
Full Paper
Received: 6 November 2009, Revised: 29 April 2010, Accepted: 30 April 2010, Published online in Wiley Online Library: 21 July 2010
(wileyonlinelibrary.com) DOI:10.1002/cmmi.397
Surrogate MR markers of response to
chemo- or radiotherapy in association with
co-treatments: a retrospective analysis of
multi-modal studies
Bénédicte F. Jordana and Bernard Galleza*
The study of magnetic resonance (MR) markers o
Contrast M
ver the past decade has provided evidence that the tumor
microenvironnement and hemodynamics play a major role in determining tumor response to therapy. The aim of
the present work is to predict and monitor the efficacy of co-treatments to radio- and chemotherapy by noninvasive
MR imaging. Ten different co-treatments were involved in this retrospective analysis of our previously published data,
including NO-mediated co-treatments (insulin and isosorbide dinitrate), anti-inflammatory drugs (hydrocortisone,
NS-398), anti-angiogenic agents (thalidomide, SU5416 and ZD6474), a vasoactive agent (xanthinol nicotinate),
botulinum toxin and carbogen breathing. Dynamic contrast enhanced (DCE) MRI, intrinsic susceptibility-weighted
(BOLD) MRI and electronic paramagnetic resonance (EPR) oximetry all reflect tumor microenvironment hemodynamic
variables that are known to influence tumor response. Eight MR-derived parameters (markers) were tested for their
ability to predict therapeutic outcome (factor of increase in regrowth delay) in experimental tumor models (TLT and
FSaII) after radiation therapy and/or chemotherapy with cyclophosphamide, namely tumor pO2 and O2 consumption
rate (using EPR oximetry); tumor blood flow and permeability, i.e. Vp, Ktrans, Kep and percentage of perfused vessels
(using DCE-MRI); and BOLD signal intensity and R2* (using functional MRI). This multi-modal comparison of
co-treatment efficacy points out the limitations of each MR marker and identifies in vivo pO2 as a relevant endpoint
for radiation therapy. DCE parameters (Vp and Kep) were identified as a relevant endpoints for cyclophosphamide
chemotherapy in our tumor models. This study helps qualify relevant imaging endpoints in the preclinical setting of
cancer therapy. Copyright # 2010 John Wiley & Sons, Ltd.
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1. INTRODUCTION

The study of magnetic resonance (MR) markers over the past
decade has provided evidence that the tumor microenvirone-
ment and hemodynamics play a major role in determining tumor
response to radiation therapy or chemotherapy (1,2). Indeed,
tumor hypoxia is considered to be a therapeutic problem, as it
makes solid tumors resistant to ionizing radiation and some
forms of chemotherapy (3). This has recently been illustrated in
a large clinical trial, where J. Overgaard (4) identified 10 108
patients in 86 randomized trials designed to modify tumor
hypoxia in patients treated with curative attempted primary
radiation therapy alone. Overall modification of tumor hypoxia
significantly improved the effect of radiotherapy for the outcome
of loco-regional control and with an associated significant overall
survival benefit. Therefore, the predictive value of MR markers
of response to treatment is of crucial importance in the manage-
ment of cancer patients in order to improve the therapeutic index
by allowing better individualization of treatment. In parallel,
innovative therapies able to modulate the microenvironment
such as flow and oxygenation are currently being developed in
order to improve treatment outcome, which also need preclinical
validation using surrogate MR markers (5–7).
Tumor hypoxia results from an imbalance between oxygen

delivery and oxygen consumption, either of which may be
edia Mol. Imaging 2010, 5 323–332 Copyrigh
potentially targeted by therapeutic interventions. On the one
hand, tumor oxygenation may be improved by an increase in
oxygen supply, including approaches such as carbogen brea-
thing, hyperthermia, administration of vasoactive drugs or
modifiers of Hb affinity or of oxygen transport capacity (6).
On the other hand, tumor oxygenation may be increased by
reducing the rate of oxygen consumption by tumor cells, as
predicted theoretically by Secomb et al. (8). His simulation
showed that modification of oxygen consumption could bemuch
more efficient at alleviating hypoxia than modification of oxygen
delivery. Several pharmacological drugs that inhibit cellular
oxygen consumption have been successfully characterized for
their ability to increase tumor oxygenation in vivo, including
meta-iodobenzylguanidine (9), insulin (10), anti-inflammatory
drugs (11), corticoids (12), some antagonists of vascular
t # 2010 John Wiley & Sons, Ltd.
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endothelial growth factor (VEGF), SU5416 (13) and ZD6474 (14),
thyroid hormones (15) and NO donors (16).
Dynamic contrast enhanced (DCE) MRI, intrinsic susceptibility

