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Abstract
Objectives The potential diagnostic value of dual-energy
computed tomography (DE-CT) compared to dynamic
contrast-enhanced CT (DCE-CT) and conventional contrast-
enhanced CT (CE-CT) in the assessment of early regorafenib
treatment effects was evaluated in a preclinical setting.
Methods A rat GS9L glioma model was examined with
contrast-enhanced dynamic DE-CT measurements (80 kV/
140 kV) for 4 min before and on days 1 and 4 after the start
of daily regorafenib or placebo treatment. Tumour time-
density curves (0-240 s, 80 kV), DE-CT (60 s) derived iodine
maps and the DCE-CT (0-30 s, 80 kV) based parameters
blood flow (BF), blood volume (BV) and permeability
(PMB) were calculated and compared to conventional CE-
CT (60 s, 80 kV).
Results The regorafenib group showed a marked decrease in
the tumour time-density curve, a significantly lower iodine
concentration and a significantly lower PMB on day 1 and 4
compared to baseline, which was not observed for the placebo
group. CE-CT showed a significant decrease in tumour den-
sity on day 4 but not on day 1. The DE-CT-derived iodine
concentrations correlated with PMB and BV but not with BF.

Conclusions DE-CT allows early treatment monitoring,
which correlates with DCE-CT. Superior performance was
observed compared to single-energy CE-CT.
Key Points
• Regorafenib treatment response was evaluated by CT in a
rat tumour model.

• Dual-energy contrast-enhanced CT allows early treatment
monitoring of targeted anti-tumour therapies.

• Dual-energy CT showed higher diagnostic potential than
conventional contrast enhanced single-energy CT.

• Dual-energy CTshowed diagnostic potential comparable to
dynamic contrast-enhanced CT.

• Dual-energy CT is a promising method for efficient clinical
treatment response evaluation.

Keywords Dual-energy computed tomography . Contrast
media . Drugmonitoring . Regorafenib . Anti-angiogenesis
effect

Introduction

Advances in the field of novel anti-tumour drug therapies have
resulted in an increasing need for diagnostic tests that allow
early, accurate and objective evaluation of treatment re-
sponses. The classic method of measuring the diameter of
solid tumours according to the Response Evaluation Criteria
in Solid Tumors (RECIST) [1, 2] has recently been shown to
have poor sensitivity in estimating tumour response to anti-
angiogenic drugs or tyrosine kinase inhibitors [3–7] because
these therapies primarily induce changes in the microvascula-
ture of the tumour rather than a decrease in tumour size.

As an alternative, Choi et al. demonstrated that combined
measurements of tumour attenuation and tumour size, using
conventional portal-venous phase contrast-enhanced CT (CE-
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CT) during follow-up of metastatic gastrointestinal stromal
tumours (GIST) undergoing targeted treatment, are signifi-
cantly better predictors of treatment response than RECIST
[5]. Decreased tumour attenuation correlates pathohis-
tologically with the development of tumour necrosis and
cystic or myxoid degeneration as a result of the therapy
targeting anti-angiogenesis. However, in case of intratumoral
haemorrhage during targeted treatment, the resulting increase
in tumour attenuation may cause misleading treatment re-
sponse evaluation based on the Choi criteria [8].

Dynamic contrast-enhanced computed tomography (DCE-
CT) is used to characterise the tumour microvascularisation by
monitoring the kinetics of contrast agent (CA) passage in the
tumour. It has been shown to be a sensitive diagnostic tool for the
assessment of early treatment response by detecting changes in
vascularisation, tissue perfusion and vascular permeability
[9–14]. This is especially relevant for anti-angiogenic treatments,
as the inhibition of angiogenic signalling pathways is accompa-
nied by a decrease in the elevated vascular tumour permeability
[15]. Despite numerous advances in dose-saving imaging tech-
niques [16, 17], the clinical use is still limited by relatively high
radiation doses and complex image post-processing [18].

