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The aim of this study was to determine the value of different magnetic resonance (MR) protocols to assess early tu-
mor response to chemotherapy. We used a murine tumor model (TLT) presenting different degrees of response to
three different cytotoxic agents. As shown in survival curves, cyclophosphamide (CP) was the most efficient drug fol-
lowed by 5-fluorouracil (5-FU), whereas the etoposide treatment had little impact on TLT tumors. Three different MR
protocols were used at 9.4 Tesla 24h post-treatment: diffusion-weighted (DW)-MRI, choline measurement by 1H MRS,
and contrast-enhanced MRI using ultrasmall iron oxide nanoparticles (USPIO) targeted at phosphatidylserine. Accu-
mulation of contrast agent in apoptotic tumors was monitored by T2-weighted images and quantified by EPR spec-
troscopy. Necrosis and apoptosis were assessed by histology. Large variations were observed in the measurement of
choline peak areas and could not be directly correlated to tumor response. Although the targeted USPIO particles
were able to significantly differentiate between the efficiency of each cytotoxic agent and best correlated with sur-
vival endpoint, they present the main disadvantage of non-specific tumor accumulation, which could be problematic
when transferring the method to the clinic. DW-MRI presents a better compromise by combining longitudinal stud-
ies with a high dynamic range; however, DW-MRI was unable to show any significant effect for 5-FU. This study illus-
trates the need for multimodal imaging in assessing tumor response to treatment to compensate for individual
limitations. Copyright © 2011 John Wiley & Sons, Ltd.
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INTRODUCTION

Strategies for anticancer treatment are based on type of cancer, lo-
cation and grade of the tumor, stage of disease and general condi-
tion of the patient (1). For this reason, the best treatment for each
individual patient needs to be determined. The prediction of tumor

response to therapy is usually determined from measurements of
tumor size based on morphological imaging results (2). However,
tumor shrinkage can take several weeks to manifest. Therefore,
early indication of tumor treatment response has become a ma-
jor area of research. One method widely used in clinics relies on
the decrease in [18F]fluorodeoxyglucose uptake in treatment-
sensitive tumors by positron emission tomography (3,4).

Imaging of apoptosis also allows early evaluation of treatment
response in cancer patients. During early apoptosis, phosphati-
dylserine (PS) exposure on the outer leaflet of the cell membrane
serves as a recognition signal for phagocytes (5). Radiolabeled
annexin A5 has been most used in assessing apoptosis in vivo.
Clinical trials using radiolabeled annexin A5 have been con-
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ducted in cancer patients (6–10). Other compounds targeting
early loss of cell membrane asymmetry and exposure of phos-
phatidylserine on the cell surface are peptides isolated by phage
display (11–13) and the C2A domain of synaptotagmin 1 (14).
The anionic nature of the PS molecules can be targeted by cat-
ionic liposomes (15) or by cationic coordination complexes
(16,17). Other potential tracers are caspase-3 specific binding
molecules (18,19) or small amphiphatic molecules of the apos-
ense group that accumulate inside the cell from where they emit
a fluorescent signal (20,21). The PS-targeting hexapeptide (E3)
has been isolated by phage display on apoptotic murine livers
and tested for its selectivity and binding capacity to PS (11). This
peptide has been coupled to pegylated ultrasmall particles of
iron oxides (USPIO), since it was previously demonstrated that
USPIO pegylation was able to prolong blood circulation time
and as a result, increase the possibility of achieving its target
by decreased hepatic capture (22). This new MR contrast agent
(USPIO-E3) has been tested in vitro, ex vivo and in vivo on irradi-
ated transplantable liver tumors (23). Results from that study
showed that, due to the targeted superparamagnetic particles,
distinction between irradiated and control (CTL) tumors could
be observed using magnetic resonance imaging (MRI) and elec-
tron paramagnetic resonance (EPR).

