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Abstract

The aim of this study was to characterize multiexponential T, (MET)) relaxation in a rat C6
glioblastoma tumor model. To do this, rats (n = 11) were inoculated with the C6 cells via
stereotaxic injection into the brain. Ten days later, MET, measurements were performed in vivo
using a single-slice, multi-echo spin-echo sequence at 7.0 T. Tumor signal was biexponential in
eight animals with a short-lived T, component (T, = 20.7 £ 5.4 ms across samples) representing
6.8 £ 6.2 % of the total signal and a long-lived T, component (T, = 76.4 £ 9.3 ms) representing the
remaining signal fraction. In contrast, signal from contralateral grey matter was consistently
monoexponential (T, = 48.8 + 2.3 ms). Additional ex vivo studies (n = 3) and Monte Carlo
simulations showed that the in vivo results were not significantly corrupted by partial volume
averaging or noise. The underlying physiological origin of the observed MET, components is
unknown; however, MET> analysis may hold promise as a non-invasive tool for characterizing
tumor microenvironment in vivo on a sub-voxel scale.
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INTRODUCTION

The nuclear magnetic resonance (NMR) signal has been shown to exhibit multiexponential
T, (MET)) decay in a number of tissues (e.g., white matter (1,2), peripheral nerve (3,4),
skeletal muscle (5)), arising from a combination of microanatomical water compartition
(e.g., intracellular and extracellular water) and slow intercompartmental exchange. The goal
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of MET analysis is to decompose bulk NMR signal into components that represent
underlying tissue compartments. In doing so, one can probe individual tissue compartments
that exist on a sub-voxel scale.

Given the heterogeneous nature of tumors, one might expect to observe MET, relaxation in
tumors. In fact, MET, relaxation has been observed in animal models (both in vivo (6) and
ex vivo (7)), surgical samples ex vivo (8,9), and in humans in vivo (10), though results have
been inconsistent. This inconsistency is presumably a product of differences in tumor types,
models, and staging as well as differences in the data acquisition and analysis techniques
used. Of these previous studies, only one (10) attempted to characterize MET relaxation in
tumors using an imaging approach (others used non-imaging CPMG (11,12) approaches). In
that particular study, T, measurements were made in human gliomas and the resultant signal
was found to decay biexponentially; however, as the authors note, these results should be
interpreted carefully due to the low signal-to-noise ratio (SNR) of the data.

The goal of this study was to characterize MET, relaxation in a rat glioblastoma tumor
model. Towards this end, we performed Monte Carlo simulations as well as in vivo and ex
vivo imaging experiments. The simulations were designed to see if the experimental imaging
data achieved the appropriate SNR to perform region of interest (ROI) and/or voxel-based
analyses. The in vivo data were acquired to characterize MET, relaxation in a commonly
used tumor model, while the ex vivo measurements were acquired to ensure that the in vivo
results were not significantly corrupted due to either partial-voluming or low SNR.

EXPERIMENTAL

Simulations

Monte Carlo simulations were performed to determine the SNR requirements for MET),
analysis of tumor signal. MET, decay curves, y; were generated according to

3

yi:z \sjexp(—ti/Tg,j)—l—EA s 221,2, ,NE [1]
i=1

where s; is the weight of the exponential component associated with T j, NE is the total
number of echoes, t; is the echo time (TE) of the i" echo, and & is Gaussian noise added to
the it echo.

Two sets of simulations were generated using Eq. [1] and the mean experimental values
listed in Table 1. The first set was designed to simulate the biexponential decay observed in
vivo (see Table 2), while the second set was designed to simulate the triexponential decay
observed ex vivo (see Table 3). The decay curve sampling for each set was designed to
match its corresponding decay curve sampling during experimental studies. Within each set,
decay curves were generated with SNR values logarithmically spaced between 100 and
3200, where SNR is defined as the magnitude of the first echo divided by the standard
deviation of the Gaussian noise. For a given SNR, 2000 decay curves (each with a unique
noise realization) were generated and the bias introduced by the magnitude operation, which
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converts the underlying Gaussian noise to Rician, was removed (see Data Analysis for more
details) (13). MET, analysis was then performed to determine the distribution of T»s (i.e.,
the T, spectrum) in the simulated data. This was done by minimizing