weighted (BOLD) MRI and electronic paramagnetic resonance
(EPR) oximetry all reflect tumor microenvironment hemodynamic
variables that are known to influence tumor response; indeed:
(1) D
ey &
CE-MRI studies produce time-series images that enable
pixel-by-pixel analysis of contrast kinetics within a tumor.
Most methods of analyzing dynamic contrast-enhanced
T1-weighted data acquired with low molecular contrast med-
ium use a compartmental analysis to obtain some combi-
nation of the three principal parameters: the transfer constant
Ktrans in min�1 (volume transfer constant between blood
plasma and EES), the rate constant Kep in min�1 (rate constant
between blood plasma and EES) and the volume of extra-
vascular extracellular space (EES) per unit volume of tissue
space, Vp (no unit) (17–20).
(2) M
agnetic resonance sequences that are based on the BOLD
effect use the endogenous contrast agent deoxyhemoglobin
as a source of contrast. Gradient echo images are usually
employed for BOLD imaging. Both DR2* and relative change
in signal intensity (%DSI¼ SIpost/SIpre) are parameters that
are proportional to the change in deoxyhemoglobin content
(21–23).
(3) E
lectron paramagnetic resonance (EPR) oximetry provides
quantitative measurements of pO2 over time under various
physiological and pathophysiological conditions in vivo after
implantation of a paramagnetic probe inside the tissue under
study (6,24–26). This technique also provides the possibility of
measuring oxygen consumption rate by cells ex vivo or in
vitro.

The aim of the present work was to predict and monitor
the efficacy of co-treatments to radio- and chemotherapy
by noninvasive MR imaging. Ten different co-treatments were
involved in this retrospective analysis of our previously published
data, including NO-mediated co-treatments (insulin and iso-
sorbide dinitrate), anti-inflammatory drugs (hydrocortisone, NS-
398), anti-angiogenic agents (thalidomide, SU5416 and ZD6474),
a vasoactive agent (xanthinol nicotinate), botulinum toxin and
carbogen breathing (see Table 1). Eight MR markers (pO2, O2

consumption, Vp, Ktrans, Kep, percentage of perfused vessels, BOLD
SI and R2*) were tested for their ability to predict therapeutic
outcome in experimental tumor models in order to help to
qualify relevant imaging endpoints in the preclinical setting of
cancer therapy.
2. RESULTS

All co-treatments induced an increase in tumor oxygenation.
Figure 1 shows the windows of reoxygenation after each
individual co-treatment in TLT (Fig. 1A) and FSaII (Fig. 1B) tumors.
This effect was explained by an increase in tumor blood flow for
some of the co-treatments Isosorbide Dinitrate (IDN), thalido-
mide, Xanthinol Nicotinate (XN) and Botulinum toxin (BT), where
the number of perfused voxels and/or Ktrans, Kep, or Vp parameters
was increased. Figure 2(A) shows typical maps of the percentage
of perfused voxels in a tumor before and after treatment with
BT. These data were computed for all co-treatments and are
summarized in Fig. 2B, showing that only BT is able to increase the
perfused area, whereas it is even decreased after administration
Sons, Ltd. Contrast Media Mol. Imaging 2010, 5 323–332



Figure 1. Schematic representation of the window of reoxygenation

after administration of the co-treatments in TLT (A) and FSaII (B) tumors.

Figure 2. Effect of each co-treatment on tumor blood perfusion, assessed us

and Kep. (A) Typical example of an increase in percentage of perfused voxels a

effect of each co-treatment on the percentage of perfused voxels (*p< 00.5; **p
three DCE parameters (Ktrans, Vp and Kep), following administration of each co-tr

decreases in parameter that have been found significant, p< 0.05).

Contrast Media Mol. Imaging 2010, 5 323–332 Copyright # 2010 Joh

A RETROSPECTIVE ANALYSIS OF MULTI-MODAL STUDIES
of insulin, hydrocortisone, and NS-398. Figure 2C summarizes the
evolution of the remaining DCE parameters: Vp is significantly
increased after administration of XN or thalidomide, Ktrans is
modified by thalidomide only, and Kep is enhanced by XN only.
DCE-MRI therefore demonstrates a positive flow effect for the
following co-treatments: BT, XN, and thalidomide.
However, other co-treatments (insulin, hydrocortisone, NS-398,

