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Abstract
For glioblastoma (GBM), current therapeutic approaches focus on the combination of several
therapies, each of them individually approved for GBM or other tumor types. Many efforts
are made to decipher the best sequence of treatments that would ultimately promote the most
efficient tumor response. There is therefore a strong interest in developing new clinical in vivo
imaging procedures that can rapidly detect treatment efficacy and allow individual
modulation of the treatment. In this preclinical study, we propose to evaluate tumor tissue
changes under combined therapies, tumor vascular normalization under antiangiogenic
treatment followed by radiotherapy, using a voxel-based clustering approach. This approach
was applied to a rat model of glioma (F98). Six MRI parameters were mapped: apparent
diffusion coefficient, vessel wall permeability, cerebral blood volume fraction, cerebral blood
flow, tissue oxygen saturation and vessel size index. We compared the classical region of
interest (ROI)-based analysis with a cluster-based analysis. Five clusters, defined by their
MRI features, were sufficient to characterized tumor progression and tumor changes during
treatments. These results suggest that the cluster-based analysis was as efficient as the ROIbased analysis to assess tumor physiological changes during treatment but also gave
additional information regarding the voxels impacted by treatments and their localization
within the tumor. Overall, the cluster-based analysis appears as a powerful tool for subtle
monitoring of tumor changes during combined therapies.

Keywords:
MRI, unsupervised clustering, radiomics, brain, glioma, combined therapies.
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Abbreviations:
ADC: apparent diffusion coefficient
CBF: Cerebral blood flow
CBV: cerebral blood volume
GBM: glioblastoma
Perm: vascular wall integrity
ROI: region of interest
StO2: tissue saturation in oxygen
VSI: vessel size imaging
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1. Introduction
Among the strong efforts to develop new therapies against glioma, current strategies combine
several therapies in order to cumulate their effects and ultimately reach a synergic efficiency.
This was initially applied in the Stupp’s et al.1 protocol in which resection, chemotherapy and
radiotherapy are combined. Since the routine application of this protocol in clinic, other
combined therapeutic approaches became relevant in glioma management

2,3

, and complex

combinations of antiangiogenic therapy, chemotherapy and radiotherapy underwent clinical
trials

4,5

. Depending on the therapy and its biological target, the sequence of treatments

remains a central question. As example, Jain suggested that an antiangiogenic-based vascular
normalization6 could increase the effects of concurrent radiotherapy7.
In this context, there is an obvious need for consistent tumor monitoring methods such as
multiparametric MRI in order to rapidly assess the efficacy of complex combined therapies.
Indeed, MRI gives access to many parameters (i.e. water diffusion, blood volume and blood
flow8, microvessel size and density9, local blood oxygen saturation10, vessel wall
permeability11, vessel vasoreactivity12). Recently, Lemasson et al. have shown that
multiparametric MRI can monitor the effects of individual therapies (antiangiogenic and
radiotherapy), used concomitantly, on a 9L glioma model13. This study used the classical
region of interest (ROI)-based MRI analysis, an approach with 2 major limitations: i) it gives
an averaged view of the tumor response and therefore it does not take into account the intratumoral heterogeneity and ii) it does not exploit the full potential of the multiparametric MR
protocol (one voxel contains multiple information). Alternatively, voxel-based analysis of
tumor progression and response to treatments seems to be more suited for this purpose14 but
this method is often limited to a single MRI parameter. In order to overcome these limitations,
we recently proposed an unsupervised clustering method based on probabilistic mixture
models15 yielding histological-like maps that can potentially integrate a broad range of MRI
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parameters16. This multiparametric MRI-based approach coupled with unsupervised
clustering might be well suited to decipher the complex information measured during
combined therapies on brain tumors.
In the context of combined cancer therapies (antiangiogenic therapy followed by
radiotherapy), we compare in this study the data generated by the classical ROI-based
analysis (parameter by parameter) and a cluster-based analysis of six MRI parameters. MRI
parameters were measured on well-established F98 tumors in rats during tumor growth under
single antiangiogenic or radiotherapy treatment and under combined therapies. The ROIbased analysis was able to highlight the averaged tumor changes while the cluster-based
analysis yielded additional information about tumor regions that respond to treatment.
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2. Experimental details
The study design was approved by the local institutional animal care and use committee
(COMETHS). All animal procedures conformed to French government guidelines and were
performed under permits 380820 and B3851610008 (for experimental and animal care
facilities) from the French Ministry of Agriculture. This study is in compliance with the
ARRIVE guidelines (Animal Research: Reporting in Vivo Experiments17). All procedures
were performed under isoflurane anesthesia (5% for induction and 2.5% for maintenance).
The tail vein was equipped with a catheter when needed. The rectal temperature was
monitored and maintained at 37.0°C.

