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Tissue uptake of a fully extractable MR detectable tracer, 
deuterated water (D,O), was compared with that of a less 
extractable contrast agent, Gadolinium-DTPA-dimeglumine 
(Gd-DTPA), in rodent tumor and muscle tissue. This dual 
tracer method allowed calculation of relative (to muscle) tis- 
sue perfusion and extraction fraction of Gd-DTPA in each 
image pixel in vivo. Solutions of Gd-DTPA and D,O were in- 
jected intravenously into Fisher female rats (n = 9) with R3230 
mammary adenocarcinomas implanted in the hind limb. Per- 
fusion rate was approximately two times greater (P c 0.005 by 
paired t test) in tumor than in muscle. Gd-DTPA extraction 
fraction at the interface between tumor and muscle was 2.0 
times the extraction fraction in normal muscle (P c 0.005 by 
paired t test). Extraction fraction at the tumor center was 1.6 
times the extraction fraction in muscle (P c 0.01 by paired t 
test). High extraction fraction of Gd-DTPA correlated with high 
capillary petmeability determined from Evans Blue staining. 
Low molecular weight Gd-DTPA derivatives are widely used in 
clinical practice, and their extraction fractions are crucial de- 
terminants of image contrast during the first few passes of the 
contrast agent bolus. Therefore spatially resolved measure- 
ments of contrast agent extraction fractions obtained in vivo 
have significant clinical utility. The data demonstrate that ex- 
traction of low molecular weight tracers is sensitive to in- 
creased permeability in tumor vasculature and that this in- 
creased permeability can be imaged. 
Key words: perfusion rate; extraction fraction; magnetic res- 
onance: Gd-DTPA. 

INTRODUCTION 

Recent studies of tumor vascularity in biopsy samples 
obtained from human niammary tumors suggest that 
characterization of tumor vascular density and perme- 
ability allows accurate grading of mammary tumors and 
can guide treatment of patients (1-7). It would be bene- 
ficial if tumor vasculature could be accurately character- 
ized using a noninvasive imaging method. This may be 
possible using MR contrast agents. Microstructural char- 
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acteristics of vasculature can be inferred from contrast 
agent dynamics, even when image resolution is insuffi- 
cient to show the microstructure explicitly. The tissue 
uptake kinetics of partially extractable contrast agents are 
dependent on the product of tissue perfusion and extrac- 
tion fraction. The rate of tissue perfusion is dependent on 
vessel density (3)  and the extraction fraction is a good 
indicator of capillary permeability (although the linear 
velocity of blood flow is also important). Therefore mea- 
surements of contrast agent tissue concentration as a 
function of time are sensitive to both capillary density 
and permeability. However, conventional methods can- 
not distinguish the effects of capillary density and cap- 
illary permeability on the rate of contrast agent uptake. 
This is especially true of low molecular weight contrast 
agents, for which the rate of transport across capillary 
walls is similar to the rate of delivery via tissue perfu- 
sion. We demonstrate here that perfusion rate and extrac- 
tion from capillaries into the extravascular compartment 
can be distinguished by measuring the kinetics of uptake 
of partially extractable (i.e., Gd-DTPA-dimeglumine) and 
fully extractable (such as D,O) tracers in combination. 

Contrast agents leave capillaries primarily through 
gaps or pores in the capillary endothelium (8, 9), thus 
making the extraction fraction sensitive to the presence 
of irregularly formed capillary endothelia, which are 
common in tumors, particularly in areas of neo-vascula- 
ture. The use of smaller molecules to evaluate capillary 
permeability has several advantages: 1) only low molec- 
ular weight MR contrast agents are currently approved 
for human use in the United States, and they are better 
tolerated than high molecular weight compounds; 2)  low 
molecular weight molecules may he sensitive to small 
early changes in capillary permeability; and 3)  low mo- 
lecular weight contrast agents are rapidly extracted into 
tissue in high concentrations. Gd-DTPA derivatives, in 
particular, are relatively nontoxic and can be detected 
with high SNR. In normal tissue outside of the brain, the 
Gd-DTPA-dimeglumine extraction fraction is -0.45 (10). 
Thus tissue pathology typically would be indicated by 
extraction fractions ranging from 0.50 to 1.0. 

The extraction fraction of Gd-DTPA derivatives can be 
measured by comparing their uptake to that of deuterated 
water (D,O). The rate of tissue uptake of D,O following 
intravenous bolus injection is widely used to measure 
perfusion rate (in milliliters/100 g of tissue x minutes) 
because it is approximately fully extracted ( E  = 1.0) from 
the capillary bed during a single passage (i.e., during the 
mean transit time). A large body of work (e.g., 11-14) 
validates the use of magnetic resonance detection of D,O 
uptake for accurate perfusion measurements. Kim and 
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Ackerman et 01. measured perfusion rates in rodent kid- 
ney, liver, brain, muscle and tumor (11. 13-15). Later 
work incorporated MR imaging of D,O so that spatial 
heterogeneity of perfusion could be detected (16, 17). 
Besides use of D,O, perfusion measurements based on 
the rate of uptake of tritiated water gave results similar to 
those obtained with microspheres (18). 

