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ABSTRACT:


Dynamic contrast enhanced MR imaging was used to measure the kinetics of enhancement in three different animal tumor models (Walker 256, R3230 AC, MCF7) using three different Gd-complexes (Gd-DTPA, Gd-DTPA-24-cascade-polymer 30 kD, and polylysine-Gd-DTPA 50 kD).  The three tumor models varied in growth rate, with the most rapid growth demonstrated by Walker 256 cells and the slowest growth occurring in the MCF7 cells.  For each tumor, the kinetics of enhancement using polylysine-Gd-DTPA were analyzed using a pharmacokinetic model to estimate the vascular volume of the tumor.  The rate of entry of the contrast agent into the interstitial space served as the measure of vascular permeability.  The smallest molecular weight agent, Gd-DTPA could not provide information about vascular permeability.  The intermediate and the largest size agents both demonstrated that the faster growing Walker 256 tumor had greater vascular permeability than did the slower growing R3230 AC tumor.  The degree of vascular permeability in the MCF7 tumor could not be assessed fairly due to insufficient statistics.  The current study reported here provides evidence supporting the hypothesis that more rapidly growing tumors have higher vascular permeability than do tumors that grow more slowly.
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INTRODUCTION:


Tumors vary in their vascular permeability, defined as the transendothelial transport of compounds across the blood vessel wall into the interstitial space of the tumor.  It has previously been shown that this vascular permeability correlates with the growth of the tumor, its ability to metastasize, and its response to treatment (1-2).  Tumor vessels are usually hyperpermeable to macromolecular plasma solutes (3-4).  In the last decade it has become clear that this hyperpermeability is closely related to VPF/VEGF (Vascular Permeability Factor or Vascular Endothelial Growth Factor), a multifunctional cytokine expressed in malignant tumors and secreted at high levels by many tumor cells (5-6).  Since VPF is closely related to the angiogenesis of new blood vessels, we hypothesize that it may play a role in the rate of tumor growth.  Specifically, we set out to test the hypothesis that tumor growth rate correlates with vascular permeability by measuring the degree of vascular leakage in three animal tumor models, Walker 256, R3230 AC, and MCF7, which grow at different rates.  Vascular permeability was measured using three Gd-complexes of differing molecular weights with the technique of dynamic contrast enhanced MR imaging.


Dynamic contrast enhanced MR imaging is a non-invasive technique that can measure the kinetics of the distribution of contrast agents within tissues.  Using MR contrast agents of differing molecular weights, the vascular permeability of these tumor models can be assessed.  The enhancement kinetics of a tumor are determined by the intravascular volume of the tumor, the interstitial space volume of the tumor and the transport rates between these two spaces in both directions.  These parameters can be obtained by analyzing the enhancement kinetics with a pharmacokinetic model (7-8).  In order to apply this pharmacokinetic model, however, the decay rate of the contrast agent concentration in the blood stream must be known.  In the present study, we measured the enhancement kinetics in the liver in order to estimate this parameter.  Since the capillaries in liver are of the discontinuous type (1), the wide endothelial junctions allow contrast agents to quickly equilibrate between the vascular and the interstitial spaces, so that the decay rate measured in the liver is expected to be similar to the decay rate in the blood stream.  This assumption was validated by comparing the enhancement decay rate measured in the liver to the contrast agent concentration decay rate in the blood stream measured from serial blood samples taken at various times after the injection of the contrast agent (Figure 1).  Thus able to use this pharmacokinetic model, the vascular permeability of the three tumor models could be assessed using the three differently sized Gd-complexes.  The current study shows that vascular permeability varied with the rate of tumor growth in the two tumor models for which sufficient statistics could be obtained.

MATERIALS AND METHODS:
Tumor Models:


In our laboratory, three tumors, Walker 256, R3230 AC, and MCF7, are regularly maintained as cell suspensions.  The original Walker 256 carcinosarcoma line was purchased from the Breast Cancer-Animal and Human Tumor Bank (EG&G Mason Research Institute, Worcester, MA) in 1981, and since then has been maintained by serial animal passage in our lab.  The Walker 256 tumor cells were harvested from donor rats, finely minced, and preserved in RPMI 1640.  The implantation was done by injecting 107 tumor cells i.m. into the thigh of female Sprague-Dawley rats (240 ± 20 g).  The tumor started to grow 3 days after the implantation, then grew very rapidly in the next 3-4 days to a size of 3 cm in diameter.  Walker 256 is a non-metastatic tumor line.  The second tumor, R3230 AC, is a mammary adenocarcinoma (9).  The cells were obtained from Dr. Song at the University of Minnesota Medical Center in 1995, and have been maintained by cell culture with RPMI 1640 supplemented with 10% BCS.  The R3230 AC tumor was implanted by injecting 5x106 cells s.c. into the left thigh of Fischer 344 rats (160 ± 10 g).  The tumor became apparent 1 week after the implantation and grew to a size of 1.0 cm in 2-3 weeks.  R3230 is also a non-metastatic tumor line.  The third tumor model was human MCF7 carcinoma transplanted in nude mice.  The tumor cells were purchased from ATCC (Rockville, Maryland) in 1995, and have been maintained by cell culture with DMEM supplemented with 10% FCS and amino acid.  The MCF7 tumor was grown by injecting 5x107 cells s.c. into the thigh of nude mice (25 ± 2 g).  Before injecting the cells, a 17--estradiol capsule (Innovative Research of America, Toledo, Ohio) was implanted subcutaneously into the back of each animal to ensure tumor growth, following the protocol described by Degani et al.(10).  The time for the MCF7 tumors to grow to a predetermined size varied widely.  The earliest tumors appeared at 1.5 months after the implantation, and in some cases the implanted tumor cells never grew into a detectable tumor.


