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Abstract
An improved method for detecting early changes in tumors in response to treatment, based on a
modification of diffusion-weighted magnetic resonance imaging, has been demonstrated in an
animal model. Early detection of therapeutic response in tumors is important both clinically and in
pre-clinical assessments of novel treatments. Non-invasive imaging methods that can detect and
assess tumor response early in the course of treatment, and before frank changes in tumor
morphology are evident, are of considerable interest as potential biomarkers of treatment efficacy.
Diffusion-weighted magnetic resonance imaging is sensitive to changes in water diffusion rates in
tissues that result from structural variations in the local cellular environment, but conventional
methods mainly reflect changes in tissue cellularity and do not convey information specific to
micro-structural variations at sub-cellular scales. We implemented a modified imaging technique
using oscillating gradients of the magnetic field for evaluating water diffusion rates over very
short spatial scales that are more specific for detecting changes in intracellular structure that may
precede changes in cellularity. Results from a study of orthotopic 9L gliomas in rat brains indicate
that this method can detect changes as early as 24 hours following treatment with 1,3-bis(2-
chloroethyl)-1-nitrosourea (BCNU), when conventional approaches do not find significant effects.
These studies suggest that diffusion imaging using oscillating gradients may be used to obtain an
earlier indication of treatment efficacy than previous magnetic resonance imaging methods.
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1. Introduction
The early detection of the response of tumors to therapy is important both clinically and in
pre-clinical assessments of novel treatments. In clinical practice, the early recognition of
failure to respond to a specific treatment may allow alternative regimens to be explored and
avoid unnecessary patient exposure to harmful side effects. In the evaluation of novel
pharmacological therapies in pre-clinical studies, sensitive assessments of changes in tumor
state, and of the time course of tumor response, are important indices of therapeutic efficacy
that may affect decisions in drug development. Non-invasive imaging methods that can
detect and assess tumor response early in the course of treatment, and before frank changes
in tumor morphology are evident, are therefore of considerable interest as potential
biomarkers of treatment efficacy. To this end, a variety of approaches using magnetic
resonance imaging (MRI) have been explored, including dynamic contrast enhanced MRI
(DCE-MRI) [1–4], which has proven especially useful for assessing tumor vascular
properties and angiogenesis, and diffusion weighted MRI (DW-MRI) [5–8], which has been
shown to be able to monitor changes in tissue cellularity. These specialized methods
complement the more standard uses of MRI as a valuable tool in cancer diagnosis and for
measuring tumor size in clinical trials.

Several clinical and animal studies have confirmed the ability of conventional DW-MRI to
report on changes in tumors at some time after treatment [9–14]. DW-MRI relies on the
phenomenon that water molecules in tissues constantly undergo random Brownian motion
and diffuse from place to place at a rate that is temperature dependent. In MRI, in the
presence of applied gradients of the magnetic field, this spatial migration gives rise to small
changes (decreases) in the acquired MRI signals, which thus provides the basis of the
contrast depicted in DW-MRI. The experimentally measured or apparent rate of self-
diffusion of tissue water is lower in organized tissues than in free solution because various
structures restrict or hinder the free movement of water. For example, cell membranes and
intracellular organelles may confine and redirect the paths followed by water molecules
diffusing through biological tissue, so DW-MRI methods indirectly provide information
about the density of restrictive structures in the local cellular environment. The apparent
diffusion coefficient (ADC) thus provides information about tissue microstructure and
composition, and is reduced from the intrinsic diffusion coefficient D0 of free water to a
degree that is dependent upon the density and spacing of these restricting structures.

Cancerous tissues often show significantly different ADC values from healthy tissues,
providing motivation for the use of DW-MRI techniques to study tumor proliferation and
response to therapy. As tumor cells proliferate, the ADC of water within the tumor often
decreases as cell density rises, whereas after treatment the ADC often increases, presumably
because of decreases in cell density consequent to apoptosis and cell death, with
concomitant disruption of cell membranes. Such changes occur only after a critical time has
elapsed and thus are not ideal for assessing early responses. While this increase in ADC
following treatment can often be linked to a decrease in cellularity [9–14], the aggressive
nature of malignant tumors necessitates a more sensitive approach for evaluating the
response of cancer cells prior to such macroscopic changes. In particular, it would be of
considerable interest to possess non-invasive imaging biomarkers of treatment response that
are specifically sensitive to variations in intracellular structure that likely occur earlier in
time.