NE J J—1
SN (sjexp(—ti/Tay)—yi)? p A1 (sjm1—255+5141)° 2]
i=1 | j=1 j=2

in a non-negative least-squares (NNLS) (14) sense using J = 100 logarithmically spaced
relaxation times over the interval t;/2 <Tj ; < 2tyg. The first term in Eq. [2] minimizes data
misfit, while the second term regularizes the solution by imposing a minimum curvature
constraint (15), which smoothes the resultant spectrum according to the magnitude of the
regularizer term, p. For this study, the value of | was determined in a two-step process. First,
{1 was iteratively updated to determine the value that increased the 72 misfit by 2% relative
to the unregularized fit (1 = 0) for each unique decay curve (16). Second, the median p
across data with the same SNR was determined, and was subsequently used in a final
regularized fit so that all T, spectra from data with the same SNR were smoothed to the
same degree.

Each spectral peak, n, and its corresponding range of relaxation times T, min <T2,j

<T2 nmax. Was identified using an automated peak- and valley-finding algorithm (based upon
locating zero-crossings of the first-derivative of the spectrum). For all non-spurious
components (defined here as any peak that was consistently observed and represented more
than 1% the total signal), relaxation times and signal fractions were then calculated from

n,max

> Toysj

=n,min

o )
TQ,’”* n,max [3]
> 5
Jj=n,min
and
n,max
> 5
j=n,min
=" [4]

J
D_si
=1

respectively. Spectra were deemed admissible if the expected components (two for in vivo
and three for ex vivo simulations, respectively) were resolved. The percentage of admissible
spectra, or admissibility, was then calculated for each SNR value to determine the SNR
requirements for MET, analysis.
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Animal Preparation

All procedures were approved by our Institution’s Animal Care and Usage Committee. Male
Wistar rats (n = 11) were immobilized and anesthesia was induced and maintained with a
2%/98% isofluorane/oxygen mixture (Minrad Inc., Bethlehem, PA). Rats were then
inoculated with 1 x 10° C6 gliosarcoma cells using a 10-uL gastight syringe approximately
one mm anterior and two mm lateral to bregma on the right side of the head, at a depth of
three mm relative to the dural surface. C6 is a common glioblastoma model that is widely
used in experimental neuro-oncology to evaluate tumor growth, invasion, migration, and
blood-brain-barrier disruptions, and has been used extensively to investigate the efficacy of
various therapies including chemotherapy and radiation therapy (17). In vivo MRI was
performed 14 to 21 days (see Table 2 for details) after this procedure.

After in vivo imaging, a transcardial perfusion was performed in three of the eleven animals
described above. During this procedure, animals were immobilized and anesthesia was
induced and maintained with a 2%/98% isofluorane/oxygen mixture. A 23-g needle was
inserted into the left ventricle of the heart and phosphate-buffered saline (PBS; Mediatech
Inc., Herdon, VA) was perfused to flush the blood out of the vascular system, at which point
the perfusate was changed to 10% neutral buffered formalin (VWR, West Chester, PA).
Following perfusion, brains were extracted and stored in 10% neutral buffered formalin
overnight. Brains were then stored in PBS (to remove excess fixative) until ex vivo MRI was
performed.

In vivo Magnetic Resonance

Rats (n = 11) were imaged using a 7.0-T, 16-cm bore Varian INOVA spectrometer (Varian
Inc., Palo Alto, CA). A 63-mm inner diameter quadrature volume coil was used for RF
transmission and reception. During imaging, animals were anesthetized with a 2%/98%
isofluorane/oxygen mixture and temperature was maintained at 37 °C with a rectal
thermometer and warm-air feedback system. Respiratory signals were also monitored using
a small pneumatic pillow placed near the rat’s abdomen (SA Instruments, Stony Brook,
NY).

