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Abstract
Quantitative dynamic contrast enhanced magnetic resonance imaging estimates parameters related
to tissue vascularity and volume fractions; additionally, semiquantitative parameters such as the
initial area under the curve can be utilized to describe tissue behavior. The aim of this study was to
establish the reproducibility of quantitative and semiquantitative analysis of dynamic contrast
enhanced magnetic resonance imaging in a murine model of breast cancer. For each animal, a T1-
weighted, gradient-echo sequence was used to acquire two sets of dynamic contrast enhanced
magnetic resonance imaging data separated by 5 h. Data were acquired at both a 0.05 mm3 (1282,
n = 12) and a 0.2 mm3 (642, n = 12) resolution, and analysis was performed using both the Tofts–
Kety (to estimate Ktrans and ve) and extended Tofts–Kety (Ktrans, ve, and vp) models.
Reproducibility analysis was performed for both the center slice and the total tumor volume for all
parameters. For the total volume analysis, the repeatability index for Ktrans is 0.073 min–1 in the
standard model analysis and 0.075 min–1 in the extended model analysis at the 1282 acquisition.
For the 642 acquisition, the values are 0.089 and 0.063 min–1 for the standard and extended
models, respectively. The repeatability index for initial area under the curve was 0.0039 and
0.0042 mM min for the 1282 and 642 acquisitions, respectively.
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INTRODUCTION
In recent years there has been much activity in the development of quantitative imaging
biomarkers to report on, for example, the response of solid tumors to therapy (1–11). Two
major reasons for this excitement are that the emerging methods have the potential to be
more sensitive to early changes indicative of treatment response than metrics based on
anatomical changes (such as, e.g., RECIST; Ref. 12), as well as to inform preclinical
development of novel therapeutics. Thus, it is imperative that the errors associated with
these emerging methods are carefully assessed. One such technique gaining wide acceptance
is dynamic contrast enhanced magnetic resonance imaging (DCE-MRI).

DCE-MRI involves the serial acquisition of heavily T1-weighted images before, during, and
after the injection of a paramagnetic contrast agent (13). As the contrast agent arrives at a
particular region of interest (ROI), it changes the native relaxation times of the tissue to a
degree determined, to great extent, by its concentration. Thus, each ROI will yield a signal
intensity time course that can then be analyzed either semiquantitatively with parameters
such as the initial area under the curve (iAUC) or quantitatively with a pharmacokinetic
model to estimate parameters related to, for example, vascular and tissue volume fraction
characteristics. In addition to the serially measured T1-weighted signal intensity time course
data, quantitative DCE-MRI analysis also requires (1) estimation of the time course of the
contrast agent concentration in the blood plasma (the arterial or vascular input function,
“AIF/VIF”) and (2) selection of a pharmacokinetic model to analyze the data. In the case of
DCE-MRI in preclinical studies involving mice, characterizing the AIF is notoriously
difficult and only a few examples exist in the literature where it is actually measured (14–
18). We have recently completed a study in which we compared, in a murine model of
cancer, pharmacokinetic parameters returned from DCE-MRI analyses using population-
and individual-based AIFs. We determined that, if a strict injection and mouse handling
protocol are observed, then a population AIF can be used in place of an individual AIF with
introduction of acceptable error (details are provided in Ref. 14). It is a natural extension of
this result to determine the reproducibility of such a technique, as it would substantially
increase the practicality of small animal DCE-MRI. The overall goal of this study is to
establish the reproducibility of DCE-MRI in a murine model of cancer to determine the
changes that would have to be seen in an individual or group to declare a statistical
difference before and after therapy. We performed this analysis with both the standard and
the extended Tofts–Kety models. Additionally, the analysis was performed for both the
center slice and the whole tumor ROI. Finally, the reproducibility was assessed for the 60-s
iAUC for both the center slice and the whole tumor volume. While this has been done in the
clinical setting (see, e.g., Refs. 19–23), there is a paucity of such data in the preclinical arena
(24).

METHODS
Tumor Model

Trastuzumab resistant (i.e., Herceptin® resistant, HR6) cells were obtained as a generous
gift from Dr. Carlos Arteaga, M.D. (Vanderbilt University). The details of the establishment
of the resistant cell line have been presented elsewhere (25). Briefly, BALB/c athymic nude
mice were injected subcutaneously in the hind limb with BT474 breast cancer cells 24 h
after they had been implanted with 0.72 mg, 60 day release 17β-estradiol pellets (Innovative
Research of America, Sarasota, FL), and then subjected to a biweekly trastuzumab treatment
regimen. Those tumors that demonstrated complete response and subsequent reoccurrence in
the presence of continuous treatment were harvested and processed to form the HR6 line.
For this work, HR6 cells were cultured in improved minimal essential medium (Invitrogen,
Carlsbad, CA) supplemented with 10% fetal bovine serum at 37°C in a humidified, 5% CO2
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incubator. Additionally, 10 μg/mL trastuzumab was maintained in the culture environment
to preserve resistance.