SU5416 and ZD6474) resulted in a lack of change or even in a
decrease in perfusion parameters. In this case, tumor cell oxygen
consumption rate was estimated after each individual treatment.
Figure 3 illustrates the ability of insulin, IDN, hydrocortisone,
NS-398, SU5416 and ZD6474 to decrease tumor cell oxygen
consumption rate by a factor of 2- to 3-fold, relative to untreated
(control) cells. These data support the paradigm that playing on
the oxygen consumption is as efficient as, or even more efficient
than, targeting blood flow in order to improve oxygenation (8).
BOLD imaging was performed using vasoactive treatments,

including IDN and carbogen breathing, showing increases in
BOLD SI and R2* (Fig. 4A and B) (16,22). However, while BOLD
imaging was performed for insulin and NS-398, two co-
treatments that play on the consumption factor, there was no
change in DR2* even though pO2 was modified (Fig. 4A and B). In
addition, the percentage BOLD SI was even decreased due to a
drop in S0. This means that, when consumption effects are
involved, the BOLD markers might lead to a treatment being
disregarded that still has potential. Figure 4C shows typical
parametric maps after treatment with insulin.
Finally, the therapeutic relevance in terms of X-ray radiation

therapy and chemotherapy with cyclophosphamide is shown in
Fig. 5. The ‘outcome’ was considered in this study as the factor
of increase in regrowth delay after radiation or chemotherapy,
compared with the control group (without co-treatment in
addition to the cytotoxic therapy). In Fig. 5, the positive responses
are highlighted in green and the negative effects in red. An
increase in flow (second column) is considered when one of the
DCE parameter is significantly increased (Vp, Ktrans, Kep or
percentage of perfused vessels). An increase in BOLD response
means an increase in either BOLD signal intensity or T2* (1/R2*). A
proper statistical analysis of each individual parameter has been
performed in Table 2. We can observe that EPR oximetry is always
predictive for radiotherapy, and most of the time for cyclopho-
sphamide chemotherapy, except for one anti-angiogenic agent
ing DCE-MRI, showing changes in percentage of perfused vessels, Vp, Ktrans
fter administration of Botulinum toxin; (B) bar graph representation of the

< 0.01, relative to untreated tumors). (C) Summary table of changes in the
eatment (¼means statistically unchanged, arrowsmean either increase or

n Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/cmmi
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Figure 4. Change in BOLD signal intensity (SI) following administration

of carbogen, IDN, insulin and NS-398. (A) Change in R2* following

administration of carbogen, IDN, insulin and NS-398; (B) typical parametric
maps of DSI and DR2* after administration of insulin; *p< 0.05, **p< 0.01.

Figure 3. Change in oxygen consumption rate of tumor cells after

administration of each co-treatment, relative to control (untreated) cells.

All co-treatments presented in the figure significantly reduce the oxygen
consumption rate of tumor cells (p< 0.01).
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(SU5416). DCE-MRI is a poor marker regarding radiotherapy but is
obviously and logically correlated with chemotherapy, since it
conditions the access of the drug to the tumor. In particular, a
lack of increase in blood flow is correlated with a lack of
chemosensitization (in the case of SU5416), while all drugs able to
increase tumor blood flow were correlated with an increase in
chemosensitivy (thalidomide, XN and BT). The BOLD marker is
not in accordance with radiation therapy outcome while a
consumption effect is involved (insulin and NS-398), but corre-
lates well if a flow effect is also involved (IDN). This method
therefore does not provide additional predictive value to DCE-
MRI.
The logistic regression of average values for each co-treatment

(in terms of MR parameters and therapeutic outcome) allowed
the predictive value of each marker to be assessed statistically.
The statistic values are summarized in Table 2. Regarding radio-
therapy outcome, the tumor pO2 and the O2 consumption are
relevant predictive markers (p< 0.05). However, it is important
to note that oxygen consumption was not evaluated for all
co-treatments, and it is likely that this parameter would not
be significant for treatments that only play on the blood flow.
Regarding cyclophosphamide chemotherapy, Vp, Kep and pO2 are
relevant predictive parameters (p< 0.05). Again, it is important to
note that the therapeutic efficacy was not assessed for all
treatments; the only treatments considered for chemotherapy
were those able to open the vascular bed (anti-angiogenic agents
in the normalization phase and botulinum toxin). pO2 would
probably not be predictive of chemotherapy outcome when flow
parameters are decreased, as is the case for SU5416.
3. DISCUSSION

3.1. Imaging endpoints for radiation therapy

Our study qualified pO2 as well as oxygen consumption as
relevant imaging endpoints for radiation therapy outcome. The
identification of in vivo pO2 assessed by EPR oximetry as a
relevant marker for radiation therapy outcome is in line with
previously published data on the predictivity potential of EPR
oximetry. Pogue et al. (27) evaluated the effect of photodynamic
wileyonlinelibrary.com/journal/cmmi Copyright # 2010 John Wil
therapy (PDT) with verteporfin on radiation-induced fibrosar-
coma. They observed an increase in pO2 of up to 15.2 mmHg
which correlated with the growth delay assay. Also, Hou et al.
established a correlation between the effect of the allosteric
hemoglobin modifier, efaproxiral, on tumor oxygenation and
response to 4 Gy radiation therapy (28). Finally, Elas et al. (29)
also found data arguing in favor of EPR oximetry as being a
good predictor of tumor cure after radiation therapy in FSa
tumors under both normal (air breathing) and clamped tumor
conditions.
Oxygen consumption by tumor cells had not been considered

as a marker of response until now. As stated earlier, this
ey & Sons, Ltd. Contrast Media Mol. Imaging 2010, 5 323–332