To date, imaging studies of capillary permeability have 
been based on the use of macromolecular agents such as 
Gd-DTPA-albumin (19-24). Leakage of macromolecules 
across capillary walls provides a good measure of perme- 
ability and can be used to identify abnormal tumor vas- 
culature (19-24). Extraction from vasculature of these 
macromolecules in normal tissue is close to zero, while 
in many tumors extraction is small but measurable. Thus, 
any accumulation of contrast agent in tissue can be taken 
as an indication of the abnormal capillary leakiness char- 
acteristic of tumors (25, 26). However, macromolecular 
agents have a number of disadvantages. They are not 
currently approved for routine use in patients in the 
United States. Permeability to these agents, even in tu- 
mor vasculature, is small, and to achieve adequate signal- 
to-noise ratio, leakage from the vasculature must often be 
detected over hours, or in some cases days (25-27). Tis- 
sue extraction of macromolecules requires relatively 
large pores in capillary walls and thus may be insensitive 
to subtle changes in capillary permeability. For these 
reasons, low molecular weight contrast agents may have 
advantages as indicators of capillary permeability. 

In vivo measurements of contrast agent extraction frac- 
tion are necessary for interpretation of MR contrast en- 
hanced images, particularly as rapid imaging of contrast 
agent uptake becomes increasingly common. Extraction 
fraction is a critical determinant of signal intensity at 
short times after the injection of contrast agents, and may 
vary considerably as a function of tissue type. However, 
to date, few measurements of the extraction fractions of 
low molecular weight contrast agents have been re- 
ported, and there have been no spatially resolved mea- 
surements of extraction fractions in vivo. Here, we dem- 
onstrate a simple method for obtaining this information. 

METHODS 
Tumor Transplantation 

R3230AC mammary adenocarcinomas were grown sub- 
cutaneously in the hind limbs of female Fisher 344 rats. 
Tumors were studied after 3 weeks when they were 7-12 
mm in diameter. The tumors are relatively non-meta- 
static and are not significantly necrotic in this size range. 
These tumors originally occurred spontaneously and are 
species-specific for Fisher 344 rats (28). Initial tumor 
cells were obtained from Biomeasure Corporation (Fred- 
erick, MD). The tumor line was propagated in vivo. 

Anesthesia and Preparation 

Animals were anesthetized by continuous intraperiton- 
neally administration of ketamine (5 mg/100 g/h) and 
rompun (0.1 mg/100 g/h). The temperature of the animals 
was controlled by using a warm water blanket. In addi- 
tion, the magnet bore was flushed continuously with 

warm air. To minimize motion artifacts, rats were se- 
cured to an acrylic plastic board using elastic webbing 
and Velcro (Manchester. NH). The tumor-bearing leg was 
immobilized horizontally, placed in the detector coil 
along with a water phantom and secured with tape. 
Blood pressure was measured continuously during MR 
studies using a catheter (PE-50) implanted in the femoral 
artery attached to a pressure transducer and a Tektronix 
monitor (Beaverton, OR). Mean arterial blood pressure 
under control conditions was between 100 and 140 
mmHg. Animal temperature was measured continuously 
using a rectal thermometer (Fisher Scientific, Pittsburgh, 
PA) and was kept between 36°C and 38°C. 

Coils 

Signals were excited and detected by a dual coil system 
placed directly around the tumor-bearing leg. A 2.5-cm 
inner-diameter saddle coil tuned to the D,O frequency 
was nested inside a 3.5-cm inner-diameter low pass bird- 
cage coil (29, 30) tuned to the proton frequency. The 
loaded Q values for the saddle coil and the birdcage coil 
were 60 and 40, respectively. The birdcage coil had eight 
arms with seven 5.6 pF fixed capacitors and two 1-30 pF 
variable capacitors. The coils were oriented so that their 
RF fields were approximately orthogonal. Due to this 
orthogonality, as well as the large frequency difference 
between the two coils, there was minimal coupling. This 
was demonstrated by the fact that negligible tuning 
changes and 90” pulse length changes were caused in 
either coil by the other coil. The loaded 90” pulse lengths 
were 60 ps for the D,O coil and 40 ps for the proton coil 
at 100 watts. 

The birdcage coil provided an extremely homogeneous 
radio frequency (RF) field with variations of no more 
than 5% up  to 1 mm from the edges of the cylinder. Thus, 
the 90” pulse length was constant across the field of view. 
There was some inhomogeneity of pulse angle at the 
edges of the slices since slice profiles were not perfect. 
However, since very thick (1.3-cm slices) were used to 
facilitate comparisons of proton and D,O data, the vol- 
umes of the edge regions were negligible compared with 
that of the central region where the pulse angle was 
constant. This allowed accurate quantitation of the con- 
trast agent based on measurement of changes in TI. The 
field produced by the saddle coil was somewhat less 
homogeneous and data were analyzed to correct for this 
source of inhomogeneity (Eq. [5]). 