Contrast-enhanced dual-energy CT (DE-CT) allows selec-
tive detection and a fairly straightforward quantification of the
iodine content in tumours [19] with comparable radiation
doses to CE-CT at 120 kV [20–23]. Using DE-CT, an iodine
map encoding the iodine content in each voxel and a virtual
non-contrast image were calculated. As the amount of iodine-
containing CA within a tissue varies with its vascularisation,
perfusion and vascular permeability, vascular tissue properties
can be directly deduced from the tumour iodine concentration.
The DE-CT based quantification of the iodine content permits
the differentiation of hypervascularised tissue from haemor-
rhage [24]. Hence, this method of tumour response evaluation
is potentially more accurate than CE-CT or the Choi criteria.

The aim of this preclinical study was to systematically
evaluate the diagnostic potential of DE-CT in direct comparison
to DCE-CT and CE-CT in the monitoring of intraindividual
early treatment response to regorafenib, a new oral multikinase
inhibitor that has recently been approved by the US Food and
Drug Administration (FDA) for the treatment of metastatic
colorectal cancer [25]. Regorafenib inhibits both angiogenic
kinases, such as VEGF receptors, which play an important role
in tumour neoangiogenesis, and several oncogenic and stromal
receptor tyrosine kinases [26].

Material and methods

Animals

Sixteen healthy Fischer rats (males; mean weight 300 g) were
purchased from Charles River (Sulzfeld, Germany). The

animals were kept under standard laboratory conditions at a
temperature of 22 °C with standard food and water ad libitum.
The animals were handled in compliance with German animal
welfare legislation and with the approval of the state animal
welfare committee. The animals were inoculated with 3×106

GS9L cells intramuscularly into the left foreleg.

Experimental setup

Eight days after inoculation of the tumour cells, the animals
were randomly assigned to one of two groups: the regorafenib
group (n=8) or the placebo group (n=8). Then DE-CT exam-
inations were performed to obtain baseline (BL) levels. The
CT imaging was repeated on day 1 and day 4 after the start of
treatment. Oral treatment with either regorafenib (Stivarga,
Bayer Pharma AG, Berlin, Germany) or placebo (vehicle
without therapeutic agent [26] at a dose of 10 mg/kg body
weight) was started immediately after the baseline CT. Daily
treatment was continued for 3 days.

The rats were anesthetised with 4 % isoflurane (Baxter
Deutschland GmbH, Unterschleißheim, Germany) for all CT
examinations, and anaesthesia was maintained throughout the
examination with 1.5 % isoflurane. CT images were acquired
with the rats positioned prone and head first. A peripheral
intravenous line (24 gauge) was inserted in the tail vein and
connected to a dedicated small-animal injector. Two seconds
after the start of the CT, iopromide (Ultravist 300, Bayer Vital
GmbH, Leverkusen, Germany) at a dosage of 0.5 g iodine/kg
body weight was injected into the tail vein with a flow rate of
0.8 ml/s followed by 0.9 ml saline administered at the same
rate.

CT imaging protocol

The study was performed using a clinical second-generation
dual-source scanner (Somatom Definition Flash, Siemens
Healthcare, Forchheim, Germany). The measurement range
was adjusted to cover the tumour in the left foreleg and the
thoracic region. DE-CTwas performed in sequential, dynamic
mode without table feed using a detector collimation of 32×
0.6 mm and a rotation time of 0.5 s. The settings were 80 kV,
100 mAs for tube A and 140 kVwith tin filtration, 39 mAs for
tube B. DE-CT was acquired over a total period of 4 min in
two imaging blocks:

1st scan (0-30 s): 1 acquisition every second (n=30
acquisitions);
2nd scan (35-240 s): 1 acquisition every 5 s (n=42
acquisitions).

Images were reconstructed with a slice thickness and in-
crement of 2 mm using a kernel of moderate softness in the
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abdominal window (kernel B31 or D30f for dual-energy
analysis).

Post-processing and data analysis

The images were transferred to a workstation for post-
processing (MMWP, Siemens Healthcare, Erlangen, Germa-
ny). The animals were numbered consecutively and group
affiliations were blinded to the reader for evaluation.

