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Repeated Contrast-Enhanced Micro-CT Examinations Decrease
Animal Welfare and Influence Tumor Physiology
Jasmin Baier, MSc,* Anne Rix, MSc,* Milita Darguzyte, PhD,* Renée Michèle Girbig, MSc,*
Jan-Niklas May, MSc,* Rupert Palme, DVM,† René Tolba, MD,‡ and Fabian Kiessling, MD*
Objectives: Computed tomography (CT) imaging is considered relatively safe
and is often used in preclinical research to study physiological processes. However,
the sum of low-dose radiation, anesthesia, and animal handlingmight impact animal
welfare and physiological parameters. This is particularly relevant for longitudinal
studies with repeated CT examinations. Therefore, we investigated the influence
of repeated native and contrast-enhanced (CE) CT on animal welfare and tumor
physiology in regorafenib-treated and nontreated tumor-bearing mice.
Material and Methods: Mice bearing 4T1 breast cancer were divided into 5
groups: (1) no imaging, (2) isoflurane anesthesia only, (3) 4 mGy CT, (4) 50 mGy
CT, and (5) CE-CT (iomeprol). In addition, half of each group was treated with
the multikinase inhibitor regorafenib. Mice were imaged 3 times within 1 week
under isoflurane anesthesia. Behavioral alterations were investigated by score
sheet evaluation, rotarod test, heart rate measurements, and fecal corticosterone
metabolite analysis. Tumor growth was measured daily with a caliper. Tumors
were excised at the end of the experiment and histologically examined for blood
vessel density, perfusion, and cell proliferation.
Results: According to the score sheet, animals showed a higher burden after an-
esthesia administration and in addition with CT imaging (P < 0.001). Motor co-
ordination was not affected by native CT, but significantly decreased after CE-CT
in combination with the tumor therapy (P < 0.001). Whereas tumor growth and
blood vessel density were not influenced by anesthesia or imaging, CT-scanned
animals had a higher tumor perfusion (P < 0.001) and a lower tumor cell prolif-
eration (P < 0.001) for both radiation doses. The most significant difference was
observed between the control and CE-CT groups.
Conclusion: Repeated (CE-) CT imaging of anesthetized animals can lead to an
impairment of animal motor coordination and, thus, welfare. Furthermore, these
standard CT protocols seem to be capable of inducing alterations in tumor phys-
iology when applied repetitively. These potential effects of native and CE-CT
should be carefully considered in preclinical oncological research.
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P reclinical research underlays the ethical imperative to minimize an-
imal burden by considering the 3Rs.1 This concept was first intro-

duced by Russel and Burch in 1959 and stands for reduction, replace-
ment, and refinement of animal experiments. One regularly used tool
to investigate physiological and morphological processes in preclinical
research is noninvasive imaging.2,3 With regard to the 3Rs, imaging
contributes significantly to the reduction of animal numbers required
for a study by enabling longitudinal scans of the same animal.4Whereas
it was shown that, for example, magnetic resonance imaging and ultra-
sound imaging are well tolerated by animals and highly suited for pre-
clinical research,5,6 other modalities have not yet profoundly been ex-
plored concerning risks and possible unwanted side effects on animal
well-being and study results.

Imaging procedures often require the intravenous administration
of contrast agents, and even if these are approved for clinical use, their
repeated administration in short periods may compromise animal wel-
fare and physiological parameters. In this context, it has been shown
that linear gadolinium-based contrast agents for magnetic resonance
imaging have high retention in the brain and, moreover, can lead to
nephrogenic systemic fibrosis in patients.7 Furthermore, the most com-
monly used contrast agents for computed tomography (CT) imaging are
iodine based8 and have mainly shown side effects such as allergic reac-
tions, nephrotoxicity,9 or alterations in liver enzymes.10 In addition, a
correlation between DNA strand breakage11 and the use of iodine con-
trast agents as well as alterations in blood parameters10 were demon-
strated in preclinical studies.

