, Table 2 shows the
comparison between blood-flow determination using a three-
compartment flow model and that using a two-compartment
in-series flow model. The mean tumor blood flow using the
three-compartment model (i.e., the volume fraction-weighted
sum of fast and slow components, Equation E) is similar to,
but statistically greater than, that found if the two-compartment
in-series model is employed, i.e., 15.7 Â±9.7 versus 14.5 Â±8.0
SDml/(100g-min).

Additionally, however, a fast-flow component rate (i.e., a
well-perfused portion), a slow-flow component rate (i.e., a
poorly perfused portion), and a fast-flow component fraction
are determined from the three-compartment model as shown
in Table 2. With this model the deuterium NMR flow measure
ment analysis is based on the assumption that the entire
aqueous volume of the tumor consists of two blood-flow com
ponents (fast and slow), both of which are adequately repre
sented by a tracer distribution proportional to flow rate. Alter
natively, in the II ' O in situ photon activation and washout

method, the aqueous space of the tumor is assumed to consist
of a region of uniform flow (i.e., the well-perfused fraction) and
a static region (i.e., immobile water), both of which are uni
formly labeled with tracer independently of flow rate. Therefore,
because of differences in the kinetic flow models the slow-flow
component rate [9.7 Â±5.8 SD ml/(100 g-min)] and fast-flow
component fraction (21 Â±10 SD%) as determined by the
deuterium NMR method cannot be compared with the static
component and well-perfused fraction (57 Â±17%) determined
by the H215O method (13). However, it is interesting to note
that the fast-flow component rate determined by deuterium
NMR [36.8 Â±19.8 SD ml/( 100 g-min)] appears to agree fairly
well with the blood-flow rate of the well-perfused component
as measured by the H2I5O in situ photon activation and washout
method [26.9 Â±10.4 SD ml/(100 g-min), n = 11] (13).

Relationship between Tumor Size and Blood Flow. Fig. 2
shows the relationship between tumor size and tumor blood
flow. The mean tumor blood flow is 21.1 Â±8.4 (n = 27), 18.9
Â±8.7 (n = 21), and 9.4 Â±2.9 (n = 13) SD ml/(100 g-min)
using the multicompartment models with 0.18-0.50-, 0.51-
1.00-, and 1.01-3.29-cm3 tumors, respectively. One of the rea

sons for a blood flow decrease as tumors grow larger is an
increase of necrotic tissue. Although Twentyman et al. (4) found
no abundant central necrosis in the RIF-1 tumor in C3H/Km
mice, they observed focal necrosis. An increase of focal necrosis
as the tumor grows may cause a decrease of blood flow. This
observation of blood flow dependence on tumor size agrees well

with that determined also on RIF-1 tumors by the H2"O in situ

photon activation and washout method, namely, 22.8 Â±4.1
(n = 3) and 11.9 Â±4.3 (n = 8) SD ml/( 100 gâ€¢min) in the greater
and less than 1.0 cm3 tumor, respectively (13). Furthermore,
the RIF-1 tumor blood flow dependence on tumor size is similar
to that seen with KHT sarcoma tumor blood flow (also in C3H
mice) as determined by the 133Xeclearance method (14), which
is 19.9 Â±11.0 (w = 30), 13.7 Â±6.5 (n = 19), and 6.7 Â±1.6
(n = 3) SD ml/(100 g-min) in 0.281-0.560-, 0.561-1.120-,
and 1.121-2.240-cm3 tumors, respectively.

Reproducibility of the Method. Sequential blood-flow meas
urements of a given tumor may provide useful insight into the
magnitude and kinetics of blood-flow modulation caused by
various modalities of therapy (i.e., ionizing radiation, heat,
drugs, etc.) if the flow measurement method employed yields a
reproducible tumor blood flow determination. To address this
issue, the tumor blood flow was remeasured in the same tumors
approximately 6 h after the first measurement to determine the
reproducibility of the method. D2O was administered via mul-
tisite (five- or six-site) intratumor direct injection. The blood-
flow rates of the first measurement, 14.7 Â±7.4 SD ml/(100 g-
min), were not statistically different from those of the second
flow measurement, 13.2 Â±7.8 SD ml/(100 g-min), n = 9, mean
tumor size 0.88 Â±0.42 SD cm3. The mean difference in derived
flow rate between first and second measurement was only -1.5
Â±4.0 SD ml/(100 g-min) or -10 Â±22 SD%. Thus, the NMR

method yields reproducible results upon repeat experiment and
can be employed for sequential determination of tumor blood
flow.

Although the multisite (five- or six-site) direct intratumor
injection of D â€¢() saline solution is an invasive administration
of tracer and may cause some local disruption in tumor archi
tecture (14), this disruption apparently does not markedly affect
blood flow as illustrated by the reproducibility of the measure
ment.