As noted above, the time necessary for the implanted tumor cells to reach a predetermined size spanned a wide range: Walker 256 took 3 to 5 days, R2320 took 2-3 weeks and MCF7 took more than 2 months.  This reflects the varying growth rates of the tumor cell lines.  In the current study, the experiments were performed 7 days after implantation in the case of Walker 256, at which time the tumor measured about 3 cm. in diameter, and 3 weeks after implantation in the case of R3230 AC, at which time the tumor measured approximately 1.0 cm. in diameter.  In the case of MCF7, the experiments took place 2.5 months after implantation, by which time the tumor had only grown to approximately 0.7 cm. in diameter.

MR Contrast Agents:


The three contrast agents used in the current study were: Gd-DTPA (0.57 kD), a commercially available agent with a small molecular weight, and two macromolecular agents, Gd-DTPA-24-cascade-polymer (30 kD, abbreviated as PLM-Gd) and polylysine-Gd-DTPA (50 kD, abbreviated as PLS-Gd).  Gd-DTPA-24-cascade-polymer and polylysine-Gd-DTPA were provided by Schering AG (Berlin, Germany).  The chemical structure, paramagnetic properties, and pharmacokinetics of Gd-DTPA have previously been described (11).  The properties of polylysine-Gd-DTPA in vivo and in vitro have been described as well (12). Gd-DTPA-24-cascade-polymer is a dendrimer-based contrast agent.  The basic structure of this class of compounds has been previously described (13).


The hydrodynamic diameter of Gd-DTPA is less than 1 nm.  The hydrodynamic diameter of PLM-Gd is 1.8 nm (according to Schering AG) and of PLS-Gd, 2.3 nm.  The relaxivity of each agent in saline was measured at 25°C with the 64 MHz scanner employed in this study.  The molar relaxivity in saline (s-1/mM Gd) of Gd-DTPA was 3.9, of PLM-Gd was 7.9, and of PLS-Gd was 11.6.  In relative terms, PLM-Gd is about twice as effective as Gd-DTPA (14) and PLS-Gd is about three times as effective as Gd-DTPA (12).  This is not unexpected as relaxivity increases with the molecular size (15).  Ordering these complexes by molecular weight (0.57, 30, 50 kD) or size (1.0, 1.8, 2.3 nm.), also orders their T1 relaxivity (3.9, 7.9, 11.6 s-1/mM Gd).


The enhancement in signal intensity of a tissue measured from a T1-weighted image is proportional to the contrast agent concentration in that tissue when the concentration is low (16-17), and is also proportional to the relaxivity of that agent (18-19).  For the same concentration of agent, therefore, the measured enhancement is expected to follow the ratio of 3 : 2 : 1 for PLS-Gd : PLM-Gd : Gd-DTPA.  In order to normalize the data for analysis, the measured signal enhancement was divided by the injected dose and the relaxivity of each agent to yield a relative concentration, which was used to describe the accumulation of the contrast agent.  This relative concentration was then in the comparison of the different tissues.

MR Studies:


The experiments were performed on a GE 1.5T Signa scanner with a GE linear head coil.  The animals were anesthetized by i.p. injection of 50 mg/kg Nembutal.  Each animal was fastened to a paper board in the lateral decubitus position using adhesive tape, wrapped in a thick blanket to keep it warm, and then positioned into the center of the coil.  Sagittal localizer images were acquired initially (fast spin echo, TR/TE = 3000/112 ms, Echo Train=8) to define the positions of the liver, kidneys, and the implanted tumor.  Three axial slices were then obtained using this same pulse sequence.  In the case of Walker 256 one slice was obtained through the liver and two slices were obtained through the tumor. In the cases of R3230 AC and MCF7, one slice was obtained through the kidneys, one through the liver, and one through the tumor.


For each tumor model, the study was performed by using the following protocol: acquiring baseline images, injecting Gd-DTPA, acquiring dynamic post-enhanced images, waiting 1.5 hours to allow for clearance of the Gd-DTPA (about 5 times the blood half life of Gd-DTPA in rats), then acquiring new baseline images just prior to injecting one of the two macromolecular agents, PLS-Gd or PLM-Gd, followed by repeat dynamic imaging.  The baseline and dynamic imaging was acquired using a T1-weighted SE pulse sequence with TR/TE = 120/18 ms, FOV=16 cm, matrix size=256x128, and NEX=1.  The details of this dynamic imaging pulse sequence were described previously (20).  Using this pulse sequence 3 slices can be simultaneously acquired with a temporal resolution of 16.5 s.  After four baseline images had been acquired for each slice, Gd-DTPA (0.1 mmol/kg) was injected into the rat within 5 sec.  The enhancement kinetics were then continuously monitored for 17 minutes.  After a waiting period of 1.5 hours the study was repeated with the macromolecular contrast agent.


For the Walker 256 tumor, 7 rats were studied with the pair of Gd-DTPA (0.1 mM/kg) and PLM-Gd (0.07 mM/kg) and 9 rats were studied with the pair of Gd-DTPA (0.1 mM/kg) and PLS-Gd (0.07 mM/kg).  For the R3230 AC tumor, 3 rats were studied with the pair of Gd-DTPA (0.1 mM/kg) and PLM-Gd (0.07 mM/kg) and 6 rats were studied with the pair of Gd-DTPA (0.1 mM/kg) and PLS-Gd (0.05 mM/kg).  For the MCF7 tumor, 6 mice were studied with the pair of Gd-DTPA (0.1 mM/kg) and PLS-Gd (0.05 mM/kg).

