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Abstract
We investigated the influence of the temporal resolution of dynamic contrast-enhanced MRI data
on pharmacokinetic parameter estimation. Dynamic Gd-DTPA (Gadolinium-diethylene triamine
pentaacetic acid) enhanced MRI data of implanted prostate tumors on rat hind limb were acquired
at 4.7 T, with a temporal resolution of ~5 sec. The data were subsequently downsampled to
temporal resolutions in the range of 15 sec to 85 sec, using a strategy that involves a
recombination of k-space data. A basic two-compartment model was fit to the contrast agent
uptake curves. The results demonstrated that as temporal resolution decreases, the volume transfer
constant (Ktrans) is progressively underestimated (~4% to ~25%), and the fractional extravascular
extracellular space (ve) is progressively overestimated (~1% to ~10%). The proposed
downsampling strategy simulates the influence of temporal resolution more realistically than
simply downsampling by removing samples.
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Dynamic contrast-enhanced (DCE) MRI plays an essential role for cancer detection and
characterization. Ideally, DCE-MRI data would be acquired with high spatial and high
temporal resolution to fully exploit both the morphologic and kinetic information. However,
there is always a tradeoff between spatial and temporal resolution with currently available
equipment and techniques (1). Therefore, a wide range of temporal resolutions is
encountered for clinical DCE-MRI. For instance, according to the European Society of
Breast Imaging (2), a sampling time (Ts) of 60 sec – 120 sec is recommended for high
spatial resolution bilateral acquisitions.

A widely used pharmacokinetic (PK) model to fit DCE-MRI data and extract physiologic
parameters is the basic two-compartment model (3). To accurately fit this model to DCE-
MRI data, Henderson et al. (4) recommended that contrast agent (CA) uptake in the breast
be sampled every 16 sec to estimate the volume transfer constant (Ktrans) and the fraction of
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extravascular extracellular space (ve). For the extended model, taking the blood plasma
fraction into account, their recommendation was to sample every 4 sec. The arterial input
function (AIF), however, was suggested to be sampled every second. Other work usually did
not make a distinction between CA uptake sampling and AIF sampling (5,6) or focused on
AIF sampling (7). Most previous studies investigated the effect of low temporal resolution
on PK-parameter estimation by downsampling high-temporal-resolution data while
assuming an instantaneous collection of k-space data (4,5,8,9); except for Ramirez et al. (6),
who used a sliding temporal window.

The purpose of this study is to investigate the effect of the temporal resolution of DCE-MRI
data on PK-parameter estimation. Because the CA concentration levels are changing during
a low-temporal-resolution acquisition, the CA uptake observed in the tissue is influenced by
the phase-encoding order. To mimic this effect and simulate DCE-MRI data at different
temporal resolutions, a realistic downsampling strategy is introduced that involves a
recombination of k-space data. The method is applied to high-temporal-resolution rodent
DCE-MRI data acquired with a 4.7-T animal scanner.

THEORY
Downsampling Strategy

In our downsampling strategy, the transient effect of CA uptake is incorporated by
mimicking an MRI data acquisition. To simulate a linear phase-encoding order, equal
fractions of k-space data are taken from a series of successive high-temporal-resolution k-
space images. For instance, using 5-sec resolution k-space data to simulate the first image
“acquired” at a Ts of 15 sec, we recombine the first one-third of k-space lines from the 5-sec
image, the second one-third from the 10-sec image, and the third one-third from the 15-sec
image. The second image at Ts of 15 sec is derived from the k-space images acquired at 20
sec, 25 sec, 30 sec, etc. The recombination for the above example is defined as:

[1]

where  is the ith downsampled k-space image; NR is the number of
dynamic repetitions; Si(k) is the kth phase-encoding line of the ith original k-space image;
and Nφ is the total number of phase-encoding lines. We call this strategy “k-space-based
sampling.”

The results obtained with k-space-based sampling are compared to the results of
downsampling by taking the first out of every set of N images and discarding the rest, which
implies the assumption of instantaneous k-space data collection (4,9). This strategy is
referred to as “direct sampling” in the remainder of this work.

