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Abstract
Effective delivery of therapeutic drug to the core of a tumor is often impeded by physiological
barriers, such as interstitial fluid pressure (IFP). There are a number of therapies to lower IFP and
induce tumor vascular normalization. However, lack of a non-invasive means to measure IFP
hinders utilization of such a window of opportunity for maximizing the treatment response. Thus,
the purpose of this study was to investigate the feasibility of using intravoxel incoherent motion
(IVIM) diffusion parameters as noninvasive imaging biomarkers for IFP. Mice bearing the 4T1
mammary carcinoma model were studied with diffusion weighted magnetic resonance imaging
(DWI) immediately followed by wick-in-needle IFP measurement. Voxelwise analysis was
conducted with a conventional monoexponential diffusion model as well as a biexponential model
taking IVIM into account. There was no significant correlation of IFP with either median apparent
diffusion coefficient from the monoexponential model (r = 0.11, p = 0.78) or median tissue
diffusivity from the biexponential model (r = 0.30, p = 0.44). On the other hand, IFP was
correlated with the median pseudo-diffusivity (Dp) of apparent vascular voxels (r = 0.76, p = 0.02)
and with the median product of perfusion-fraction and pseudo-diffusivity (fp·Dp) of apparent
vascular voxels (r = 0.77, p = 0.02). Although the effect of IVIM in tumors has been reported
previously, to our knowledge, this study represents the first direct comparison of IVIM metrics
with IFP, with the results supporting the feasibility of using IVIM-DWI metrics as noninvasive
biomarkers for tumor IFP.

Keywords
interstitial fluid pressure; diffusion; pseudo-diffusion; intravoxel incoherent motion; breast cancer

Sungheon Kim, Ph.D., New York University School of Medicine, Center for Biomedical Imaging, Department of Radiology, 660 First
Ave., 4th Floor, New York, NY 10016, Ph: (212) 263-2717, FAX: (212) 263-4830, sungheon.kim@nyumc.org.

NIH Public Access
Author Manuscript
NMR Biomed. Author manuscript; available in PMC 2014 January 07.

Published in final edited form as:
NMR Biomed. 2012 May ; 25(5): . doi:10.1002/nbm.1793.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



INTRODUCTION
Effective delivery of therapeutic drugs to the core of tumors is often impeded by
physiological barriers, such as interstitial fluid pressure (IFP). IFP can be elevated by
abnormal (fast growing, leaky, sometimes dysfunctional) tumor blood vessels, high tumor
cellularity, and lack of functional lymphatics (1). Boucher and Jain (2) reported that, in
tumors, microvascular pressure (MVP) and IFP are in equilibrium due to increased vascular
permeability, suggesting that the MVP is the driving force for elevated IFP. In addition,
DiResta and colleagues (3) showed that tumor IFP can be lowered by placing artificial
lymphatics in tumors, supporting the notion that lack of functional lymphatics contributes to
increased IFP. With the IFP raised close to the MVP level, transport from vascular space to
interstitial space may be reduced, thereby compromising delivery of therapeutic drugs. IFP,
as a hallmark of vascular abnormality, is commonly measured with invasive methods, such
as the wick-in-needle (WIN) method (4).

It has been suggested by Jain (5) that abnormal tumor vasculature can be “normalized” with
anti-angiogenic therapy that prunes away immature and dysfunctional vessels. However
when anti-angiogenic therapy is sustained for too long, it may eventually prune away most
vessels and leads to another inadequate vascular condition for drug delivery. Thus, a
“normalization” window can be created during anti-angiogenic therapy, during which the
delivery of therapeutic drugs and oxygen is optimal (6,7). However, lack of non-invasive
ways to detect such normalization windows hinders utilization of this crucial opportunity in
clinical practice.

Previous studies have shown that elevated IFP leads to reduced tumor blood flow without
physically occluding the vessels (8,9). Milosevic and colleagues found a negative
association between IFP and capillary blood flow in a simulation study (10). Here we
hypothesize that reduced capillary blood flow can be detected using diffusion weighted
imaging (DWI) as a decreased pseudo-diffusion. The pseudo-diffusion effect of
orientationally incoherent blood flow is commonly referred to as intravoxel incoherent
motion (IVIM) (11). IVIM due to microcirculation can be separated from restricted
Brownian self-diffusion using DWI data with multiple diffusion weightings, i.e. b-values
(12). The IVIM-DWI technique has been applied in various cancer types, such as hepatic
lesions (13), brain tumors (11), breast cancer (14), renal masses (15), pancreas carcinoma
(16), general soft tissue tumors (17), and animal models (18,19). However, it has not been
shown whether there is any association between IFP and IVIM metrics.

Hence, the purpose of this study was to investigate the feasibility of using IVIM diffusion
parameters as noninvasive imaging biomarkers for IFP. The 4T1 mouse mammary
carcinoma model was used for DWI experiments immediately followed by WIN IFP
measurement, and the correlation between the IVIM diffusion parameters and IFP was
evaluated.