Arterial Blood Sampling Experiments:


The concentration of PLM-Gd and PLS-Gd in the blood stream of the Sprague-Dawley rats was measured from serial arterial blood samples drawn from the femoral artery during the 17 min. imaging period.  A total of 15 rats were used to complete the study for both contrast agents.  After the rat was anesthetized, a femoral incision was made to expose the femoral artery, then a plastic tubing was inserted into the artery with the other end connected to a 3 cc. aspirator syringe which contained 100 units of dry lithium heparin (Marquest, Englewood, Colorado).  The tail vein was also cannulated.  Gd-DTPA-24-cascade-polymer (0.07 mM/kg) or polylysine-Gd-DTPA (0.07 mM/kg) was injected into the tail vein as in the imaging study, and serial blood samples (1cc.) were collected from the arterial line at various time points.  For the first rat the protocol was as follows: 10 sec. after injection of the contrast agent the first blood sample was drawn, 30 sec. after injection the second blood sample was drawn, and 1 min. after injection the third sample was drawn.  For each subsequent rat 3-4 blood samples were taken at other times after the injection of the contrast agent to measure the next few time points.  The concentration of the contrast agent in each blood sample was determined by comparing its T1 value to a calibration curve established from blood standards with known concentrations.  To prepare these blood standards, blood was obtained from 2 rats, mixed together and separated into 0.9 cc. aliquots.  The macromolecular contrast agents PLM-Gd and PLS-Gd were diluted with saline to reach final concentrations of 0, 2, 4, 6, 8, and 10 mM.  Then 0.1 cc of these saline dilutions was added to the 0.9 cc blood aliquots to reach final concentrations of 0, 0.2, 0.4, 0.6, 0.8, and 1.0 mM in the standards.  The T1 relaxation time was measured using a SE pulse sequence with TR’s ranging from 100 ms to 5 s and TE=18ms.  A non-linear least squares (NLLS) fitting technique was applied to compute the T1 relaxation time from the measured signal intensities at various TR's.  Then the T1 values in the serial blood samples drawn from rats were converted to contrast agent concentrations based on the calibration curve mentioned above.

Image Data Analysis:


The signal intensities of the tissues under investigation were measured from ROI’s (region of interest).  The ROI for liver was chosen from the second Gd-DTPA enhanced image (about 30 s after the injection) as a circle with a 0.8 cm diameter encompassing homogeneous appearing liver parenchyma .  The ROI for each tumor was chosen to cover the entire tumor as demonstrated on the T2-weighted anatomical image.  The signal intensity from each ROI was calculated by averaging the signal intensities from all of the pixels contained within that ROI.  The signal enhancement was calculated by first determining the baseline signal intensity of each tissue using the four baseline images acquired prior to each contrast agent injection.  This constant baseline value was then subtracted from the signal intensity at every subsequent time point to yield the signal enhancement at that time point.  Since several animals were measured in each study group, their signal enhancement values for each tissue studied were averaged to yield a mean signal enhancement for that tissue.  Finally, the signal enhancement at every time point was divided by the injected dose and the relaxivity of the agent to calculate the relative concentration, as defined previously.

Pharmacokinetic Analysis to Calculate Vascular Volume:


The method for calculating the vascular volume and the transport parameters between the intravascular and interstitial spaces using MRI enhancement kinetics has been comprehensively described in a previous communication (8).  In that work, a 2-compartmental model (intravascular and interstitial spaces) was used to describe the kinetics of the agent in tissue, and an NLLS fitting technique was applied to calculate the vascular volume, the agent accumulation rate in the interstitial space, and a fractional transport rate from the interstitial space back into the vascular space.  In principle, the vascular volume can only be measured accurately with a large agent that remains entirely in the vascular space.  The intravascular compartment obtained by analyzing the enhancement time course of low molecular weight agents might contain some early leakage into the interstitial space (20), leading to an inaccurate separation of the two compartments.  Nevertheless, our investigation has shown that the vascular volume measured by using the two macromolecular agents (PLM-Gd and PLS-Gd) was consistent across various regions of the Walker 256 tumor, but not with the vascular volume as measured by the small agent Gd-DTPA (21).  In this study, therefore, we calculated the vascular volume in each tumor by analyzing the enhancement kinetics measured by PLS-Gd with this pharmacokinetic model.  After the vascular contribution to the PLS-Gd enhancement time course was determined, the vascular contribution to the PLM-Gd and Gd-DTPA enhancement time course was obtained by normalizing the PLS-Gd concentration in the vascular space (blood stream) to that of PLM-Gd or Gd-DTPA using the enhancement data measured in the liver.  As previously noted, the concentration of the agent in the liver paralleled its concentration in the blood stream (Figure 1).  Then for each agent the contribution from the intravascular space was subtracted from the overall agent concentration in the tumor to isolate the contribution of the agent in the interstitial space.  Finally, the degree of vascular leakage of the tumor was assessed by comparing the kinetics of these differently sized agents within the vascular and interstitial spaces.

RESULTS:

Liver and Blood Samples:


The contrast enhancement kinetics in the liver of the host animals was measured.  Figure 1a shows the relative concentration time course as measured by dynamic MRI in the liver of the Sprague-Dawley rats bearing Walker 256 tumor.  Data shown are the mean value of the animals in each study group with error bars for deviation.  The graph shows that the maximum concentrations of PLM-Gd and PLS-Gd in liver are the same.  The serial blood sample studies of PLM-Gd and PLS-Gd concentration also showed that their blood concentrations in the first 2 min. after the injection were similar, around 0.8 mM.  This shows that the concentration of PLM-Gd and PLS-Gd in the liver parallels its concentration in the blood stream.  The maximum concentration of Gd-DTPA in the liver, however, is smaller than that of the macromolecular agents, since a substantial amount of Gd-DTPA has already leaked into the interstitial space of the whole body, resulting in a lower concentration of Gd-DTPA available in the blood stream perfusing the liver.  These results indicate that the initial peak value of the agent concentration in a tissue is an indicator of the distribution volume throughout the whole body (higher concentrations for smaller distribution volumes).  The two polymeric agents had higher peak concentrations in liver than Gd-DTPA confirming their confinement mainly to the intravascular space.