Mouse Xenograft Model
Fifteen 4- to 6–week-old female athymic nude mice (Harlan, Indianapolis, IN) were injected
subcutaneously in the right flank via a 25-gauge needle with approximately 107 HR6 cells in
a 1:10 ratio of growth factor-reduced Matrigel and improved minimal essential medium.
Cell injection occurred 24 h after implantation of a 0.72 mg, 60 day release, 17β-estradiol
pellet (Innovative Research of America, Sarasota, FL), and the mice were anesthetized with
2%/98% isoflurane/oxygen mixture for the procedures. Tumor volumes were monitored
weekly with caliper measurements, and once the tumors reached a volume of approximately
483 ± 115 (mean ± 1.96 × standard error) mm3, a 26-gauge jugular catheter was surgically
implanted to allow for contrast agent delivery. All animal procedures were approved by our
Institution's Animal Care and Use Committee.

Data Acquisition
All imaging was performed on a Varian 7.0T MRI scanner (Varian, Palo Alto, CA) with a
38-mm quadrature coil. Anesthesia was induced and maintained via 2%/98% isoflurane/
oxygen mixture. Animal respiratory rate was monitored, and animal body temperature was
monitored and maintained at an external temperature of 32°C by means of a heated air flow
through the bore of the magnet. After positioning the animal in the scanner, anatomical
images were collected using a fast spin echo sequence for tumor ROI segmentation. An
inversion recovery snapshot fast low angle shot gradient-echo sequence was then used to
acquire data suitable to compute precontrast T1 maps (T10). Seven inversion times (250,
450, 830, 1500, 2700, 5000, and 10,000 ms) were utilized with the following imaging
parameters: pulse repetition time (TR)\echo time\α = 12,000 ms\3.01 ms (1282 acquisition)
or 2.10 ms (642 acquisition)\15°, number of excitations = 2, field of view = 28 mm2. The
inversion pulse utilized was an adiabatic, nonslice selective pulse. Fifteen axial slices were
collected with a slice thickness of 1 mm. Images were acquired at resolutions of both 0.2
mm3 (64×64 acquisition matrix) and 0.05 mm3 (128 × 128 acquisition matrix) on separate
occasions to assess the reproducibility of each resolution individually. The DCE-MRI
acquisition employed our previously developed protocol (14). Briefly, the acquisition
utilized a T1-weighted, gradient-echo sequence to collect data for each of 15 axial slices (1-
mm thick, interleaved) in approximately 22 min of imaging. Scan parameters were: TR\echo
time\α 100 ms\3.03 ms (1282 acquistion) or 2.12 ms (642 acquisition)\25° and number of
excitations = 2, with a temporal resolution of 25.6 s in the 1282 acquisition and 12.8 s in the
642 acquisition. The field of view and acquisition matrix were consistent with that used in
the acquisition of the T1 map. A bolus of 0.05 mmol/kg Gd-DTPA was delivered over 3 s
through a jugular catheter via an automatic injector (Harvard Apparatus, Holliston, MA) at a
rate of 2.4 mL/min after approximately 3 min of baseline data collection. In the time
between repeat scans, the animal was removed from the scanner and allowed to recover
from the anesthetic before being reanesthetized. Repeat DCE scan acquisitions were
separated by an average of 5.5 (±0.73) h in the 128 × 128 acquisition and 5.3 (±1.55) h in
the 64 × 64 acquisition.

Data Analysis
To construct the T10 map, the data from the inversion recovery sequence was fit using a
nonlinear least squares optimization method to:

[1]
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where S0 is the baseline signal intensity and S(TI) is the signal intensity at the inversion time
TI. The T10 values were then utilized to estimate the voxel R1 time courses from the
acquired signal intensity time courses (26). The pharmacokinetic parameters were
subsequently estimated using either the standard Tofts–Kety model (27):

[2]

or the extended Tofts–Kety model (13,28,29):

[3]

where Ct(T) is the time course of the CA concentration in the tissue compartment, Cp(u) is
the time course of the CA concentration in the plasma (AIF), Ktrans is the volume transfer
constant, ve is the extravascular extracellular volume fraction, and vp is the vascular volume
fraction within the tissue. In Eqs. 2 and 3, T represents the current time step, and u is the
variable of integration. In this effort, a population AIF was used for the analysis (14).

For each data set, the anatomical images were utilized to define the entire volume of the
tumor as the ROI. Manual segmentation was performed using MATLAB 2010b (The
MathWorks, Natick, MA). Both scans were viewed at the time of segmentation to ensure
maximum correlation between the segmented volumes in the repeat scans. A nonlinear least
squares optimization scheme was used to fit both Eqs. 2 and 3 to the signal intensity time
courses, resulting in voxel-based values for Ktrans, ve, and vp (Eq. 3 only). Voxels were
removed from the analysis if the fitting routine yielded a Ktrans value less than 0.01 min–1 or
greater than 5 min–1, a ve value less than 0.01 or greater than 1, and, in the case of the
extended analysis, a vp value less than 0.001 or greater than 1, or if ve + vp was greater than
1. The ROI median parameter values were then calculated over the remainder of the voxels
for use in the reproducibility analysis. The reproducibility analysis was performed both on
the center slice of the tumor, which was chosen by manual inspection and which generally
correlated to the slice with the maximum number of voxels in the tumor ROI, and for the
total tumor volume.