Conventional MRI methods used to measure diffusion actually reflect the integrated effects
of a variety of structural features including those arising at a relatively large spatial scale, on
the order of a cell diameter, such as cell membranes. Many other factors may influence the
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free movement of water, including changes in intracellular organization and the presence of
smaller scale hindrances, but their effects are indistinguishable in the presence of restrictions
occurring over larger dimensions when the measurement is made with conventional
methods. This lack of specificity arises from the fact that practical diffusion measurements
incorporate a particular chosen time scale, during which water diffusion effects over
multiple distance scales are averaged. When this time is long, as in conventional DW-MRI,
these are dominated by larger scale structures in tissues. We have therefore implemented an
oscillating gradient spin-echo (OGSE) MRI technique capable of detecting restrictions to
diffusion displacements over much smaller and specific spatial scales, which can be “tuned”
by choice. These may be selected to be much less than the diameter of a single cell, which
results in a greater sensitivity specifically to the contributions of structures at sub-cellular
scale to the measured ADC. In a previous report we illustrated the use of this method for
providing greater image contrast and detecting increased structural heterogeneity in an
intracranial tumor model in rats in vivo [15]. The current study extends these techniques to
the evaluation of tumor state following treatment with the commonly used chemotherapeutic
drug 1,3-bis(2-chloroethyl)-1-nitrosourea (BCNU or Carmustine), in order to evaluate
whether they show increased sensitivity for detecting early treatment responses.

Malignant gliomas are the most prevalent and lethal primary tumors of the central nervous
system. Despite significant advances in surgical intervention and radio- and
chemotherapeutic treatments, median survival times following diagnosis of this disease are
reported to be less than one year [16–17]. We chose to test the sensitivity of DW-MRI for
detecting treatment effects in vivo in an animal model, a 9L glioblastoma tumor in rats. The
effects of BCNU on tumor ADC values after treatment were measured using our modified
and conventional DW-MRI techniques, and the potential for the new approach to serve as an
earlier indicator of treatment response is demonstrated.

2. Materials and Methods
2.1 Animal Model

All procedures in this study were approved by Vanderbilt University’s Institutional Animal
Care and Usage Committee. Eighteen male Fischer 344 rats, weighing approximately 250g,
were immobilized and anesthetized with a 2%/98% isoflurane/oxygen mixture and
inoculated intracranially with ~105 9L glioblastoma cells (ATCC 9L/lacZ, CRL-2200). The
9L cell line was authenticated by the distributor (ATCC, Manassas, VA, USA) through
detection of the β-galactosidase enzyme, and maintained within our laboratory for fewer
than six months before collection for inoculation. Eleven (NTX = 11) rats were treated with
BCNU as described below, and seven (NCON = 7) were used as untreated, tumor-bearing
controls. The tumors were allowed to develop untreated for 11–12 days. All animals were
imaged immediately before and 24 hours after treatment. Five animals (3 treated, 2
controls), were sacrificed following the 24 hour post-treatment imaging session in order to
obtain histology for this time point. All surviving animals (NTX = 8 and NCON = 5) were
also imaged 72 hours post-treatment, after which they were euthanized and tissues examined
histologically as described below.

2.2 Treatment protocol
BCNU, also known as Carmustine (1,3-bis(2-chloroethyl)-1-nitrosourea) is an antineoplastic
chemotherapy drug used primarily in the treatment of brain tumors [18–22], as well as
melanoma, Hodgkin’s disease, and lung cancer (23–27). BCNU is a cell cycle-nonspecific
alkylating agent which cross-links nuclear DNA, inhibiting DNA synthesis and promoting
cell death.
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Treatment solutions were prepared by dissolving a 13.3 mg/kg powdered dose in ethanol,
and diluting with saline to achieve a 10/90% ethanol/saline solution totaling approximately 1
mL in total volume. The dose of 13.3 mg/kg has been shown in previous studies to produce
an approximate 0.2 log cell kill in 9L tumors, and is equal to a 10% lethal dose [28–31].
Control animals received vehicle only (1mL of 10/90% ethanol/saline). The treatment
protocol consisted of a single intra-peritoneal injection of BCNU (or sham) immediately
following the initial imaging session (Day 0).

2.3 In vivo imaging
Approximately eleven days following tumor inoculation, MR images were obtained using a
Varian 4.7T Inova imaging system (Palo Alto, CA, USA). Animals were anesthetized with a
2%/98% isoflurane/oxygen mixture, and kept at a constant body temperature of 37° C with
heated air flow. A rigid bite-bar and head restraint were used to ensure proper positioning, as
well as to reduce motion-induced artifacts in the image data.