A comparison of the decay rates in Figure 1.a shows that the initial decay of Gd-DTPA and PLM-Gd is fast while that of PLS-Gd is slow.  The decay of Gd-DTPA becomes much slower 2 min. after the injection, while the decay of PLM-Gd remains fast, so that towards the end of the experiments the concentration of PLM-Gd drops below that of Gd-DTPA.  The initial decline in the concentrations of these three agents in blood is indicative of their clearance from the blood.  These three agents are cleared mainly via glomerular filtration (ref. 22-23 for Gd-DTPA, private communication with Dr. A. Mühler for PLM-Gd, and ref. 12 for PLS-Gd).  The initial decay in liver enhancement is much faster for PLM-Gd than PLS-Gd, which suggests that PLM-Gd (in contrast to PLS-Gd) can be effectively removed from the blood stream by glomerular filtration due to its intermediate size.  At later time points, the reduction in the liver signal intensity is more pronounced for PLM-Gd than for Gd-DTPA.  This is due to the back-diffusion of Gd-DTPA from the interstitial space of the whole body back into the blood stream, accounting for its slower  decline in concentration in the blood stream, which does not occur for PLM-Gd due to its confinement to the intravascular space (low whole body distribution volume).  The enhancement dynamics in the liver of the Fischer 344 rats bearing R3230 AC tumor was also measured.  The relative concentration time course measured by the three agents exactly mirrors the results of the Sprague-Dawley rats shown in Fig.1.a.  In the liver of the nude mice bearing MCF7 tumor, the enhancement dynamics measured by Gd-DTPA and PLS-Gd also showed similar results, except that the decay rate was slower than in the other two rat species.


The exponential decay rate in the relative concentration time course measured in the liver could be calculated from the slope of each curve displayed in logarithmic scale as shown in Fig.1.b.  The three solid lines in Fig.1.b show the logarithm of the relative concentrations for the three agents at every time point in Fig.1.a, after smoothing the linear region using 3-point averaging.  These curves clearly show that the kinetics of PLM-Gd and PLS-Gd can be well approximated using a mono-exponential function, but the kinetics of Gd-DTPA require a bi-exponential function.  The logarithms of the concentrations of PLM-Gd and PLS-Gd measured in the serial blood samples over time were also calculated, were scaled by a constant value and have been plotted as points on the same graph.  The concentrations of Gd-DTPA in blood over time were measured by Wedeking et al.(24) using radioactive Gd-DTPA.  The logarithm of their data scaled by a constant value was also plotted for comparison.  Note that the slopes of the solid lines (representing the decay rates in the liver) parallel the slopes of an imaginary line drawn connecting the overlaid points (representing the decay rate in the bloodstream)  This indicates that the decay rate in the liver is strongly correlated with the decay rate in the bloodstream and that the liver could serve as an in-situ reference to measure the concentration decay rate of the contrast agent in the bloodstream.

Walker 256 Tumor:


Animals with implanted Walker 256 tumors were divided into two groups, one received an injection of Gd-DTPA followed by PLM-Gd, and the other received Gd-DTPA followed by PLS-Gd.  The Gd-DTPA enhancement kinetics of these two groups did not show any significant difference (the difference was comparable to the inter animal deviation within each group) and so they were assumed to be statistically identical for the purposes of analysis.  Figure 2a shows the relative concentration time course in Walker 256 tumor as measured with Gd-DTPA, PLM-Gd, and PLS-Gd.  The peak concentration after injection of Gd-DTPA is greater than that of PLM-Gd, which is greater than that of PLS-Gd.  The results shown here are to be expected because as the size of a contrast agent increases its ability to passively diffuse into the interstitial space decreases.  A comparison of the shape of these curves shows that both Gd-DTPA and PLM-Gd display a peak in concentration followed by a decrease, whereas PLS-Gd shows a continuing increase in its concentration, suggesting increasing accumulation of PLS-Gd in the interstitial space with time.  Since the vascular volume of the tumor is the same for all three agents, the difference in the overall concentration must be from their different distribution into the interstitial space.


The enhancement kinetics of PLS-Gd in this tumor was analyzed using the pharmacokinetic model to separate the contributions from the vascular and interstitial spaces.  The averaged vascular volume in the Walker 256 tumor is 15.3 % of the extracellular volume in the liver.  The vascular contributions to the enhancement kinetics of Gd-DTPA and PLM-Gd were then calculated from the vascular contribution of the kinetics of PLS-Gd, by adjusting the concentration of PLS-Gd in blood to that of PLM-Gd or Gd-DTPA.  Then at each time point the vascular contribution was subtracted from the total relative concentration to calculate the contribution from the interstitial space.  Figure 2b shows the time course of the calculated concentration of these three agents in the interstitial space.  The graph shows that the major contribution of Gd-DTPA is from the interstitial space.  The graph also shows that despite its size, a substantial amount of PLM-Gd accumulates in the interstitial space.  For the largest agent, PLS-Gd, an appreciable amount can also slowly leak into the interstitial space, but at a slower rate than that of PLM-Gd.  Separation of the contributions from the vascular and the interstitial spaces provides a better understanding of the distribution of each agent within the whole tumor.

R3230 AC Tumor:


As was the case with Walker 256, animals with implanted tumors were divided into two groups.  One group received an injection of Gd-DTPA followed by PLM-Gd, and the other group received Gd-DTPA followed by PLS-Gd.  Figure 3a shows the relative concentration time course of Gd-DTPA, PLM-Gd, and PLS-Gd measured in the R3230 AC tumor.  The relative concentrations are once again in descending order Gd-DTPA, PLM-Gd, PLS-Gd, as expected from their relative sizes.  When comparing the kinetics observed in R3230 AC to those observed in  Walker 256, Gd-DTPA is noted to more quickly reach a higher maximum and to begin decreasing at a faster rate.  This indicates that Gd-DTPA distributes into the interstitial space more readily in R3230 AC compared to Walker 256.  The enhancement curve of PLM-Gd in R3230 AC is flatter  than that noted for Walker 256.  The enhancement curve for PLS-Gd in R3230 AC shows a clear decay pattern compared to the curve in Walker 256, where an even increasing concentration was shown.  In R3230 AC, very little of the PLS-Gd distributes into the interstitial space and so the enhancement curve reflects the clearance of the agent from the bloodstream.