We computed the concordance correlation coefficient (CCC) between the Ktrans and ve
values as estimated by the standard and extended models. The CCC evaluates data
correlation while also considering data agreement; perfect correlation and agreement results
in a CCC value of 1, whereas independent sets would have a CCC of 0. We also calculated
the Akaike Information Criterion (AIC) for the standard and extended models for both the
center slice and the total volume analysis. For the case of a least-squares analysis, the AIC
with a bias correction for small samples is calculated as:

[4]

where RSS is the residual sum of squares from the fitted model, n is the number of points in
the dynamic acquisition, and k is the number of model parameters. The AIC is a standard
statistical measure designed to select the model that best balances goodness of fit with the
number of free parameters in the model (30); it has been used previously in the evaluation of
DCE-MRI data (31–33). The median AIC was calculated for each model. The model with
the lowest AIC is taken as the most parsimonious and thus the most appropriate choice for
the data; however, it should be noted that the AIC is blind to the physiological
appropriateness of the model, which must be considered separately.
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The iAUC analysis was performed on voxel signal intensity curves for the previously
established ROIs by converting them to CA concentration curves. After conversion, the
average baseline (i.e., preinjection) concentration was subtracted from the curve so as to
normalize the data. The area under the concentration curve was then calculated for the 60 s
immediately after CA injection by means of a trapezoidal integration function. Voxels with
calculated values less than 0 were excluded from the analysis. The median iAUC values for
the center slice and the total tumor volume were calculated and the reproducibility assessed
for both acquisition matrices.

Reproducibility Statistics
Statistical methods for evaluating reproducibility follow Bland and Altman (34) as
implemented by previous authors (19). These methods rely on the assumption that data are
normally distributed with constant variance. After calculating the median parameter value
within the ROI (center slice or tumor volume) in each of the two repeat scans, the difference
between repeat measurements, d, was calculated for each mouse. The normality of the
distribution of d over the population for each parameter was tested using the Shapiro–Wilk
test. The Kendall's tau test was used to estimate the correlation between the magnitude of the
difference values and the mean parameter value for the repeat scans, and the Wilcoxon
signed rank test was used to test the null hypothesis of no bias between the repeat
measurements. The reproducibility parameters of interest were then calculated as follows:

1. The mean squared difference, dsd, is calculated as the standard deviation of the
differences value, d:

[5]

The dsd is then used to calculate the 95% confidence interval (CI):

[6]

where t is the appropriate t-statistic for the number of observations. The CI on the
mean which excludes zero would indicate significant statistical bias of the data.

2. The within-subject standard deviation (wSD) was calculated from the dsd by:

[7]

3. Dividing the wSD by the population parameter mean gives the within-subject
coefficient of variation (wCV). The wCV is useful for comparing precision of
animal specific estimates across parameters with very different means.

4. The repeatability, r, for each parameter was calculated by:

[8]

or, equivalently:

[9]

This value defines the magnitude of the maximum difference expected to be
observed in 95% of paired scans; i.e., an observed difference greater than this value
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between scans in an individual would indicate a significant difference at the 5%
level.

Statistical analyses were performed using Microsoft Excel and in MATLAB 2010b.

RESULTS
Figures 1 and 2 show representative pixel fits for the standard and extended model analyses
for the 1282 and 642 acquisition, respectively. The top left panel shows the T2-weighted
anatomical image and the three remaining panels show the voxel signal intensity curves with
their corresponding standard and extended model fits. The acquired voxel signal values are
represented by the black dots, the standard model fits are shown as the gray solid lines, and
the extended model fits are given by the black dashed lines. The number in the lower right-
hand corner of each graph corresponds to the numbered point on the anatomical figure. In all
cases, the difference between the chi square values for the standard and extended models is
less than 3%, indicating great similarity between the two models’ ability to describe the
data.