2.1 Animal Model. The F98 cells (103 cells, ATCC: CRL-2397) were implanted in the right
caudate nucleus of male Fischer 344 rats (n=19, 7 weeks, 175-200 g, Charles River, France)
with a stereotactic frame, as previously described18.

2.2 In vivo experiment. The experimental design is presented Fig 1, with D as notation for
the duration (days) after tumor cell implantation, and T as the duration (days) after treatment
initiation. The different treatment groups are described in the figure legend. Antiangiogenic
treatment: Sorafenib (Sora: 30 mg/kg in vehicle, Bayer Biosciences) or vehicle (DMSO: 5%,
Tween20: 5%, NaCl0.9%: 90%) were administered p.o. (approximately 1mL) every day
during three days (D21T0 to D23T2). Radiotherapy: animals received in one session, at
D24T3, 20Gy directed into the tumor ipsilateral hemisphere (GenX, ESRF). Conventional
orthovoltage irradiations were performed using a Philips X-ray generator operated at 200
kVp. A dose rate of 1.61 Gy/min was delivered at the centre of the intracerebral tumor using
an ionization chamber (Semiflex 31010, PTW). Imaging: Three MRI sessions were performed
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at 4.7 T (Avance III console; Bruker, Ettlingen, Germany; IRMaGe MRI facility, Grenoble,
France) between 20 and 26 days after tumor implantation (D20T-1, D24T3 and D26T5).

2.3 MRI session. The following imaging sequences were performed with a voxel size of
234×234×800 µm unless stated otherwise. Anatomical imaging was performed with a T2weighted (T2W) spin-echo sequence to determine tumor volume. The apparent diffusion
coefficient (ADC) was mapped using a spin-echo EPI sequence (3 orthogonal diffusion
directions, b≈ 0 and b= 900 s/mm²). Cerebral blood flow (CBF) was determined using pseudo
continuous arterial spin labelling (pCASL) with an EPI readout (labelling duration=3s, postlabelling delay=400 ms, 50 pairs)19 and a T1 map. To map the tissue saturation in oxygen
(StO2), a T2 map (28 spin echoes between 12 and 336 ms) and a high resolution T2* map (25
gradient echoes between 3 and 87 ms; voxel size= 117x117x200 µm) were obtained. A
cerebral blood volume (CBV) and a vessel size imaging (VSI) maps were obtained using a
steady-state approach20 and ultrasmall superparamagnetic iron oxide nanoparticles (P904:
200 μmoles of iron/kg body weight; Guerbet SA, France). The vascular wall integrity (Perm)
was assessed using a dynamic contrast-enhanced MRI approach as previously described21.
Briefly, 25 T1-weighted, spin-echo, images were acquired. After acquisition of 4 baseline
images, a bolus of Gd-DOTA (200 µmol/kg; Guerbet SA, France) was administered through
the tail vein. The image acquisition positions were identical for all quantitative MRI
sequences.