MATERIALS AND METHODS
Animal model

Six- to eight-week-old female BALB/c mice were given a subcutaneous injection in the right
flank (n = 17) with 1 × 106 4T1 mouse mammary tumor cells suspended in 0.1 ml of
phosphate buffered saline (PBS) (total 20 tumors). The first three mice received additional
tumor injection on the left flank as well in case there was no growth on one side; however,
the left side tumors were not analyzed because the growth was successful on the right flank.
All mice were scanned between post-injection days 10 and 13, inclusive, when the longest
diameter of the tumor was approximately 10 mm. Five mice were given an intraperitoneal

Kim et al. Page 2

NMR Biomed. Author manuscript; available in PMC 2014 January 07.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



injection of 0.1 ml of 1mg/ml Avastin (Genentech, CA) approximately 24 hours prior to the
scan, in order to ensure that some tumors with low IFP were included (20,21). WIN IFP
measurement was performed with IVIM diffusion measurement only once for each animal.
All mice were treated in strict accordance with the National Institutes of Health Guide for
the Care and Use of Laboratory Animals, and this study was approved by the Institutional
Animal Care and Use Committee.

MRI data acquisition
MRI experiments were performed on a 7T micro-MRI system, consisting of a Biospec
Avance II console (Bruker Biospin MRI, Ettlingen, Germany) interfaced to a 200-mm
horizontal bore, superconducting magnet (Magnex Scientific, Yarnton, UK) with an actively
shielded gradient coil (Bruker BGA-9S; 20-mm inner diameter, 750 mT/m gradient strength,
100 μs rise time). A quadrature Litz coil (Doty Scientific, Columbia, SC) was used to image
the animal mounted on a cradle with respiratory and temperature monitoring probes. General
anesthesia was induced by 1.5% isoflurane in air. The animal body temperature was
maintained at 32 ± 2 °C during the scan. A T2-weighted rapid acquisition with relaxation
enhancement (RARE) sequence was used to image the entire tumor (TR = 2s, TE = 35ms,
FA=180°, image matrix = 256 × 256, field of view = 4.56 cm × 4.56 cm, slice thickness =
1.5 mm, 10 slices), and to select two slices near the tumor center. A pulsed gradient spin
echo (PGSE) diffusion measurement (pulse duration δ = 7 ms, diffusion time Δ = 14 ms)
was performed with a 16-shot echo planar imaging sequence (TR = 1.5 s, TE = 32 ms,
image matrix = 128 × 128, field of view = 4.56 cm × 4.56 cm, slice thickness = 1.5 mm, 2
slices). The diffusion weighting gradient was varied from 0 to 22.6 G/cm, giving diffusion
weighting factors of b = 0, 30, 60, 100, 150, 200, 300, 500, 750, and 1000 s/mm2. MRI
scans were followed by WIN IFP measurement.

IFP measurement using the wick-in-needle technique
Following MRI, IFP was measured using the WIN method (4). A 23-gauge needle with a 4
mm notch located 5 mm from the tip was filled with nylon sutures and connected to a fluid-
filled pressure transducer and pressure monitoring system (Power Lab 8/30, AD
Instruments, Inc, CO). The whole pressure measurement system was calibrated using a
sphygmomanometer before starting each experiment. Pressure was recorded continuously,
as the needle was inserted and stopped periodically (every 1 mm) for pressure stabilization.
Two to three stops were made before the tip of the needle went through the other side of the
tumor which was confirmed by a rapid decrease of IFP. The maximum pressure over a series
of such tracks (2 – 3 per tumor) was used as a representative IFP value for the tumor.

Data analysis
Diffusion weighted MR signal decay is most commonly analyzed with the monoexponential
model:

(1)

where Sb is the MRI signal intensity with diffusion weighting b, S0 is the non-diffusion
weighted signal, and ADC is the apparent diffusion coefficient. For this model, two
parameters, S0 and ADC, for each voxel are estimated using weighted multivariate linear
regression (22). For a voxel with a large vascular fraction, the MRI data decay can deviate
from a monoexponential form, in particular showing a fast decay in the range of low b-
values generated by the IVIM effect (11). Thus, in addition to the monoexponential model, a
biexponential model was used to estimate the IVIM-related parameters of pseudo-diffusivity
(Dp), perfusion fraction (fp), and tissue diffusivity (Dt). This IVIM biexponential model is
defined by
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(2)

Estimation of the four parameters in the biexponential model may often be ill-conditioned
because of a limited number of samples, small perfusion fraction, and/or similar
compartmental diffusivities, as found in other in vivo IVIM studies (23–27). Thus, we
performed a “segmented” analysis procedure as follows. Dp is typically significantly greater
than Dt (12); so when the b-value is significantly greater than ~1/Dp (e.g., for Dp ~ 10 μm2/
ms, b > 100 s/mm2), the contribution of the pseudo-diffusion term to the signal decay
becomes negligible. In this higher b-value regime, Eq.2 can then be simplified into a
monoexponential equation whereby Dt and fp can be estimated:

(3)

Operationally, Dt is determined from such a monoexponential fit to data above a chosen
threshold (b > 200 s/mm2, in this study). With Dt determined by using Eq.3, Dp, fp, and S0
values can be estimated by using a nonlinear fit of Eq.2 to the entire dataset that minimizes
the residual sum of squares (RSS):

(4)

where N is the number of b-values, Sb is the observed value, and Pb is the predicted value
from the model. This analysis was performed for signals from individual voxels. In addition
to the basic IVIM metrics, the product fp·Dp - a quantity including both volume and velocity
information - was considered as a parameter roughly analogous to flow as measured in
perfusion imaging as suggested earlier by Le Bihan and Turner (28). The same type of RSS
minimization was also used for the monoexponential fits with Eqs.1 and 3.