Other MR methods such as diffusion-weighted MRI (DW-MRI)
and 1H-MRS spectroscopy have been proposed to assess tumor
response to treatments (24). Biophysical phenomena such as
molecular diffusion can be useful in assessing cell viability and
integrity (25). Physical boundaries such as cell membranes and
subcellular structures restrict diffusion. DW-MRI can evaluate tu-
mor response to radiation and chemotherapy (26–29). Biochem-
ical processes such as metabolism of membrane choline can be
monitored by MR spectroscopy in tumors in vivo to provide met-
abolic information on tumor cell proliferation and membrane
degeneration (30–32). High levels of choline containing com-
pounds have been observed in tumors by in vivo 31P- and 1H-
MRS (33–35) that can be reversed after successful treatment.
Choline is being explored as a biomarker for tumor diagnosis,
staging and clinical response monitoring (36,37).

Because there is a critical need for comparing the respective
values of imaging biomarkers that may early assess the response
of tumors to cytotoxic treatments, this study was designed to
compare various MR methods applied to a one-tumor model
that presents various degrees of response to different chemo-
therapeutic agents (cyclophosphamide, 5-fluorouracil and etopo-
side). We compared DW-MRI, 1H-MRS and the recently developed
contrast agent USPIO-E3 targeted at phosphatidylserine.

METHODS AND MATERIALS

Animals

Syngeneic transplantable liver tumors (TLT) were induced in the
gastrocnemius muscle of 5-week-old male NMRI mice (Elevage
Janvier, France) (38). For inoculation, approximately 106 cells in
0.1ml of media were injected intramuscularly into the right leg
of the mice. Mice developed palpable tumors within one week
of inoculation. Mice were divided into four groups: one un-
treated control (CTL) group and three treatment groups. When
the hind leg diameter reached 8�0.5mm, mice were either trea-
ted with cyclophosphamide (CP: 160mg/kg IP with 5-fluorouracil
(5-FU: 100mg/kg IP) or with etoposide (ET: 20mg/kg IP).

Cytotoxic agents used in this study were obtained from St. Luc
Hospital (Brussels, Belgium). USPIO-E3 particles were prepared
from nanoparticles with carboxylated groups on the surface as
previously described (39). USPIO particles were functionalized
in two successive steps with the E3 peptide (TLVSSL, Neomps,
Strasbourg, France) and then with an amino-PEG 750 (Fluka,
Bornem, Belgium). Characterization of the contrast probe has
previously been described (23). For EPR and T2-weighted MRI
experiments, the contrast agent was intravenously injected
(7.7mg Fe/kg) 21h after injection of the respective treatment.
The procedure was approved by a local ethics review commit-
tee according to national animal care regulations.

Tumor growth delay and survival curve

At day 0, tumor-bearing mice (n=8-9/group) were intraperito-
nealy injected with one of the chemotherapeutic drugs or
remained untreated. The diameter of the hind leg was measured
daily to visualize a potential tumor growth delay occurring after
treatment. When the rear leg diameter reached 15mm, the mice
were sacrificed and that particular day was considered as the
endpoint of the survival curve.

USPIO-E3 quantification by EPR

Iron oxide particles were injected into the tail vein of mice 21h af-
ter injection of the chemotherapeutic agent. The animals (n=10-11/
group) were sacrificed three hours after contrast agent injection and
tumors were excised and weighted. The tumors were freeze-dried
and crushed into a fine powder, which was then weighted and
placed into the X-band EPR cavity. We calculated the iron oxide con-
tent of each tumor by comparison with a calibration curve. The in-
strument settings were: frequency, 9.4GHz; microwave power, 5.05
mW; center field, 3150G; field width, 5000G; modulation amplitude,
30.81G; time constant, 20.48ms; conversion time, 20.48ms; modula-
tion field, 100kHz; total acquisition time, 83s. Measurements were
performed at room temperature.