Histology and Evans Blue 

To correlate histological and MR data, the tumor was 
marked with a dark tattoo along the line of the slice 
imaged by MR.  Histology provided an estimate of the de- 
gree of necrosis in the slice (from Hematoxylin and Eosin). 
Tumors were included in the data analysis only if necrosis 
was found in less than 10% of the surface area of the slice. 

Evans Blue staining was performed. Evans Blue binds 
to circulating albumin to produce a macromolecular vital 
dye which escapes only from “leaky” capillaries. There- 
fore extraction of Evans Blue through capillary walls into 
extravascular spaces is an index of capillary permeabil- 
ity. The Evans Blue solution was injected via an intrave- 
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nous jugular catheter. Evans Blue studies were per- 
formed on the same tumor line, but in many cases were 
not performed on the tumors studied by MR. 

M R  Measurement Protocol 

For 3 days before the MR experiment, D,O was injected 
intraperitonneally (1 .O ml/day). This was done to pro- 
vide signal for calibration measurements (see below). 
Approximately 30 min were required to prepare and 
position the animal in the magnet. Approximately 2.5 h 
were required for the entire experiment (i.e., preparation, 
D,O and Gd-DTPA dimeglumine injections, and image 
acquisition). Our data (see Results and refs. 31, 32) indi- 
cate that blood flow and metabolism are stable over this 
time period under ketamine-rompun anesthesia. 

MR data were acquired at 4.7 Tesla using a GE-Bruker 
Omega operating system. The proton coil was initially 
connected and used for positioning and shimming. The 
deuterium coil was then connected and the deuterium 
preamplifier was manually retuned. A deuterium density 
image was acquired under fully relaxed conditions (TR  = 
3 s with a 45” pulse angle) with TE minimized (4.5 ms) so 
that the equilibrium distribution of D,O, i.e., the deute- 
rium density, could be determined. Signal in the deute- 
rium reference image came primarily from the D,O in- 
jected before the day of the MR experiment, which was 
assumed to have reached its equilibrium distribution. 

Subsequently, a set of deuterium images was acquired 
rapidly before and after intravenous injection of D,O. A 
0.5-ml bolus of D,O was injected into the external jugular 
vein over 2 s. The deuterium signal was detected using 
the 2.5-cm inner-diameter saddle coil. A slice thickness 
of 1.3 cm was necessary to obtain acceptable signal-to- 
noise ratio (SNR). A pulse angle of 4 5 O  was used with a 
short TR (TR = 320 ms) to maximize signal-to-noise ratio. 
SNR was further improved by optimizing detector band- 
width; because of the long T2* (i.e., narrow linewidth) of 
the deuterium resonance in each image pixel, a long 
acquisition time (12 ms) and low amplitude readout gra- 
dients could be used. These adjustments resulted in T,* 
and T ,  weighting of the image intensity, and this was 
taken into account in the data analysis (see below). In- 
plane spatial resolution was 2 mm with image acquisi- 
tion time of 20 s. Deuterium images were obtained begin- 
ning before injection and ending 10 min after injection. 
This procedure was repeated three times - i.e., D,O was 
injected three times so that three separate measurements 
of the kinetics of D,O uptake were made. The D,O injec- 
tions were separated by 30 min to allow the animal time 
to recover from the fluid volume. 

After deuterium measurements, the proton coil was 
reconnected and the preamplifier was tuned for protons. 
Subsequently T,-weighted FLASH images with 500 ms 
time resolution were obtained before (20 images] and for 
15  min after intravenous injection of 0.2 mMoles/kg Gd- 
DTPA-dimeglumine (Berlex Laboratories, Wayne, NJ) 
(-0.2 ml bolus). A single contrast agent injection was 
performed. To minimize T2* effects, the time between 
excitation and detection was minimized. The RF sinc 
pulse duration was 3.5 ms (two cycles), phase encode 
time was 1 ms, gradient rise time was 0.3 ms, the total 

time between the end of the excitation pulse and the 
center of the gradient echo (“TE”) was 4.5 ms, and the 
acquisition time (i.e., duration of the readout gradient) 
was 2 ms. Image resolution was 1.5 X 0.75 mm in a 
1.3-cm slice. A large slice thickness was used so that the 
slices in which Gd-DTPA-dimeglumine and D,O uptake 
were measured were identical. 

Measurements of contrast agent concentration as- 
sumed (see below) that the image intensity was weighted 
only by T, effects and not by T2* effects. To verify that 
T2* effects were negligible under these experimental 
conditions, we obtained water proton spectra with 500 
ms time resolution and 2 Hz frequency resolution before 
and after bolus IV injection of contrast using a small 
(1-cm diametr) surface coil placed directly over the tu- 
mor. Under control conditions, the linewidth of the wa- 
ter signal was 60 Hz with signal-to-noise ratio of 1 O O O : l .  
The width of the water resonance changed by less than 2 
Hz during passage of the contrast bolus. This suggested 
that changes in T,* due to the contrast agent would not 
significantly affect the intensity of the FLASH images 
with echo times of less than 5 ms. 