Study of the Number of Injection Sites. Multisite (five- or six-
site) direct intratumor injection can be used to approach uni
form sampling of the tumor volume. In a comparative study
however, the number of injection sites was reduced to one or
two, in order to minimize disruption of tumor architecture
which may occur by direct injection and the blood flow rate
measured. Following this, flow rates were also derived from
multisite injection into the same tumors. The tumor blood flow
of the first measurement, 16.1 Â±8.0 SD ml/(100 g-min), was
not statistically different from that of the second measurement,
15.1 Â±6.7 SD ml/(100 g-min), n = 6; mean tumor size, 0.55
Â±0.17 SD cm3. The mean difference in derived flow rate
between the first (one- or two-site) and second (five- or six-site)
measurements was only â€”1.0Â±4.8 SD ml/(100 g-min) or 6 Â±

36 SD%. (See also Note Added in Proof.) Because there is no
evidence for dependence of measured blood-flow rate on the

Table 2 Comparison of murine RIF-1 tumor blood flow and perfusion using two-compartment in-series and three-compartment flow models

The results are the means followed by their standard deviations. This sample subset (15 out of 61) gave clear evidence for biexponential tracer residue decay.

Size*<0.80

g
X).80g
TotalTumors114 15TBF

(mean), three-
compartment*18.2

Â±10.0
8.8Â±4.115.7

Â±9.7TBF,f4

1.7 Â±20.4
23.6 Â±11.3
36.8 Â±19.8TBF.''11.0

Â±6.0
6.1 Â±3.8
9.7 Â±5.8W,%'23

Â±11
17Â±6
21 Â±10TBF,

two-
compartment'16.5

Â±8.3
9.0 Â±3.2

14.5 Â±8.0
" See Table 1, footnote a.
0 Mean tumor blood flow and perfusion (i.e., the volume fraction weighted sum of fast and slow compartments. Equation E) in ml/(100 g-min) using the three-

compartment flow model.
' Fast tumor blood-flow compartment rate (i.e., well-perfused portion) in nil, ( 100 g-min).
' Slow tumor blood-flow compartment rate (i.e., poorly perfused portion) in ml/(100 g-min).
' Volume fraction of fast blood-flow component.
1 Tumor blood flow rate in ml ( loo g-min) employing the two-compartment in-series flow model.
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Fig. 2. Relationship between RII -I tumor size and mean (volume averaged)
blood flow determined by either two- or three-compartment kinetic flow modeling
via deuterium NMR (O) or single-compartment modeling via in situ photon
activation of H2'5O (D) (13). The symbol X represents data added in proof.

number of injection sites, the one- or two-site direct intratumor
injection may be used, minimizing the invasiveness of the
method.

The half-life of HOD in the mouse body is approximately 3
to 4 days (15). Therefore, in the case of a series of closely
spaced flow measurements such as presented in these latter two
studies, a greater amount of D â€¢() solution may be required for
the repeat determinations to achieve adequate dynamic range.
For example, 20 p.\ of D2O solution was generally used for the
second serial flow measurement while 10 ;<l was used in the
first injection.

Summary. The use of D2O as a freely diffusible tracer in
conjunction with deuterium NMR monitoring of tracer residue
decay is a promising technique for the quantification of tumor
blood flow and perfusion. Deuterium presents none of the
hazards or special handling requirements of radiotracers and is
well suited to low-flow-rate applications where monitoring a
long washout time course is required for accurate flow rate
determination. Given the increasing ubiquity of NMR instru
mentation in most biomÃ©dicalresearch centers, such measure
ments can be made in an increasingly routine fashion. Further
more, preliminary data (16-18) suggest that sensitivity may be
sufficient for quantitative deuterium NMR spin-image mapping
of regional tumor blood flow and perfusion.

The data presented herein demonstrate that the multicom-
partment kinetic flow models use to account for tracer (HOD)
recirculation yield tumor blood-flow and perfusion rates in
excellent internal agreement with the widely utilized single-
compartment analysis and in good external agreement with
H,'T) in situ photon activation and washout measurements

also on murine RIF-1 tumors. This, along with previously
reported ex vivo validation studies (1), represents strong evi
dence for accurate quantitation of tumor blood flow and per
fusion via deuterium NMR.

The technique as described is relatively robust yielding a
highly reproducible measurement irrespective of the number of
intratumor D2O injection sites and under repetitive serial meas
urements. To date, all tumors examined have produced tracer
washout time courses well approximated by either monoexpo-
nential or biexponential residue decay curves. Thus, these mul-
ticompartment kinetic flow models (which predict such behav

ior) appear to possess considerable generality for tumor flow
analysis.

Finally, a straightforward extension of this approach will
allow concomitant NMR monitoring of tumor blood flow and
metabolism through multiple-tuned antennas designed for si
multaneous or consecutive-interleaved observation of other
NMR active nuclides such as 'H, 13C, 19F, and MP in addition
to2H.
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Note Added in Proof

In an additional comparison of multisite direct intratumor injection
results v.v.single-site injection results, the tumor blood flow was deter
mined in four mice (not included in the previous sample; see Fig. 2,
symbol X) first employing multisite (5-site) injection followed ca. 6 h
later by single-site injection. The tumor blood flow of the first meas
urement, 27.6 Â±4.4 SD ml/(100 g-min), was not statistically different
from that of the second measurement, 26.7 Â±5.5 SD ml/(100 g-min);
mean tumor size 0.70 Â±0.15 SD cm3. The mean difference in derived

blood flow rate between the first and second measurements was only
-0.9 Â±5.9 SD ml/(100 g-min) or -2 Â±22 SD%.
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