MR

MR experiments were performed using the same 9.4T small ani-
mal Biospec MR system (Bruker, Ettlingen, Germany) equipped
with a 20cm horizontal bore, a whole body transmitter and a sur-
face coil receiver for signal reception. The animals (n=4-5/group)
were anesthetized by isoflurane inhalation 4% in O2 for initiation
and 1-2% in O2 for maintenance (isoflurane was provided by St.
Luc Hospital, Brussels, Belgium) and their hind legs were fixed by
clay. Animals were laid on a warm waterbed to maintain body
temperature at 37�C. A temperature probe was inserted into
the rectum and a pressure cushion was placed near the chest
to monitor respiration. Positioning of the mice was verified using
a FLASH MRI sequence in three directions of the space (TR/TE:
3000/200ms). A T2-weighted axial turbo spin-echo RARE se-
quence (TR/TE, 3500/9.065ms; effective TE, 27.20ms; RARE factor,
7) was used to provide anatomical images of the mice.

T2-weighted MRI and T2 measurements

A multi spin-echo sequence was applied for accurate assessment
of signal intensities (SI) and T2 relaxation times before and three
hours after contrast agent injection as follows: TR/TE, 2500/10ms;
number of echoes, 16; echo spacing, 10ms; slices, 7; slice
thickness, 1mm; interslice distance, 1.5mm; in-plane resolution,

K.A. RADERMACHER ET AL.

wileyonlinelibrary.com/journal/nbm Copyright © 2011 John Wiley & Sons, Ltd. NMR Biomed. (2011)



0.117mm²/pixel; acquisition time, 8min. Mean SI of the tumors
was measured within manually drawn regions of interest (ROI)
on images from the seventh echo (TE, 70ms) of the multi-echo
sequence and normalized to the noise using a MATLABW pro-
gram (version 7.9). Mean T2 relaxation times for tumors were also
calculated from the multi spin-echo datasets using MATLAB. T2
values were obtained by an exponential fit of the signal ampli-
tudes versus echo time. T2 maps were established on a pixel-
by-pixel basis in the ROI.

Diffusion-weighted imaging

For DW-MRI, a transverse echo planar imaging sequence was
used with the following acquisition parameters: TR/TE, 3000/
27.96ms; duration of diffusion gradients (d), 7ms; separation of dif-
fusion gradients (Δ), 14ms; slice number, 7; slice thickness, 1mm;
interslice distance, 1.5mm; in-plane resolution, 0.234mm²/pixel;
acquisition time, 4min 12s. DW images were acquired using b
values of 0, 200, 400, 600, 800 and 1000s/mm². The b value is equal
to g²Gd²d²(Δ-(d/3)), where Gd is the strength of the diffusion
weighting gradient and g is the gyromagnetic ratio for protons.
Mean apparent diffusion coefficient (ADCw) and ADCw maps
were calculated from the DW images. Using MATLAB, the expo-
nential decay of signal as a function of the b-value was measured
according to the Stejskal-Tanner equation S=S0e

-bADCw, where S0
is the signal intensity achieved without gradient and S is the sig-
nal intensity with diffusion weighting.

Single voxel 1H MRS

For single voxel spectroscopic data acquisition, voxel localization
was performed on the corresponding anatomical images
obtained by the FLASH and turbo RARE sequences. Proton MR
spectra were acquired using a PRESS sequence (TR/TE; 2500/15
ms). Voxel size of 2�2�2mm³ and 256 averages were used for
MRS studies in all cases. The water-fat shift was 0.52mm and a
spectral resolution of 0.98Hz/point was achieved. Spatially local-
ized saturation bands were used to suppress signals from sur-
rounding areas (gap to voxel: 0.5mm). Field homogeneity was
optimized over the selected volume of interest by shimming
on the water signal for each tumor to a line width of<20Hz. Au-
tomatic shimming and water suppression (VAPOR) were used.
Acquisition time for spectroscopic studies was about 11min.