Figure 5. Summary tables of the therapeutic relevance of the co-treatments with regard to radiation therapy (A) or chemotherapy (B) with respect to

the different MR endpoints. The outcome is considered as the factor of increase in regrowth delay after radiation or chemotherapy, compared withthe
control group. Positive responses are highlighted in green and negative effects in red. An increase in flow (second column) is considered when one of the

DCE parameter is significantly increased (Vp, Ktrans, Kep or percentage of perfused vessels). An increase in BOLD responsemeans an increase in either BOLD

signal intensity or in T2* (1/R2*). Note that a proper statistical analysis on each individual parameter has been performed in Table 2.

A RETROSPECTIVE ANALYSIS OF MULTI-MODAL STUDIES
parameter has to be interpreted with caution since all the
co-treatments were not considered in terms of oxygen con-
sumption (those that are able to open the vascular bed) and
therefore data are lacking regarding this parameter. Also, we have
to keep inmind that this marker is an ex vivomarker, in contrast to
the other in vivo markers. Nevertheless, a new method has
recently been developed to estimate oxygen consumption in vivo
in experimental tumors (30).
Our study did not qualify BOLD (SI, R2*) or DCE (Vp, Ktrans, Kep)

parameters as relevant imaging endpoints for radiation therapy.
More specifically, the ‘BOLD response’ was not correlated with
radiation therapy outcome when a consumption effect was
identified, but correlated well for carbogen breathing. Usually,
BOLD studies have reported good correlations in the past and our
‘consumption’ approach is the first to show a lack of correlation
for BOLD imaging. Indeed, the BOLD signal was also assessed by
different groups in the pre-clinical setting in order to establish
correlations with the therapeutic outcome. The effect of RSR13,
an allosteric modifier of hemoglobin was studied on NCI-H460
Table 2. Statistical analysis of the predictivity of each MR
parameter (imaging endpoints) with respect to therapy
outcome using logistic regression

MR parameter (marker)

Predictivity for
radiotherapy
outcome

Predictivity for
chemotherapy

outcome

pO2 p< 0.01 ** p< 0.05 *

O2 consumption p< 0.05 * nd
% perfused vessels p> 0.05 n.s. p> 0.05 n.s.
Vp p> 0.05 n.s. p< 0.05 *

Ktrans p> 0.05 n.s. p> 0.05 n.s.
Kep p> 0.05 n.s. p< 0.05 *

BOLD SI p> 0.05 n.s. n.d.
BOLD R2* p> 0.05 n.s. n.d.

n.s.: non significant; n.d.: not determined.

Contrast Media Mol. Imaging 2010, 5 323–332 Copyright # 2010 Joh
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xenograft tumor response using BOLD-MRI and regrowth delays
assay (31). RSR13 increased the SI ratio in a dose-dependent
manner, with maximum increases occurring 30min after RSR13
administration. This was correlated with an enhancement
of radiation-induced growth delay of 2.8 while RSR13 was
administered 30min before a 10 Gy dose of radiation. Robinson’s
group further tested the prognostic potential of tumor R2* with
respect to radiotherapeutic outcome on G3H prolactinomas and
RIF-1 fibrosarcomas with animals breathing either air or carbogen
during radiation (32). When the animals breathed carbogen
during radiation, the growth delay was enhanced in the G3H
prolactinomas, which also exhibited a large DR2* in response
to carbogen. In contrast, the effect of 15 Gy on the RIF-1
fibrosarcomas, which gives a negligible DR2* in response to
carbogen, showed a much smaller growth inhibition. These
published data regarding carbogen breathing are therefore in
line with our carbogen data.
Few studies have considered DCE-MRI as an imaging endpoint

for radiation therapy outcome, since it is usually considered as an
endpoint for the delivery of chemotherapeutic agents (see
below). Nevertheless, Kiessling et al. (33) showed that DCE MRI
parameter maps of Dunning rat prostate cancers were increased
in terms of vascularization, Kep and microvessel density, and this
was correlated with the slowing of tumor growth after irradiation
(33). More recently, the group of Dewhirst also showed that
DCE-MRI parameters were predictive of thermoradiotherapy
outcome in dogs with soft tissue sarcoma (34). On a clinical
scale, Yamashita et al. showed that radiation therapy was more
effective in tumors with higher tissue permeability than in those
with lower tissue permeability (35). Similarly, George et al. (36)
found that responsive tumors to chemoradiotherapy had higher
pretreatment permeability values than non-responsive tumors.
Prediction of radiotherapy outcome of carcinoma of the cervix
was further evaluated on 50 patients (37): dynamic data corre-
lated with patient outcome and patients with poorly enhancing
tumors had significantly worse disease-specific survival.
Our data are therefore globally in line with the literature,

although it is critical to keep in mind that a direct comparison is
usually not possible because of inhomogeneity of data acqui-
sition and analysis between different institutions. In particular, a
n Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/cmmi

2
7



B. F. JORDAN AND B. GALLEZ

3
2
8

descriptive (semi-quantitative) analysis such as AUC (area under
the curve) is difficult to compare with quantitative multiple
compartment analysis of MR parameters that are more relevant
to underlying physiological phenomenon.