PK Model
In this study, the basic two-compartment model by Tofts et al. (3) is applied:

[2]

where ve is the fraction of extravascular extracellular space, Ktrans(min−1) is the volume
transfer constant between blood plasma and extravascular extracellular space, Cp(mM) is the
CA concentration in the blood plasma space, and Ct(mM) is the CA concentration in the
tissue of interest.
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For the data used in this research, Cp is derived from the CA uptake in skeletal muscle, using
the reference tissue approach, assuming literature values (10) for Ktrans (= 0.11 min−1) and
ve (= 0.20). To minimize noise propagation, the muscle curve was fit with the empiric
mathematical model (11) prior to this derivation.

To investigate the effect of a varying temporal resolution of the CA uptake in tissue as the
only changing variable, we exclude the effect of a temporally downsampled AIF in this
study. Therefore, the original high-temporal-resolution AIFs are used across all temporal
resolutions.

MATERIALS AND METHODS
Animals and Imaging Protocol

Copenhagen rats (n = 6) with implanted AT6.1 prostate tumors on the hind limb were used
in this study. Multislice T1-weighted gradient echo images (pulse repetition time/echo time
= 40/3.5 ms, matrix size = 128 × 128, field of view × 40 mm × 40 mm, flip angle = 30°,
phase encoding order = linear; slice thickness = 1 mm, number of slices = 3) were acquired
through the center of the tumor along the long axis of the leg, with a temporal resolution of
~5 sec at 4.7 T (Bruker, Billerica, MA), before and after Gd-DTPA (Gadolinium-diethylene
triamine pentaacetic acid; Omniscan, GE Healthcare, Piscataway, NJ) injection, for a total
duration of ~10 min. The same amount of CA was manually injected (duration <5 sec) to all
animals (based on a dose of 0.2 mmol/kg for a weight of 160 g). To account for variations in
rat weight, the concentration of CA was normalized to the typical dose of 0.2 mmol/kg.

All the data were acquired at the University of Chicago, and procedures were carried out in
accordance with the institution’s Animal Care and Use Committee approval. Animals were
anesthetized prior to imaging experiments, and anesthesia was maintained during imaging at
1.5% isoflurane. The temperature was maintained at 37°C with a warm air blower. Heart
rate, respiration rate, and temperature were monitored during the MRI experiments.

Contrast Concentration Calculation
All data processing was performed in Matlab (Mathworks, Natick, MA). To apply the PK
model, DCE-MRI signal intensity curves were converted to CA concentration curves (Ct)
using a previously published reference method (12). The precontrast reference was taken
from a user-defined region of interest in muscle (9 × 9 voxels) that was not directly
neighboring the tumor. A precontrast T1 value of 1285 ms for muscle (13) and a relaxivity
value of 4.3 mM−1 sec−1 for Gd-DTPA (14) were used in the calculations.

Viable Tumor Segmentation
A single slice, showing most of the tumor area, was selected for further analysis and
simulations. A background mask, based on a largest-connected-component and hole-filling
algorithm, was first applied. Second, an image was constructed consisting of the maximum
concentration level encountered in each voxel during the time course of the dynamic series.
During the time course of 10 min, necrotic enhancement was not expected. Finally, a semi-
automated connected-component algorithm was applied to this image to obtain a contiguous
segmentation of the viable tumor tissue. The threshold was manually adjusted to ensure
inclusion of most of the viable tumor tissue, resulting in a threshold range of 0.034 mM to
0.070 mM.

Fitting Routine
To fit the PK model to the data, a golden section search method was implemented (15). The
driving force of the golden section search was the minimization of the goodness-of-fit
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measure R2. To facilitate the calculation of R2, the temporal resolution of Ct was increased
to the temporal resolution of Cp by linear interpolation; i.e., in the event that Ct had a lower
temporal resolution than Cp (Cp: Ts = 5 sec, Ct: Ts = 5 sec – 85 sec). The starting section for
Ktrans was [0.001 min−1 – 1.0 min−1] and for ve it was [0.01 – 1.0]. The search section was
narrowed down for Ktrans and ve until the difference between the lower and upper boundary
was less than 10−3 min−1 or less than 10−3, respectively. The fitting routine was applied to
voxels with significant CA uptake, i.e., to voxels with a maximum uptake higher than 0.02
mM.