Time-density curves

Data were analysed using the CT system software DynEva
(Siemens Healthcare, Erlangen, Germany). The two 80-kV
data sets acquired per animal at BL, day 1 and day 4 (kernel
B31, 0-30 s and kernel B31, 35-240 s) were combined and
stored as one series (80 kV, 0-240 s). In this new data set and
within each rat, regions of interest (ROIs) were drawn manu-
ally to enclose the tumour, excluding bones, in three contigu-
ous and representative slices at each of the three examinations.
The resulting three curves per animal and measurement were
averaged over the whole group of eight animals. In the
regorafenib-treated animals, the difference among the three
examinations (BL, day 1, day 4) reached a maximum around
60 s after CA injection. Therefore, this time point was chosen
for CE-CT and DE-CT image analysis.

DCE-CT

The DCE-CT image analysis was performed using the 80-kV
data set from the first DE-CT scan block (0-30 s) and the body
perfusion software (VPCTBody, Siemens Healthcare, Erlangen,
Germany). The software based on a two-compartment pharma-
cokinetic model and the voxel time-density curves were fitted by
using a deconvolution technique [27]. After automatic motion
correction and bone segmentation, the arterial input function was
derived from a manually defined ROI in the descending aorta at
the mid-level of the heart. The time shift in the CA arrival
between the aorta and tumour tissue was set automatically.
Functional parameter maps were calculated for the permeability
(PMB), blood volume (BV) and blood flow (BF). For the three
examinations (BL, day 1, day 4), manual ROIs were drawn
around the tumours, excluding bones, in three contiguous and
representative slices, corresponding to the slices used in the
preceding analysis. Quantitative parameters were calculated for
PMB, BVand BF on the basis of the ROIs.

CE-CT

Tumour densities of the CE-CT examinations were measured
using the images at 60 s post injection (p.i.) in the same
manner as for the preceding analyses by drawing ROIs around
the tumour in three contiguous slices of the CE-CT

examinations at 80 kV (kernel B31). The relative change
in tumour attenuation compared to BL was calculated for
day 1 and day 4.

DE-CT

The DE-CT image evaluation was performed using the 80 kV
and 140 kV (kernel D30f) data at 60 s p.i. For the analysis,
Dual Energy software (Siemens Healthcare, Erlangen, Ger-
many) was used to decompose the images into a pure iodine
image and a virtual non-contrast image (VNC) based on the
specific absorption characteristics of iodine at 80 kV and
140 kV. The dual-energy analysis was adjusted to the animal
model used by applying modified liver VNC parameters
(Table 1). As described above, manual ROIs were drawn
around the tumour in three representative and contiguous
slices within the iodine maps at BL, day 1 and day 4 and the
respective iodine concentrations were calculated.

Statistical evaluation

All values are presented as mean±standard deviation. A sta-
tistical comparison within the groups (BL vs. day 1 and day 4)
was performed using a one-way repeated-measures analysis of
variance test followed by Tukey post-hoc comparison. The
comparison among groups for BL, day 1 and day 4 was
performed with the one-way analysis of variance test followed
by Tukey post-hoc comparison. The calculations were per-
formed with GraphPad Prism (GraphPad Software, La Jolla,
CA, USA) using a significance level of 5 %.

Results

All except one CT examination of the 16 rats measured at BL,
day 1 and day 4 were technically successful. The unsuccessful

Table 1 Modified liver
evaluation parameters of
the dual-energy software
adjusted to fit the small-
animal model

Range 2

Minimum -300

Maximum 3,071

Tissue (low) 65

Tissue (high) 50

Fat (low) -110

Fat (high) -87

Rel. CM 2.80

Iodine BHC Off

Organ contour enhance. On

CM cutoff -100

Resolution enhancement Off

Table removal Off
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examination was due to failure of the CA injection in rat no. 3
(regorafenib group) on day 1. The time point was excluded
from analysis for this animal.

Time-density curves

The tumour time-attenuation curves after treatment with rego-
rafenib (day 1 and day 4) showed clearly reduced tumour
signal levels compared with the BL curve. In contrast, only
minor changes were detected over time in the placebo group
(Fig. 1). Thus, the treatment effects of regorafenib can be
detected as early as 24 h after the first dose. The signal
decrease after treatment was most prominent during the inter-
stitial phase about 40-80 s after injection of the CA (Fig. 1).