The enhancement kinetics of PLS-Gd in this tumor was analyzed using the pharmacokinetic model to separate the contributions from the vascular and interstitial spaces.  The vascular volume in the R3230 AC tumor is 18.7 % of the extracellular volume in the liver, which is slightly higher than that of the Walker 256 tumor.  Using the technique previously described for the animals with implanted Walker 256 tumor, the concentrations of the three agents in the interstitial space of the implanted R3230 AC tumor were calculated and are shown in Fig.3.b.  Gd-DTPA distributes readily into the interstitial space with its kinetics showing a rapid rise and fall.  For the two macromolecules, while PLM-Gd shows a slow distribution into the interstitial space which remains stable during the imaging period, PLS-Gd does not enter the interstitial space at all.

MCF7 Tumor:


On average, the MCF7 tumor took more than 2 months to grow to a suitable size and the variability in the measured enhancement kinetics among the six tumors studied for this model was much larger than that present in the other two tumor models.  All six animals received an injection of Gd-DTPA followed by an injection of PLS-Gd.  Figure 4a shows the relative concentration time course of Gd-DTPA and PLS-Gd in the MCF7 tumor.  The concentrations of both agents in this tumor were smaller than that measured in the other two tumors.  In addition to the decreased magnitude of its peak enhancement, Gd-DTPA also showed a slower rate of decrease after its peak, compared with the results noted for the other two tumors.  In the case of PLS-Gd, its lower concentration in this tumor compared to the two others suggests that the vascular volume of this tumor is smaller than that of the other two tumors.  A similar pharmacokinetic analysis to that performed on the other two tumors was applied to calculate the vascular contribution using the mean PLS-Gd enhancement kinetics.  The vascular volume of the MCF7 tumor was calculated to be 8.2 % of the extracellular volume of the liver, which is about half of the vascular volume noted in the other two tumors.  The calculated concentration time course of the two agents in the interstitial space is shown in Fig.4.b.  Similar to the results in the Walker 256 and R3230 AC tumors, the major distribution of Gd-DTPA in the MCF7 tumor is in the interstitial space.  In addition, PLS-Gd seems to be slowly leaking into the interstitial space.  As the error bars in the PLS-Gd enhancement kinetics in Fig.4.a indicate, however, the deviation among the six tumors used in this study is about 100%.  The statistical impression of leakage into the interstitial space can be attributed to the high PLS-Gd enhancement measured in 2 tumors and therefore may not be reliably taken as evidence of true vascular leakage.

Comparison Among the Three Tumors:


Having demonstrated in a preceding section that the enhancement kinetics for each agent in normal liver were similar among the three species studied, any differences in the kinetics measured in the tumors implanted in these animals must reflect the underlying characteristics of the tumor and not merely interspecies variation.  These differences in the measured enhancement kinetics may be due to such features of the tumor as its intravascular volume, its interstitial space volume, and/or the rate of transport between these two compartments in both directions.  The pharmacokinetic analysis of the PLS-Gd enhancement kinetics in these three tumor models shows that the vascular volumes in the Walker 256 and R3230 AC tumors are comparable, and are about twice that of the MCF7 tumor.


In order to investigate the interstitial space volume, Gd-DTPA can be used as it is a small molecule that can easily diffuse across the vessel walls in all tumors.  The maximum concentration measured using Gd-DTPA is a consequence of the equilibrium between the intravascular and interstitial spaces; this value divided by the concentration of Gd-DTPA in the bloodstream reflects its regional distribution volume.  The regional distribution volume for the Walker 256 and R3230 AC tumors was calculated by dividing the maximum Gd-DTPA concentration shown in Figs.2.a and 3.a by the respective Gd-DTPA concentration in the liver at that same time point (shown in Fig.1.a).  The regional distribution volume (intravascular space plus interstitial space) for the Walker 256 and R3230 AC tumors thus calculated turns out to be about the same, about 1.8 times the extracellular volume in the liver.  Since the vascular volumes for the Walker 256 and R3230 AC tumors are also comparable (15.3 % and 18.7 % of the liver extracellular volume, respectively), this indicates that the interstitial space volume in the two tumors is also similar.  However, when comparing the overall Gd-DTPA enhancement kinetics of the two tumors, they were different, with the time to reach maximum concentration occurring faster in the R3230 AC tumor than in the Walker 256 tumor.


In contrast to Gd-DTPA, the accumulation of the two macromolecular agents in the interstitial space is limited by transendothelial transport, and their concentration in the interstitial space reflects the vascular permeability of the tumor.  PLM-Gd demonstrated more rapid and more concentrated accumulation in the Walker 256 tumor compared to the R3230 AC tumor, despite their similar vascular volumes, indicating that PLM-Gd enters the interstitial space more readily in the Walker 256 tumor than in the R3230 AC tumor.  The results with PLS-Gd also support this finding.  While PLS-Gd can slowly enter the interstitial space in the Walker 256 tumor, this transport is totally absent in the R3230 AC tumor.  The vessels in the Walker 256 tumor show greater vascular permeability that those in the R3230 AC tumor.  In the case of the MCF7 tumor, due to the large intersubject variability in the current study, the degree of vascular leakage in this specific tumor type cannot be assessed conclusively.

DISCUSSION:

The intra- and extravascular exchange of fluid and solute molecules in a tissue is determined by two mechanisms: diffusion and convection (1, 25).  The factors involved in molecular transport include the transluminal concentration and pressure gradients, the surface area available for exchange, as well as three transport parameters, vascular permeability (related to diffusion), hydraulic conductivity (related to hydrostatic convection), and reflection coefficient (related to osmotic convection).  These three transport parameters are governed by the number and the width of the endothelial junctions on the vessel wall for a given size of molecule.  In general, tumor vessels have wide endothelial junctions, a large number of fenestrae and transendothelial channels formed by vesicles, and a discontinuous or absent basement membrane, all of which allow large molecules to enter the interstitial space.  Once the molecules are transported into the interstitial space, their distribution in the interstitium is again governed by molecular diffusion and possible convection due to pressure heterogeneity within the interstitium (26).  Therefore, the size of the molecule is a key determinant in the extravascular transport and extravascular distribution of that molecule within a tumor.