MR data analysis

Review of T2-weighted and DW images was performed on an in-
dependent workstation using MATLAB software to define ROIs.
The same program was used to establish signal intensity, T2
and ADCw maps, and to calculate signal loss, transversal relaxa-
tion time T2 and mean ADCw values. Signal intensities, T2 and
ADCw values were determined and averaged for every slice
where the tumor was found. MR spectra were also analyzed on
an independent workstation using Topspin software (version
2.0, Bruker Biospin, Rheinstetten, Germany). For data processing,
Fourier transformation, 5Hz linebroadening and phase and base-
line corrections were applied. Peak areas were measured for cho-
line peak (at 3.21ppm). Metabolic ratios were calculated based
on measurements of the unsuppressed water peak area. Results
were finally expressed as percentage compared to the values
obtained for the untreated CTL mice to allow easier comparison
between the MR methods used.

Histology

Tumor bearing animals were treated with CP, 5-FU, ET or remained
untreated, and tumors were excised 24h post-treatment. Tumors
(n=3/group) were either fixed in 4% paraformaldehyde for stan-
dard paraffin sections or embedded in O.C.T.W compound for cryo-
sectioning. In both cases, samples were cut into 5mm sections. The
paraffin sections were stained with H&E and photographed on a
Zeiss MIRAX microscope for a global overview of the necrotic
regions in the tumors. The frozen slices were probed for apoptosis
by TUNEL assay using a commercially available in situ cell death
detection kit (Roche Diagnostics, Vilvoorde, Belgium). Nuclei
were also counterstained with 4,6-diamidino-2-phenylindole
(DAPI). Slides were photographed using a Zeiss Axioskop (Vertrieb,
Germany) microscope equipped for fluorescence. Quantification of
necrotic and apoptotic regions expressed as percentage of the
whole tumor area was obtained using Image J.

Statistical analysis

All values were expressed as mean�standard error. A logrank
test was used to compare the survival curves. For T2–weighted
and diffusion-weighted acquisitions, six slices per tumor were ac-
quired. The six mean signal intensities, T2 and ADCw values that
were then generated were averaged for each mouse, and statis-
tical differences between the groups, were further compared
with two-way ANOVA. A p-value>0.05 was considered signifi-
cant. The following symbols are used in the figures: ?P≤0.05,
??P≤0.01, ???P≤0.001.

RESULTS

Tumor growth delay and survival curve

The chemosensitivity of TLT tumors to the different cytotoxic
drugs (cyclophosphamide CP, 5-fluorouracil 5-FU, etoposide ET)
was compared by tumor growth delay and by evaluating survival
after treatment (Figs. 1A and B). As shown in Figures 1A and B,
the response was higher when using CP compared to 5-FU; the
response to 5-FU being higher than for ET. The ET curve was al-
most superimposed to the one obtained for the CTL tumors. As a
result, the impact of ET treatment on these tumors at the dose of
20mg/kg was minimal. Compared to the CTL group, survival was
significantly higher for the CP-treated group (p≤0.001), signifi-
cant for the 5-FU-treated group (p≤0.05) and non-significant
for the ET-treated group (Fig. 1B).

USPIO-E3 quantification by EPR

X-band EPR was used to quantify the accumulation of the tar-
geted iron oxide particles. The amount of USPIO-E3 particles in
excised TLT tumors was measured 3h after injection of the con-
trast agent and 24h after treatment administration (Fig. 2). The
signal intensity of the iron oxide spectrum acquired in excised
tumors was correlated to a previously established calibration
curve (data not shown). The accumulation of the cell death-targeted
USPIOs was significantly higher in CP- and 5-FU-treated tumors
(74�7ng/mg and 64�9ng/mg, respectively) than in ET-treated
and CTL tumors (40�5ng/mg and 33�6ng/mg, respectively).