2.4 Data processing. Image processing was performed within the Matlab 7 environment (The
MathWorks Inc., Natick, MA, USA) using custom software. The CBF computation was
based on the equations described in Alsop et al.22,23. The VSI and CBV were derived from the
transverse relaxivities as described20. StO2 maps were estimated using a multiparametric
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qBOLD approach as previously described24–26. Perm was estimated by calculating the area
under the signal enhancement curve following the Gd-DOTA injection (between images 5 and
14, which corresponds to 150 sec), after baseline removal21.

2.5 Data analysis. To determine the tumor volume, tumor ROIs were manually delineated on
the T2W images that covered the entire brain. For tumor delineation, all visible abnormalities
(hyper- and hypo-intense signals) were included. Parameter values were obtained using the
same tumor ROIs and the five shared MRI slices between all sequences.
Two type of measurements were performed:
-

A ROI selection followed by an analysis of the mean ROI values. Voxels were included in
the analysis according to the following criteria: 0<ADC<2500 µm²/s (percentage of
included voxels=97.9%), Perm<2.5x106 a.u. (percentage of included voxels=99.3%),
0<CBF<400 mL/100g/min (percentage of included voxels=83.0%), 0<CBV<20 %
(percentage of included voxels=96.8%), 0<VSI<50 µm (percentage of included
voxels=82.6%) and 0<StO2<100% (percentage of included voxels=53.2%). Beyond these
ranges, values cannot be considered physiologically accurate. Average values were
computed across all animals for each ROI and each parameter (Fig 2A).

-

The ROI selection as above followed by a model-based clustering15 analysis. For each MR
parameter, values were standardized to minimize scale effects between parameters using
the following formula: (voxel value - mean across all voxels) / standard deviation across
all voxels. In order to avoid exclusion of voxels with non-physiological value in only one
map, we included all values for each map that were comprised between the first and the
last percentile of the distributed values (percentage of included voxels=90,6%). All
included voxels of all animals were pooled together and analysed with an unsupervised
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clustering method based on mixture of Gaussian models, as previously described16.
Briefly, Gaussian mixture modelling was performed using the Expectation–Maximization
algorithm implemented in the R package mclust15. The optimal number of clusters was
determined using a Bayesian information criterion and was estimated to 5 clusters. For
this analysis, two rats belonging to the V and VRT groups were excluded due to
computation problems in at least one MRI parameter.

2.6 Statistical analysis. Repeated measures-ANOVA (RM-ANOVA) was used to evaluate
the change of each parameter between imaging sessions. In case more than two groups were
analysed, a LSD post-hoc was used. Mann-Whitney test was used to evaluate the effects of
treatments on change in MRI parameters and in cluster-ratio. A p-value < 0.05 was considered
significant.
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3. Results
3.1 ROI-based evaluation of Sorafenib and radiotherapy effects considering all data and
time points (Fig 2A). The consequence of the ROI-based evaluation is the loss of spatial
information within tumor that leads to an averaged representation of each parameter for the
studied ROIs as schematically represented in Fig 2B. However, the comparison between mean
ROI values shows the effects of the different treatments at different time-points (Fig 2C)
while mean tumor size does not change, whatever the treatment applied (Fig 2D). In order to
limit the impact of tumor volume on voxels clustering, the average tumor size was similar
between groups before treatment (D20T-1; group V: 133.9±46.4mm3, group S:
116.7±48.9mm3). Between D20T-1 and D24T3, Sora treatment (group S) promotes a
significant decrease in vessel wall permeability, a stabilization of the CBF compared with
untreated tumors (group V, Fig 2C) and a tendency towards increased apparent diffusion
coefficient (ADC, p=0.084). Between D24T3 and D26T5, the effects of concomitant
radiotherapy could not be extensively characterized by the ROI-based analysis. Indeed, we
only observed a significant decrease in CBF between D24T3 and D26T5 after Sora treatment
(group SØ) and after Sora treatment followed by the radiation therapy (group SRT), compared
with vehicle administration followed by the radiation therapy (group VRT).