3.2. Imaging endpoints for chemotherapy

Our study qualified Vp, Kep and pO2 as relevant imaging endpoints
for chemotherapy outcome. The predictive value of DCE-MRI
regarding the issue of chemotherapy has been considered in the
past by many groups. It was used to monitor acute effects on
tumor vascular permeability following inhibition of vascular
endothelial growth factor-A (VEGF-A) signal transduction in PC-3
human prostate adenocarcinoma xenografts (38). Dose-related
reductions in Ktrans were evident following acute ZD6474
treatment and a correlation between this dose response and the
growth inhibitory effect of ZD6474 following chronic treatment
was also observed. This is quite different fromwhat was observed
in our studies using the same drug; however the timing and
tumor models were also different. The antiangiogenic effect of
SU6668 was assessed in HT29 human colon carcinoma in mice
using DCE-MRI with large molecular contrast agent. SU6668
inhibited tumor growth, with 60% inhibition at 14 days of
treatment, which was assessed early with DCE-MRI in terms of
vascular permeability and fractional plasma volume at 24 h, and
3, 7, and 14 days time points (39). DCE-MRI with macromolecular
contrast agent has further been used in HT-29 experimental
tumors in order to assess the efficacy of the HIF-1alpha inhibitor
PX478 and to correlate with therapy outcome. A dramatic
reduction in tumor blood vessel permeability was observed 2 h
after treatment, and this was correlated with tumor regrowth
(40).
On a clinical scale, the predictive value of DCE-MRI in terms

of chemosensitivity in breast cancer patients was evaluated
by Nagashima et al. (41). They demonstrated the significant
correlation between pretreatment MRI data and tumor reduction
by chemotherapy in breast cancer patients and suggested
the possibility of defining good and non-responders prior to
treatment. See et al. (42) also examined whether DCE-MRI done
after two cycles of neoadjuvant 5-fluorouracil, epirubicin and
cyclophosphamide chemotherapy could predict final clinical and
pathologic response in primary breast cancers. They found that
change in Ktrans was the best predictor of pathologic non-
response, whereas change in MRI-derived tumor size did not
predict pathologic response. On the other hand, the Heerschap’s
group recently investigated the predictive value of DCE-MRI with
Gd-DTPA for tumor response to first-line chemotherapy with
5-fluorouracil in patients with liver metastases of colorectal
cancer (43). None of the kinetic parameters (Kep, Ktrans, Ve) was
able to predict tumor response after 2 months, suggesting that
the delivery of chemotherapy by tumor vasculature is not a major
factor determining response in first-line treatment in liver
metastasis.
Considering these studies, it is obvious that the predictive

value of DCE markers is extremely dependent on the tumor
model and the type of treatment, as well as the method of
analysis. Also, a major point to take into consideration is the
tumor heterogeneity, as the parameters are usually presented as
mean or median values (of Vp, Ktrans or Kep). However, only the
maps and histograms are able to integrate this heterogeneity
aspect that is characteristic of all tumors. It would be difficult to
find a single parameter that would reflect heterogeneity.
wileyonlinelibrary.com/journal/cmmi Copyright # 2010 John Wil
It is usually assumed that ‘volume’ parameters (Vp) are mainly
determined by the volume fractions of the plasma and the
interstitial distribution space, whereas Ktrans and Kep show a
much higher dependency on perfusion and permeability than
on interstitial volume and plasma volume (20). More specifically,
Ktrans is mainly governed by perfusion and Kep is determined to a
larger extent by permeability. Nevertheless, physiological inter-
pretation of the estimated model parameters should be done
with care, as methods of data acquisition and kinetic modeling
can result in completely different values and uncertainties on
each parameter, particularly with regard to the estimation of the
AIF (arterial input function) (20).
Our analysis also points out that the pO2 could be a predictive

marker for chemotherapy outcome, which is quite intuitive for
treatments that are able to improve blood flow (and therefore
pO2). However, other mechanisms can also be responsible for
improved oxygenation (such as consumption effects), and our
table is lacking some data to qualify this marker as a surrogate
imaging endpoint for chemotherapy.
The assessment of absolute values of tumor pO2 in vivo is of