Standard Model
Twelve animals were used for both the 1282 acquisition and the 642 analysis. Representative
parameter maps for scans 1 and 2 of the 1282 and 642 acquisitions are shown in Figs. 3 and
4, respectively. Both figures are arranged such that the scan 1 data are in the left column and
the scan 2 data are in the center column. Each figure has the T2-weighted anatomical image
in the top row, the Ktrans parameter map in the middle row and the ve map in the bottom. In
each panel, if the parameter value of a voxel within the ROI was not within the
physiologically reasonable range (and therefore not used in the reproducibility analysis),
then the voxel was represented in the image with the corresponding gray scale data from the
T2 image. Histograms showing the distribution of parameter values in the ROI are given in
the right column of Figs. 3 (1282) and 4 (642). Figure 5 contains Bland–Altman plots for
each parameter. The data for the center slice analysis is given in the first two columns, with
the 1282 acquisition in the left column and the 642 acquisition in the right column. The total
volume data is shown in the last two columns, again with the data for the 1282 acquisition
on the left and the 642 acquisition on the right. For the center slice analysis, the average
median values for Ktrans and ve were 0.16 min–1 and 0.48, respectively, for the 1282 set, and
0.22 min–1 and 0.49, respectively, for the 642 set. For the total volume analysis, the average
median values for Ktrans and ve were 0.17 min–1 and 0.49, respectively, for the 1282 set, and
0.25 min–1 and 0.50, respectively, for the 642 set. The plots also include the mean difference
for the population, which is shown by the solid black line. The 95% CI on the mean is given
by the dotted line, and all parameters have a CI which includes zero. The 95% CIs on the
mean for the center slice analysis for the 1282 acquisition are –0.0025 to +0.0025 min–1 and
–0.058 to +0.012 for Ktrans and ve, respectively, whereas the values for the 642 acquisition
are –0.021 to +0.033 min–1 and –0.018 to +0.046 for Ktrans and ve, respectively. For the total
volume analysis, the 95% CIs on the mean for the 1282 acquisition are –0.0021 to +0.0027
min–1 and –0.070 to +0.004 for Ktrans and ve, respectively, whereas the values for the 642

acquisition are –0.017 to +0.041 min–1 and –0.015 to +0.025 for Ktrans and ve, respectively.
The repeatability index is displayed as the dashed line in the figures, the magnitude of which
is 0.076 min–1 and 0.107 for Ktrans and ve, respectively, for the 1282 acquisition for the
center slice analysis, and 0.083 min–1 and 0.099 for Ktrans and ve, respectively, in the 642

case. In the total volume analysis, the repeatability index is 0.073 min–1 and 0.113 for Ktrans

and ve, respectively, for the 1282 acquisition, and 0.089 min–1 and 0.063 for Ktrans and ve,
respectively, in the 642 case.
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The reproducibility statistics for the standard model analysis are tabulated in Table 1 for the
center slice analysis and Table 2 for the total volume analysis. For all parameters except
Ktrans (center slice analysis, 642 acquisition), the distribution of d was not significantly
different from normal (Shapiro–Wilk, P > 0.05). Additionally, we detected no statistically
significant dependence between d and the average of the two repeat tests for any parameter
(Kendall's tau, P > 0.05). Tables 1 and 2 contain data for the mean parameter value, mean
difference, the precision (1/2 of the 95% CI) for the mean, within-patient standard deviation
(wSD), within-patient coefficient of variation (wCV), and repeatability index for each
parameter. The 95% CIs for the mean difference all contain zero suggesting unbiased
reproducibility. For both the center slice analysis and the total volume analysis, Ktrans is
more reproducible in the 1282 acquisition, whereas ve has a lower repeatability index for the
642 acquisition. In regards to the center slice analysis versus the total volume analysis, the
reproducibility is very comparable, with no observable difference between the two.

Extended Model
Representative center slice parameter maps from the extended model evaluation are shown
for the 1282 acquisition and the 642 acquisition in Figs. 6 and 7, respectively. These figures
are arranged similar to Figs. 3 and 4, with the exception that Ktrans maps are on the top row,
ve maps are in the center row, and vp maps are on the bottom row. As in the previous
figures, if the extended model assigned ROI voxel parameter values that were outside of the
designated range for Ktrans and ve, the voxel is represented in the image by the gray scale T2
value. Though we excluded voxels from the statistical analysis if vp < 0.001, to enable a
visual comparison between the standard and extended model results, we have colored all
voxels provided vp > 0. Note that, overall, there is tremendous agreement between the Ktrans

and ve values as estimated by the standard and extended models. In fact, when considering
only the voxels for which 0 < vp < 0.001, the CCC was identically one for both Ktrans and ve
and both acquisition matrices. When only the voxels for which vp > 0.001 are included, the
CCC is reduced to 0.84 for Ktrans and 0.96 for ve, though this still indicates a very strong
relationship between the parameters returned by the two models. Furthermore, to compare
the appropriateness of the standard model versus the extended model in describing the data,
we calculated the AIC for each model. In all cases, the AIC was lower for the standard
model than for the extended model. We return to this important point in the “Discussion”
section.

Bland–Altman plots for each parameter are given in Figure 8, with results for the center
slice analysis in the left two columns and the results for the total volume analysis in the right
two. As before, the 1282 acquisition results are on the left, whereas those for the 642

acquisition are on the right. The population mean of the difference is given by the solid line,
and the 95% CI range is shown by the dotted line. In the center slice analysis using the
extended model, one parameter from the 642 analysis, ve, had a mean difference that was
significantly different from zero (Wilcoxon signed rank test, P <0.05) and a CI that did not
include zero. The remaining parameters did not indicate bias (Wilcoxon signed rank test, P
>0.05, CI includes zero). The 95% CI values for the center slice analysis are –0.023 to
+0.011 min–1 for Ktrans, –0.035 to +0.015 for ve, and –0.006 to 0 for vp at the 1282