DCE-CT

A more detailed and quantitative analysis of the tumour mi-
crovasculature was obtained by DCE-CT in combination with
pharmacokinetic modelling. The parameters PMB, BV and
BF of the tumour were quantified based on the calculated
functional parameter maps. A representative example of the
three colour-coded maps demonstrating the effect of regoraf-
enib treatment is shown in Fig. 2. A marked decrease in PMB
on days 1 and 4 compared with baseline is readily apparent.
The quantitative analysis of the regorafenib-treated animals
yields a statistically significant decrease in PMB on day 1
(17.38±5.34 ml/100 ml/min) and day 4 (11.73±2.29 ml/
100 ml/min) compared to BL (23.37±5.34 ml/100 ml/min)
(Fig. 3, Table 2). The differences between days 1 and 4 were
also significant. In contrast, in the placebo group no signifi-
cant changes in PMB were observed between day 1 (24.50±
5.55 ml/100 ml/min) and day 4 (22.26±5.44 ml/100 ml/min)
compared to BL (22.52±5.52 ml/100 ml/min) (Fig. 3). How-
ever, PMB on day 4 was significantly lower than on day 1.
The BV and BF did not change significantly over time com-
pared to BL in the regorafenib group. However, in the placebo
group a significantly lower BF was observed on day 4 com-
pared to day 1.

Statistical comparison between the groups at the three time
points (BL, day 1 and day 4) yields significantly lower PMB
on day 1 and day 4 for the regorafenib group compared to the
placebo group. No differences between the two treatment
groups were observed for BVand BF at any time point.

CE-CT

The image analysis based on the 80 kV CE-CT at 60 s p.i.
showed tumour attenuations of 97.90±10.16 HU (BL), 89.12
±6.54 HU (day 1) and 81.18±7.15 HU (day 4) for the animals
treated with regorafenib (Fig. 4). The decrease from BL to day
4 was statistically significant, whereas the attenuation on day
1 showed no difference from BL. In the placebo group no
significant decrease was observed between BL (99.43±8.07
HU), day 1 (97.96±9.03 HU) and day 4 (94.98±9.65 HU).
The analysis among the groups showed significantly lower
tumour attenuations on day 4 but not on BL or day 1.

In order to compare the tumour response over time using
the Choi criteria, the relative change in tumour attenuation
was determined for day 1 and day 4. In the regorafenib group,
two animals on day 1 and five animals on day 4 showed an
HU reduction greater than 15 %. Only one animal in the
placebo group showed a change in attenuation greater than
15 % on day 4.

DE-CT

Figure 5 shows an example of DE-CT iodine maps at BL, day
1 and day 4 for a rat from the regorafenib group, showing a
clear decrease in iodine concentrations over time. The DE-
based quantification of the tumour iodine concentration after
regorafenib treatment showed a significant decrease in iodine
concentration from BL (1.57±0.27 mg/ml) to day 1 (1.32±
0.21 mg/ml) and from BL to day 4 (1.15±0.13 mg/ml). In
contrast, no significant changes were observed in the placebo
group, with iodine concentrations of 1.64±0.21 mg/ml, 1.54±
0.26 mg/ml and 1.61±0.25 mg/ml for BL, day 1 and day 4,
respectively. The between-group comparison showed a

Fig. 1 Time-attenuation curves
of the regorafenib and placebo
groups (group mean value±SD
within group) at baseline, day 1
and day 4 showing a marked
change in the progression of the
curves on day 1 and day 4 after
regorafenib treatment. The signal
decrease was most prominent
about 40-80 s after injection of the
contrast agent
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significantly lower tumour iodine concentration for the
regorafenib-treated animals on day 4 but not on day 1 (Fig. 6).

Correlation of DE-CT with CE-CT and DCE-CT

The correlation between all DE-CT-derived tumour iodine
concentrations to the DCE-CT-based parameters PMB, BV
and BV, which characterise the tumour microvasculature,

were analysed (Fig. 7). The iodine concentration showed a
significant, moderate positive correlation with the PMB (r2=
0.61) and BV (r2=0.52). No significant correlation was found
for BF (r2=0.13). Comparison with CE-CT showed a high
correlation (r2=0.80) between iodine concentration and tu-
mour attenuation. Hence, decreasing iodine concentrations
during treatment were associated with decreasing PMB, BV
and CE-CT signal intensities.