critical importance for radiation therapy planning and monitor-
ing. The recent developments in EPR imaging (oxygen mapping)
will allow the tumor heterogeneity to be taken into account,
which will add a significant value for this technique to be consi-
dered as a surrogate imaging endpoint. Indeed, this will allow
identification of potential resistant zones. The pO2 biomarker can
be evaluated quantitatively in vivo (in experimental models) using
EPR oximetry (spectroscopy and imaging), but also with 19F-MRI,
and DNP (dynamic nuclear polarization) oximetry (6,24–26,44,45).
Finally, hypoxia radiotracers are not convenient to monitor acute
changes in tumor oxygenation since the measurement would
require at least 2 days of experiment because of the kinetics of
nitroimidazoles (one measurement in order to assess the basal
pO2 and onemeasurement after washout to assess the efficacy of
the co-treatment).
The assessment of relative changes in blood flow is deter-

minant for tumor response to chemotherapy. Those changes can
be assessed in vivo using DCE-MRI (17–20), or ‘non-MR’ methods,
including CTwith iodinated contrast agent, and nuclear medicine
(PET/SPECT) (46). It is important to note that the basal blood flow
value has no prognostic value in this context; only ‘delta’ values
extracted from dynamic studies are relevant, in contrast to
the absolute basal pO2 value, which can give predictive data.
Nevertheless, chemotherapeutic drugs containing a fluorine can
be monitored dynamically using 19F-MRS to see their accumu-
lation into the tumor (47,48).
4. CONCLUSION

By computing data acquired on 10 different co-treatments in
experimental tumors (656 animals), we were able to determine
which MR markers are robust in terms of predictive value of
therapy outcome. From our statistical analysis, we can conclude
that: (i) pO2 is a qualified imaging endpoint for radiotherapy, and
(ii) Vp and Kep are qualified imaging endpoints for chemotherapy,
despite the predictive value of DCE markers being extremely
dependent on tumor model, type of treatment, and kinetic
modeling. Moreover, oxygen consumption and pO2 were also
found to be significant regarding radiation therapy and chemo-
therapy, respectively, but this should be interpreted with caution
since some data are missing that would enable us to draw strong
ey & Sons, Ltd. Contrast Media Mol. Imaging 2010, 5 323–332
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conclusions. Also, it is important to keep in mind that oxygen
consumption is an ex vivo marker, in contrast to the other in vivo
markers. Of interest, both DCE and BOLD parameters failed to
be predictive regarding radiation therapy outcome, particularly
when a consumption effect was involved. Therefore, BOLD and
DCE markers could lead to wrong interpretation of the potential
use of a compound as a co-treatment for radiotherapy.
Our retrospective analysis shows the limitations of different MR

techniques (endpoints) in terms of surrogate markers of tumor
response to therapy. It is obvious that the analysis should be
enriched by a further comparison with other (emerging) MR
markers, such as ADCw in diffusion imaging (DW-MRI), choline
spectroscopy, or by comparison with other imaging modalities,
such as FDG-PETor FLT-PET. This study can help to define relevant
imaging endpoints in the preclinical setting of cancer therapy
and suggests the need to translate those markers to the clinic for
theranostic purposes.
3

5. MATERIALS AND METHODS

5.1. Animal tumor models

Two different tumor models were implanted in the thigh of mice:
a transplantable liver tumor model (TLT) (49) on NMRI mice
and the syngeneic FSAII tumor model (50) on C3H mice. For
inoculation, approximately 106 cells in 0.1ml of media were
injected intramuscularly into the right leg of 5 week-old male
mice. Mice developed palpable tumors within a week of ino-
culation. Tumors were allowed to grow up to 8mm in diameter
prior to experimentation. Animals were anesthetized either by an
i.p. injection of ketamine (80 mg/kg)/xylazine (8mg/kg) and
maintained with ketamine alone (30mg/kg); or by inhalation of
isoflurane mixed with 21% oxygen in a continuous flow (1.5 l/h),
delivered by a nose cone. In this case, induction of anesthesia was
done using 3% isoflurane. It was then stabilized at 1.8% for a
minimum of 15minutes before any measurement. The tempera-
ture of the animals was kept constant using IR light or by flushing
warm air in the MR magnet. EPR oximetry experiments were
systematically performed on TLT and FSa II tumors.

5.2. Co-treatments

All the co-treatments and respective doses as well as injection
routes are summarized in Table 1. Insulin (Actrapid HM) was from
Novo Nordisk, Bagsvaerd, Denmark; isosorbide dinitrate (Cedo-
card, 1mg/ml) was from Byk Belga, Brussels, Belgium; hydro-
cortisone (Solu- Cortef ) was from Pharmacia, Pfizer, Brussels,
Belgium; NS- 398 [N-[2(cyclohexyloxy) 4-nitrophenyl-methan-
esulfonamide]) was from Alexis Biochemicals, Zandhoven,
Belgium; racemic thalidomide was from (Sigma-Aldrich, Bornem,
Belgium); SU5416 was from Sigma-Aldrich; Vandetanib (ZD6474)
was from Astra Zeneca (Macclesfield, UK); and BoNT-A (Botox)
was from Allergan, (Antwerp, Belgium).