Theory: Perfusion Rate and Extraction Fraction 

The extraction fraction ( E )  is the fraction of contrast agent 
molecules that exchange across capillary walls during a 
single passage through the capillary bed (i.e,, during the 
mean transit time). The extraction fraction depends on 
capillary permeability as well as capillary surface area 
and mean transit time of blood through capillaries. Al- 
though almost all (-99.9%) of the capillary surface area 
in normal tissue is covered by the plasma membranes of 
endothelial cells, the remaining fraction of the surface 
area allows effective solute transport (27). Even more 
surface area is generally available in tumors. For Gd- 
DTPA-dimeglumine and similar small molecules, E is 
approximately 0.45 in most tissue except for brain where 
E = 0. “E“ can be expressed as a function of the perfusion 
rate (F ,  in milliters per hour 100 g): 

E = 1 - exp(PS/F) [I1 

where P the “permeability” of the vascular wall to the 
contrast agent and S is the surface area of vasculature per 
100 g of tissue. 

The change in the concentration of contrast agent in 
the extravascular compartment after bolus injection as a 
function of time, Cdt) ,  has been modeled by a number of 
investigators (e.g., 10, 11, 20, 21, 33-37). For the pur- 
poses of the present study, the analysis can be simplified 
considerably. During the first pass of contrast after injec- 
tion of an intravenous bolus, the transport of contrast 
from tissue to blood is negligible compared with the 
transport from blood to tissue so that the change in the 
number of Gd-DTPA molecules in the extravascular 
space in each image voxel (QJ can be approximated as: 

where C,(t) = capillary blood concentration as a function 
of time. 
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Here we refer to the number of molecules rather than 
concentration so that there is no need to define the vol- 
ume in which the contrast agent is distributed. The vol- 
ume of distribution does not affect the number of contrast 
agent molecules that enter the extravascular space at 
short times after injection when the transport of contrast 
agent is primarily unidirectional, from blood to tissue. 
Integrating over the first pass of the bolus: 

JQT(fj) = F*E*/,: C,(t) - dt [31 

where ti is a time just before the bolus enters the capillary 
bed and tf is a time during the first passage of the bolus 
through the capillary bed but before the arrival of the 
second pass. AQJt,) is the amount of contrast agent 
(number of molecules per pixel) that enters the extravas- 
cular space during the interval ti to tl. We assume that the 
concentration of contrast agent in capillary blood as a 
function of time, C,(t), is the same for all tissues; this is 
accurate, as long as differences in the arrival time of the 
bolus in each tissue are properly accounted for. 

Contrast agent uptake during the first pass, AQJff), is 
proportional to “ F  X E” and can be used to determine the 
relative value of “ F  x E ’  in different regions of interest 
(ROIs) (e.g., muscle versus tumor center). However, 
AQJf,) is most accurately determined after the contrast 
bolus has passed through the capillary beds. At the peak 
of the bolus, the large contrast agent concentration in 
capillary blood (-50 mM) may complicate analysis of the 
data. In addition, spin systems may take some time to 
respond to changes in T ,  caused by changing concentra- 
tions of the contrast agent in the tissue. This response 
time is similar to the time required for longitudinal mag- 
netization to reach a steady state at the beginning of the 
dynamic imaging sequence-approximately 1 s under 
the current experimental conditions. To minimize these 
problems AQ,,. was measured at a time f/. after the bulk of 
the first pass of contrast agent, but before the second pass 
had arrived. This time was determined from the capillary 
input function. (We define the capillary input function as 
the concentration of contrast agent in capillary blood as a 
function of time, Cs(t); see Eq. [3].) An estimate of the 
capillary input function is calculated from the tissue 
contrast agent concentration curves. 

Figure l a  shows a typical plot of Gd concentration 
versus time in muscle after bolus intravenous injection. 
The increase in signal due to the contrast agent is pri- 
marily due to contrast agent molecules that are extracted 
from the vasculature into tissue. For purposes of quali- 
tative analysis, we ignore the contribution from the con- 
trast agent that remains in the blood, which is smaller 
than that of contrast agent molecules in the extravascular 
space. (This approximation is supported by the fact that 
intravascular agents provide poor T ,  contrast (e.g., 34) 
compared with contrast agents that are extracted.) There- 
fore, the derivative of the plot of the measured contrast 
agent concentration as a function of time (Fig. 1b) is 
approximately proportional to C,(t) (i.e., the capillary 
input function; see Eq. [3]). The gamma variate fit (35, 36) 
to the input function is also shown. The first pass of 

contrast agent through tissue is evident between 45 and 
55 s. The second and subsequent passes also appear 
beginning at approximately 65 s. The gamma variate fit 
allows determination of the point at which 90% of the 
first pass of the bolus is complete (tf). Figure 1b shows 
that at this point there is very little recirculation. 