acquisition, and –0.028 to 0.018 min–1 for Ktrans, +0.004 to +0.060 for ve, and –0.003 to
+0.003 for vp at the 642 acquisition. In the total volume analysis, the 95% CI values are –
0.014 to +0.034 min–1 for Ktrans, –0.043 to +0.001 for ve, and –0.008 to +0.002 for vp at the
1282 acquisition, and –0.017 to 0.023 min–1 for Ktrans, –0.013 to +0.047 for ve, and –0.003
to +0.001 for vp at the 642 acquisition. The repeatability index for each parameter is given
by the dashed line. Repeatability values are 0.055 min–1, 0.079, and 0.010 for Ktrans, ve, and
vp, respectively, in the 1282 case for the center slice analysis, and 0.070 min–1, 0.087, and
0.010 for Ktrans, ve, and vp, respectively, in the 642 case, whereas the repeatability values for
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the total volume analysis are 0.075 min–1, 0.069, and 0.014 for Ktrans, ve, and vp,
respectively, in the 1282 case for the center slice analysis, and 0.063 min–1, 0.091, and 0.006
for Ktrans, ve, and vp, respectively, in the 642 case.

The reproducibility statistics for the extended model analysis are compiled in Tables 1 and
2. Three parameters demonstrated a potential non-normal distribution (Shapiro–Wilk, P <
0.05): vp in the center slice analysis of the 1282 acquisition, ve in the center slice analysis of
the 642 acquisition, and Ktrans in the total volume analysis of the 1282 acquisition. For the
remaining parameters, the assumption of normality could not be rejected (Shapiro–Wilk, P >
0.05). No parameter had a statistically significant correlation between d and the mean of the
paired values (Kendall's tau, P > 0.05). The mean values for the 1282 acquisition are 0.12
min–1, 0.51, and 0.029 for Ktrans, ve, and vp, respectively, in the center slice analysis and
0.13 min–1, 0.48, and 0.033 for Ktrans, ve, and vp, respectively, in the total volume analysis.
The mean values for the 642 acquisition for the center slice analysis are 0.15 min–1 for
Ktrans, 0.52 for ve, and 0.022 for vp. For the total volume analysis of the 642 acquisition, the
mean values are 0.17 min–1 for Ktrans, 0.53 for ve, and 0.024 for vp. The tables also give the
mean difference, precision (1/2 of the 95% CI), wSD, wCV, and repeatability for each
parameter. As for the standard model, there is no appreciable difference between the center
slice analysis and the total tumor volume analysis for the extended model. Similarly, the
1282 acquisition and the 642 acquisition have very comparable repeatability indices for all
parameters.

iAUC
Bland–Altman plots for the iAUC analysis are given in Figure 9. The results are shown for
the center slice analysis for the 1282 acquisition (top left panel) and the 642 acquisition (top
right panel) as well as for the total tumor volume analysis for the 1282 acquisition (bottom
left panel) and the 642 acquisition (bottom right panel). The population mean of the
difference is given by the solid line, and the 95% CI range is shown by the dotted line. For
the 1282 analysis, the 95% CI is –0.0021 to +0.0013 mM min in the center slice analysis and
–0.0012 to 0.0014 mM min in the total tumor volume analysis. For the 642 acquisition, the
95% CI values are –0.0019 to +0.0009 mM min for the center slice analysis and –0.0015 to
+0.0011 mM min in the total tumor volume analysis.

The reproducibility statistics for the iAUC are given in Table 3. In all cases, the assumption
of normality could not be rejected (Shapiro–Wilk, P > 0.05), and no parameter had a
statistically significant correlation between d and the mean of the paired values (Kendall's
tau, P > 0.05). The mean median iAUC value of the 1282 acquisition is 0.013 mM min for
the center slice analysis and 0.015 mM min for the total tumor volume analysis. The mean
value for the 642 acquisition is 0.012 and 0.014 mM min for the center slice analysis and the
total tumor volume analysis, respectively. The repeatability index is 0.0051 mM min for the
1282 acquisition and 0.0043 mM min for the 642 acquisition for the center slice analysis,
and 0.0039 mM min for the 1282 acquisition and 0.0042 mM min for the 642 acquisition in
the total tumor volume analysis. Once again, the reproducibility parameters for the two
different acquisition matrices are very similar.