T2-weighted MRI and T2 measurements

To examine whether USPIO-E3 might serve as a selective MR
contrast agent for cell death, mice were imaged 24h after
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injection of the chemotherapeutic drugs. MR images were
obtained before and 3h after IV injection of USPIO-E3 particles.
On all post contrast images, a signal decrease was observed in
treated and CTL tumors (Figs. 3A and B). However, signal loss
was more pronounced after CP- and 5-FU treatment than after
ET treatment or in CTL tumors. The signal loss normalized to
the noise and expressed as a percentage compared to the signal
loss of untreated CTL tumors is shown in Figure 3C. Three hours
after administration of the PS-targeted contrast probe, signal loss
was �11�1% for CP-treated animals, -3�2% for 5-FU-treated

mice and �1�2% for the ET-treated mice when compared to
the untreated tumors. To confirm these results, T2 maps were
established for each tumor slice (Fig. 4A) and mean T2 values
were obtained from tumors before and 3h after administration
of USPIO-E3 (Figs. 4A and B). When compared to the T2 shorten-
ing of CTL tumors, T2 shortening in CP-treated tumors was ap-
proximately �11�1%, -5�2% in 5-FU-treated mice and 1�2%
in ET-treated mice compared to CTL tumors (Fig. 4C). The results
are consistent with those obtained for tumor signal loss.

Diffusion-weighted imaging

After the use of an efficient anticancer treatment, tumor cellular-
ity should be reduced and should result in an increase in the ap-
parent diffusion coefficient of water (ADCw). In fact, ADCw maps
showed a higher intensity 24h after CP- and 5-FU treatment
when compared to the inefficient ET treatment or to CTL tumors
(Fig. 5A). When average ADCw values of tumors were compared
pre- and 24-h post-treatment (Fig. 5B), a reduction in ADCw was
observed for inefficient etoposide treatment and for untreated
CTL tumors; whereas, the ADCw value remained the same after
5-FU-treatment and even increased after CP treatment, repre-
senting a loss in tumor cellularity. ADCw values were also com-
pared to the ADC of CTL tumors. As shown in Figure 5c, mean
ADCw values were the highest in CP-treated tumors (37�4%)
followed by the 5-FU-treated mice (18�8%); the lowest value
was obtained for ET-treated mice (10�6%).

Single Voxel 1H MRS

Figure 6A displays typical 1H-MR spectra obtained from tumor
bearing mice before and 24h after CP treatment. It can be ob-
served that the total choline peak is slightly decreased for the
post-treatment compared to the pre-treatment spectrum. The
choline peak areas were normalized to the corresponding
unsuppressed water signal and then again compared to the
CTL group (Fig. 6B). CP- and 5-FU-treated animals showed a higher
decrease in choline peak area after treatment (�19�22% and
�18�5%, respectively) than ET-treated and CTL mice (�10�14%
and 0�4%, respectively). However, because of the high standard er-
ror of the data obtained from the CP group, only the 5-FU-treated
group was significantly different compared to the CTL group.

Histology

Figure 7 displays representative tumor slices after TUNEL (left
column) and H&E (right column) staining for quantification of ap-
optosis and necrosis, respectively. TUNEL staining of untreated
and treated tumors clearly shows an increase in positively
stained cells after CP- and 5-FU treatment (26�8% and 21�
4%, respectively) than after ET treatment (10�5%) or of that in
CTL tumors (0.5�0.4%). For quantification of necrosis, areas oc-
cupied by necrotic regions were measured on H&E stained slices.
None of the three chemotherapeutic drugs was able to increase
the initial level of necrosis compared to the CTL tumor, where
20�4% of the tumor area displayed necrotic features (CP, 20�
4%; 5-FU, 21�1%; and ET, 23�3%).