Images were acquired using a quadrature 63mm inner diameter radiofrequency coil. On the
initial day of imaging for each animal, a multi-slice, T2-weighted fast spin echo scan with 4
echoes (TR= 2000, 16ms echo spacing, 256×128 matrix, 48×32mm2 FOV, 1mm slice
thickness) was acquired in the coronal plane for locating the tumor region. A subsequent
2mm single axial slice (same timing parameters, but FOV = 32×32mm2) through the central
portion of the tumor was then acquired for anatomical clarification of the tumor boundary in
subsequent region-of-interest (ROI) analysis. The same slice was then imaged using our
oscillating gradient spin-echo technique. For this, the pulsed linear field gradients used to
induce diffusion-dependent signal losses in conventional DW-MRI are simply replaced with
cosinusoidally oscillating gradients of a well defined frequency, applied in bursts of duration
33.33 ms, as described previously [15]. We chose oscillation frequencies of 120 Hz and 240
Hz which are readily achievable using the standard Varian gradient coils. Diffusion-
weighted scans were collected with b-values of 0 and 400 s/mm2 with TR/TE =
2300/75.4ms, 64×64 matrix size, 2 mm slice thickness, 32×32mm2 FOV. and NEX = 10.
Following the OGSE imaging, conventional pulsed gradient spin echo (PGSE) diffusion-
weighted images were also obtained, with the same b-values, with gradient duration δ = 3
ms and diffusion interval Δ = 30 ms. An additional PGSE scan at the non-zero b-value was
also obtained with reversed gradient polarity, and averaged with the first to eliminate the
presence of gradient cross-terms in the ADC measurements [32]. These cross-terms are
absent in our version of the OGSE technique. In all cases, diffusion gradients were placed
along all three imaging coordinate axes simultaneously to maximize the diffusion weighting
with the available gradient amplitudes.

Consistent selection of the single slice imaging planes from pre- to post-treatment time
points was achieved using a mutual information based rigid registration algorithm. On each
day of scanning, a 3D gradient echo image dataset (TR/TE = 25/2.2 ms, FOV = 48 × 32 × 32
mm3, matrix = 128 × 96 × 96, NEX = 8) encompassing the whole brain was collected. On
Days 1 and 3 following treatment, these 3D images were co-registered to the initial 3D
image collected on Day 0 in order to derive the translation and rotation matrices of the
animal’s position with respect to it’s pre-treatment position in the laboratory reference
frame. These translations and rotations were then applied to the coordinates of the single
pre-treatment slice in order to obtain the same section during post-treatment imaging. Given
the rigid construction of the imaging cradle and animal bite-bar, the translation and rotation
of each rat brain between imaging sessions was minimal. The single slice images for each
animal at all time points were then co-registered (via mutual information) following data
reconstruction as well. From previous studies, the accuracy of coregistration is of the order
of 0.5 millimeters.
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2.4 Perfusion fixation
Immediately following the imaging sessions at 24 or 72 hours post-treatment, several rats
remained anesthetized and were anti-coagulated with 80 mg/kg pentobarbital i.p. mixed with
0.01 ml/100 g heparin. A surgical incision was then performed to allow a blunt 16 gauge
perfusion needle to be inserted into the left cardiac ventricle toward the left ventricular
outflow tract, and just into the aorta. A saline wash solution was then perfused, with the
right atrial appendage cut immediately to allow the rapid outflow of blood and wash
solution. At this time, the perfusate was switched to 10% formalin. Fixation began at a high
flow rate (50 cc/min) for 2–5 minutes, then decreased to a slower rate (20 cc/min) for
several minutes. The whole brain tissue was then dissected and placed in fixative solution.
Approximately 48 hours later, the fixative was removed and the brain was placed in 70%
ethanol until sectioned.

2.5 Histological sectioning, staining, and analysis
In order to obtain preliminary indications of histological changes within the tissues, seven
fixed rat brain samples treated with BCNU (five sacrificed 72 hours after treatment, two
sacrificed 24 hours after treatment), as well as five fixed brain samples from controls (three
from the 72 hour group, two from the 24 hour group) were prepared by the Vanderbilt
University Immunohistochemistry Core for sectioning and staining. Each brain was
embedded in paraffin wax and sectioned in 10 micron thick axial slices across the whole
brain and through the central portion of the tumor congruent with the imaging slice. Fifteen
serial slices were obtained, treated with one of three stains (H&E, Ki-67, or Casp-3) in an
interleaved manner, and then mounted on glass slides for a total of five slides for each stain.