DISCUSSION
We chose to calculate the group and individual statistics in a manner similar to that outlined
by Galbraith et al. (19), which is based on the reproducibility statistics defined by Bland and
Altman (34). This analysis provides statistics that allow comparison of reproducibility
between parameters as well as define the range of repeatability by quantifying the maximum
difference expected to be observed between scans on an individual. Additionally, the 95%
CIs for the mean differences reveals whether statistically significant systematic bias is
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present (e.g., order of measurement is important) in repeat measurements in the same
individual. According to our results displayed in Table 1 (center slice analysis) and Table 2
(total tumor volume analysis), we would need to see a change of –0.025 to +0.025 min–1 for
Ktrans in the standard model at the 1282 resolution in the center slice to denote a significant
change. Similarly for the whole tumor analysis, changes of –0.0021 to +0.027 min–1 for
Ktrans would need to be observed in a group to denote significance. Results for other
parameters are interpreted similarly. In this work, we detected statistically significant
systematic bias in ve in the center slice analysis of the 642 acquisition as fit by the extended
model. In this case, the first measurement tended to be higher than the second. Additionally,
for four parameters we found that the population may not be normally distributed (Shapiro–
Wilk, P < 0.05). However, the analysis implemented here was conservative in testing for
significance. For this experiment, if we were to control for type 1 error and applied the
Holm–Bonferroni method, the data neither would demonstrate significant systematic bias
nor would the assumption of normality be rejected. The repeatability value index suggests
the parameter value change for an individual that would be considered an outlier or rare
event, as 95% of individual parameter values should fall within these limits. For the standard
model analysis, at a resolution of 1282 and for the center slice analysis, a value 0.076 min–1

was calculated for Ktrans. In the total volume analysis, the repeatability index for Ktrans was
0.073 min–1. Regarding the iAUC data, the repeatability indices for the 1282 acquisition
were 0.0051 and 0.0039 mM min for the center slice and total volume analyses,
respectively. For the 642 acquisition, the repeatability indices were 0.0043 and 0.0042 mM
min for the center slice and total volume analyses, respectively. Results for the other
parameters are interpreted in a similar manner.

Overall, there is a considerable amount of agreement between the standard and extended
model analyses. Specifically, the CCC for Ktrans and ve between the standard and the
extended model values is identically 1 for voxels with vp values less than 0.001, and 0.84
(Ktrans) and 0.96 (ve) when voxels with vp greater than 0.001 are considered. This is further
indicated by the voxel fits shown in Figs. 1 and 2; in all panels of these figures, the standard
and extended model fits overlay almost exactly, again showing the parameter agreement
between the two models (for the two parameters common to both models, Ktrans and ve).
Thus, it is not surprising that the AIC calculations are uniformly lower for the standard
model than for the extended model (as the AIC incorporates a penalty for additional model
parameters) thereby indicating that the standard model is the most parsimonious for these
data sets. This is further validated qualitatively by the fact that the majority of the voxels
have very low (if not approaching 0) values of vp. This apparent lack of vascularity in the
tumor model could also be attributed to a limitation of the imaging protocol; specifically, the
bolus injection of the contrast agent. Though the contrast agent injection was uniformly
performed in all studies by an automatic injector, given confounding factors such as the
small blood volume of the mouse (~2 mL) and the relative coarseness of the time
discretization in the DCE acquisition protocol, it is possible that the first pass of the contrast
agent is lost in the data, thus limiting the power of the extended model in describing these
data sets. However, in those voxels for which vp > 0.001 the statistics for the extended
model are valid and provide some much needed data on the reproducibility of the extended
model in mouse models of cancer. In particular, the data should be of some use when
applying the extended model to mouse cancer systems that display high blood volumes
throughout the tumor. In practice, we recommend that DCE-MRI data sets be analyzed with
both models and use the AIC (or other suitable metric) to determine which method is
appropriate for the particular animal system under investigation.

To the best of our knowledge, this is the first study attempting to quantify the reproducibility
of DCE-MRI in a murine model of cancer, and hence there is no data available to which we
can directly compare these results. The work by McGrath et al. provided data on the
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reproducibility of the extended model analysis in a rat model of cancer, thus providing the
most comparable data to the work presented here (24). For the population AIF, the authors
found mean differences of 3.57% for Ktrans, 3.58% for ve, and –26.22% for vp. Additionally,
the 95% CIs are approximately –10 to 20% for Ktrans, –8 to 15% for ve, and 60 to 5% for vp.
The data are most comparable to our center slice analysis of the 1282 acquisition. In our
work, the mean differences (as a percentage of the mean parameter value) were –5.4% for
Ktrans, –2.0% for ve, and –10.3% for vp, and the 95% CIs (again as a percentage of the mean
parameter value) were –20.4 to 9.6% for Ktrans, –6.8 to 2.8% for ve, and –20.5 to 0% for vp.
Thus, the results presented here are very similar to those presented by McGrath et al. (24). In
regards to clinical data, it is difficult to directly compare this work to human studies given
the limitations imposed by differences in experimental design. However, the work by
Galbraith et al. provides a set of human reproducibility data in the standard model analysis
to which we can generally compare our results (19). The authors found 95% CIs of –14 to
+16% for Ktrans and ±6% for ve. The repeatability indices were –45 to 83% for Ktrans and
24% (as a percentage of mean parameter value) for ve. The results are most comparable to
our center slice analysis of the 642 acquisition; here, we found CIs of ±13% for Ktrans and
±7% for ve, and the repeatability indices were 38% (of the mean parameter) for Ktrans and
20% for ve. Thus, the results presented here are comparable to those shown in the work by
Galbraith et al. (19)