In order to avoid over-fitting the biexponential model (Eq.2) to voxels for which the
monoexponential model is more appropriate, the performance of the two models in each
voxel were compared with Bayesian Information Criterion (BIC) (29) defined as follows:

(5)

with k degrees of freedom (28). If the BIC for a voxel based on the monoexponential fit
(BICm) was smaller than that of biexponential fit (BICb), the voxel was classified as a
apparent avascular voxel (AAV) and was considered to have negligible perfusion fraction.
Likewise, voxels with BICb < BICm were classified as apparent vascular voxels (AVV).
These terms are introduced in this report for the sake of clarity. In order to minimize the
effect of noise in highly diffusion weighted images (b = 1000 s/mm2), voxelwise analysis
was performed with data of b-values ≤ 750 s/mm2.

Prior to the model fitting, diffusion weighted raw images were smoothed by convolving with
a 2D Gaussian operator with matrix size of 5 × 5 and standard deviation of 0.5. Tumor
boundary was identified by hyper-intense areas (i.e., solid tumor) in diffusion weighted
images with b = 500 s/mm2. Regions of interest (ROI) for tumor were manually drawn to
include such hyper-intense voxels. Voxels with ADC less than 2.0 μm2/ms were excluded to
avoid necrotic or cystic regions. Median diffusion parameters of tumor ROI were used as
representative values for each tumor for the comparison with IFP. The association between
diffusion parameters and IFP from WIN measurements was assessed for the tumors larger
than 0.2 cm3 (approximately 10 mm in the longest length and 4 mm and 5 mm for width and
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height) found to be the minimum size for reliable WIN IFP measurement. This data analysis
was performed using in-house software written in Matlab (The MathWorks, Inc. Natick,
MA).

RESULTS
Figure 1a shows an example of a 4T1 tumor in the right flank of a mouse. Signal-to-noise
ratios (SNR, defined as mean signal intensity divided by standard deviation of noise) of the
tumor (arrow) were 38 and 14 for b = 0 (Fig. 1b) and b = 1000 s/mm2 (Fig. 1c), respectively.
Figure 1d shows diffusion weighted signals (circles) averaged over the entire tumor,
demonstrating that the signal decay pattern substantially deviates from a monoexponential
behavior (dashed line). A biexponential model (solid line) appears to be adequate to
represent the data for all b-values used in this experiment. The BIC (9.7) of the
biexponential fit is smaller than that of the monoexponential fit (13.0). Figure 1e shows an
example IFP measurement trace from insertion of the WIN probe to a stable plateau region
near the center of the tumor.

An example of voxelwise analysis is shown in Figure 2. The raw data without diffusion
weighting (b = 0) and with diffusion weighting b = 750 s/mm2, are shown in Figures 2a and
2b. The results of monoexponential and biexponential fits shown in Figure 2c–f and Figure
2g–i, respectively, demonstrate that the biexponential model provided a better fit to the data
in most voxels than the monoexponential model. The median BIC of the monoexponential
fit (11.2, IQR: 10.0 – 11.5) was significantly larger (p < 0.001) than that of the biexponential
fit (9.3, IQR: 8.8 – 9.7). Similar observations were made with all tumors. Figure 2m shows
that a substantial percentage of voxels (78 ± 26 %) had lower BIC’s from the biexponential
than from monoexponential models. Figure 2n shows a scatter plot of the percentage of
AVV and the tumor volume, which shows a modest association (r = 0.55, p = 0.02). From
all tumors, median ADC value in each tumor ranged between 0.72 μm2/ms and 1.23 μm2/ms
with its median at 0.96 μm2/ms. Median Dt, Dp, and fp values from each tumor ROI had
their median values of 0.79 μm2/ms (range: 0.62 – 1.12), 22.90 μm2/ms (range: 1.75 –
43.22), and 0.16 (range: 0 – 0.21), respectively.

IFP correlates with Dp and fp·Dp

The association between DWI measures and IFP was evaluated for the 9 animals with tumor
volumes >0.2 cm3. Figure 3 shows scatter plots of IFP and DWI measurements. Note that
the displayed error bars represent 25th and 75th percentiles of the spatial distribution of
values of all the voxels in the selected tumor, not the uncertainty in parameter estimation.
There was only weak association between IFP with either median ADC (r = 0.11), median
Dt (r = 0.30), or median fp (r = 0.34) as shown in Figure 3a, 3b, and 3c, respectively. On the
other hand, IFP correlated strongly (r = 0.76) with the median Dp of AVV. A similar strong
correlation of r = 0.77 was found between IFP and the median of fp·Dp of AVV. Table 1
shows correlation coefficients between IFP and DWI metrics measured from all voxels as
well as AVV. Strong correlation with IFP were also found with median Dp (r = 0.70) or
median fp·Dp (r = 0.70) measured from all voxels. When the data was analyzed with all data
points including b=1000 s/mm2, a similarly strong and significant correlation was found
between IFP and IVIM metrics: Dp (r = 0.84, p = 0.004) or fp·Dp (r = 0.70, p = 0.03). Table
2 shows correlation coefficients between IFP and IVIM metrics depending on different ADC
threshold values. While using the ADC threshold of 2.0 μm2/ms gave the highest
correlation, strong correlations of higher than 0.72 were also found with different ADC
threshold values between 1.5 and 3.0 μm2/ms.