If the capillary input function is equal everywhere in 
the slice imaged by MR, then just after the first pass of the 
contrast bolus (t,j Eq. [3] simplifies to: 

AQT(tf)a F .  E [41 

Classical multiple-indicator methods (37) allow mea- 
surement of both F and F x E individually and, thus, 
greatly facilitate interpretation of dynamic contrast agent 
data. Since the extraction fraction of D,O, ED,”, is -1.0 at 
flow rates which occur in tumor and skeletal muscle in 
vivo, time resolved measurements of D,O uptake give 
accurate relative and/or absolute measurements of tissue 
perfusion rate, i.e., F*E,,, = F (11-15, 17 ,  38). Measure- 
ments of Gd-DTPA-dimeglumine uptake yield “ F  X &.,{’’ 

to within a proportionality constant, where “E,;,,” is the 
extraction fraction. Comparison of D,O and Gd-DTPA- 
dimeglumine uptake allows calculation of both F and 
EGd. Relative F X Eccl is divided by relative F(determined 
from D,O uptake) to determine relative EGd. 

Analysis of Deuterium Uptake Data 

Data analysis was performed using IDL (Boulder, CO) on 
a Sun Sparc 10 (Mountain View, CA) D,O uptake data 
were analyzed following the method of Mattiello and 
Evelhoch (16) to measure the relative tissue perfusion 
rate. Deuterium density images obtained after 3 days of 
intraperitoneal injections of D,O were isotense except in 
bone, demonstrating that D,O was uniformly distributed 
at equilibrium and that the RF field of the coil was 
relatively homogeneous. This is expected since the wet 
weight of tissue is relatively uniform. This means that 
spatial variations in pixel intensity in control images 
(i.e., in “fast” images obtained immediately before intra- 
venous D,O injection when D,O is approximately in an 
equilibrium distribution) reflect differences in T2* and 
T,. Small variations in RF field strength may also be a 
factor, since these fast T,  weighted images are more 
sensitive to pulse angle than the deuterium density im- 
ages obtained with a 45O pulse angle. Since the true 
concentration of D,O during the control period was 
known to be uniform, intensity measured in each pixel of 
the “fast” images was normalized to the control image 
intensity and changes in the normalized intensity were 
taken to be proportional to changes in D,O concentra- 
tion: 

AD,O - A Normalized Pixel Intensity(t) 

(Intensity(t) - Control Intensity) 
Control Intensity [51 

Based on normalized D,O images, regions of interest 
were selected in tumor and surrounding muscle (same 
ROIs used for Gd-DTPA-dimeglumine uptake analysis). 
For each of these ROIs, the average deuterium concentra- 

- - 
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tion as a function of time was calculated. At early time 
points, D,O uptake in tissue is proportional to tumor 
perfusion rate assuming that the capillary input function 
is the same in all tissues (39). Differences in the “arrival 
time” of the D,O bolus in capillaries are of limited im- 
portance for data with time resolution of 20 s and these 
effects can be accounted for during data analysis. (At 
later time points (391, tracer distribution is more repre- 
sentative of the equilibrium distribution, i.e., in the case 
of D,O, of tissue water content.) The relative perfusion 
rates for the ROIs were estimated by integrating the 
change in D,O concentration as a function of time from 
20 s after D,O injection to 120 s after D,O injection (to 
minimize sensitivity to the shape of the input function) 
(16). 

Analysis of Gd-DTPA Uptake Data 

The T,-weighted images obtained before and after Gd- 
DTPA-dimeglumine injection and a fully relaxed image 
were used to estimate Gadolinium concentration. As- 
suming that there were no significant T,* effects, these 
measurements are accurate at contrast agent concentra- 
tions below several mM (40). Gadolinium concentration 
was estimated (41, 42) from: 

1 

TR * R 1  
So * sin 6 - S b  

S, * sin 6 - S , ( t )  

- In[ S, - sin 19 - S,( ---I] t )  cos 6 
[el 

where C(t) = the contrast agent concentration as a func- 
tion of time, TR = repetition time (15 ms), R1 = longi- 
tudinal relaxivity of Gadolinium-DTPA-dimeghmine 
(-4.4 m M - ’  s-’ at 4.7 T; extrapolated 43-49), So = 
thermal equilibrium signal intensity measured using a 
goo pulse, SJt)  = the MR signal intensity as a function of 
time after contrast agent injection, S, = the MR signal 
intensity before contrast agent injection, -45” = 4 (pulse 

-0.5 
0 50 100 150 200 

angle). Note that the term “concentration” in this equa- 
tion refers to the contrast agent concentration averaged 
over the entire image voxel (i.e., the number of contrast 
agent molecules, Q, in each voxel is divided by the vol- 
ume of the aqueous space in the voxel). This is a reason- 
able approximation since at concentrations of Gado- 
linium below several millimolar the entire extravascular 
space behaves as a single well mixed compartment. All 
water molecules have equal access to Gadolinium due to 
rapid exchange of water across cell membranes. The Ga- 
dolinium concentration in the blood need not be consid- 
ered, since i t  is negligible at time “t i ’ .  With these approx- 
imations, concentrations of Gd-DTPA-dimeglumine 
determined from Eq. IS] together with the D,O concen- 
tration determined from Eq. [5] were used to solve Eq. [4] 
for relative “ F  X EGd” and F. 