Digital images of each stained histology slide were then collected with a Zeiss Mirax Scan
Digital microscope slide scanner at 40× magnification, and exported using Mirax Viewer
software (Mirax, Budapest, Hungary). ImageJ software [33] was used to segment positively
stained cells in the Ki-67 and Casp-3 slides by the k-means clustering algorithm [34–36],
and the area fraction of positively stained cells was recorded. The Ki-67 antigen is expressed
during all phases of mitosis except the resting phase (G0), and thus serves as a useful marker
of cell proliferation. Casp-3 detects caspases within cells, and thus is a marker of apoptosis.
A comparison of the number of positively stained Ki-67 cells and Casp-3 cells between
treated and untreated animals also provides information about the antineoplastic, apoptotic,
and necrotic effects of the BCNU treatment.

In addition, hemotoxylin and eosin (H&E) stains were also obtained to depict gross cellular
morphology and to demonstrate boundaries the boundaries between intra-nuclear, intra-
cellular, and extracellular space. We were therefore able to use the ImageJ software to
calculate the relative area fractions of each space by counting the number of pixels whose
data values fell into one of three data clusters using the k-means algorithm. The results of
this analysis are outlined in the Results section and Table 1 below.

2.6 Calculation of ADC maps
ADC values were obtained by fitting the attenuated signal in each voxel, S, to the equation:

(1)

where S0 is the signal in the absence of diffusion weighting, and b represents the amount of
diffusion-weighting imparted to the sample [37]. This magnitude of the b-value depends on
the precise nature (the amplitude, duration and time-dependence) of the applied gradients as
described previously [38]. The b-values were calculated for the different gradient
waveforms, and gradient amplitudes were adjusted to match the diffusion weighting
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between different acquisitions as described previously [15, 38]. The effective diffusion time
for OGSE methods depends on the oscillation frequency. For diffusion in an unbounded
medium (no restrictions), at a frequency of 240 Hz, the effective diffusion time ≈ 1
millisecond, 30 times smaller than for the PGSE measurements. (For a more complete
description of these calculations, see reference 38). Note that the effective diffusion time in
OGSE depends on the oscillation period only, and is no longer determined by the time
between gradient pulses. The signal to noise ratios in both PGSE and OGSE images were
very similar.

All data were analyzed using Matlab 2009a (The Mathworks, Natick, MA, USA). Whole
tumor regions of interest were drawn and segmented with reference to high-resolution T2-
weighted scans, and may have included additional voxels on Day 1 and Day 3 following
treatment (or sham) due to increased tumor volume at these imaging time points. Statistical
analyses (t-tests) comparing the ADC measurements were used to determine the significance
of the results reported below.

3. Results
Fig. 1 shows representative ADC maps obtained with OGSE and PGSE methods for one
animal treated with BCNU. These images demonstrate the higher values and broader range
of ADC values obtained with OGSE methods and the greater spatial heterogeneity found
within the tumor, especially following chemotherapeutic treatment. While the conventional
(PGSE) images show a slight increase in ADC following treatment, the OGSE techniques
show larger changes at early time points (see below). This is consistent with our prediction
that OGSE methods may detect changes in tissue structure occurring on an intracellular
scale, before gross changes in cell density.

Histograms of ADC values within a whole tumor region of interest (for the animal shown in
Fig. 1) are plotted in Fig. 2. These plots reveal the range of ADCs measured with each
technique, as well as the increase in mean ADC as a function of treatment. Note that the
maximum ADC values measured by PGSE are still much lower than the value for free
water, suggesting all the water is hindered when the diffusion time is long (30 milliseconds),
whereas the OGSE data at 240 Hz after treatment show a number of voxels have ADC
values approaching that of free water, suggesting a loss of structures that hinder diffusion at
this shorter time scale. These results are further illustrated in Fig. 3, which shows the
relationship between pre- vs post-treatment ADCs for all voxels within the tumor. There is
an increase in ADC measured with both techniques 24 hours following treatment. The range
of ADC values broadens after 72 hours, indicating a greater range in the sizes of restrictive
structures present in the cellular environment.