Figure 4 shows two representative cases with low (2.8 mmHg) and high (19.6 mmHg) IFP
values. ADC (0.83 μm2/ms, IQR: 0.77 – 0.92) and Dt (0.63 μm2/ms, IQR: 0.55 – 0.73) of
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the tumor with low IFP (Fig. 4b) were lower (approximately 14% for ADC and 16% for Dt)
than those of the tumor with high IFP (ADC = 0.95 μm2/ms, IQR: 0.81 – 1.12 and Dt = 0.73
μm2/ms, IQR: 0.60 – 0.87) (Fig. 4d). This difference in ADC and Dt appears to be in
agreement with hematoxylin and eosin (H&E) stained sections from the tumor core, where
the tumor with lower ADC and Dt (Fig. 4a) appears to have a higher cell density than the
one with high ADC and Dt (Fig. 4c). Both H&E sections show no sign of significant
necrosis. Dp (26.55 μm2/ms, IQR: 15.13 – 50.23) and fp·Dp (5.23 μm2/ms, IQR: 3.46 – 8.65)
of the tumor with low IFP (Fig. 4b) were substantially higher (approximately 323% for Dp
and 315% for fp·Dp) than those of the tumor with high IFP (Dp = 6.30 μm2/ms, IQR: 5.33 –
7.93 and fp·Dp = 1.26 μm2/ms, IQR: 0.73 – 1.77) (Fig. 4d). The recorded IFP traces from
these two tumors are shown in Fig. 4e. The two cases are also distinguished by different
heterogeneity patterns, particularly illustrated in the Dp and fp·Dp maps. Histology sections
including the ones shown in Fig. 4 did not indicate any directionality that could give rise to
diffusion anisotropy.

DISCUSSION
Correlation between IFP and IVIM metrics

Although the effect of IVIM on DWI experiments in tumors has been reported previously,
this study, to our knowledge, represents the first direct comparison of IVIM metrics with
IFP. We found IFP negatively correlates with the IVIM metrics, Dp and fp·Dp, which reflect
capillary blood flow and vascularity. Such an inverse relationship between IFP and blood
flow is consistent with the simulation study reported by Milosevic et al. (10). Abundant and
leaky blood vessels produced by tumor angiogenesis induce excessive extravasation of
vascular fluid to the interstitium which can exceed lymphatic draining capacity (1,3).
Furthermore, lymphatic drainage can also be constricted by high cell density in an
aggressively growing tumor (3,6). Without an adequate, functional lymphatic system, the
interstitial pressure rises to the level of microvascular pressure (2), and microvascular flow
slows down (8,9). Reduced blood flow in a chaotic vascular network, which appears as
reduced pseudo-random motion of water, can be measured as a reduced Dp in a DWI
experiment. The prediction of an inverse relationship between IFP and Dp, is now
substantiated by the results of this study. In a recent study of IVIM-DWI with breast cancer
patients (14), it was found that Dp of breast cancer ranged between 5 and 25 μm2/ms, which
is comparable to the range of Dp observed in this study. It was also reported that IFP in
breast cancer ranged from 4 to 35 mmHg (30). Thus, strong correlations between IVIM
metrics and IFP suggest the potential of using IVIM metrics as noninvasive clinical imaging
biomarkers for IFP.

MRI and IFP
One of the advantages of the IVIM-DWI method applied in this study is its use of
endogenous image contrast based on blood flow. Previously dynamic contrast-enhanced
(DCE)-MRI with exogenous contrast agents, such as gadolinium-
diethylenetriaminepentaacetic acid (Gd-DTPA), were compared with direct IFP
measurements (31,32). Haider et al. (32) investigated correlation of DCE-MRI measures
with IFP in cervical cancer patients and found that there was a significant negative
correlation between initial area under the enhancement curve and IFP (r = 0.42, p = 0.016)
and between permeability (rKtrans = Ktrans of tumor/Ktrans of muscle) and IFP (r = 0.47, p =
0.008). In human amelanotic melanoma xenografts, Gulliskrud et al. (31) found that median
E·F (E is the initial extraction fraction of contrast agent and F is blood flow), which is also
commonly referred to as Ktrans, negatively correlated with IFP for the non-necrotic A-07
tumors (r = 0.62, p = 0.04; r = 0.71, p = 0.01 for fraction of voxels with E·F < 0.15 ml/
(g·min)) and the non-necrotic R-18 tumors (r = 0.49, p=0.03; r = 0.55, p = 0.05 for fraction

Kim et al. Page 6

NMR Biomed. Author manuscript; available in PMC 2014 January 07.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



of voxels with E·F < 0.15 ml/(g·min)). These two studies demonstrate the possibility of
using Ktrans from DCE-MRI data as a biomarker for assessing IFP in tumors.

However, the complete biophysical underpinnings of associations between Ktrans and IFP
are not fully understood (33,34). Ktrans is a volume transfer constant between blood plasma
and extravascular extracellular space and represents both in-flux and out-flux. The elevated
IFP can decrease in-flux (Kin), but can conversely increase out-flux (Kout). Thus, it might be
necessary to measure Kin and Kout separately. Hassid et al. (35,36) conducted a DCE-MRI
study in orthotopic MCF7 human breast tumors in mice with slow infusion of contrast agent
over 80 min and showed that the difference between Kin and Kout correlated with steady
state concentration of Gd-DTPA, which was assumed inversely correlated with IFP. Direct
comparison with IFP is yet to be shown. In addition, DCE-MRI techniques based on slow
infusion are most likely limited to preclinical studies due to the long scan time. In contrast,
the IVIM-DWI method demonstrated in our study is straightforward to adapt for clinical
applications. This method without exogenous contrast agents can be particularly useful for
patients who cannot receive gadolinium-based contrast agent injection due to impaired renal
function.