Though we attempted to be as consistent as possible in conducting this study, it is not
without its limitations. Perhaps the most prominent issue is that we are not comparing
exactly the same section of tissue between scans. We chose to remove the animal between
scans to simulate the repositioning of an animal that would occur during a treatment study,
thus allowing us to generate reproducibility statistics in terms of what we would expect to
see in a treatment study. Additionally, allowing the animal to recover eliminates any
physiological stress that may occur during, say, a 5-h period of anesthesia. However, this
also means that there would be slight differences between the tissue ROIs investigated in the
first scan versus the second scan, due to repositioning errors. We would expect the errors
associated with repositioning to reduce the reproducibility of our scans (or effectively
increase the magnitude of the repeatability value). A second limitation of the work is the use
of the population AIF for the data analysis. The use of the population AIF is eminently
practical due to the difficulties associated with attempting to derive an individual AIF in a
murine subject. Though the population AIF that we utilized was rigorously obtained and
studied (14), its use can still introduce errors due to subtle variations in animal physiology.

CONCLUSIONS
Quantitative imaging biomarkers have the potential to be more sensitive to early treatment-
driven changes in the tumor microenvironment than current, macroscopically driven
anatomic assessment methods. However, before such quantitative techniques, like DCE-
MRI, can be employed in either preclinical or clinical studies of treatment efficacy, the
reproducibility must be assessed. The present effort focused on evaluating the
reproducibility of DCE-MRI in the preclinical setting, utilizing a murine model of HER2+
breast cancer. The results provide values that define significant changes in an individual and
a group analysis in a variety of analysis regimens for both quantitative and semiquantitative
parameters. Thus, this work defines a foundation for moving forward in investigating the use
of DCE-MRI for assessing treatment response.
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FIG. 1.
Voxel signal intensity data and the associated standard and extended model fits from various
locations within the tumor. The data set utilized is from the 1282 acquisition, and the
number on the curve panels corresponds to the numbered marker on the tumor volume in the
top left panel. The standard model fit is represented by the gray solid line and the extended
model fit is shown as the black dashed line.
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FIG. 2.
This figure presents the 64 × 64 data corresponding to that presented in Figure 1.
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FIG. 3.
Representative parameter maps and corresponding histograms of the center slice from the
1282 test–retest acquisitions as evaluated by the standard model. Parameter values were
calculated in the tumor ROI and overlaid on a T2-weighted anatomical image (a,b). Panels
(c) and (d) demonstrate Ktrans values for scans 1 and 2, respectively. Panels (e) and (f)
demonstrate ve values corresponding to scans 1 and 2, respectively. Voxels with parameter
values outside of the acceptable range (see text) were replaced in the images with the
corresponding T2 gray scale value. Similar parameter patterns and spatial distributions of
high and low values are observed between scans; the degree of agreement is demonstrated in
the histograms in the right column. The top histogram represents the distribution of Ktrans

values for scans 1 (black bars) and 2 (gray bars), whereas the bottom histogram displays the
analogous data for ve. [Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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FIG. 4.
Representative parameter maps of the center slice from the 642 reproducibility acquisition as
evaluated by the standard model, and corresponding histograms for parameter distribution.
The data in each panel corresponds to that displayed in the 128 × 128 data of Figure 3. As
was the case in the 1282 acquisition, similar parameter patterns and spatial distributions of
high and low values are observed between scans. The corresponding histograms
demonstrating the degree of parameter agreement are shown in the right column. [Color
figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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FIG. 5.
Differences between parameter values for the two scans plotted against the mean value of
the scans in the standard model analysis. Plots are shown for both the center slice (left two
columns) and the whole tumor volume analyses (right two columns). For each analysis, data
for the 1282 acquisition are in the left column, whereas data for the 642 acquisition are in the
right. In all cases, Ktrans is shown in the top row, whereas ve is on the bottom. The parameter
value for each scan is calculated as the median of the parameter values within the ROI. The
mean difference is shown by the solid line and the 95% CI on the mean is displayed by the
dotted line. The repeatability value is shown by the dashed line. The value for each measure
for each parameter, as well as its interpretation, is provided in the text.
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FIG. 6.
The figure presents data corresponding to that in Figure 3, only here the kinetic analysis is
performed with the extended model to return estimates of Ktrans, ve, and vp. Panels (a) and
(b) demonstrate Ktrans values for scans 1 and 2, respectively. Panels (c) and (d) demonstrate
cCorresponding ve values for scans 1 and 2, respectively, whereas panels (e) and (f) show
corresponding vp values for scans 1 and 2, respectively. As was the case in the Figs. 3 and 4,
voxels with parameter values outside of the acceptable range for Ktrans and ve were replaced
in the images with the corresponding T2 gray scale value. To enable a comparison to the
standard model presented in Figure 3, we included voxels for which vp > 0 (though only vp
> 0.001 values were included in the statistical analysis. Similar parameter patterns and
spatial distributions of high and low values are observed between scans; the degree of
agreement is demonstrated in the histograms shown the right column. The top histogram
represents the distribution of Ktrans values for scan 1 (black bars) and 2 (gray bars). The
center panel shows the distribution of ve for scan 1 (black bars) and scan 2 (gray bars), and
the bottom histogram gives the distribution of vp for scans 1 (black bars) and 2 (gray bars).
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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FIG. 7.
The data in each panel correspond to that displayed in the 128 × 128 data of Figure 6.
Voxels with parameter values outside of the acceptable range for Ktrans and ve were replaced
in the images with the corresponding T2 gray scale value. As was the case in the 128 × 128
images, many voxels had vp values less than 0.001 and were included from the figure. As
was observed in the 1282 acquisition, similar parameter patterns and regions of high and low
values are identifiable between scans; the degree of agreement is demonstrated in the
histograms shown in the right column. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]
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FIG. 8.
The figure displays the extended model version of Figure 5. Differences between parameter
values for the two scans plotted against the mean value of the scans in the extended model
analysis. Plots are shown for both the center slice analysis (left two columns) and the total
volume analysis (right two columns). For each analysis, data for the 1282 acquisition is in
the left column while data for the 642 acquisition is in the right. In all cases, Ktrans is shown
in the top row, ve is in the middle row, and vp is in the bottom row. The parameter value for
each scan is calculated as the median of the parameter values within the ROI. The mean
difference is shown by the solid line and the 95% CI on the mean is displayed by the dotted
line. The repeatability value is shown by the dashed line. The value for each measure for
each parameter, as well as its interpretation, is provided in the text.
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FIG. 9.
Difference between parameter values for the two scans plotted against the mean value of the
two scans for the iAUC analysis. Data for the 1282 acquisition are shown in the left column,
whereas data for the 642 acquisition are shown in the right. The top two panels give the
results for the center slice analysis, whereas the bottom two panels show the total volume
analysis.
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Table 1