RESULTS
Viable Tumor Segmentation

Figure 1 shows precontrast T1-weighted images and post-contrast subtraction images for all
six cases. The viable tumor segmentations are shown in the last column. Except for case 6,
all tumors developed a necrotic core. Therefore, only the periphery of the tumor was
segmented for cases 1 to 5. The enhancement patterns vary from primarily early rim
enhancement (case 2) to more global enhancement (case 4).

k-Space-Based Sampling
The k-space-based sampling strategy (Eq. 1) is illustrated in Fig. 2 for case 1. In this
example we demonstrate down-sampling from Ts = 5 sec to Ts = 15 sec. The three
consecutive sections of k-space data (top row images) add up to a new k-space image, which
is equivalent to a k-space image acquired with Ts = 15 sec. Each section of k-space data, as
well as the summation of the three, can be Fourier transformed to form an image (bottom
row images). As expected, the central part of k-space data (low frequencies) is dominant in
determining the overall signal intensity, whereas the outer parts of k-space data (high
frequencies) define the details. In an equivalent way, smaller sections were combined to
form new data sets at temporal resolutions of 30 sec, 45 sec, 60 sec, and 85 sec.

For the same example, the mean CA uptake curves (all temporal resolutions) for the viable
tumor segmentation are shown in the plot (Fig. 2). As anticipated, low temporal resolution
had more effect on the early phase than on the late phase. The k-space-based sampling
strategy demonstrates that low-temporal-resolution curves do not necessarily consist of
points taken from the original curve at regular intervals, as is assumed by direct sampling.

PK Analysis
The k-space-based and direct sampling strategies were both applied to all six DCE-MRI
experiments. The original 5-sec and the equivalent lower temporal resolution (15 sec up to
85 sec) CA uptake curves were all fit with the same PK model to estimate Ktrans and ve.
Tables 1 and 2 show the results of fitting the mean CA uptake curves for k-space-based and
direct sampling, respectively. It can be seen (Table 1) that the underestimation of Ktrans as a
function of temporal resolution is quite consistent. It varies from ~3% (Ts = 15 sec) to ~25%
(Ts = 85 sec). For ve, the overestimation varies from ~1% to ~10%. Although the central k-
space portion did not necessarily come from one 5-sec k-space image (e.g., Ts = 30 sec), this
did not affect the overall tendency of the estimation errors. While direct sampling (Table 2)
roughly shows underestimation of Ktrans and overestimation of ve, the influence of temporal
resolution appears smaller than with k-space-based sampling. This implies that the
assumption of instantaneous k-space data collection (direct sampling) is inappropriate, as it
prevents us from fully simulating the effect of low temporal resolution. For all fits, R2-
values were within a range of 0.77 – 1.00 (mean R2 = 0.93 ± 0.05).
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In addition to the above mean CA uptake analysis for the tumor region of interest, we also
performed voxel-wise fitting using data derived with k-space-based sampling. The
parametric color maps of Ktrans and ve for cases 4 and 6 were selected as examples (see Fig.
3) to show the difference between a tumor with (case 4) and without (case 6) a necrotic core.
At first glance, the estimates of Ktrans and ve appear to be quite robust against temporal
resolution, especially in muscle. A closer look shows that the hot spot areas present on the
original Ktrans maps become less distinct with decreasing temporal resolution. The location
of the tumor, however, remains visible up to a temporal resolution of 85 sec. For ve, there
appears to be little influence of temporal resolution. The high ve values in the tumor rim
(case 4) indicate the limitation of the model under study. For these curves, an unrealistically
large ve is required to obtain an accurate fit.

Finally, to see if the observed trends for estimation errors in Ktrans and ve (Table 1) were
statistically significant, one-sided sign tests (16) were applied to the parametric difference
maps for subsequent Ts: (5 sec, 15 sec), (15 sec, 30 sec), (30 sec, 45 sec), (45 sec, 60 sec),
(60 sec, 85 sec). For each rat and each combination of subsequent Ts, the null hypotheses
that the median of the difference map Ktrans(Ts,2) − Ktrans(Ts,1) ≥ 0, and the median of the
difference map ve(Ts,2) − ve(Ts,1) ≤ 0 were tested, with Ts,2 > Ts,1. Both hypotheses were
rejected for all tests (P < 0.00001). This means that the progressive underestimation of Ktrans

and the progressive overestimation of ve are statistically significant.