5.3. Cytotoxic treatments of tumors

All co-treatments were tested in combination with radiotherapy
or chemotherapy for estimation of the therapeutic relevance
and correlation with the MR markers of response. Irradiation was
performed in the time window during which intratumoral pO2

was maximal for each co-treatment. The right leg was locally
irradiated with 10 Gy of 250 kV X-rays (RT 250; Philips Medical
Contrast Media Mol. Imaging 2010, 5 323–332 Copyright # 2010 Joh
Systems). The tumor was centered in a 3 cm diameter circular
irradiation field. A single dose irradiation was performed. At a
second time, chemotherapy was performed for treatments that
were able to open the vascular bed (antiangiogenic agents in
normalization phase, and BT). For that purpose, the alkylating
agent cyclophosphamide was dissolved in saline and injected
intraperitonealy at the suboptimal dose of 50mg/kg at the time
of maximum of increase in blood flow. The relevance studies
included several groups: (i) control groups (no cytotoxic treat-
ments, administration of the co-treatments and their respective
vehicles); and (ii) ‘X-ray’ or cyclophosphamide groups, alone or in
combination with a co-treatement. After treatment, the tumor
growth was determined daily by measuring tumor diameter until
they reached a size of 16mm, at which time the mice were
sacrificed. A linear fit was performed between initial tumor
size (7.5� 1mm) and 16mm, which allowed determination of
the time to reach a particular size for each mouse. The regrowth
delay was then considered as the time to reach 12mm in tumor
diameter. The factor of increase was regrowth delay for the
treated group (co-treatmentþ irradiation or cyclophosphamide)
vs the control group (irradiated or treated with cyclopho-
sphamide but without co-treatment).

5.4. Experimental design

Tumor pO2 was systematically assessed on both tumor models,
TLT and FSaII, except for thalidomide (FSaII model only) and XN
(TLT model only). The remaining MR endpoints (DCE-MRI, ex vivo
EPR and BOLD MRI) and therapeutic relevance experiments were
performed on the FSaII tumor model for insulin, IDN, hydrocor-
tisone, NS-398, SU5416, thalidomide, BT and carbogen; and on
the TLT tumor model for ZD6474 and XN.

5.5. Tumor oxygenation

Electronic paramagnetic resonance oximetry, using charcoal
(CX0670-1, EM Science, Gibbstown, NJ, USA) as the oxygen
sensitive probe, was used to evaluate the tumor oxygenation (6).
EPR oximetry relies on the oxygen-dependent broadening of the
EPR linewidth of a paramagnetic oxygen sensor implanted in the
tumor. This technique is designed for continuous measurement
of the local pO2 without altering the local oxygen concentration,
and allows repeated measurements from the same site over
long periods of time. EPR spectra were recorded using an EPR
spectrometer (Magnettech, Berlin, Germany) with a low-freq-
uency microwave bridge operating at 1.2 GHz and extended
loop resonator. Mice were injected once in the center of the
tumor using a 26g needle 1 day before measurement using the
suspension of charcoal (suspension in saline containing 3% arabic
gum, 100mg/ml, 50ml injected, 1–25mmparticle size). The tumor
under study was placed in the center of the extended loop
resonator, of which the sensitive volume extended 1 cm into the
tumor mass, using a protocol described previously. The localized
EPR measurements correspond to an average of pO2 values in a
volume of �10mm3 (6).

5.6. Tumor cell oxygen consumption rate

The method developed by James et al. was used (51). All of
the spectra were recorded on a Bruker EMX EPR spectrometer
operating at 9 GHz. Mice were first treated with one of the
co-treatmentd in vivo. At the time of maximum reoxygenation,
tumors were excised, trypsinized for 30min, and cell viability
n Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/cmmi
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determined. Cells (2� 107/ml) were suspended in 10% dextran in
complete medium. A neutral nitroxide, 15N 4-oxo-2,2,6,6-tetra-
methylpiperidine-d16-15N-1-oxyl at 0.2mM (CDN Isotopes,
Pointe-Claire, Quebec, Canada), was added to 100 ml aliquots
of tumor cells that were then drawn into glass capillary tubes. The
probe (0.2mM in 20% dextran in complete medium) was
calibrated at various O2 between 100% nitrogen and air so that
the linewidth measurements could be related to O2 at any value.
Nitrogen and air were mixed in an Aalborg gas mixer, and the
oxygen content was analyzed using a servomex oxygen analyzer
OA540. The sealed tubes were placed into quartz ESR tubes, and
samples were maintained at 378C. As shown by the resulting
linewidth reports on O2, oxygen consumption rates were obtai-
ned bymeasuring the O2 in the closed tube over time and finding
the slope of the resulting linear plot.