RESULTS 
Reproducibility 

Blood pressure was 120 2 20 mmHg during 4-5 h of 
ketamine and ronipun anesthesia (in all tumors studied). 
In this same tumor model, hemoglobin oxygen saturation 
did not fall below 95% and temperature was maintained 
between 36°C and 38°C over 4 h (31, 32). Repeated mea- 
surements in the same tumor model showed no signifi- 
cant changes in contrast agent uptake during the first 
pass after bolus intravenous injection over a 4 hour pe- 
riod (4 - 5 bolus injections of contrast agent over a 4-h 
period). The amount of contrast agent taken up  by tumor 
and muscle tissue during the first pass varied by no more 
than 10% [i.e,, the standard deviation for repeated mea- 
surements, n = 4,  was lo%), and there was no significant 
decrease with time. For Gd-DTPA-dimeglumine injec- 
tions, the “first pass” of the contrast agent bolus esti- 
mated from the derivative of the tissue contrast agent 
concentration curves in both tumor and muscle was 
clearly detected with some evidence of later passes (see 
Fig. 1). When contrast agent uptake during the first pass 
in tumor was divided by the muscle value (determined at 

td to obtain relative ‘IF x E ’ ,  

I .5 

40 
1 .o 0 m 

Ll .I 2 30 
-. 

2 E 0.5 g 20 

0.0 10 

0 

0 50 100 150 200 

I’ 

the average standard deviation 
per experiment was no more 
than 15%. This suggests that 
perfusion rate was stable over 
the course of the experiment. 

Histology and Evans Blue 

Histological slices were taken 
from the same slices as the 
MRI data. Histology indicated 
little necrosis in the tumor re- 
gions. Evans Blue uptake (an 
indicator of vascular Derme- 

Time (seconds) Time (seconds) ability) was evaluated in the 
slice that was imaged by MR. 
Evans Blue was highly ex- 
tracted in tumor 
with muscle tissue and extrac- 
tion was highest at the inter- 
face between tumor and mus- 

a b 

FIG. 1. (a) Typical plot of concentration versus time for Gadolinium-DTPA-dimeglumine in muscle 
after bolus intravenous injection. (b) The plot is proportional to the concentration of contrast in 
capillary blood (i.e., the capillary input function: solid line). A gamma variate fit to the input function 
is also shown (dashed line). 
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Muscle- 
Tumor 
Interface 

1 cm 

Tumor Tumor 
FIG. 2. An excised mammary adenocarcinoma after Evans Blue 
injection. The white arrows close to the muscle-tumor interface 
indicate areas of highest Evans Blue uptake. 

cle. Figure 2 shows an excised mammary 
adenocarcinoma after Evans Blue injection. The tumor in 
Fig. 2 was cut open along the same slice as the MR slice, 
i.e., cuts were made in the tumor starting distal to the 
body moving proximal. The arrows close to the muscle- 
tumor interface indicate areas of highest Evans Blue up- 
take. It should be noted that very bright areas (i.e., white) 
in Fig. 2 are due to glare and do  not represent lack of 
Evans Blue uptake. 

Relative Perfusion Rate and Extraction Fraction Results 

The signal-to-noise ratio for measurement of D,O uptake 
in a typical ROI (5 X 2.5 mm) was - 1 O : l .  Figure 3a shows 
an example of a post-D,O injection image. The figure is a 
summation of images taken from 20 to 120 s after D,O 
injection. Figs. 3b and 3c illustrate changes in MR inten- 
sity before, during. and after D,O injection. Figure 3b 
shows a plot of Deuterium signal intensity versus time in 
a tumor ROI. The time period over which D,O concen- 
tration was integrated to obtain relative perfusion rate is 
shown in black. Data shown in Figs. 3b and 3c were taken 
with no intraperitoneal D,O injections previous to the 
day of the experiment. 

SNR for measurement of Gd-DTPA uptake in a typical 
ROI was -7O:l .  Figure 4 shows changes in MR intensity 
before, during, and after Gd-DTPA-dimeglumine injec- 
tion. A typical plot of contrast agent concentration versus 
time is shown in Fig. l a .  

Figure 5 shows a summary of data from all of the 
tumors studied (n = 9). Average perfusion rate and ex- 
traction fraction are given for regions of interest defined 
(based on high resolution images) in the tumor center, 
the tumor rim, the tumor-muscle interface, and in mus- 
cle. (In Fig. 5a: " * * "  means that the value in a given ROI 
is significantly different from the value in muscle, P < 
0.005 by paired t test and " * "  indicates P < 0.01 by 
paired t test. Values are given relative to muscle. The 

error bars represent the standard errors of the pooled 
results). The perfusion rate, F ,  determined from D,O 
uptake was significantly higher in the tumor center and 
tumor rim than in muscle. 

Figure 5b shows extraction fraction relative to muscle 
for Gd-DTPA-dimeglumine. The extraction fraction was 
highest at the muscle-tumor interface in each of nine 
experiments-an average of two times greater than in 
muscle (P < 0.005 by paired t test). (The muscle-tumor 
interface is the region in which the tumor joins the mus- 
cle (see Figs. 2 and 6.)) The extraction fraction is also 
higher at the tumor center than in muscle ( P  < 0.01 by 
paired t test). Figure 6 shows results from a representa- 
tive experiment. Figure 6a is an  image in which intensity 
is proportional to relative perfusion rate superimposed 
on a reference image of the tumor-bearing hind limb. 
Figure fib shows an image in which intensity is propor- 
tional to Gd-DTPA-dimeglumine extraction fraction. The 
high extraction fraction at the interface between tumor 
and muscle is evident. This corresponds to the distribu- 
tion of tissue uptake of Evans Blue (see Fig. 2). 