Fig. 2 Functional parameter maps of DCE-CT images at baseline (left),
day 1 (middle) and day 4 (right) after treatment with regorafenib, showing
a marked decrease in the tumour PMB (images top right) on day 1 and

day 4 compared to baseline. In contrast, no clear changes in tumour BF
(images bottom left) or BV (images bottom right) are apparent. The thin
white line demarcates the respective ROI

Fig. 3 Quantitative analysis of DCE-CT-derived parameters PMB (left),
BV (middle) and BF (right) in the regorafenib and placebo group at
baseline, day 1 and day 4. There is a significant decrease in PMB between
each of the 3 days in the regorafenib group. In contrast, no significant
changes in PMB can be observed in the placebo group between day 1 and

day 4 compared to baseline. No significant changes over time were
observed for BV. The BF also showed no significant changes, with the
exception of a reduction in BF between day 4 and day 1 in the placebo
group. Statistically significant differences between different time points
are marked with an asterisk (*p<0.05; **p<0.01)
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Discussion

Study design

In this preclinical study, we compared DE-CT with conven-
tional CE-CT and DCE-CT in the monitoring of early re-
sponse to targeted antitumour treatment in an experimental
rat glioblastoma tumour model. Dynamic DE-CT imaging

was performed for each animal before and on days 1 and 4
after treatment with regorafenib or placebo. DCE-CT (80 kV,
0-30s p.i.) parameter analysis (PMB, BV, BF), CE-CT (80 kV,
60s p.i.) image evaluation and a DE-CT (80/140 kV, 60s p.i.)
derived analysis of tumour iodine concentrations were per-
formed. In contrast to clinical studies, it was thus possible to
compare all three methods under identical experimental con-
ditions in the same animal on the basis of simultaneously

Table 2 Individual DCE-CT-derived functional parameter evaluation for the regorafenib and placebo groups

Time Animal Regorafenib Placebo

PMB (ml/100 ml/min) BV (ml/100 ml) BF (ml/100 ml) PMB (ml/100 ml/min) BV (ml/100 ml) BF (ml/100 ml)

BL 1 18.6 5.4 110.5 33.4 6.1 111.5

2 22.5 5.2 98.8 31.7 6.3 105.9

3 26.2 6.7 132.3 29.1 6.2 105.0

4 27.9 5.7 97.2 19.5 5.3 102.8

5 23.7 5.1 78.9 22.7 4.0 57.3

6 28.4 5.6 93.9 21.6 5.0 84.8

7 32.3 6.2 90.3 24.9 5.4 96.8

8 33.8 6.7 96.7 24.0 5.7 101.8

Day 1 1 11.7 4.5 93.9 32.7 6.1 114.9

2 20.8 5.8 95.9 33.7 7.1 115.1

3 –1 –1 –1 27.8 6.0 100.3

4 25.2 5.7 72.0 23.0 5.5 105.2

5 17.0 5.5 109.6 33.2 8.8 109.8

6 28.7 6.3 106.1 26.1 5.3 93.8

7 21.4 5.5 81.1 24.6 5.3 92.2

8 17.6 5.5 104.7 23.3 5.7 98.8

Day 4 1 13.5 4.5 82.1 34.0 5.6 97.7

2 17.3 7.3 93.8 30.3 5.8 88.3

3 13.2 5.4 103.8 20.5 4.7 85.4

4 12.8 3.6 88.3 19.3 4.9 83.6

5 10.0 3.9 124.2 17.4 4.7 42.7

6 11.4 3.5 67.8 21.0 5.0 83.7

7 16.1 4.8 68.5 21.3 5.7 96.0

8 12.0 5.2 64.1 26.4 5.4 89.5

Abbreviations: BF blood flow, BV blood volume, PMB permeability, BL baseline
1 The missing data for animal no. 3 on day 1 of the therapy group were due to failure of contrast agent injection

Fig. 4 CE-CT-derived tumour attenuation values show a significant
decrease in the regorafenib group from baseline to day 4, whereas no
significant decrease can be seen on day 1 compared to baseline. In the

placebo group no significant decrease can be observed on either day.
Statistically significant differences between different time points are
marked with an asterisk (*p<0.05; **p<0.01)
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acquired images. This way neither morphological tumour
changes nor physiological changes affecting the kinetics of
the CA, such as cardiac output, nor technical variations, such
as slice position, biased the comparison of the three different
methods. The differences observed are therefore solely due to
the method of image evaluation and post-processing.