For each rat, a single 1.5-mm axial slice through the center of the tumor volume was first
selected from To-weighted scout images. T, measurements were then made using a single-
slice, multi-echo spin-echo sequence (18) with an echo spacing (ATE) =8 ms, TR =45,
number of echoes (NE) = 32, field of view = 35 x 35 mm2, acquisition matrix = 64 x 64, in-
plane resolution = 547 x 547 um?, acquisition bandwidth = 50 kHz, number of averages
(NEX) = 8, and total imaging time ~ 34 minutes. Spoiler gradients were placed about each
90,180,904 broadband composite refocusing pulse (19) in an alternating and descending
fashion (18) in order to remove signal from unwanted coherence pathways. The spoiler
gradients were calculated so as to cause a minimum phase dispersion of 7t/2 across one slice
thickness, which was found to be sufficiently large to remove these unwanted signal
components.
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Ex vivo Magnetic Resonance

Excised brains (n = 3) were imaged at bore temperature (~ 20 °C) using a 7.0-T, 16-cm bore
Varian INOVA spectrometer and 38-mm diameter Litz RF coil (Doty Scientific, Columbia,
SC). For imaging, brains were placed in a custom-built holder and bathed in fresh PBS. To
minimize air bubbles, both the brain and holder were fully immersed in PBS while loading
the brain into the holder.

A single 1-mm axial slice through the center of the tumor volume (representing
approximately the same slice acquired in vivo) was first selected from T,-weighted scout
images (Fig. 1b). Imaging was then performed using the same multiple-spin echo sequence
as described for in vivo imaging, but at higher resolution and SNR. Relevant parameters for
ex vivo To measurements included ATE = 15 ms, TR =4 s, NE = 40, field of view = 19.2 x
19.2 mm?2, acquisition matrix = 64 x 64, in-plane resolution = 300 x 300 um2, acquisition
bandwidth = 40 kHz, NEX = 64, and total imaging time /4 % hours. Note the echo spacing
used for ex vivo acquisitions (15 ms) was longer than for in vivo acquisitions (8 ms). This
was to ensure that the decay curve was adequately sampled ex vivo because: 1) the observed
relaxation times ex vivo were generally longer than corresponding relaxation times in vivo
and 2) an additional long-lived component was observed ex vivo (see Results).

Data Analysis

All data analysis was performed using routines written in-house in MATLAB (Mathworks,
Natick, MA). For ROI-based analysis, tumor and contralateral subcortical grey matter ROIs
were defined from Tp-weighted scout images (as shown in Fig. 1). Tumor ROIs were
defined to encompass as much of the tumor as possible, while avoiding the tumor margin
where significant partial-voluming of tumor and normal tissue may occur. Once defined, the
maximume-likelihood estimator of each Rician-distributed ROl value was determined (20).
This approach has been shown to minimize bias introduced by the Rician noise present in
magnitude MR images, especially for those images acquired with low SNR (i.e., at longer
echo times). Data were then fitted to Eq. [2] in the same manner described for simulated
data. For these fits, the regularizer parameter, |, was iteratively updated to determine the
value that increased the »2 misfit by 2% relative to the unregularized fit for each individual
ROI. The median p across samples — 0.15 and 0.01 for in vivo and ex vivo data, respectively
— was then determined and used in a final regularized fit. Component relaxation times and
signal fractions were calculated for each non-spurious component in the resultant T, spectra
from Egs. [3] and [4], respectively.

Simulations showed (see Results for details) that the SNR per voxel was insufficient to
perform voxel-based MET, analysis. Therefore, to increase SNR, in vivo and ex vivo images
were spatially filtered by applying a multichannel (with each echo representing a different
channel) anisotropic diffusion filter (21) prior to voxel-based MET, analysis. This approach
has been previously applied to MET, analysis (22) and has been shown to reduce variability
with minimal introduction of bias due to partial-voluming. Filtered data were then fitted to
Eqg. [2] with p = 0.07 and 0.01 for in vivo and ex vivo data, respectively (determined using an
analogous approach to that used for ROI-based analyses) in order to determine the T,
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spectrum of each individual voxel and component relaxation times (Eqg. [3]) and signal
fractions (Eq. [4]) were calculated.

All values are given as mean (x SD) across samples unless otherwise reported.

Fig. 2a displays the admissibility of MET analysis for in vivo and ex vivo simulated data as
a function of SNR. For ex vivo data, the admissibility for resolving all three observed
components as well as resolving the short-lived component from the two longer-lived
components was determined. Once again, simulated data were generated using Eq. [1] along
with the parameters listed in Table 1.