DISCUSSION 

These results demonstrate that fully extractable (e.g., 
D,O) and less extractable (e.g., Gd-DTPA-dimeglumine) 
MR detectable tracers can be used in concert to provide 
tissue contrast agent extraction fraction and perfusion 
information. The relative extraction fraction was higher 
in tumor than in muscle and highest at the interface 
between tunior and muscle. Assuming that muscle has an 
extraction fraction of 0.45, the extraction fraction at the 
muscle-tumor interface was close to 1.0. i.e., Gd-DTPA- 
dimeglumine in this region is approximately 100% ex- 
tracted. Evans Blue results demonstrate that capillary 
permeability is high in the tumor and highest at the 
tumor muscle interface. Thus a high extraction fraction 
of Gd-DTPA-dimeglumine correlates with high capillary 
permeability in this model system. The high rate of per- 
fusion in the tumor suggests that the tumor is metaboli- 
cally active and that tumor vascular density is high. 
Rapid perfusion combined with high capillary perme- 
ability suggests rapid tumor growth and angiogenesis 
(50). This type of information could be used clinically to 
identify areas of angiogenic activity and thus differenti- 
ate malignant and invasive cancers from more benign 
tumors. It is likely that fully extractable MR contrast 
agents which can be substituted for D,O can be used to 
increase signal-to-noise ratio and spatial resolution of the 
measurement. 

Error in the measurement of extraction fraction was on 
the order of 20%. D,O measurements were the main 
source of errors. This indicates that changes in extraction 
fraction of 0.1 can be detected since normal tissue Gd- 
DTPA-dimeglumine extraction fraction is -0.45 (10). 
Once relative extraction fraction and flow estimates are 
made, estimates of absolute perfusion rate and extraction 
fraction can be obtained if flow and extraction fraction 
have been measured (or estimated) in a reference tissue, 
e.g., rat skeletal muscle. 
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M U p  MR intensity after D20  injection 
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equally influenced by Gd 
(52), as long as the Gd 
concentration is less than 
several millimolar. 

2. A linear dependence of 
relaxivity on contrast 
agent concentration is as- 
sumed. This relationship 
is reliable at Gd concen- 
trations less than several 
millimolar (e.g., 40, 52) 
and when losses due to 
T2* relaxation during the 
excitation, phase encod- 
ing, and readout periods 
are minimized or ac- 

Injection 
Time 

0 sec 20 sec 40 sec 60 sec 80 sec were negligible com- 
pared with the volume in 

C which pulse angle is con- 
stant. 

4. Complications caused by 
high blood concentra- 
tions of Gd-DTPA-dime- 
glumine and slow re- 
sponse of the spin system 
to changes in T ,  are as- 

sumed to be minimized by measuring the tissue 
concentration of Gd after most of the first pass of the 
contrast agent bolus is completed. 

5. The relaxivity of Gd is assumed to be the same in all 
of the environments that are imaged. Support for 
this assumption comes from studies that showed 
that the relaxivity of Gd is the same in saline, 
plasma, cartilage, and trypsinized cartilage (52). 
This is primarily because Gd is tightly bound by 
DTPA and is unlikely to interact strongly with other 
molecules which might change its correlation time 
or electronic relaxation time. 

6. Tumors and surrounding tissue were assumed to be 
hemodynamically stable so that blood flow patterns 

were the same during Gd 

FIG. 3. (a) Image shows an example of a post-D,O injection image (image shown is a summation 
of images taken from 20 to 120 s after D,O injection). (b) A plot of changes in M R  intensity before, 
during, and after D,O injection. The shading shows the time period over which D20 signal is 
integrated to obtain relative perfusion rate. (c) Images of changes in MR intensity before, during, 
and after D,O injection. 

The measurements of capillary permeability and con- 
trast agent extraction fraction presented here are based 
on a number of assumptions which are discussed below: 

In healthy tissue, Gd-DTpA-dimeglumine is con- 
centrated in the extracellular space. However, the 
entire extravascular compartment is treated as a sin- 
gle well-mixed compartment, and the concentration 
of contrast agent is given in units of “moles per liter 
of tissue water,” since to a good approximation (51), 
water molecules in all extravascular compartments 
have access to contrast agent molecules on a time 
scale that is fast compared with T I .  Thus, under 
most conditions, the longitudinal relaxation rate of 
all water molecules in the extravascular space is 

partial volume errecrs. i r  
0 sec 21 sec 43 sec 64 sec 302 sec was assumed that nor- 

malization of changes in 
FIG. 4. Images of changes in MR intensity before, during, and after Gd-DTPA-dimeglumine MR signal intensity fol- 
injection. lowing D,O injection, 
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FIG. 5. (a) Relative (to muscle) tissue perfusion rate. '* indicates 
that perfusion rate in the indicated region was significantly differ- 
ent from perfusion rate in muscle; P < 0.005 by paired t test. 
* indicates P < 0.01 by paired t test. (b) Relative (to muscle) 
Gd-DTPA dimeglumine extraction fraction. ** indicates that ex- 
traction fraction in the indicated region was significantly different 
from extraction fraction in muscle; P < 0.005 by paired t test. 
* indicates P < 0.01 by paired t test. 

based on control image intensity, gave an accurate 
measure of tissue uptake of D,O. In pixels that were 
only half-filled with tissue, i.e., in pixels at the edge 
of tumor and muscle or in pixels containing bone, 
normalization corrects for the reduction in signal 
intensity caused by partial volume effects. 