3.2 Clustering-based evaluation for tumor follow-up and characterization of treatment
effects. To assess the effects of treatments on tumors, we used an unsupervised, model-based
clustering analysis, which integrates the 6 quantitative MRI parameters (ADC, Perm, CBF,
CBV, VSI and StO2) and identifies clusters of voxels sharing the same MRI physiological
characteristics. This analysis was performed on voxels from the previously defined tumor
ROIs; the voxels from all time points and under all treatments were pooled.
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The characterization of clusters with standardized MRI parameters values (Fig 3A, web
graphs) and raw values allows discriminating the signature of one cluster from that of other
clusters:
-

cluster a presents the highest levels of CBF, CBV, StO2 and the lowest levels of VSI,
ADC and Perm (20.5% of voxels belong to cluster a).

-

cluster b is characterized by the highest levels of Perm and VSI, a high level of CBV, a
reduced level of StO2 and an intermediate level of CBF and ADC (19.6% of voxels belong
to cluster b).

-

cluster c is the less represented cluster (only 9.5% of voxels belong to cluster c).
Compared to cluster a and b, the levels of CBV and CBF are reduced and the levels of
Perm and ADC are increased.

-

cluster d is similar to cluster c with reduced parameters values (26.7% of voxels belong to
cluster d).

-

cluster e has the highest level of ADC with a high level of VSI and the lowest levels of
CBF and CBV (14.4% of voxels belong to cluster e).

From cluster c to e, the levels of Perm and CBV gradually decrease and the level of StO2
meets non-physiological value (too low perfusion). When taking into account the voxels
within the three time points and the different treatments, a visual inspection of the cluster
distributions (Fig 3B) shows spatially coherent patterns of voxels belonging to a same cluster.
Whatever the time points and treatments, cluster a (purple) is mainly located at the tumor
margins, cluster c (yellow) distribution is sparse and cluster d (grey) proportion is stable and
found as groups of numerous neighbouring voxels.
The RM-ANOVA-based statistical analysis of the proportions of each cluster in the tumor
between treatments and time points does not yield consistent information (Fig 3B, coloured
bar graphs). However, the bar graphs on Fig 3B show that cluster b (green) proportion

11

decreases for all treatment conditions (Sora treatment: V vs S at D24T3; radiotherapy: V at
D24T3 vs VRT at D26T5 for the same tumor). Cluster e (red), rarely found at the earliest time
point (D20T-1), increases in proportion after treatment.
3.3 Spatial detection of treatments effects
Tumor properties and associated MR parameters depend on (i) the tumor growth, (ii)
the type of treatment and (iii) the specific sequence of Sorafenib and radiotherapy treatments.
In order to investigate the effects of each treatment, we choose to analyse the changes
between two time points using 2 approaches: (i) the ROI-based MRI parameters values,
determined as the change (in percentage) of each parameter value and (ii) the cluster
proportion within ROI, determined as the change (in percentage) in the number of voxels per
cluster (Fig 4). This approach allowed the description of the effect of each treatment for a
given time interval whatever tumor growth and the type of treatment given in the previous
time interval.

3.4.1 Between D20T-1 and D24T3, Sorafenib effects (Fig 4A and C).
Using the ROI-based changes in MRI parameters, we measured increased levels of
ADC (+4.1±1.7%), Perm (+17.0±21.4%) and VSI (+15.8±9.9%) and decreased levels of CBF
(-32.3±6.7%), CBV (-13.7±5.9%) and StO2 (-10.0±3.5%) during tumor growth under vehicle
administration (Fig 4A, group V). Compared with vehicle administration, Sorafenib treatment
significantly increased the level of CBF (+5.2±16.3%, p=0.018), reinforced the increase in
ADC (+10.0±2.9%, p=0.028) and oppositely decreased the Perm (-31.4±10.3%, p=0.011).
These variations are in good agreement with the antiangiogenic effects of Sorafenib.
Using the cluster-based change approach, during tumor growth under vehicle administration
(Fig 4C, group V), we measured a decreased proportion of cluster a (-14.5±5.5%), and
increased proportions of all other clusters (b: +3.8±2.5%, c: +4.3±4.9%, d: +1.1±3.3%, e:
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+4.5±1.4%). Compared with vehicle administration, Sorafenib treatment maintained the
proportion of cluster a stable (-1.5±2.4%, p=0.035) and decreased the proportion of cluster b
(-11.0±3.0%, p=0.006).