Assuming a minimum admissibility threshold of 90%, an SNR of approximately 500 is
required for in vivo acquisition with two components. The SNR for tumor ROIs was 839 +
381 (and 649 + 211 for grey matter ROIs), while the SNR per voxel was 193 + 61. Based
upon the simulations shown in Fig. 2a, this SNR is sufficient to perform ROI-based MET,
analysis in vivo; however, SNR is insufficient to perform voxel-based MET analysis (with
an admissibility of ~ 50%). As a result, spatial smoothing with an anisotropic diffusion
filter (as described in Methods) was used to increase SNR for voxel-based MET> analysis in
vivo.

Again assuming a minimum admissibility threshold of 90%, an SNR of approximately 3000
is required to resolve all three components from the ex vivo data. The SNR for tumor ROIs
was 3989 + 2265 (and 2335 + 344 for grey matter ROIs), while the SNR per voxel was 557
+ 28. Therefore, from Fig. 2 it can be seen that the SNR is sufficient to perform ROI-based
MET, analysis and insufficient to perform voxel-based MET analysis ex vivo. As a result,
spatial smoothing with an anisotropic filter was also used to increase SNR for voxel-based
MET, analysis ex vivo. Additional simulations showed that an SNR of approximately 1000
is required to resolve the short-lived component (component 1) from the two longer-lived
components (components 11 and 111) in the ex vivo data. Thus, for comparison to the two-
component in vivo spectra, ex vivo spectra that exhibited either two or three components
were deemed admissible for voxel-based analysis.

An additional set of simulations was performed to assess the effect of the size of the short-
lived component (p;) on admissibility. Sets of two component data were generated over a
range of p; values using the same relaxation times and data sampling parameters as the in
vivo simulations and an SNR of 800 (similar to ROI-based analysis in vivo). As seen in Fig,
2b, admissibility was found to increase with increasing size of the short-lived component.
Using the same minimum admissibility threshold of 90% as above, these simulations
suggest that we should consistently observe MET relaxation when the size of the short-
lived component is greater than approximately 4% of the total signal.

NMR Biomed. Author manuscript; available in PMC 2014 September 30.
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In vivo Magnetic Resonance

Fig. 3 displays the results of the ROI-based MET, analysis in vivo. Fig. 3a and 3b show
sample T, decay curves from normal and tumor ROIs and corresponding monoexponential
fits (Eq. [2] with J = 1). It can be seen that signal from tumor ROIs showed a larger
deviation from a monoexponential model than signal from normal grey matter, suggesting a
multiexponential model may be more appropriate for tumor signal. The MET, results (Fig.
3c and 3d) from normal and tumor ROIs support this. For tumor ROIs, eight of eleven
animals exhibited T, spectra with two components: 1) a short-lived component (T2?| =207+
5.4 ms) representing 6.8 £ 6.2% of the signal and 1) a long-lived component (szn =764 %
9.3 ms) representing the remaining 93.2 + 6.2%. In contrast, 99.4 + 1.3% of the total signal
could be described by a single component (Tz_: 48.8 = 2.3 ms) for normal grey matter,
which is consistent with previous findings (2,23). The relaxation times (szn) and signal
fractions (pp) for each individual animal measured in vivo are detailed in Table 2.

Recall, images were smoothed with an anisotropic diffusion filter prior to voxel-based
MET, analysis. Fig. 4 displays the effects of this spatial smoothing on representative mean
spectral T, <T2_> (calculated using Eq. 3 over the entire spectral range, t1/2 <T j < 2tng),
and p; maps. The <T2_> maps in Fig. 4a and 4b illustrate the location of the tumor, which has
a much longer <T{> than surrounding tissue. The p; maps in Fig. 4c and 4d illustrate that the
anisotropic spatial smoothing employed results in decreased variability for MET results
with minimal introduction of patial-voluming between tumor and normal tissue (though
some information about tumor heterogeneity is likely lost after smoothing with this
approach). Note, only results for voxels deemed admissible — defined here as voxels with
spectra that exhibited two components in the range 8-200 ms — are shown. Additional
contributions from white matter, which exhibited two components in this range consistent
with previous findings (1,2), were removed. These contributions were removed based upon
the fact that the long-lived component in white matter has a T, ~ 50 ms (similar to the
single component observed in grey matter shown in Fig. 3d), while the long-lived
component in tumor tissue exhibited a To ~ 75 ms (Component 11 in Fig. 3c). Thus, only
spectra whose long-lived component exhibited a T, > 60 ms are displayed in Fig. 4c and 4d
(and in the p; maps in Fig. 5).