Effect of IVIM in DWI
There are multiple possible contributions to the observed pseudo-diffusivity component in
our tumor study; however, microvascular flow is likely the dominant source of such high
pseudo-diffusion coefficients (10 – 50 μm2/ms). For a mean vessel branch length (l) of 100
μm and average blood velocity (v) of 1 mm/s, a pseudo-diffusivity of Dp ~ vl/6 = 16.7 μm2/
ms would be expected (28), which is in the range observed in this study. This interpretation
is also supported by previous studies using intravascular labels (37) and vasodilators (19).
However, a full understanding of the fast diffusion signal may require more detailed
measurement and analysis. On the measurement side, tools such as flow-compensated
gradients, in comparison to conventional diffusion encoding, may provide insight on the
velocities involved in the pseudo-diffusion term (38). The dependence of the observed
pseudo-diffusivity on diffusion time may also provide opportunity to measure other
characteristics of the capillary network, such as segment length and blood velocity
dispersion. While analogous in some ways to time-dependent “passive” diffusion in a
restricted geometry, the formulation appropriate to active microvascular flow will differ
(39). And, as Nevo et. al. (40) pointed out, the conventional “b-value” parameterization may
not be optimal for complete characterization; instead, separate regard for wavevector q and
diffusion time dependences may be required. Flow heterogeneity effects from vessel
branching (41) or intravascular velocity dispersion (40,42) may also be informative. Since
the use of higher order models often require more data with higher precision, the balance of
biophysical specificity and clinical feasibility must also be considered in determining which
IVIM parameters may be collected in the clinic. This will be the subject of future work.

Clinical need for IFP monitoring
IFP has been widely recognized as one of critical obstacles in treating solid tumors
(1,43,44). When tumor IFP rises close to microvascular pressures, the pressure gradient
becomes negligible and the delivery of drug from vascular space to interstitial space can be
reduced. Enhancement of tumor rim, but not in non-necrotic solid tumor core, in contrast
enhanced MRI is evidence for such an effect (35). DiResta et al. (45) demonstrated that
lowering IFP by an artificial lymphatic system led to increased drug uptake (23.2% increase
in Doxorubicin uptake in a rat sarcoma tumor) and 90% faster shrinkage of tumor than in
control tumors. In canine spontaneously occurring osteosarcoma, DiResta et al. (46) also
showed that blood flow increased by 314% in tumors with an active artificial lymphatic
system. In addition, a review by Heldin et al. (43) stresses that at least 5 different types of
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therapeutic agents that lower IFP have been demonstrated both to lower IFP and to increase
subsequent drug uptake in vivo in animal tumor models, such as vascular endothelial growth
factor (VEGF) antagonist, platelet-derived growth factor antagonist, tumor necrosis factor-
α, Bradykinin antagonist, and prostaglandin E1.

However, despite a number of different ways available to lower IFP, there is no reliable
biomarker to monitor IFP noninvasively, which hinders development of effective therapy
based on controlling IFP. Gade et al. (20) monitored the IFP during collagenase treatment in
nude mice bearing the HT29 human colon adenocarcinoma using a Mikro-Tip catheter
pressure transducer. They found that tumor IFP decreased by about 64% within 120 min
after injection. Tumor vascular normalization marked by reduced IFP is transient with
continued antiangiogenic therapy. Batchelor and colleagues (47) demonstrated that
AZD2171, a pan-VEGF receptor tyrosine kinase inhibitor, temporarily normalizes tumor
vasculature in glioblastoma patients. As Jain (6) suggested, there can be a vascular
normalization window during antiangiogenic therapy, and it may be crucial to identify this
window in order to maximize the treatment response. Thus, a noninvasive imaging method
for measuring IFP, such as IVIM-DWI, can play an important role in optimizing
antiangiogenic therapy by detecting the onset of tumor vascular normalization.

CONCLUSIONS
In this study, IVIM-DWI was used to study the 4T1 mouse mammary tumor model. It was
shown that the IVIM effect is an important factor to be considered in performing DWI
experiments in this tumor model, and also that IVIM-DWI data provides useful biomarkers
when properly analyzed. We also demonstrated that the pseudo-diffusivity measured by
IVIM-DWI correlates with IFP directly measured by the WIN method. The results of this
study suggest the potential of using IVIM-DWI metrics as noninvasive biomarkers for tumor
IFP, a barrier to drug delivery. The IVIM-DWI metrics may also be of value in assessment
of antiangiogenic therapy by helping to identify the tumor vascular normalization window.
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ABBREVIATIONS

IFP interstitial fluid pressure

IVIM intravoxel incoherent motion

DWI diffusion weighted imaging

MVP microvascular pressure

WIN wick-in-needle

PBS phosphate buffered saline

RARE rapid acquisition with relaxation enhancement

PGSE pulsed gradient spin echo

ADC apparent diffusion coefficient

RSS residual sum of squares

BIC Bayesian information criterion
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SNR signal-to-noise ratio

IQR inter-quartile range

H&E haematoxylin and eosin

DCE dynamic contrast-enhanced

Gd-DTPA gadolinium-diethylenetriaminepentaacetic acid

EPR electron paramagnetic resonance

VEGF vascular endothelial growth factor

ROI region of interest

AAV apparent avascular voxel

AVV apparent vascular voxel

References
1. Jain RK, Baxter LT. Mechanisms of heterogeneous distribution of monoclonal antibodies and other

macromolecules in tumors: significance of elevated interstitial pressure. Cancer Res. 1988; 48(24 Pt
1):7022–7032. [PubMed: 3191477]

2. Boucher Y, Jain RK. Microvascular pressure is the principal driving force for interstitial
hypertension in solid tumors: implications for vascular collapse. Cancer Res. 1992; 52(18):5110–
5114. [PubMed: 1516068]

3. DiResta GR, Lee J, Healey JH, Levchenko A, Larson SM, Arbit E. “Artificial lymphatic system”: a
new approach to reduce interstitial hypertension and increase blood flow, pH and pO2 in solid
tumors. Ann Biomed Eng. 2000; 28(5):543–555. [PubMed: 10925952]

4. Fadnes HO, Reed RK, Aukland K. Interstitial fluid pressure in rats measured with a modified wick
technique. Microvasc Res. 1977; 14(1):27–36. [PubMed: 895543]

5. Jain RK. Normalizing tumor vasculature with anti-angiogenic therapy: a new paradigm for
combination therapy. Nature Medicine. 2001; 7(9):987–989.