Fig. 4 shows the mean ADC across all animals at all three imaging time points, using OGSE
and PGSE methods. Note that ADC values shown here are the mean values across the entire
tumor, and greater differences in OGSE ADCs pre- and post-treatment are present in many
voxels (as indicated in Fig. 1). The control group showed no significant changes in ADC at
all imaging time points, for all methods. The ADC of the treated animals, however, clearly
increases with time after treatment. After 24 hours, the ADC increased from 1.16 ± 0.10
μm2/ms to 1.19 ± 0.12 μm2/ms at 120 Hz, an approximately 2.5% change, while it increased
by approximately 4% at 240 Hz, from 1.27 ± 0.11 μm2/ms to 1.33 ± 0.12 μm2/ms. At the
same time point, there was an approximate 1.5% increase with PGSE methods, from 0.855 ±
0.12 μm2/ms to 0.869 ± 0.13 μm2/ms. At 24 hours, paired student t-tests showed the changes
measured by OGSE techniques to be significant at the α = 0.05 level (p = 0.04 and p =
0.024, at 120 Hz and 240 Hz respectively), but not significant for PGSE (p = 0.13). After 72
hours, both imaging methods revealed statistically significant increases in ADC, increasing
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by approximately 18% (120 Hz) and 20% (240 Hz) from their pre-treatment values, as
measured with OGSE, and by approximately 16% with PGSE. Statistical measures of
significance gave p-values, at 72 hours, of p = 0.009 (120 Hz), p = 0.003 (240 Hz), and p =
0.018 (PGSE). Statistical analyses of the control animals gave p-values greater than p > 0.05
in all cases.

As previously described, a k-means clustering algorithm (ImageJ) was used for
segmentation of whole tumor regions of interest from histological image data. Mean area
fractions of positively stained cells in Ki-67 and Casp-3 marked slides were recorded for
both treated and control animals. Area fractions of hemotoxylin-stained, eosin-stained, and
unstained portions of the H&E slides, for both groups, were also recorded. An example is
shown in Fig. 5.

The relatively small number of samples available in this study did not permit strong
conclusions to be made about possible correlations between histological and imaging data,
or to reliably detect differences in the histological measurements between groups and time
points. We attempted to look for trends and differences with statistical assessments using
unpaired student t-tests at a significance level of α = 0.05. The measurements of area
fractions and their comparisons are summarized in Table 1. For example, we could not
detect significant differences in the area fractions of positively stained Casp-3 (apoptotic)
cells between groups either at twenty-four or seventy-two hours after treatment. Similarly,
we could not detect differences in the area fractions of positively stained Ki-67
(proliferating) cells 24 hours after treatment. Seventy-two hours after treatment, however,
the percentage for the treated group fell, while the control group increased, consistent with
the expected antineoplastic effects of BCNU on the number of proliferating cells in treated
animals, while the untreated tumors continued to grow. At 24 hours, we were also unable to
detect significant differences in the extracellular area fraction, suggesting the cellularities of
the treated and control groups were not different at that time.

4. Discussion
Our measurements and analyses reveal that OGSE techniques at moderately high
frequencies may provide an earlier and more sensitive indicator of tumor treatment response
than conventional, pulsed-gradient (PGSE) methods. The broader range of ADC values
obtained with OGSE techniques provide greater contrast in corresponding ADC maps, and
reveal details of tissue microstructure obscured by conventional means. While PGSE
methods have been shown to be sensitive to changes in tumor cellularity resulting from
treatment response, their inability to measure diffusion processes on an intracellular scale
renders these methods less sensitive to microstructural variations that may precede changes
in cellularity. Therefore, the results obtained with OGSE methods may be of particular
interest for assessing the efficacy of therapeutic agents noninvasively, prior to changes in
tumor size.

The difference in the mean ADCs measured by PGSE and OGSE methods implies that there
is a significant difference in the number of restrictions encountered by water molecules
during these two types of experiments. The PGSE studies used a relatively long diffusion
time (30 ms), during which an unrestricted water molecule would travel approximately 12
microns, a distance comparable to a cell diameter. The ADC of water measured with PGSE
methods in this study was much lower than that of free water (~2.5 μm2/ms at body
temperature), indicating that restrictions occurred on scales smaller than 12 microns.
However, given that an unrestricted water molecule would move only approximately 2
microns during the effective diffusion time of the 240 Hz OGSE measurement (1 ms), the
much higher ADC in this case indicates much less (but still significant) restriction at the 2
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micron spatial scale. It will therefore be of interest to measure biological samples at different
and shorter effective diffusion times in order to glean information about the range of
restrictions occurring in the intracellular environment.