Additional representative <T2_> and p; maps acquired in vivo are displayed in Fig. 5a (Rats
#9-11). Note that tumor voxels consistently exhibited biexponential decay, while normal
grey matter voxels did not, which is consistent with the ROI-based results shown in Fig. 3.
Mean ROI component values for the voxel-based MET results are summarized in Table 4
for all eleven animals. Only voxels deemed admissible within each ROI were used for these
calculations. These results suggest that voxel-based MET, analysis might be possible in vivo
because: 1) the voxel-based results (Table 4) were similar to those obtained from ROI-based
analysis (Table 2) for most animals and 2) 86.1 + 22.0% percent of voxels were deemed
admissible. It should be noted that the ROI-based tumor signal was monoexponential in Rats
#6 and 7, while the voxel-based signal was multiexponential (for 30.0 and 69.2 % of the
voxels, respectively). This discrepancy can most likely be explained by partial-voluming of
normal and tumor tissue within the chosen tumor ROIs.

NMR Biomed. Author manuscript; available in PMC 2014 September 30.
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Ex vivo Magnetic Resonance

Fig. 3e and 3f displays the results of the ROI-based MET, analysis ex vivo. For tumor ROIs,
all three animals exhibited T, spectra with three components: 1) a short-lived component
(T2,_| =37.8 £ 6.5 ms) representing 7.8 + 6.5 % of the signal, 1) an intermediated-lived
component (TZTH =109.5 + 14.2 ms) representing 80.6 + 8.2% of the signal, and I11) a long-
lived component (T27||| = 262.6 + 44.6 ms) representing the remaining 11.6 £ 12.0% of the
signal. Consistent with the in vivo findings, 94.5 + 5.3% of the total signal could be
described by a single component (Tz_: 51.2 + 8.4 ms) for normal grey matter ex vivo. It
should be noted that relaxation times for components observed both in vivo and ex vivo
(components I and 11) were increased following fixation and washing in PBS, which is
consistent with previous findings (24) in fixed primate grey matter. The relaxation times
(ngn) and signal fractions (py,) for each sample measured ex vivo are detailed in Table 3.

In contrast to ROI-based measurements, voxel-based T, spectra in tumor consistently
exhibited only two components ex vivo (though three components were resolved for some
voxels). Fig. 5b displays <T2_> and p; maps acquired ex vivo and Table 4 summarizes these
results. Again, only results for voxels whose spectra were deemed admissible — defined
here as spectra that exhibited either two or three components in the range 15-300 ms — are
shown in Fig. 5b. Additional contributions from white matter were also removed by only
displaying spectra whose long-lived T, component was > 70 ms (using the same arguments
as described above for in vivo measurements). These results suggest that voxel-based MET»
analysis might be possible with regards to resolving two components ex vivo because 97.6 +
4.1% percent of voxel within tumor ROIs were deemed admissible.

Comparing in vivo and ex vivo voxel-based results, it can be seen that similar results were
found for Rats #9 and #10, while a substantial difference was found for Rat #11. However,
this particular animal (Rat #11) was sacrificed a full four days after the in vivo study
(compared to one day for the other animals). Therefore, comparison between the in vivo and
ex vivo data in this case is difficult as tumor growth had progressed significantly in those
four days. In summary, the presented ex vivo results argue against the assertion that the in
vivo results are due to either partial-voluming or low SNR.

DISCUSSION

This study demonstrates that T, in a C6 rat glioblastoma model is heterogeneous on the
scale of a typical MR voxel. Tumor signal exhibited two T, components in eight of the
eleven animals in vivo, while a majority of the signal from contralateral grey matter could be
described by a single T, component. Tumor signal in three of the eleven animals was
monoexponential. Interestingly, the tumors of these animals were all relatively small in
volume, suggesting that the observed MET, signal might contain information about tumor
progression. It should be noted, however, that no correlation was found between time post-
innoculation and any of the MET, parameters, which is not surprising given our observed
variability in tumor volume across animals for a given time post-innoculation. Further
longitudinal studies are needed to test the effect of tumor progression on MET, parameters.