In the current study, the change in the signal intensity of a tissue after the injection of a contrast agent was measured.  The choice of the pulse sequence was decided upon by taking into account various considerations such as discrete multislice imaging capability, signal-to-noise ratio (SNR), contrast-to-noise ratio (CNR), scanner setting limitations, and temporal resolution.  A spin echo sequence was chosen over a 3D gradient-echo type pulse sequence due to these considerations.  Three differently sized contrast agents were used, and in order to meaningfully compare these agents, this enhancement was converted to a value denoted as “relative concentration”.  The "relative concentration" was defined as the measured signal enhancement divided by the molar relaxivity of the agent in saline and the actual injected dose.  There are two assumptions implicit in this definition: 1) that signal enhancement is linearly proportional to the concentration of the contrast agent in that tissue, and 2) that the enhancement caused by each agent in tissue (either liver or tumor) is proportional to the molar relaxivity of that agent in saline.


We have done some phantom studies to investigate the linearity region of the three agents by using the same experimental setup and the same dynamic pulse sequence.  For several saline samples containing 0-0.4 mM Gd-DTPA, the measured signal enhancement values were linearly proportional to the concentrations.  For three samples containing 0.05 mM PLS-Gd, PLM-Gd, and Gd-DTPA, the measured signal enhancement ratios were about 3 : 2 : 1, similar to the ratio of their molar relaxivities in saline (11.6, 7.9, and 3.9, respectively).  Therefore, as long as the overall concentration is less than 0.05 mM for PLS-Gd and PLM-Gd, and 0.4 mM for Gd-DTPA, the "relative concentration" seems to be a good measure of the concentration of the agent .  Within the parenchyma of the tumors studied, the concentrations of the agents fell within this range of linearity.  Pixels that contained vascular structures, however, would fall outside this concentration range.  There were other problems with these pixels as well, such as the possibility that in-flow effects would alter the observed T1-weighted signal change caused by the contrast agent leading to inaccurate measurement of the agent concentration.  These pixels, therefore, contribute to some inaccuracy inherent with the data acquisition and analysis techniques used in the current study.  Another potential problem with the current method is that the concentration of the contrast agent in the liver was higher than the upper limits given above, and so the relationship of concentration to signal enhancement may have deviated from linearity.  However, this potential loss of linearity was present in the measurements for all three agents, hence the "relative concentration" should still allow meaningful comparison among them.


As for the second assumption, that the enhancement caused by an agent in tissue is proportional to the molar relaxivity of that agent in saline, we note the following measurements. The molar relaxivity of PLS-Gd and PLM-Gd in the whole blood of rats was determined to be 12.8 and 9.3 (s-1/mM Gd), respectively, values which are higher than that measured in saline (11.6 and 7.9).  Dividing the two results by the molar relaxivity in saline gives a “blood correction factor” of 1.10 for PLS-Gd and 1.17 for PLM-Gd.  Therefore, although the molar relaxivities in tumor and liver tissue will probably be different from that measured in saline, the derived "relative concentration" may still provide a fair comparison among the three contrast agents, since the tissue correction factors are similar for all three agents.  The calibration of contrast agent concentration from the measured signal enhancement or even the R1 relaxation rate is a very complicated and difficult issue (27).  We do not claim that the parameter defined in this study, i.e. "relative concentration", can provide accurate concentration, however, it does provide unbiased comparison among the three agents, which is the most important concern in our study.


The vascular volume can be measured most accurately by a large sized agent that remains totally confined to the intravascular space.  However, an agent that remains largely in the intravascular space for some time after the injection (i.e. with a small amount of initial leakage into the interstitial space) can also be used to provide a good estimate of the vascular volume.  In this study the kinetics of the largest molecule, PLS-Gd, were analyzed using a pharmacokinetic model to estimate the vascular volume in each tumor.  Due to the fact that PLS-Gd is a polymer, there will be some distribution in the molecular weights of every injected dose, and some of the smaller sized molecules may rapidly exit the intravascular space, leading to some potential error.  Although the vascular volume could have been measured more accurately with a larger, more homogeneously sized agent such as albumin-Gd-DTPA (17, 28), the larger size of this agent may have limited its endothelial transport and provided less information regarding vascular permeability.  Furthermore, this protein-bound agent could introduce other confounding effects such as dissociation of the protein bound Gd, altered metabolism, and changes in lipid solubility (12).


In order to perform the pharmacokinetic analysis, the decay rate of the concentration of the agent in the blood pool was required.  Because liver tissue contains large endothelial junctions, large molecules quickly enter liver parenchyma, and the measured kinetics of the agent in the liver  should simulate the kinetics of the agent in the blood stream.  In order to validate this assumption, we note the following evidence.  The maximum concentrations of the two macromolecular agents in liver were the same, and their concentrations in the early blood samples taken in the first 2 min. after injection were in the same range, indicating that the two agents had similar distribution volumes in liver (both the intravascular and interstitial spaces).  The maximum concentration of Gd-DTPA in liver was smaller than either macromolecular agent as the Gd-DTPA rapidly enters the extracellular spaces of the body, decreasing its concentration in the bloodstream perfusing the liver.  The fact that the enhancement decay rate measured in the liver parallels the enhancement decay rate noted from the serial blood samples further verifies the assumption that the enhancement kinetics in the liver parallel the concentration of agent in the bloodstream.  Using these liver enhancement kinetics as an in-situ reference for the concentration kinetics in the bloodstream, the intravascular volume of a tissue can be expressed as a percentage of the extracellular volume of the liver.  In the current study, the intravascular volume of the Walker 256 tumor was calculated to be 15.3%, similar to the calculated value of 18.7% for the R3230 AC tumor.  The calculated intravascular volume for the MCF7 tumor was 8.2 % of the liver extracellular volume.  Note that due to intratumor hetereogeneity, these values represent an average of values taken from areas of tumor which may have high or low vascularity or may even be necrotic.  While these numbers are adequate for relative comparison among the three tumors, they may not be accurate enough for the true determination of intravascular volume.