These studies have shown that OGSE methods are capable of revealing significant
differences in tumor ADC only 24 hours after treatment with an anti-neoplastic
chemotherapeutic agent, whereas PGSE techniques showed no such effect. The quantitative
histological analysis at 24 hours, although based on only a small number of samples,
suggests that the fraction of proliferating and/or apoptic cells as well as the total fraction of
extracellular space were not significantly different in treated vs control tumors. We postulate
that the significant differences in ADC measured by OGSE techniques are not caused by
changes in cellularity, but may arise from variations in intracellular structure that occur
earlier. While PGSE measurements were capable of revealing such differences after 72
hours, the effects were smaller and these methods were incapable of resolving differences at
the earlier time point.

Recent evidence suggests that nuclear volume may play a significant role in cancer
diagnosis, as well as prognosis following treatment [39–41]. Xu, et al, [42] recently reported
the results of numerical simulations of the effects that differences in the nuclear/cytoplasmic
volume ratio of cells would have on ADC measurements. This study reported that OGSE
methods might reveal differences in ADC as large as 15% at oscillation frequencies up to 1
kHz, for two tissues with the same cell density but nuclear/cytoplasmic volume ratios of
6.2% and 22%, while PGSE showed little difference over a broad range of diffusion times (<
3.6%). We report here an approximate 4% increase in ADC using OGSE methods 24 hours
following treatment, compared to approximately 1.5% with PGSE. While these differences
are smaller than those reported by Xu. et al., our experiments were performed at much lower
oscillation frequencies (120 Hz and 240 Hz), with smaller differences in the mean nuclear/
cytoplasmic ratios between groups. Given the relatively small number of samples studied by
histology, we were unable to detect significant differences in extracellular space between
treated and control animals after 24 hours, but those measurements suggest there were little
to no differences in cellularity, consistent with the conjecture that OGSE methods may be
capable of detecting changes in ADC that result from other effects, such as changes in
intracellular structure or nuclear volume.

While previous studies implementing OGSE methods in ischemic rat brain [43] and
intracranial C6 tumors [15] were effective in their ability to measure ADC at diffusion times
at, or below, a single millisecond, we report here the first results of these techniques in a
model of tumor treatment response. Furthermore, while this study used only two gradient
oscillation frequencies, with a maximum at 240 Hz, the availability of higher gradient
amplitudes will allow such techniques to be pushed to higher oscillation frequencies,
resulting in even shorter effective diffusion times. At such frequencies, we will be able to
probe variations in tissue microstructure occurring on a submicron scale, which may provide
an even more sensitive measure of the effects of chemotherapeutic agents on tumor
microstructure in vivo.
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Fig. 1.
ADC maps illustrating the variation in structure of 9L tumors 24 hours and 72 hours
following treatment with BCNU. The center column depicts ADC maps obtained with
conventional methods, while those in the right column show results obtained with OGSE
techniques (240 Hz). A corresponding color-bar representing ADC values is also shown.
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Fig. 2.
Histogram of ADC values in a whole tumor region of interest for one representative animal
treated with BCNU. This figure illustrates the range of ADC values obtained within one
tumor, as well as the increase in ADC following treatment. The values for PGSE are clearly
lower than those obtained with OGSE techniques.
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Fig. 3.
Scatter plot of ADC values for all voxels within a whole tumor region of interest 24 hours
and 72 hours after treatment with BCNU. This plot illustrates an increase in ADC following
treatment for all three methods, but also indicates the change in ADC for each individual
voxel within the tumor.
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Fig. 4.
Bar graph representing the mean ADC values obtained across all animals, for both treated
and control groups. Error bars represent one standard deviation of the mean. The control
group shows little variation in ADC across imaging time points, while all three methods
show an increase in ADC following treatment, with OGSE methods demonstrating a more
pronounced effect. A ‘+’ symbol above data bars represents a statistically significant
difference in ADC from pre-treatment values at the p < 0.05 level.
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Fig. 5.
Example of histological data analysis. Whole tumor regions of interest were drawn for each
sectioned tissue sample, as shown in panel (a). A close-up of one region of the tumor is
shown in panel (b). A k-means clustering algorithm was used to segment H&E stained
images into three regions representing the intra-nuclear, cytoplasmic, and extracellular
components of the cellular space (panel (c)).
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