6. Jain RK. Normalization of tumor vasculature: an emerging concept in antiangiogenic therapy.
Science. 2005; 307(5706):58–62. [PubMed: 15637262]

7. Fukumura D, Jain RK. Tumor microenvironment abnormalities: causes, consequences, and
strategies to normalize. J Cell Biochem. 2007; 101(4):937–949. [PubMed: 17171643]

8. Netti PA, Roberge S, Boucher Y, Baxter LT, Jain RK. Effect of transvascular fluid exchange on
pressure-flow relationship in tumors: a proposed mechanism for tumor blood flow heterogeneity.
Microvasc Res. 1996; 52(1):27–46. [PubMed: 8812751]

9. Baish JW, Netti PA, Jain RK. Transmural coupling of fluid flow in microcirculatory network and
interstitium in tumors. Microvasc Res. 1997; 53(2):128–141. [PubMed: 9143544]

10. Milosevic MF, Fyles AW, Hill RP. The relationship between elevated interstitial fluid pressure and
blood flow in tumors: a bioengineering analysis. Int J Radiat Oncol Biol Phys. 1999; 43(5):1111–
1123. [PubMed: 10192363]

11. Le Bihan D, Breton E, Lallemand D, Grenier P, Cabanis E, Laval-Jeantet M. MR imaging of
intravoxel incoherent motions: application to diffusion and perfusion in neurologic disorders.
Radiology. 1986; 161(2):401–407. [PubMed: 3763909]

12. Le Bihan D, Breton E, Lallemand D, Aubin ML, Vignaud J, Laval-Jeantet M. Separation of
diffusion and perfusion in intravoxel incoherent motion MR imaging. Radiology. 1988; 168(2):
497–505. [PubMed: 3393671]

13. Yamada I, Aung W, Himeno Y, Nakagawa T, Shibuya H. Diffusion Coefficients in Abdominal
Organs and Hepatic Lesions: Evaluation with Intravoxel Incoherent Motion Echo-planar MR
Imaging. Radiology. 1999; 210(3):617–623. [PubMed: 10207458]

Kim et al. Page 9

NMR Biomed. Author manuscript; available in PMC 2014 January 07.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



14. Sigmund EE, Cho GY, Kim S, Finn M, Moccaldi M, Jensen JH, Sodickson DK, Goldberg JD,
Formenti S, Moy L. Intravoxel incoherent motion imaging of tumor microenvironment in locally
advanced breast cancer. Magn Reson Med. 2011; 65(5):1437–1447. [PubMed: 21287591]

15. Chandarana H, Taouli B, Hecht E, Lee VS, Sigmund EE. Comparison of biexponential and
monoexponential model of diffusion weighted imaging in evaluation of renal lesions: preliminary
experience. Investigative Radiology. in press.

16. Lemke A, Laun FB, Klau M, Re TJ, Simon D, Delorme S, Schad LR, Stieltjes B. Differentiation of
pancreas carcinoma from healthy pancreatic tissue using multiple b-values: comparison of
apparent diffusion coefficient and intravoxel incoherent motion derived parameters. Invest Radiol.
2009; 44(12):769–775. [PubMed: 19838121]

17. van Rijswijk CS, Kunz P, Hogendoorn PC, Taminiau AH, Doornbos J, Bloem JL. Diffusion-
weighted MRI in the characterization of soft-tissue tumors. J Magn Reson Imaging. 2002; 15(3):
302–307. [PubMed: 11891975]

18. Wang Z, Su M-Y, Nalcioglu O. Measurement of tumor vascular volume and mean microvascular
random flow velocity magnitude by dynamic GD-DTPA-Albumin enhanced and diffusion-
weighted MRI. Magnetic Resonance in Medicine. 1998; 40(3):397–404. [PubMed: 9727942]

19. Wang Z, Su M-Y, Najafi A, Nalcioglu O. Effect of vasodilator hydralazine on tumor microvascular
random flow and blood volume as measured by intravoxel incoherent motion (IVIM) weighted
MRI in conjunction with Gd-DTPA-Albumin enhanced MRI. Magnetic Resonance Imaging. 2001;
19(8):1063–1072. [PubMed: 11711230]

20. Gade TP, Buchanan IM, Motley MW, Mazaheri Y, Spees WM, Koutcher JA. Imaging intratumoral
convection: pressure-dependent enhancement in chemotherapeutic delivery to solid tumors. Clin
Cancer Res. 2009; 15(1):247–255. [PubMed: 19118052]

21. Gerber HP, Ferrara N. Pharmacology and pharmacodynamics of bevacizumab as monotherapy or
in combination with cytotoxic therapy in preclinical studies. Cancer Res. 2005; 65(3):671–680.
[PubMed: 15705858]

22. Basser PJ, Mattiello J, LeBihan D. Estimation of the effective self-diffusion tensor from the NMR
spin echo. J Magn Reson B. 1994; 103(3):247–254. [PubMed: 8019776]