DISCUSSION

The activity of different clinically relevant chemotherapeutic drugs
(cyclophosphamide, 5-fluorouracil and etoposide) was evaluated

Figure 2. Accumulation of iron oxide particles (expressed in ng of iron
per mg of tumor tissue) in TLT hepatocarcinomas as measured ex vivo
by X-band EPR (n=10-11/group). EPR spectra of the different tumors
were recorded 24h after IP injection of chemotherapeutic treatment
and 3h after IV injection of the contrast agent USPIO-E3. Yellow bars rep-
resent animals injected with CP, green bars represent tumors treated
with 5-FU and blue bars represent ET treatment. Untreated tumors
served as control (black bars).

Figure 1. (A) Tumor growth curves of mice with TLT tumors treated with
cyclophosphamide (yellow), 5-fluorouracil (green), etoposide (blue) or
untreated (black). The treatment was injected at a tumor size of 8�0.5
mm (n=8-9/group). Data are presented as the average tumor diameter
for each group versus time from start of treatment. (B) Survival curves
of mice with untreated TLT tumors (black line) or mice with tumors either
treated with CP (yellow line), 5-FU (green line) or ET (blue line). When tu-
mor diameters reached 15mm, mice were sacrificed, which was consid-
ered as the endpoint of the survival study.
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on TLT tumor models using a cell-death targeted MR contrast
agent DW-MRI and single voxel 1H MR spectroscopy of choline.
Tumor growth delay and survival curves were established first
to evaluate the impact of the treatment. Etoposide treatment
had almost no effect on these tumors and mice died at the same
rate than untreated tumor bearing mice. 5-fluorouracil treatment

induced a short delay in tumor growth and cyclophosphamide
was the most efficient treatment (two of nine were cured). Over-
all, this offered a panel of tumor responses to evaluate the effi-
cacy of MR methods to early assess response to a treatment.

USPIO-E3 particles induced considerable signal loss on
T2-weighted MR images due to strong magnetic susceptibility

Figure 3. (A) Twenty-four h after injection of the cytotoxic drug, axial T2-weighted MR images of murine tumors obtained before and 3h after USPIO-
E3 administration (n=4.5/group). (B) Three hours after USPIO-E3 injection, mean negative contrast enhancement values were obtained from regions of
interest that encompassed the entire tumor region on T2-weighted MR images. Signal loss of the CP (yellow bars), 5-FU (green bars), ET (blue bars) and
untreated (black bars) groups was expressed as percentage of the pre-contrast signal. C) Signal loss expressed as percentage compared to untreated
CTL tumors.

Figure 4. (A) T2-weighted multi-echo acquisitions allowed generation of T2 maps in which each pixel represents the spatially localized T2 value of the
tumor. (B) Shortening of T2 relaxation times in treated and CTL tumors 3h after injection of the contrast material (CP, yellow bars; 5-FU, green bars; ET,
blue bars and CTL, black bars). (C) The graph shows mean T2 shortening expressed as percentage of the T2 reduction obtained in CTL mice.
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effects. We also used EPR spectrometry as a highly sensitive
method to quantify the iron oxide content in the tumor without
any interference from background (22,40,41). The iron oxide con-
tent in tumors was correlated with signal loss and T2 shortening
measured on T2-weighted MR images pre- and post-contrast. For
both techniques, we observed statistically significant differences
between the most successfully treated groups (CP and 5-FU) and
the CTL group or the group treated inefficiently by etoposide.
However, there was a large iron oxide accumulation in untreated
CTL tumors, resulting in an important decrease in signal inten-
sity. Overall, although significant, the difference in loss of signal
intensity between responsive and unresponsive tumors was rel-
atively small. It is important to note that images were acquired
three hours after injection of the contrast agent. This time point
was chosen based on our previous study that showed sufficient
clearance form the blood and enough sensitivity to discriminate
between irradiated and untreated tumors (23). However, this
time point remains arbitrary. It would be interesting to generate
data at longer time points after injection of the contrast agent to
determine whether or not more significant differences between
treatments can be obtained.