Comparison of methods

All three procedures detected therapeutic effects of regorafe-
nib after the 4-day observation period. Moreover, for the
parameters PMB (Fig. 3) and tumour iodine concentration
(Fig. 6), intraindividual treatment effects were detected as
early as 24 h after initiation of regorafenib treatment. No
effects were observed at this time point when tumours were
analysed by CE-CT (Fig. 4).

Choi et al. defined partial response to targeted therapy with
portal-venous phase CE-CT as a decrease in tumour attenua-
tion greater than 15 % from pre- to post-treatment CT or a
decrease in tumour diameter greater than 10 % [4, 5]. Accord-
ing to those criteria, only two out of eight animals (day 1) and
five out of eight animals (day 4) from the therapy group were
classified as partial responders because of their decrease in
attenuation. We therefore conclude that in the present study,
CE-CT and the Choi criteria are not as sensitive as the PMB
and the tumour iodine concentration in monitoring early indi-
vidual response to regorafenib.

Tumour attenuation and iodine concentration are deter-
mined by the accumulation of CA in the tumour. Consequent-
ly, both parameters correlate well in direct comparison
(Fig. 7). However, CE-CT shows not only the accumulation
of iodine but also the constitution of the tumour tissue (e.g.
vital tumour, necrosis, haemorrhage), which is assumed to
change in response to therapy. In contrast, DE-CT-derived
tumour iodine concentrations are determined solely by
therapy-induced changes in CA accumulation. Therefore
DE-CT possesses a higher intrinsic sensitivity.

However, both DE-CT and CE-CT depend on the accumu-
lation of CA at one time point 60 s after the CA has been
injected and represent only a “snapshot” of CA kinetics. In
contrast, DCE-CT has the method-related advantage of sam-
pling CA kinetics dynamically. DCE-CT quantification with
the two-compartment model results in significantly reduced
PMB, not only in the intraindividual follow-up but also in the
group-wise comparison of placebo- and regorafenib-treated
animals. Here, statistically significant differences were ob-
served on day 1 and day 4, while tumour attenuation and
tumour iodine concentration showed a significant difference
between the therapy and placebo group only on day 4. Con-
sidering the high treatment efficacy of regorafenib that has
been shown in clinical [25] and preclinical studies [26], we
conclude that DCE-CT is the most sensitive of the three
methods investigated.

On the other hand, significant changes in PMB were also
observed within the placebo group (day 4 vs. day 1). In

Fig. 5 DE-CT-derived iodine map of a tumour (white arrows) at baseline and on day 1 and day 4 after the start of treatment with regorafenib, showing a
clear decrease in tumour iodine concentration over time

Fig. 6 Quantitative DE-CT analysis of iodine concentrations at baseline,
day 1 and day 4 in the regorafenib and placebo groups. There is a
significant decrease in iodine concentrations after regorafenib treatment
from baseline to day 1 and from baseline to day 4. In contrast, no

significant changes can be observed in the placebo group. Statistically
significant differences between different time points are marked with an
asterisk (*p<0.05; **p<0.01)
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contrast to the regorafenib-treated animals, PMB transiently
increased on day 1 before decreasing on day 4 back to baseline
level. This increase, although not statistically significant, was
also observed for BV and BF. As these effects were not
observed in the therapy group they can most likely be attrib-
uted to changes in the tumour tissue constitution within the
analysed central slices of the tumours. This observation also
demonstrates the limitations and potential pitfalls of this meth-
od when comparing different time points.