23. Luciani A, Vignaud A, Cavet M, Tran Van Nhieu J, Mallat A, Ruel L, Laurent A, Deux J-F,
Brugieres P, Rahmouni A. Liver Cirrhosis: Intravoxel Incoherent Motion MR Imaging--Pilot
Study. Radiology. 2008; 249(3):891–899. [PubMed: 19011186]

24. Wirestam R, Borg M, Brockstedt S, Lindgren A, Holtas S, Stahlberg F. Perfusion-related
parameters in intravoxel incoherent motion MR imaging compared with CBV and CBF measured
by dynamic susceptibility-contrast MR technique. Acta Radiologica. 2001; 42(2):123–128.
[PubMed: 11281143]

25. Moteki T, Horikoshi H. Evaluation of hepatic lesions and hepatic parenchyma using diffusion-
weighted echo-planar MR with three values of gradient b-factor. Journal of Magnetic Resonance
Imaging. 2006; 24(3):637–645. [PubMed: 16888790]

26. Callot V, Bennett E, Decking UKM, Balaban RS, Wen H. In vivo study of microcirculation in
canine myocardium using the IVIM method. Magnetic Resonance in Medicine. 2003; 50(3):531–
540. [PubMed: 12939761]

27. Yao L, Sinha U. Imaging the microcirculatory proton fraction of muscle with diffusion-weighted
echo-planar imaging. Academic Radiology. 2000; 7(1):27–32. [PubMed: 10645455]

28. Le Bihan D, Turner R. The capillary network: a link between IVIM and classical perfusion. Magn
Reson Med. 1992; 27(1):171–178. [PubMed: 1435202]

29. Schwarz G. Estimating the dimension of a model. Annals of Statistics. 1978; 6(2):461–464.

30. Swartz MA, Berk DA, Jain RK. Transport in lymphatic capillaries. I. Macroscopic measurements
using residence time distribution theory. Am J Physiol. 1996; 270(1 Pt 2):H324–329. [PubMed:
8769768]

31. Gulliksrud K, Brurberg KG, Rofstad EK. Dynamic contrast-enhanced magnetic resonance imaging
of tumor interstitial fluid pressure. Radiother Oncol. 2009; 91(1):107–113. [PubMed: 18973959]

32. Haider MA, Sitartchouk I, Roberts TP, Fyles A, Hashmi AT, Milosevic M. Correlations between
dynamic contrast-enhanced magnetic resonance imaging-derived measures of tumor

Kim et al. Page 10

NMR Biomed. Author manuscript; available in PMC 2014 January 07.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



microvasculature and interstitial fluid pressure in patients with cervical cancer. J Magn Reson
Imaging. 2007; 25(1):153–159. [PubMed: 17173303]

33. Farace P, Boschi F. Interstitial fluid pressure as a function of DCE-MRI derived parameters.
Radiother Oncol. 94(3):384–385. author reply 385–386. [PubMed: 20116874]

34. Gulliksrud K, Mathiesen B, Galappathi K, Rofstad EK. Quantitative assessment of hypoxia in
melanoma xenografts by dynamic contrast-enhanced magnetic resonance imaging: Intradermal
versus intramuscular tumors. Radiother Oncol. 97(2):233–238. [PubMed: 20934767]

35. Hassid Y, Furman-Haran E, Margalit R, Eilam R, Degani H. Noninvasive magnetic resonance
imaging of transport and interstitial fluid pressure in ectopic human lung tumors. Cancer Res.
2006; 66(8):4159–4166. [PubMed: 16618737]

36. Hassid Y, Eyal E, Margalit R, Furman-Haran E, Degani H. Non-invasive imaging of barriers to
drug delivery in tumors. Microvasc Res. 2008; 76(2):94–103. [PubMed: 18638494]

37. Duong TQ, Kim SG. In vivo MR measurements of regional arterial and venous blood volume
fractions in intact rat brain. Magn Reson Med. 2000; 43(3):393–402. [PubMed: 10725882]

38. Maki JH, MacFall JR, Johnson GA. The use of gradient flow compensation to separate diffusion
and microcirculatory flow in MRI. Magn Reson Med. 1991; 17(1):95–107. [PubMed: 1712421]

39. Kennan RP, Gao JH, Zhong J, Gore JC. A general model of microcirculatory blood flow effects in
gradient sensitized MRI. Med Phys. 1994; 21(4):539–545. [PubMed: 8058020]

40. Nevo U, Ozarslan E, Komlosh ME, Koay CG, Sarlls JE, Basser PJ. A system and mathematical
framework to model shear flow effects in biomedical DW-imaging and spectroscopy. NMR
Biomed. 2010; 23(7):734–744. [PubMed: 20886564]

41. Henkelman RM, Neil JJ, Xiang QS. A quantitative interpretation of IVIM measurements of
vascular perfusion in the rat brain. Magn Reson Med. 1994; 32(4):464–469. [PubMed: 7997111]

42. Ahn CB, Lee SY, Nalcioglu O, Cho ZH. The effects of random directional distributed flow in
nuclear magnetic resonance imaging. Med Phys. 1987; 14(1):43–48. [PubMed: 3561335]

43. Heldin CH, Rubin K, Pietras K, Ostman A. High interstitial fluid pressure - an obstacle in cancer
therapy. Nat Rev Cancer. 2004; 4(10):806–813. [PubMed: 15510161]

44. Jain RK. Physiological barriers to delivery of monoclonal antibodies and other macromolecules in
tumors. Cancer Res. 1990; 50(3 Suppl):814s–819s. [PubMed: 2404582]