Although the data do not match perfectly between EPR and
TUNEL assays, both techniques show similar trends of response
between treatments. The main difference between the two tech-
niques is in the difference between CTL and treated tumors
where it is more pronounced using TUNEL assay instead of EPR
because of the non specific accumulation of USPIO particles in
non treated tumors (see below).

Inourpreviousstudy,wefoundthatUSPIO-E3particlespresenteda
much higher affinity for dying cells treated in vitro by staurosporine
or in vivo by irradiation than USPIOs grafted with a scrambled
peptide or ungrafted USPIOs (23). However, the accumulation
of USPIO-E3 in untreated or in unresponsive tumors is likely
due to a non-selective uptake by macrophages involved in

tumor related inflammation and to a large basal necrosis present
in tumors before treatment. The level of necrosis was about 20%
in untreated TLT tumors, as shown by H&E histological staining.
Since cell membrane integrity is lost during necrosis; the PS mol-
ecule becomes accessible and USPIO-E3 potentially targets ne-
crotic cells. In practice, the basal uptake by untreated tumors
could lead to uncertainty in determining areas with poor local re-
sponse in tumors. Another possible explanation for non-specific
USPIO accumulation in tumors is the enhanced permeation and
retention (EPR effect). Nanoparticles are known to passively dif-
fuse and accumulate at sites with excessively leaky vasculature
such as in tumors, regardless of whether the tumors are under-
going apoptosis or not. A parameter that requires further inves-
tigation in future studies is the time needed to observe the
washout of the USIO-E3 from the tumor to determine the fre-
quency of injection of the contrast agent for chronic monitoring
of cell death.
DW-MRI is completely non-invasive and relies on intrinsic

contrast mechanisms rather than injection of a contrast
agent. This characteristic allows early monitoring of tumor
response to treatment (42,43). In our tumor model, CP induced
a substantial increase in ADCw 24h after treatment, reflecting an
increase in extracellular water fraction; while changes in ADCw
were not significantly different after 5-FU treatment and
ADCw even decreased in ET- and untreated tumors. The in-
crease in ADCw was correlated to the induction of apoptosis
while the level of necrosis remained unchanged after treat-
ment. Still, this is likely a particular case, since ADCw is unlikely
to differentiate between necrosis and apoptosis. Increases
in ADCw reflect an increase in the mobility of water, either
through loss of membrane integrity or by an increase in the
proportion of total extracellular fluid with a corresponding
decrease in cellular size or number as observed in necrosis or
apoptosis (42).

Figure 5. (A) ADCw maps of tumor bearing mice before and 24h after injection of the treatment. Each image represents an axial DW image (b-value=
0) of the mouse leg with the tumor area transformed as an ADCw map. (B) Delta of the average tumor ADCw observed pre- and 24-h post-treatment
(CP, yellow bars; 5-FU, green bars; ET, blue bars and CTL, black bars). (C) Tumor ADCw value expressed as percentage of the ADCw obtained for of un-
treated CTL tumors.
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In vivo MRS can be used repeatedly and non-invasively to
measure the metabolite content of tumors in living animals or
patients. Elevation of the choline peak is thought to represent
membrane phospholipid synthesis and therefore reflects cellular
proliferation and cell density occurring during progression of
cancer. In necrotic tumors, release of glycerophosphocholine
due to cell membrane degradation contributes to increased tCho
concentrations. The usefulness of choline 1H-MRS in evaluating
response to treatment has been reported in different tumor
types in patients (44,45). In the present investigation, mean cho-
line to water ratios were higher for CTL tumors than for treated
tumors, although this difference was not significant. When ana-
lyzing each mouse individually, we did not find a systematic de-
crease in the choline peak after efficient treatment. The SD for
choline levels was quite large, especially in treated tumors.
In this study, the amount of choline related compounds was

assessed with the ratio method by using the unsuppressed water
peak as an internal standard. However, this method has its limita-
tions because tumor water content is highly variable. An additional

critical factor is the timing used. We cannot exclude that a longer
follow-up after treatment could possibly show a more distinct de-
crease in choline peak areas after therapy. Seierstad et a. (46)