3.4.2 Between D24T3 and D26T5, radiotherapy or combined treatments effects (Fig 4B and
D).
The approach of ROI-based changes (Fig 4B) showed an increased level of ADC after
radiotherapy alone or in combination with Sorafenib treatment as compared to the Sorafenib
treatment alone (VRT=+9.9±1.6%, p=0.042 and SRT=+6.7±2.4%, p=0.088 versus SØ=0.5±3.6%). The effect of radiotherapy after Sorafenib treatment (SRT) was detected as a
significant change of CBV (VRT=-19.3±2.3% vs SRT=-6.8±3.8%, p=0.018). Radiotherapy
alone promoted a decrease of CBV similar to the decrease measured in the SØ group, whereas
SRT treatment maintained a level of CBV similar to an estimated control value (vehicle
without radiotherapy: VØ) determined as the change in parameter between D20T-1 vs D24T3
under vehicle administration and corrected for a two-days tumor growth (VRT=-19.3±2.3%,
SRT=-6.8±3.8%, SØ=-21.0±13.3% and estimated VØ=-6.85%). Note that, two days after the
end of Sorafenib administration (SØ), ADC, Perm and CBF, initially modified by Sorafenib,
returned back to the estimated control values measured between D20T-1 and D24T3.
The cluster-based change approach (Fig 4D) revealed a significant decrease in the
proportion of cluster a after Sorafenib administration as compared to radiotherapy alone
(VRT=-5.3±2.3% vs SØ=-17.0±7.6%, p=0.028). Compared with the estimated control value
between D24T3 and D26T5 (estimated VØ), cluster b proportion was also decreased after
radiotherapy alone (VRT=-11.7±5.2% vs estimated VØ=1.9%, p=0.016).
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The effects of combined treatments were detected as a lower increase in the proportion of
cluster e when radiotherapy was applied after Sorafenib treatment compared with
radiotherapy alone (SRT=+2.9±1.1% vs VRT=+9.3±4.2%, p=0.028). No difference between
treatment conditions was detected for clusters c and d. The changes in the proportions of these
clusters are similar for all treatment conditions and follow the tendency of the estimated
control changes.
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4. Discussion
This study presents a comparison of ROI-based and cluster-based analyses of MRI data
collected during the follow-up of a rat glioma model under several therapeutic combinations,
Sorafenib and/or radiotherapy. We developed a comprehensive analysis strategy in order to
alleviate bias related to the effect of one therapy to the other and to the tumoral status before
treatment. The ROI-based analysis appears well-suited to highlight global tumoral changes
but filters out local changes whereas the cluster-based analysis appears as a powerful
approach to detect voxel-based variations within the tumor that are impacted by (i) tumor
growth, (ii) single or (iii) combined treatments.
Given that the ROI- and the cluster-based analyses are known to reflect biological features
such as seen in histology16,27,28, we focused on the comparison of the ability of these two
approaches to monitor the tumor changes under therapies. MRI data included six parameters
(ADC, Perm, CBV, CBF, VSI and StO2) known to change during tumor development29–33 and
that may be additionally modulated by the anti-tumor therapies used in this study25,34,35.
The manually delineated tumor ROI contoured all the abnormalities observed on the T2W
images, including oedema and peritumoral cell infiltration, and thereby maximized the
number of different tissue types. This approach also permitted to minimize inter-rater
variability between different delineated tumors and to include all putative abnormalities. With
the clustering strategy, we did not observe the emergence of new tissue types during tumor
progression or treatment with the cluster-based analysis (all clusters were present at all time
points).
The effects of the different therapies were detected by the ROI-based analysis of some MRI
parameters (ADC, Perm, CBV, and CBF). However, the visualization of the average values of
these parameters within tumor bulk (Fig 2B) shows that this analysis filters out the spatial
heterogeneity of tumor characteristics during progression and treatment and does not account
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for joint changes in parameters (e.g. decreased CBF and increased Perm). Conversely, the
cluster-based approach allows the integration of all MRI parameters in one synthetic map. A
visual inspection of the resulting map shows that, without using any knowledge of the spatial
or temporal organization of voxels, the present clustering yields spatially-structured and
temporally-consistent maps of clusters. For instance, at D20T-1, voxels with high CBF value
are localized at the tumor border and cluster a, which is mainly distributed at this localization,