DISCUSSION
The influence of the temporal resolution of DCE-MRI data was investigated in the context
of the basic two-compartment model, while using a high-temporal-resolution AIF. The
original data were downsampled to lower temporal resolutions by making use of a k-space-
based recombination technique. The downsampled data, as well as the original data, were fit
with the PK model. According to both the mean CA uptake curve fitting and the voxel-wise
fitting, Ktrans is progressively underestimated with decreasing temporal resolution, whereas
ve is progressively overestimated. The estimation errors are larger for Ktrans than for ve,
because the rapid uptake phase is especially affected by a drop in temporal resolution. Even
though the “true” Ktrans values (at Ts = 5 sec) range from 0.15 min−1 to 0.32 min−1 (Table
1), the influence of temporal resolution appears to be consistent across all cases. For ve, this
is less the case.

In comparing k-space-based sampling to direct sampling, the key difference is that the first
strategy takes the effect of transient CA uptake into account, while the latter does not.
Consequently, the effect of low temporal resolution appears smaller and less consistent with
direct sampling than is actually the case. Using direct sampling and the basic two-
compartment model, Henderson et al. (4) found that the required sampling time for the
uptake in tissue should be shorter than 16 sec to obtain an error smaller than 10% in either
Ktrans or ve. The sampling time at which we predict the same error level is about twice as
large using k-space-based sampling (Ts ≈ 30 sec), and about three times as large using direct
sampling (Ts ≈ 45 sec – 60 sec). The discrepancy between the two studies is probably due to
the large differences in the experimental setups.

Although we used a more realistic downsampling strategy than the one most commonly
used, there are several limitations to this study.

i. The k-space-based sampling strategy presented in this study mimics a linear phase-
encoding order, and the conclusions reached here are not valid for other acquisition
schemes.
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ii. Temporal resolution was not reduced in exchange for higher image quality and/or
larger image volume. In a scanner experiment, a reduction of temporal resolution
(while keeping spatial resolution constant) would be expected to lead to an increase
in signal-to-noise ratio.

iii. Variations in the relative alignment of the sampling grid (4,17,18) were not taken
into account.

iv. The basic two-compartment model does not include a vascular contribution, which
could be significant for certain tumors. Its exclusion could have introduced biases
on the estimates of Ktrans and ve (19,20).

v. Emphasis was placed on the temporal resolution of the CA uptake in tissue, and
therefore individual hightemporal-resolution AIFs were used. These high-temporal-
resolution AIFs would not be available in case of an actual low-temporal-resolution
acquisition. We are currently looking into the use of individual AIFs extracted from
low-temporal-resolution data.

The study was designed to gain insight into estimation errors in Ktrans and ve for DCE-MRI
data acquired at “suboptimal” temporal resolutions. It is important to study the modeling of
CA uptake at low temporal resolution because, for instance, clinical DCE-MRI data of the
breast are commonly acquired at a temporal resolution of about 60 sec to 120 sec. Under the
applied model assumptions, we estimate that a temporal resolution of 60 sec would lead to
an error margin of ~18% for Ktrans and ~6% for ve. Especially regions with very high Ktrans

are significantly attenuated. However, the blood circulation of rats is about three times faster
than that of humans. A similar study should therefore be performed using human DCE-MRI
data. As we demonstrated by comparing our k-space-based downsampling strategy to the
direct sampling strategy, the impact of the phase-encoding order on the appearance of CA
uptake curves should be considered in both simulation and acquisition methods.
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FIG. 1.
For six cases (rows), from left to right: the precontrast image, subtraction image at 1 min,
subtraction image at 5 min, subtraction image at 10 min, and the viable tumor segmentation.
The in-plane resolution is 0.31 mm × 0.31 mm. Images were cropped to a height of ~2.1 cm
for display purpose. Except for case 6, all tumors developed a necrotic core.
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FIG. 2.
Illustration of the downsampling strategy (from Ts = 5 sec to Ts = 15 sec) mimicking a
linear phase-encoding order, applied to case 1. First row of images: three consecutive parts
of k-space data add up to a new set; second row: the corresponding images. Plot: the mean
CA uptake in the viable tumor segmentation for case 1 at all temporal resolutions. Especially
during the initial phase, the uptake curves do not overlap.
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FIG. 3.
Columns 1 and 2 show Ktrans and ve for case 4. Columns 3 and 4 show Ktrans and ve for case
6. From top to bottom, the temporal resolution decreases (Ts = 5 sec, 15 sec, 30 sec, 45 sec,
60 sec, and 85 sec). These two cases are selected to show the difference between a tumor
with and without a necrotic core.
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