8. Hernodynamic properties were assumed to be ho- 
mogeneous within each image voxel. 

9. Observation of a relatively high extraction fraction 
in tumors could be due to a long bolus mean transit 
time (MTT) through the capillaries, rather than to 
high capillary permeability. Slower MTTs would 
allow more fluid exchange and thus larger extrac- 
tion fraction. The higher perfusion rate in tumors 
suggests that MTT in'tumors is not slower than in 
muscle but this is not unequivocal proof since per- 
fusion rate depends on both MTT and vascular den- 
sity or volume. 

a b 
FIG. 6. (a) Image intensity is proportional to relative perfusion rate 
superimposed on a reference image of the tumor-bearing hind 
limb. The brighter the intensity the greater the relative perfusion 
rate. (b) Image intensity is proportional to relative extraction frac- 
tion superimposed on a reference image of the tumor-bearing hind 
limb. The brighter the intensity the greater the extraction fraction. 

The double indicator technique demonstrated here 
may improve understanding of the dynamics of tissue 
uptake of Gd-DTPA derivatives in highly metastatic and 
less aggressive tumors. In addition, Gd-DTPA derivatives 
combined with D,O could be used clinically to charac- 
terize tumors. However, the technique would probably 
be useful only for studies of superficial human tumors, 
due to the limited spatial resolution of deuterium imag- 
ing. Because of the low SNR of D,O images, the D,O 
perfusion estimates may mask tumor pathophysiological 
heterogeneity. This problem could be avoided if MR con- 
trast agents which, like D,O, are 100% extracted, are 
available. The methodology described in this paper indi- 
cates that fully extractable contrast agents could be used 
in combination with partially extractable low molecular 
weight contrast agents-perhaps with extraction frac- 
tions even lower than that of Gd-DTPA dinieglumine-to 
determine perfusion rate and vascular permeability with 
high spatial resolution. Therefore, development of a 
highly extractable Gd chelate is highly desirable. Dy- 
namic imaging of myocardial uptake of Gadodiamide 
(Nyconied, Princeton, NJ) suggests that this contrast 
agent may be highly extracted (53).  Work in this labora- 
tory performed in collaboration with Mukherjee et al. 
demonstrates that a Gadolinium iminodiacetic acid com- 
plex may be fully extractable (54). These compounds 
would probably provide spatial resolution for perfusion 
rate and extraction fraction measurements on the order of 
1 mm in-plane in a 2-mm thick slice. 

Information obtained from double indicator studies may 
lead to improved procedures for detection and analysis of 
uptake of Gd-DTPA derivatives so that tumor grade can be 
measured using Gd-DTPA alone. For example, it is possible 
that simultaneous measurements of changes in TI and T,* 
during contrast agent uptake may allow estimation of per- 
fusion rate and extraction fraction (34, 55). Such a method 
would be developed and evaluated using the double indi- 
cator method as a gold standard. 

In addition to studies of tumor vasculature, there are a 
variety of applications where measurement of capillary 
permeability combined with perfusion measurement 
based on uptake of low molecular weight contrast agents 
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would be beneficial. For example, increased vascular 
permeability could be measured in damaged myocar- 
dium (52,  56-59), in lungs due to oxygen-induced pul- 
monary injury (60), and in muscle due to electrical in- 
jury. 

CONCLUSIONS 

Low molecular weight Gd-DTPA derivatives are in wide- 
spread clinical use and extraction fraction is a critical 
determinant of image contrast at early times following 
bolus injection. However, the extraction fractions of 
these molecules have not previously been imaged in viva 
A number of other investigators have developed models 
for the kinetics of contrast agent uptake which can pro- 
vide information concerning capillary permeability and 
perfusion rate (61-63). The present approach may be 
more labor intensive than these analytical methods be- 
cause it requires the use of two different tracers. How- 
ever, the dual indicator method has the potential to pro- 
vide quantitative measurements of low molecular weight 
contrast agent extraction fractions under a wide range of 
conditions. The present results illustrate that in vivo 
images of the relative extraction fraction of a Gd-DTPA 
derivative can be produced under the condition that the 
rate of contrast agent extraction across capillary walls 
and the rate of contrast agent delivery via blood flow are 
similar. The primary limitation of the technique is signal- 
to-noise ratio and/or spatial resolution, but this problem 
could be solved by using highly diffusible MR contrast 
agents as a substitute for D,O. 
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