accordingly presents the highest CBF value. Over time, cluster a remains at the periphery of
the tumor. Besides topological information, the cluster-based approach defines for each
cluster a profile accounting for all MRI parameters and thereby discriminates homogenous
groups of voxels within the tumor that cannot be detected by inspecting the ROI-based
analysis. We observe that the variability of the change in cluster proportions during treatment
is lower than that of the ROI-based parameter values (see the SEM in Figure 4). This lower
variability may be ascribed to the fact that clusters represent homogeneous ranges of
parameter values and thus a fraction of the tumor while ROI integrate the range of a
parameter values across the entire tumor. This lower variability of the change in cluster
proportions suggests that the cluster-based analysis is more sensitive to changes within the
tumor than the ROI-based analysis. This can be illustrated by CBV or VSI, which may be
reduced by Sorafenib treatment13,25: they were not detected as changed following Sorafenib
treatment by the ROI-based analysis, whereas, the proportion of cluster b, which presents the
highest levels of CBV and VSI, was reduced. Our results show that, when specific areas
within a tumor respond to a therapy, the ROI-based analysis may be blind to these effects.
Indeed, its global analysis erases all fine variations. This further suggests that the clusterbased approach might be less sensitive than ROI-based analysis to the inter-rater variability
generally observed during tumor delineation. Indeed, we expect that the inter-rater variability
will affect differently the ROI-based and the voxel-based analysis. The mean value
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determined with the ROI-based analysis will vary with the number of included voxels,
whereas the cluster-based analysis will not be as sensitive to this parameter. Finally, the
inclusion in the tumor ROI of healthy tissue by the rater should be detected with the clusterbased analysis, i.e., the clustering should yield a cluster with the properties of a healthy tissue.
This is not the case for the ROI-based analysis. In this case, the mean parameter value should
be modified towards that of healthy tissue, thereby masking the contrast between tumor and
healthy tissue.
In this preclinical study, we used quantitative parameters that are not routinely used in clinic.
Further studies should be conducted on non-quantitative parameters, such as ratio between the
parameter values measured in the tumor and in a normal appearing white matter area, as
typically performed in clinical settings. Note that the cluster-based analysis could also help in
selecting normal white appearing matter using the homogeneous MR characteristics intrinsic
to this tissue.
In order to investigate the potential of the clustering approach for treatment follow up, we
used the antiangiogenic-based vascular normalization hypothesis36, which was already
validated in animal model studies21,13,25, followed by a radiotherapy. This study was not
directly designed to investigate treatment efficacy and, although we observed an effect of
Sora treatment, we could only detect minor effects of the combined therapy that could have
been improved with a larger number of included animals.
The cluster-based approach may seem limited to follow-up spatial evolutions within the tumor
when the tumor volume changes during progression and treatment. However, the clusterbased approach can potentially promote direct information of the short-term effect of
treatment and/or about tumor with low progression rate such as low-grade glioma. Under
these conditions, the cluster approach may help identify the tissue types that respond to a
given therapy and may then be used to monitor dose response trials. For example, in our
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study, a tumor with limited number of voxels belonging to cluster a and b, i.e. clusters
responding to Sorafenib, will most probably show limited response under Sorafenib
treatment. Overall, this strategy opens a new way to personalize therapy for each patient.
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5. Conclusion
In the context of combined therapies for solid tumor treatment, the cluster-based analysis and
the ROI-based analysis provides complementary views of the same data. The ROI-based
analysis is well suited to highlight global changes and the cluster-based analysis provides a
comprehensive and subtle view of MRI-parameters integration that describes intra-tumoral
heterogeneity. The evolution of the cluster distributions within the tumor appears as a
promising strategy to decipher the complexity of tumor changes under combined therapies.
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Figure Legends