In the present study PMBwas the most sensitive marker for
early regorafenib response. This is in agreement with a previ-
ous preclinical DCE-CT study in the same animal model
comparing two contrast agents with different pharmacokinet-
ics [28] and the results of a dynamic macromolecular-
enhanced MRI study [26]. In a recently published study,
investigating a rat colon cancer model with DCE-CT, a sig-
nificantly reduced tumour vascularity was observed after daily
treatment with regorafenib over 7 days [14]. Although the
averaged PMB was reduced by about 50 %, no significant
changes were observed as the reduction was inconsistent
within the group. Possible reasons for these different findings
might be the longer therapy cycle, the different tumour model
or the method of image analysis. In contrast to our study, they
analysed only the viable tumour tissue and used a different
two-compartment uptake model. These differences in data
post-processing underline the importance of standardisation
in the evaluation of DCE-CT data to make results comparable.

In contrast, DE-CT-derived tumour iodine quantification
does not depend on a specific vascular parameter. In our study

we observed a correlation between tumour iodine concentra-
tion, PMB and BV, but not with BF (Fig. 7). This demon-
strates that DE-CT tumour iodine quantification can detect
early treatment-related changes in vessel permeability and
shows the potential of DE-CT in the evaluation of early
therapy effects.

The results of the present animal study confirm pervious
clinical observations comparing CE-CT/Choi criteria and DE-
CT-based iodine attenuation or quantification. A study in
metastatic GIST patients found a good correlation between
portal-venous CT density values and tumour iodine-related
attenuation [29]. The authors conclude that DE-CT-based
iodine quantification is a more robust parameter for the eval-
uation of treatment response. This was also the conclusion of a
study in HCC patients treated with sorafenib [30]. They
introduced the parameter of “volumetric iodine uptake” to
quantify the iodine uptake of the entire tumour. This might
be a promising approach that takes the tumour volume into
account.

Limitations

Imaging protocols for DCE-CT and CE-CT differ from clin-
ical protocols because of the chosen study design and the
small animal model: The setup was designed to evaluate
regorafenib treatment effects systematically. Therefore CA
kinetics in the tumour tissue was monitored over a relatively
long examination duration of 4 min.

Fig. 7 Correlation analysis of
DE-CT-derived tumour iodine
concentrations with DCE-CT-
based parameters PMB, BVand
BF and CE-CT attenuation values
shows a correlation between the
tumour iodine concentration and
PMB (top left), BV (top right) and
CE-CT attenuation values
(bottom right), whereas no
correlation was found with BF
(bottom left); r2 represents the
correlation coefficient.
Statistically significant
correlations are marked with an
asterisk (*p<0.05; **p<0.01)
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The high temporal resolution of DCE-CT was chosen to
ensure a high sampling rate for the two-compartment model-
ling, not taking into account radiation dose issues. In contrast
to the criteria suggested by Choi et al. [5], the evaluation of
CE-CTwas performed at 80 kV instead of 120 kV because of
the small animal model and as iodine attenuation is higher at
lower tube voltages. Hence, nomeaningful conclusions can be
drawn regarding radiation doses as each CT examination
technique was specifically adapted to this study and differs
from clinical applications.

However, previous studies specifically focusing on this
issue reported that DE-CT is feasible with similar radiation
doses and image noise and similar or even better contrast-
to-noise ratios when compared to single-phase 120-kV
CE-CT [20–22]. The 72 dynamic images for each CT
examination result in a dose length product of
514 mGy*cm. Although this considerable radiation dose
is significantly below the doses used in radiation therapy,
this might have influenced our results, especially the com-
parison between regorafenib and placebo treatment. More-
over, the method of image evaluation had some limita-
tions. We determined the time point p.i. for the CE-CT
and DE-CT measurements on the basis of the time-density
curves before and after treatment with regorafenib. This is
in contrast to clinical settings, where imaging is usually
performed during portal-venous phase. The image analysis
was based on manually drawn ROIs, which were defined
separately for each of the three methods and investigated
time points. Although we used standardised criteria for
ROI definition, this may have biased our results. Further-
more, in our study, therapy-related changes in the tumour
microvasculature were observed during a relatively short
period of 4 days and potential changes in tumour size
have not been considered.

Conclusion

In conclusion, tumour iodine concentration measurements by
DE-CT can be a useful marker to assess early regorafenib
treatment effects. The results of this preclinical study provide
a basis for interpreting clinical observations and may help to
optimise early treatment monitoring.
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