NMR Biomed. Author manuscript; available in PMC 2014 September 30.
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A similar pattern was observed in the higher resolution and SNR ex vivo data; however, in
this case three T, components were observed in tumor signal, while again a majority of the
signal from contralateral gray matter could again be described by a single T, component.
The reason an additional long-lived peak (component Il in Fig. 3f) was resolved ex vivo is
unclear. Previous studies in white matter (25) have shown that T, spectral characteristics are
well-preserved in fixed samples. One possible explanation for the observed differences is the
limited SNR of the in vivo data. In fact, spectra resulting from in vivo ROI-based analysis
and ex vivo voxel-based analysis — data used for each of these analyses had approximately
the same SNR — both exhibited two components (at least for a majority of tumor voxels in
the ex vivo voxel-based analysis).

MET, relaxation has been previously observed (6-10) in a number of tumor types and
models with variable results. Given that microanatomical characteristics (and likely resultant
relaxation spectra) vary across different tumor types and models, this observed variability is
not surprising. Furthermore, a variety of models (e.g., biexponential, continuous) were
employed in these past studies, which may be an additional contributing factor in this
observed variability. In the current study, a linear least-squares algorithm with non-negative
constraints (NNLS) was employed, which fits the data to a continuous distribution of
decaying exponentials. This approach is particularly attractive as it makes no assumptions
about the number of exponential components in the sample. Data sampling parameters (e.g,
SNR, echo spacing) are an important consideration when employing such an approach (16).
In the current study, Monte Carlo simulations were performed to ensure that these were
sufficient to obtain reproducible results.

A number of physiological and microanatomical parameters are altered in tumors that may
affect T,. This list includes variations in pO5 (26), pH (27), and water content (28) as well as
the presence (or absence) of irregular vasculature, necrotic tissue (29), or densely packed
proliferating cells (30). Given the heterogeneity common in tumors, a typical tumor voxel
may contain regions that vary substantially in several of these parameters, which may
explain the observed MET, relaxation. The relevance of each of these with respect to the
findings presented herein is discussed below.

It has been known for some time that the mean T, (as well as T1) of viable tumor is elevated
relative to normal tissue (31) and that this increase correlates with increased water content
(28). This is consistent with the findings presented herein, in which <T2_> was found to be
elevated in tumors relative to contralateral grey matter. This can be attributed to the fact that
the long-lived T, (76.4 £ 9.3 ms) component in tumor signal, which represented a majority
of the total signal (93.2 + 6.2%), was longer than that observed in contralateral grey matter
(48.8 + 2.3 ms). Therefore, it is reasonable to assume that the long-T, component in tumor
signal represents signal from viable tumor tissue and that the underlying mechanism for the
increased T of the component is increased water content. It should be noted that additional
factors may also play a role in the elevated T, of this component. For example, hypoxia (low
tissue pOy) and intracellular acidosis have been shown to result in increased T, in skeletal
muscle (32). Given that viable tumor cells are commonly hypoxic and acidic, these may be
underlying factors contributing to the observed long-T, component in this study.