5.7. Tumor blood flow parameters

The perfusion was monitored in the time window during which
intratumoral pO2 was maximal after administration of the
co-treatment, as determined by EPR oximetry. The perfusion
parameters were monitored via single-slice dynamic contras-
t-enhanced MRI at 4.7 T (200MHz, 1H), on a 40 cm inner diameter
horizontal bore system (Bruker Biospec, Ettlingen, Germany),
using the rapid-clearance blood pool agent P792 (Vistarem1,
Guerbet, Roissy, France) (52). High-resolution multi-slice T2-
weighted spin echo anatomic imaging was performed just before
dynamic contrast-enhanced imaging. For that purpose, proton
density-weighted (PDw) images were acquired with the following
parameters: TR¼ 8 s, TE¼ 4.9ms, number of averages (NA)¼ 2,
flip angle¼ 908, FOV¼ 4 cm, slice thickness¼ 1.6mm, matrix¼
64� 64, two slices (one slice through the kidneys and one
through the center of the tumor).
For DCE T1-weighted imaging, a gradient-recalled echo

sequence was used with the following parameters: TR¼ 40ms,
TE¼ 4.9ms, NA¼ 1, flip angle¼ 908, geometry parameters¼
same as for the PDw sequence, scan time per image¼ 2.56 s. The
contrast agent P792 (Vistarem1; Laboratoire Guerbet, Aulnay
sous Bois, France) was injected intravenously as a bolus (injection
duration¼ 2 s) at a dose of 0.042mmol Gd/kg (50 ml/40 g mouse).
The DCE imaging protocol was as follows: 12 baseline images
were acquired, and then P792 was injected and the enhancement
kinetics were continuously monitored for 8min (200 total scans)
in order to track the fast washing kinetics. Immediately after this,
a slower DCE data set was acquired tomonitor the washout of the
contrast agent. For this second set, 60 scans were acquired at a
temporal resolution of 60 s (NA¼ 24, 1 h total).
For postprocessing, tumor voxels that showed no signal

enhancement, a linear increase of SI, or atypical signal enhan-
cement curves were excluded by means of a power spectrum
analysis and cluster analysis. The tracer concentration changes
were fitted to a two-compartment pharmacokinetic model using
an arterial input function derived from kidney data as described
previously. Pixel-by-pixel values for Ktrans (influx volume transfer
constant, from plasma into the interstitial space, units of min�1),
Vp (blood plasma volume per unit volume of tissue, unitless) and
Kep (fractional rate of efflux from the interstitial space back to
blood, units of min�1) in the tumor were derived from this model.
Statistical significance for Vp or Ktrans identified the percentage of
‘perfused’ tumor pixels (i.e. pixels to which the contrast agent
P792 had access) (53).
wileyonlinelibrary.com/journal/cmmi Copyright # 2010 John Wil
5.8. Tumor BOLD parameters

A multi-echo GRE sequence was used for the calculation of the
GRE signal intensity (T2*GRE MRI), R2* and S0 and on a pixel-
by-pixel basis in each tumor. The sequence parameters were
TR¼ 200ms, six echoes with an echo spacing of 5ms (TE¼ 5, 10,
15, 20, 25, 30ms), spectral width¼ 25 kHz, flip angle¼ 458, matrix
size¼ 64� 64, FOV¼ 4 cm, slice thickness¼ 1.6mm, NA¼ 10,
total acquisition time¼ 128 s. MRI data were acquired continu-
ously for 1 h 45min with the administration of the co-treatment
at repetition 5. For each repetition, a monoexponential function
was used to fit the GRE signal as a function of echo time. The GRE
signal intensity (SI) was taken to be the GRE signal at TE¼ 20ms.
The parameters R2* (¼ 1/T2*) and S0 (theoretical GRE signal at
TE¼ 0ms) were determined as fit parameters in the mono-
exponential function (54). The relative changes in GRE signal
intensity (%DSI) and in S0 were calculated. The change in R2*

(DR2*) and %DSI are parameters that are proportional to the
change in deoxyhemoglobin content. These two parameters are
independent of native tissue R2*, unlike DT2* and the absolute
change in SI. Therefore, treated and control groups were
compared in terms of %DSI, DR2* and the relative change in S0.

5.9. Statistical analysis

Mean values of MR parameters were compared using one way
ANOVA for all co-treatments relative to control, p< 0.05 * and
p< 0.01**. The predictivity of each MR parameter with respect to
the issue of radio and/or chemotherapy was analyzed by logistic
regression with JMP using published averaged values for each
co-treatment. Multivariate analysis was not possible due to the
lack of data for some parameters (Table 2).
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