Figure 1. A. Experimental design. At D0, rats were implanted with F98 glioblastoma cells
(as mentioned above). Twenty day after cell inoculation (D20), a control MRI session was
performed. One day later (D21) Sorafenib (Sora: 30 mg/kg) or vehicle was administrated
during three day, one administration p.o. per day (D21T0 to D23T3). Then, at D24T3, a
second MRI session was performed in the morning and some rats underwent a radiotherapy
(20Gy) in the afternoon. Two days after irradiation (D26T5), a third MRI session was
performed. D as notation for the duration (days) after tumor cell implantation, and T as the
duration (days) after treatment initiation. B. Experimental groups. At D20T-1, before
treatment: group C. At D24T3, after vehicle administration: group V; or after Sorafenib
administration: group S. At D25T5, vehicle administration followed by irradiation: group
VRT; Sorafenib treatment followed by irradiation: group SRT; Sorafenib treatment followed
by no irradiation: group SØ. Animal numbers are presented for each group.

Figure 2. Multiparametric MRI of F98 glioma under Sorafenib treatment, radiotherapy
and combined treatments. (A) In addition to anatomical T2W images, six MRI parameters
were mapped: ADC, Perm, CBF, CBV, VSI and StO2. The tumor ROIs are overlaid on the
maps. (B) Representative view of the ROI-based analysis from baseline at D20T-1. (C) Mean
± SEM of tumor ADC, Perm, CBF, CBV, VSI and StO2 at different time points of group: C
(before treatment); V: after vehicle administration; S: after Sorafenib administration; VRT:
vehicle administration followed by irradiation; SRT: Sorafenib treatment followed by
irradiation and SØ: Sorafenib treatment followed by no irradiation. Comparison between
D20T-1 and D24T3: RM-ANOVA, * p<0.05 for the effect of Sorafenib treatment.
Comparison between D24T3 and D26T5: RM-ANOVA with LSD post-hoc correction for
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multiple comparisons: * p<0.05 for VRT vs SRT, $ p<0.05 for VRT vs SØ. (D) Tumor size
progression. Mean ± SD. Baseline D20T-1 (C, n=19), D24T3 (V, n=7; S n=12), D26T5
(VRT, n=7; SRT, n=7; SØ, n=5)

Figure 3. Cluster distribution and characterization. (A) Cluster characterization with web
graph representing the mean standardized value and mean ± SEM values for each MRI
parameter. (B) Cluster assignment within tumor ROI overlaid on the T2W anatomical image.
The coloured bars show the cluster proportion within the ROI for each condition (time points
and treatments). Baseline D20T-1 (C, n=17), D24T3 (V, n=5; S, n=12), D26T5 (VRT, n=5;
SRT, n=7; SØ, n=5), np : non physiological values.

Figure 4. ROI-based and Cluster-based changes following therapy. For each time interval,
MRI parameter evolutions, a representative map of cluster distribution, and the evolution of
the percentage of each cluster (a to e) are presented. This highlights the impact of treatments
independently of tumor characteristics before treatment. (A) Changes between D20T-1 and
D24T3 (B). Changes between D24T3 and D26T5. Mean ± SEM. Mann-Whitney test, *
p<0.05
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