NMR Biomed. Author manuscript; available in PMC 2014 September 30.
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Assignment of an underlying mechanism for the short-T, component observed in tumor
signal is less straightforward. Recall the T, of this component was substantially reduced
(20.7 + 5.4 ms) relative to contralateral grey matter (48.8 + 2.3 ms); therefore, it is unlikely
that this component reflects partial-volumed normal tissue within tumor ROIs (or voxels).
One possible explanation for the observed short-To component in tumor signal is the
presence of densely packed proliferating cells. It has previously been shown (33) that T, and
cellularity are inversely related in a human melanoma xenograft model — most likely
attributed to that fact that macromolecular content increases and water content decreases
with increased cellularity. The authors noted that T, varied by a factor of approximately 1.5
between regions with extracellular volume fractions of 5 and 70% (27). In terms of the
current study, it appears that increased cellularity alone cannot explain the observed short-T,
component. Even if we assume that the extracellular volume fraction varies to the extreme
of the previously mentioned study, this variation alone could not explain the approximately
2.5-fold decrease in T, of the short-T, component in tumor signal relative to contralateral
grey matter. Another possible explanation for the observed short-T, component in tumor
signal is the presence of irregular tumor vasculature (e.g., dead ends, shunts that are
commonly found in tumor associated vasculature (29)), which may result in accumulation of
paramagnetic deoxyhemoglobin and a corresponding decrease in T, for adjacent tissue. A
final, more likely, explanation for this component is the presence of necrotic tissue, which
has been shown to have decreased water content (and similar T,) relative to normal tissue in
surgical specimens taken from patients with lung cancer (8). A longitudinal study (7) in an
EO 771 adenocarcinoma mouse model also noted decreases in T that correlated with the
onset of necrosis.

Additional studies are needed to determine the physiological origin of these components.
One proposed study is to use dynamic contrast-enhanced studies (DCE) MRI and
histopathology and assess tumor necrosis. Correlation of these measures to the short-lived
T, signal fraction will allow us to test the hypothesis that this component arises from
necrotic tissue. Though the underlying physiological origin of the observed MET,
components is currently unknown, MET analysis holds promise as a non-invasive tool for
characterizing the tumor microenvironment in vivo on a sub-voxel scale.
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Figure 1.
(a) Representative To-weighted images acquired in vivo (TE = 40 ms) along with

representative ROIs for tumor (black box) and normal (contralateral subcortical grey matter,
white box) tissue. (b) Corresponding ex vivo image (TE = 30 ms) from the same animal (Rat
#10).
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Figure 2.
(a) Admissibility as a function of SNR for simulated in vivo and ex vivo tumor MET, data

(using Eq. [1] and the parameters listed in Table 1). For ex vivo data, the admissibility for
resolving all three observed components (3 comp) as well as resolving the short-lived
component from the two longer-lived components (2 comp) was tabulated. The approximate
range of experimental SNRs for voxel- and ROI-based analyses in vivo (hatched boxes) and
ex vivo (grey boxes) is also indicated. (b) Admissibility as a function of p; for simulated in
vivo data (SNR = 800).
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Figure 3.

(a and b) Sample decay curves from normal and tumor tissue ROIs in vivo. Data were fitted
using multiexponential (grey solid line; Eq. [2] with J=100) and monoexponential (black
dashed line; Eq. [2] with J=1 and p=0) models. Note that tumor signal deviates from the
monoexponential model fit, especially at shorter echo times as shown in the zoomed insets.
(c and d) T, spectra from in vivo measurements for individual animals (gray) as well as the
mean spectrum across animals (black). Two components (I and 1) were observed in tumor
signal in eight of the eleven rats in vivo (only spectra from these eight rats are given here),
while signal from normal tissue was consistently monoexponential. (e and f) T, spectra from
ex vivo measurements. Three components (1, 11, and 111) were in observed in tumor signal in
all three rats. Once again, normal tissue was consistently monoexponential. Note, the small
peaks to the far left of these spectra were deemed artifacts of the fitting process and were
ignored in subsequent analysis. Component values for each rat are listed in Tables 2 and 3
for in vivo and ex vivo measurements, respectively.
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Raw Filtered

Figure 4.

<ng_> (aand b) and p, (c and d) maps calculated from raw and filtered images overlaid onto
an anatomical image from one animal (Rat #3). For p;, only voxels whose T, spectra were
deemed admissible — defined as spectra that exhibited two components in the range 8-200
ms — are shown. Additional contributions from white matter were also removed (see
Methods). Observe that there exists significant intra-tumoral heterogeneity.
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Figure 5. _
(a) Invivo <T,> and p; maps overlaid onto anatomical images (Rats #9-11). (b)

Corresponding ex vivo results from the same three rats. For p,, only voxels whose T, spectra
were deemed admissible — defined as spectra that exhibited two components in the range
8-200 ms or 15-300 ms for in vivo and ex vivo acquisition, respectively — are shown.
Additional contributions from white matter were also removed (see Methods).
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