Gd-DTPA is a commercially available agent with a small molecular weight, allowing it to become distributed into the interstitial space of the whole body (except for the central nervous system due to the blood-brain barrier) very quickly.  Its distribution into the interstitial space is not dependent on transendothelial transport and therefore it is not a good agent to assess vascular permeability.  On the other hand, since it quickly reaches equilibrium between the intravascular and interstitial spaces of a tumor, it can provide information about the total extracellular volume.  Since Gd-DTPA easily enters the interstitial space, the peak enhancement in the Gd-DTPA enhancement curve represents the concentration of Gd-DTPA in both the intravascular and the interstitial spaces, allowing estimation of the distribution volume within the tumor.  In the current study, the estimated extracellular volumes of the Walker 256 and R3230 AC tumors were nearly identical, about 1.8 times that of the extracellular volume in the liver.  The sources of error and its magnitude with this method have been investigated by Donahue et al. (29).


In addition to providing the magnitude of the peak enhancement, allowing the above estimation, the shape of the enhancement curve also provides useful information.  The time to reach peak enhancement is determined by the rate the agent can be distributed between the intravascular and interstitial spaces, which in turn depends upon the rate of delivery of the agent by the bloodstream and the total volume of the interstitial space and its geometric shape (i.e. diffusion distance).  The relationship of the blood supply to the time of peak enhancement can be illustrated using the results of regional analyses in the Walker 256 tumor.  Walker 256 tumor is a large (3-4 cm in diameter) and very heterogeneous tumor, as the images shown in our previous publications demonstrate (8, 20), and can be analyzed regionally.  The time to peak enhancement using Gd-DTPA is faster in the highly-vascularized regions of the tumor compared to the poorly-vascularized regions (20).  The second factor that affects the time to peak enhancement is the diffusion distance of the agent within the interstitial space.  The dynamics of Gd-DTPA measured in muscle usually shows an early peak (8), presumably due to the small volume of the interstitial space in muscle.  To summarize, more rapid times to peak enhancement may be due to a higher vascular volume or a shorter diffusion distance within the interstitial space.  In the case of Walker 256 and R3230 AC,  their vascular volumes and their interstitial space volumes are similar, yet the time to peak enhancement in the R3230 AC tumor occurs before the corresponding peak in the Walker 256 tumor.  This suggests that the diffusion distance in the interstitial space of the R3230 AC tumor may be shorter than that in the Walker 256 tumor, implying that the geometrical shape of the interstitial space in the R3230 AC tumor may be closer to the shape of its vascular structure than is the case for Walker 256.  One possible explanation for this is that there are a large number of small vessels in the R3230 AC tumor compared to a lesser number of large vessels in the Walker 256 tumor.  This argument is supported by the histopathology of the two tumors (own unpublished data).  In the Walker 256 tumor, large vessels can be identified, whereas in the R3230 AC tumor the vessels were too small to be identified with a PAS (Periodic Acid Schiff) staining technique.


With the vascular volume of each tumor determined, the distribution of the two macromolecular agents (PLS-Gd and PLM-Gd) into the interstitial space can be calculated explicitly.  Due to their large size, the distribution of these macromolecular agents is determined by transendothelial transport, and therefore these agents can used to investigate the degree of vascular permeability of each tumor.  In the studies with Walker 256, a substantial amount of PLM-Gd can enter into the interstitial space, whereas the larger PLS-Gd molecule enters the interstitial space less readily and in lesser concentration.  The enhancement time course of PLM-Gd shows that this agent rapidly enters into the interstitial space and slowly leaves it to re-enter the bloodstream (a pattern of slow decay), while the enhancement time course of PLS-Gd shows a slowly increasing accumulation of that agent in the interstitial space.  In the studies of R3230 AC tumor, the entry of PLM-Gd into the interstitial space is both delayed and diminished, reaching a stable plateau without evidence of re-entry into the bloodstream.  The larger molecule PLS-Gd does not show appreciable entry into the interstitial space of R3230 AC tumor.  Because the vascular volume in the Walker 256 and R3230 AC tumors are similar (15.3 vs 18.7), the distribution of the two macromolecular agents in the interstitial space of the two tumors can be directly compared to investigate the degree of vascular permeability.  If their vascular volumes were different, the rate of accumulation in the interstitial space would have to be compared to the vascular volume to obtain a time dependent parameter that would allow a valid comparison.  The dynamics of the distribution of the two macromolecular agents into the interstitial space of the two tumors suggests that the vessels in the Walker 256 tumor are more permeable than those in the R3230 AC tumor.  This may be due to differences in the number and/or size of the endothelial gaps in the tumor vessels. Other factors may also be involved such as interstitial pressure (30-31), the surface charge of the compounds, and membrane bound transport systems.  Yuan et al. have demonstrated a technique to measure the molecular size dependence of microvascular permeability in tumors using various fluorescently labeled macromolecules and have used this technique to estimate the cutoff size of the pores within a tumor (32).  The method of tumor implantation in that study, however, made this technique unfeasible.


Our results demonstrate that a more rapidly growing tumor has greater vascular permeability than a more slowly growing one.  These results are valid only considering the tumor as a whole, also only valid for the state of the tumors at the time of the experiment.  Since these tumor cells lines have passed through several generations, they may not still possess the identical characteristics of their cells of origin.  Nevertheless, the key issue in our study is that they currently demonstrate different growth rates, which is the basis for the current study.  Unfortunately, the MCF7 tumors showed a large amount of intertumor variability, making determination of vascular permeability difficult.  Comparing the vascular permeability of the Walker 256 and the R3230 AC tumors, however, shows that the faster growing tumor demonstrated greater vascular permeability, as the macromolecular agents entered the interstitial space of the more rapidly growing tumor both more rapidly and in greater concentrations than in the more slowly growing tumor.  A previous work by van Dijke et al. has demonstrated that in subtypes of R3230 mammary carcinoma, tumor permeabilities measured using MR imaging increased exponentially with increasing capillary density, an indicator of the rate of angiogenesis (33).