Figure 7. Representative histological stainings performed on tumor
slices. Fluorescent TUNEL stained section from untreated mice (A) and
from tumors 24h after etoposide (B), 5-fluorouracil (C) and cyclophospha-
mide (D) treatment. TUNEL-positive nuclei are stained in red and the nu-
clear counterstain DAPI in blue (magnification, 50 x). H&E stained section
from untreated mice (E) and from mice 24h after etoposide (F), 5-fluoro-
uracil (G), and cyclophosphamide (H) treatment. Only tumor regions
were used for quantification of necrosis; the surrounding muscle tissue
was not taken into account. Figures (I) and (J) represent magnificated
areas (yellow squares) from CP-treated tumors after TUNEL and H&E
staining, respectively. Black arrows on Figure J indicate necrotic regions
of the tumor.

Figure 6. (A): In vivo 1H-MR spectra obtained from murine TLT tumors
before (blue spectrum) and 24h after cyclophosphamide treatment (pink
spectrum). In addition to the total choline peak situated at 3.21ppm,
other peaks displayed on the spectrum were the lipid peaks (0.91 and
1.30ppm), the creatine peak (3.01ppm) and the taurine peak (3.41
ppm). The presence of creatine and taurine suggests that at least in part,
intact muscle tissue was also present in these spectra. (B) Evolution of the
choline peak before and 24h after tumor treatment. The choline peak
area is expressed as a choline to water ratio and as percentage of the ra-
tio obtained for CTL mice. (CP, yellow bars; 5-FU, green bars and ET, blue
bars).
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reported similar results 24h after irradiation of HT29 xenografts
and explained the increase of choline metabolites by a break-
down of cell membrane constituting lipids. Another explanation
is that during necrosis, almost all metabolites, including choline,
increase (47). Another limitation of 1H single voxel MRS is the
lack of spatial resolution of this method applied over a heteroge-
neous tissue. Multi voxel imaging could be a better method for
future evaluation to account for heterogeneity of the tumor. Fi-
nally, even though choline has been identified as a surrogate
marker for some classic cytotoxic therapies and for drugs with
specific molecular targets such as HIF-1alpha, choline kinase or
PI3K (48) unexpected opposite effects on tCho were observed
following inhibition of HSP90 or HDAC, two broad spectrum inhi-
bitors. tCho changes could, therefore, not necessarily mirror the
changes associated with the downstream signaling pathways
of specific inhibitors (48). This illustrates the complexity of inter-
pretation of the choline peak as a marker of response to treat-
ment that is not likely to be universal for all therapies.

When comparing the change in parameters of CP-treated
mice relative to controls (the dynamic range), there was a dif-
ference of 37% for DW-MRI of 19% for choline spectroscopy
and 11% for T2-weighted MRI. Even though the dynamic range
was the lowest for cell death detection by USPIO-E3 particles,
this technique was more reliable than choline spectroscopy be-
cause differences were significant. Our MRS results showed sig-
nificant variations, which makes it impossible to be conclusive.
ADCw was found to be the most sensitive and reliable early
marker of tumor response after chemotherapy treatment. It
would be interesting to combine two or three protocols into
one MR session to gain insights into the complex tumor re-
sponse. However, no single technique is completely reliable
and each of these techniques has its limitations. An interesting
perspective could be to determine the value of each marker of
response at different time points since the dynamic range could
vary over time after starting cytotoxic treatment. Finally, addi-
tional tumor models should be considered to draw a robust con-
clusion in terms of comparison of techniques since response to
chemotherapeutic agents can vary from one tumor model to an-
other and cell death markers do not always show the same rele-
vance on various tumor types (i.e. especially for choline).
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