Center Slice Reproducibility Statistics for Analysis via the Standard Model and Extended Models for the 1282

Acquisition (a and c) and 642 Acquisition (b and d)

Parameter Mean Mean difference 95% CI (population) wSD wCV (%) Repeatability

(a) 128 × 128 standard

    Ktrans (min–1) 0.156 –0.0002 ± 0.025 0.027 17.6 0.076

    ve 0.482 –10.023 ± 0.035 0.039 8.0 0.107

(b) 64 × 64 standard

    Ktrans (min–1) 0.216 0.006 ± 0.027 0.030 13.9 0.083

    ve 0.491 0.014 ± 0.032 0.036 7.3 0.099

(c) 128 × 128 extended

    Ktrans (min–1) 0.115 –0.006 ± 0.017 0.020 17.4 0.055

    ve 0.510 –0.010 ± 0.025 0.028 5.6 0.079

    vp 0.029 –0.003 ± 0.003 0.004 11.8 0.010

(d) 64 × 64 extended

    Ktrans (min–1) 0.152 –0.005 ± 0.023 0.025 16.6 0.070

    ve 0.520 0.032 ± 0.028 0.031 6.0 0.087

    vp 0.022 0.0003 ± 0.003 0.004 17.0 0.010
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Table 2

Total Volume Reproducibility Statistics for Analysis via the Standard Model and Extended Models for the
1282 Acquisition (a and c) and 642 Acquisition (b and d)

Parameter Mean Mean difference 95% CI (population) wSD wCV (%) Repeatability

(a) 128 × 128 standard

    Ktrans (min–1) 0.168 0.003 ± 0.024 0.026 15.6 0.073

    ve 0.492 –0.033 ± 0.037 0.041 8.3 0.113

(b) 64 × 64 standard

    Ktrans (min–1) 0.245 0.012 ± 0.029 0.032 13.2 0.089

    ve 0.502 0.005 ± 0.020 0.023 4.5 0.063

(c) 128 × 128 extended

    Ktrans (min–1) 0.128 0.010 ± 0.024 0.027 21.2 0.075

    ve 0.478 –0.021 ± 0.022 0.025 5.2 0.069

    vp 0.033 –0.003 ± 0.005 0.005 15.7 0.014

(d) 64 × 64 extended

    Ktrans (min–1) 0.169 0.003 ± 0.020 0.023 13.5 0.063

    ve 0.527 0.017 ± 0.030 0.033 6.2 0.091

    vp 0.024 –0.001 ± 0.002 0.002 8.4 0.006
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Table 3

Center Slice and Total Volume Reproducibility Statistics for the iAUC Analysis

Parameter Mean Mean difference 95% CI (population) wSD wCV (%) Repeatability

(a) 128 × 128

    Center slice (mM min) 0.0130 –0.0004 ± 0.0017 0.0019 14.2 0.0051

    Total volume (mM min) 0.0150 0.0001 ± 0.0013 0.0014 9.5 0.0039

(b) 64 × 64

    Center slice (mM min) 0.0116 –0.0005 ± 0.0014 0.0016 13.4 0.0043

    Total volume (mM min) 0.0137 –0.0002 ± 0.0013 0.0015 11.0 0.0042
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