The finding that vascular permeability increases with increasing tumor growth rate may have important implications for tumor diagnosis and therapy.  The growth rate of a tumor may be related to the expression of a protein VPF/VEGF, whose biological function is to promote extravasation of plasma fibrinogen, facilitating angiogenesis of new blood vessels to support tumor growth (5-6).  Recent studies in brain tumors have provided strong evidence of the presence of VPF's in primary brain tumors, and its presence is highly correlated to the extent of peritumoral edema associated with cerebral metastases (34-37).  In the breast, the presence of VPF has been confirmed in ductal carcinoma but not in lobular carcinoma or in nonmalignant breast tissue (38).  In ovarian neoplasms strong expression of VPF was also observed in malignant but not benign tumors (39).  Such observations suggest that VPF may become an important diagnostic or prognostic parameter in future clinical applications (6).  In a recent paper, Brasch et al. provide further evidence to support the hypothesis that vascular permeability as measured using macromolecular MR contrast agents is related to VPF (40).  Dynamic contrast enhanced MRI with an appropriate contrast agent, therefore, may play a greater role in the future in determining the expression of VPF in a tumor.

CONCLUSION:


Dynamic contrast enhanced MR imaging can be used to measure the kinetics of differently sized contrast agents in various tissues.  The non-invasive nature and the multi slice imaging capability of this MRI technique allows the simultaneous monitoring of different tissues and the taking of repetitive measurements using various contrast agents.  After first verifying that the enhancement dynamics observed in the liver could serve as an in-situ reference for the concentration dynamics of the agent in the blood stream, the extracellular volume of the liver was used to serve as a reference for measurements of the intravascular volume of the implanted tumors.  The distribution of the agents into the interstitial space of the tumor could then be calculated.  The smallest agent, Gd-DTPA, was used to assess the entire extracellular volume (intravascular space plus interstitial space) and the largest agent, polylysine-Gd-DTPA, was used to measure the intravascular volume of the tumor.  The intermediate sized agent, Gd-DTPA-24-cascade-polymer, provided information about the vascular volume from the data taken immediately after injection, and information about vascular permeability can be obtained as the dynamic imaging progressed.  Dynamic contrast enhanced MR imaging with an appropriately sized contrast agent allows characterization of vascular permeability, to serve as a prognostic indicator to predict treatment efficacy before volumetric changes in tumor size become apparent.
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FIGURE LEGENDS: 

Figure 1.
(a) The relative concentrations of Gd-DTPA ([image: image2.wmf] ), PLM-Gd ([image: image3.wmf] ), and PLS-Gd ([image: image4.wmf] ) in the liver of the Sprague-Dawley rats bearing Walker 256 tumors is graphed.  The error bars represent the deviation among all of the studied animals.  The data is presented in arbitrary units which are proportional to the total concentration of each agent in the liver parenchyma.  Note from the graph that the maximum concentrations of PLS-Gd and PLM-Gd are the same, and are greater than that of Gd-DTPA.  Note also the initial rapid decay of Gd-DTPA and PLM-Gd compared to the decay rate of the PLS-Gd.  As the experiment progress, the decay rate of the Gd-DTPA decreases, whereas the decay rate of the PLM-Gd remains rapid.


(b) The three solid lines graphed show the logarithm of the relative concentration curve of each agent in the liver as shown in Fig.1.a (the linear region has been smoothed).  Over plotted as symbols on the same axes are the logarithms of the concentrations of PLS-Gd, PLM-Gd, and Gd-DTPA in blood samples obtained serially over time and scaled by a constant value.  The rate of decay of the three agents in the liver parallels the rate of decay of the three agents in the bloodstream.  It can be seen that the kinetics of PLM-Gd and PLS-Gd are well approximated by a mono-exponential function; the kinetics of Gd-DTPA require approximation with a bi-exponential function.

Figure 2.
(a) The relative concentrations of Gd-DTPA ([image: image5.wmf] ), PLM-Gd ([image: image6.wmf] ), and PLS-Gd ([image: image7.wmf] ) in the whole tumor (a) and in the interstitial space (b) of the Walker 256 tumor.  The error bars represent the deviation among all of the studied animals.  The concentration of Gd-DTPA is greater than that of PLM-Gd, which in turn is greater than that of PLS-Gd.  Gd-DTPA and PLM-Gd both show evidence of decay, unlike PLS-Gd.  The results from the interstitial space explicitly show that the major contribution of Gd-DTPA is from the interstitial space and not the intravascular space, that a substantial amount of PLM-Gd accumulates in the interstitial space and that an appreciable amount of PLS-Gd can slowly enter into the interstitial space in this tumor model.

Figure 3.
(a) The relative concentrations of Gd-DTPA ([image: image8.wmf] ), PLM-Gd ([image: image9.wmf] ), and PLS-Gd ([image: image10.wmf] ) in the whole tumor (a) and in the interstitial space (b) of the R3230 AC tumor.  The error bars represent the deviation among all of the studied animals.  The concentration of Gd-DTPA is much higher than those of the two macromolecular agents, with the smaller sized PLM-Gd demonstrating a higher concentration than the larger sized PLS-Gd.  Gd-DTPA displays a very rapid rise in concentration followed by a rapid decay, PLM-Gd and PLS-Gd demonstrate a slower rate of decay.  The results from the interstitial space once again show that the major contribution of Gd-DTPA to the measured enhancement is from the interstitial space and not the intravascular space, and that PLM-Gd can enter the interstitial space.  In this tumor, however, PLS-Gd does not enter the interstitial space.

Figure 4.
(a) The relative concentrations of Gd-DTPA (
 ) and PLS-Gd (
 ) in the whole tumor (a) and in the interstitial space (b) of the MCF7 tumor.  The error bars represent the deviation among all of the studied animals.  Note that the inter animal deviation is very large (more than 100%) in the kinetics measured using PLS-Gd and so the apparent finding that PLS-Gd accumulates in the interstitial space is suspect (see text).  The concentrations of both agents in the tumor is smaller compared to the concentrations measured in the other tumors.  The major contribution of the Gd-DTPA is once again from the interstitial space.  