45. DiResta GR, Lee J, Healey JH, Larson SM, Arbit E. Enhancing the uptake of chemotherapeutic
drugs into tumors using an “artificial lymphatic system”. Ann Biomed Eng. 2000; 28(5):556–564.
[PubMed: 10925953]

46. DiResta GR, Aiken SW, Brown HK, Bergman PJ, Hohenhaus A, Ehrhart EJ, Baer K, Healey JH.
Use of an artificial lymphatic system during carboplatin infusion to improve canine osteosarcoma
blood flow and clinical response. Ann Surg Oncol. 2007; 14(8):2411–2421. [PubMed: 17503157]

47. Batchelor TT, Sorensen AG, di Tomaso E, Zhang WT, Duda DG, Cohen KS, Kozak KR, Cahill
DP, Chen PJ, Zhu M, Ancukiewicz M, Mrugala MM, Plotkin S, Drappatz J, Louis DN, Ivy P,
Scadden DT, Benner T, Loeffler JS, Wen PY, Jain RK. AZD2171, a pan-VEGF receptor tyrosine
kinase inhibitor, normalizes tumor vasculature and alleviates edema in glioblastoma patients.
Cancer Cell. 2007; 11(1):83–95. [PubMed: 17222792]

Kim et al. Page 11

NMR Biomed. Author manuscript; available in PMC 2014 January 07.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 1.
Mouse mammary carcinoma, 4T1, in the flank of a BALB/cJ mouse. (a) T2-weighted image
using RARE sequence. The white line is a scale bar for 5 mm. (b) Diffusion weighted image
with b=0. (c) Diffusion weighted image with b=1000 s/mm2. A block arrow indicates a solid
tumor identifiable in a diffusion weighted image. (d) Diffusion weighted signals depending
on b-values (Sb). Circles represent the average values from a region of interest covering the
entire tumor in (a–c). Dashed and solid lines are the monoexponential and biexponential fits
to all data points, respectively. This example shows that a mono-exponential model is not
adequate to describe diffusion weighted signal decay in the selected tumor. (e) An example
of interstitial fluid pressure measurement using the WIN system. As the needle was inserted
into the tumor, the pressure rose slowly. The insertion was stopped at the tumor rim around t
= 50 s. Then, it was inserted further to the center of the tumor. The dashed line indicates a
plateau region over which the average tumor IFP of 10.7 mmHg was measured. Black
arrows show when the needle was moved into the tumor.
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Figure 2.
Representative diffusion weighted images with voxel-based analysis. The images were
cropped to show only the tumor region (51 × 45 voxels, 18.4 mm × 16.2 mm). (a) Diffusion
weighted image with b = 0. (b) Diffusion weighted image with b = 750 s/mm2. (c–f) Results
from mono-exponential analysis. (g–l) Results from bi-exponential analysis. The goodness
of fit is shown in terms of RSS (e, k) and BIC (f, l). (m) Percent of AVV which have lower
BIC for biexponential model fit than for monoexponential model fit. (n) Scatter plot of
tumor volume and percentage of AVV. There was significant correlation between them (r =
0.55, p=0.02).
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Figure 3.
Correlation between diffusion metrics and IFP in tumors larger than 0.2 cc and for voxels
with ADC less than 2.0 μm2/ms. (a) Median ADC of the tumor did not correlate with IFP(r
= 0.11, p = 0.78). (b) Median Dt of the tumor did not correlate with IFP (r = 0.30, p = 0.44).
(c) Median fp of the AVV did not correlate with IFP (r = 0.34, p = 0.37). (d) Median Dp of
the AVV correlated significantly with IFP (r = 0.76, p = 0.02). (e) Median fp·Dp of the AVV
also strongly correlated with IFP (r = 0.77, p = 0.02). The error bars represent 25th and 75th

percentiles among all the selected voxels in each tumor. The thick solid lines are the linear
regression fits to the data.
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Figure 4.
Representative examples of tumors with low IFP of 2.8 mmHg (a, b) and high IFP of 19.6
mmHg (c, d). H&E stained sections (×40) from the central parts of these two tumors (a, c)
show no sign of significant necrosis. This observation is in agreement with the ADC and Dt
maps as well as diffusion weighted images shown in (b) and (d). However, these two tumors
differ substantially in terms of Dp and fp·Dp maps. (e) Interstitial fluid pressure measurement
of the two tumors using the wick-in-needle system. The block arrow indicates when the
needle was inserted to the tumor. Once the notch on the needle was inserted into the tumor
(within a couple of seconds), the needle was hold at the same position until the pressure
reading approached a stable value.
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Table 1

Pearson correlation coefficients (r) between DWI metrics and IFP.

All voxels AVV only

r p r p

ADC 0.06 0.87 0.11 0.78

Dt 0.18 0.64 0.30 0.44

fp 0.35 0.36 0.34 0.37

Dp 0.70* 0.04 0.76* 0.02

fp·Dp 0.70* 0.03 0.77* 0.02

*
represents significant (p < 0.05) correlation.
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Table 2

ADC threshold and Pearson correlation coefficients (r) between DWI metrics and IFP

ADC threshold (μm2/ms)

Pearson correlation coefficients (r) with IFP

1.5 2.0 2.5 3.0

Dp (p value) 0.74 (0.023) 0.76 (0.017) 0.76 (0.018) 0.74 (0.021)

fp·Dp (p value) 0.77 (0.016) 0.77 (0.016) 0.76 (0.017) 0.72 (0.027)
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