Besides contrast agent applications, a common element of all
preclinical imaging studies is the administration of anesthesia to im-
mobilize the animals during the procedure. Apart from the high risk
of hypothermia and hypoglycemia during the anesthesia, the admin-
istration can lead to a long-term alteration of physiological parame-
ters, resulting in unintended changes in the experimental results.12

The most commonly used general anesthetics are injectable agents,
such as pentobarbital and ketamine, or inhalation agents, such as
isoflurane, sevoflurane, and halothane.12 Both groups of anesthetics
can have side effects like immune response alterations,13,14 as well
as mutagenic and hepatotoxic reactions.12 In addition, the handling it-
self can increase the stress levels of the animals15 by inducing changes
in the body temperature, central blood pressure, and heart rate.16 Con-
sequently, psychological and physical stress can lead to alterations in
immune responses.17

One commonly used imagingmodality in preclinical and clinical
diagnostics is x-ray CT.18Modern devices require much lower radiation
doses than in the past19 and clinical standard protocols typically result
in radiation exposure within a dose range of 2 mGy20 to 100 mGy,21

which is considered acceptable for patients.22 However, the effects and
risks of these radiation exposures and absorbed dosages in preclinical
animal studies can differ tremendously from clinical setups and are often
not comparable with patient studies.21

Previous preclinical studies have shown that possible effects
caused by radiation increase with scan frequency and higher radia-
tion dosages.23 Especially in preclinical monitoring studies, scans
are often performed in a short interval, which can lead to an accumu-
lation of radiation dose over time and, therefore, might affect animal
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behavior and study outcome. At low irradiation doses, contradictory
results can be found in the literature about the possible influence on
animal behavior. Whereas a study by Pecaut et al24 revealed that nei-
ther rotarod performance nor open field exploratory behavior of
C57BL/6 mice was affected after single irradiation with doses between
100 mGy and 2 Gy, Giarola et al25 observed changes in anxiety-related
behavior in rats offspring after 1-time radiation with 15 mGy. At higher
doses, reports of possible behavioral changes become more frequent.
A study with a radiation dosage of 245 mGy showed that selective ra-
diation of the brain causes changes in rats' exploratory behavior and
overall activity.26 Furthermore, Poojary and colleagues27 reported a tre-
mendous decrease in rotarod performance in Swiss albino mice after
1-time radiation at 5 Gy.

In addition to alterations in animal behavior, various physio-
logical reactions were reported after low-dose radiation ranging from
genetic and epigenetic changes to immunological alterations and tu-
morigenesis.21 In a study by MacCallum et al,28 low-dose radiation
of 10 mGy was shown to induce DNA damage by Trp53 pathway up-
regulation after only 1 time of imaging. Furthermore, a decrease in
hypoxia-related erythropoietin and vascular endothelial growth factor
receptor expression in S180 sarcoma was found after x-ray radiation
with 75 mGy.29

Although individual procedures might not have an adverse effect
on animal welfare, an accumulation of interventions can potentially
lead to an impact on animal welfare and, moreover, physiological pa-
rameters. To our knowledge, no systematic study has been conducted
yet investigating the possible influence of repeated diagnostic CT imag-
ing and all associated interventions on animal welfare and the outcome
of cancer monitoring studies. Therefore, we studied the potential impact
of repeated native and contrast-enhanced (CE) CT imaging with 2 com-
monly used radiation doses on animal behavior, welfare, and breast can-
cer physiology as well as tumor therapy response.
MATERIAL AND METHODS

Animals
All animal experiments were approved by the State Office for

Nature, Environment, and Consumer Protection (LANUV) in North
Rhine-Westphalia, Germany.

Female BALB/cAnNRjmice (age 8–10weeks; Janvier Labs, Saint
Berthevin, France) were housed in groups of 5 in closed type II individu-
ally ventilated cages cages with a temperature of 20°C to 24°C, a humid-
ity of 45% to 65%, and a 12-hour light/dark cycle, on spruce granulated
bedding according to the guidelines of the Federation for Laboratory An-
imal Science Associations (www.felasa.eu). Food (Sniff GmbH, Soest,
Germany) and water were accessible ad libitum. One nestlet per cage
was provided to enable nest building. All efforts were made to minimize
the number of animals used in this study and their suffering.

Orthotopic Tumor Inoculation and Antitumor Therapy
Tumor inoculation was performed 1 week before the first imag-

ing session. For this purpose, murine triple-negative breast cancer cells
(4T1,30 ATCC CRL2539, Manassas, VA; 4� 104 cells in 50 μL RPMI
1640 cell culture medium)were injected into the right mammary fat pad
of 111mice. The tumor sizes weremeasured daily with a caliper (Supple-
mental Digital Content, Fig. S5, http://links.lww.com/RLI/A775), and the
tumor volumes were calculated [length � width � width � (π/6)].
Tumors with a volume of more than 5 mm3 on day 6 after tumor cell
inoculation were included in the analyses.

Animals were treated with the tyrosine kinase inhibitor regoraf-
enib (therapy group) (Merck, Darmstadt, Germany) or vehicle solution
(60 μL via oral gavage; control group). The vehicle solution consisted
of 34% 1,2-propanediol, 34% polyethyleneglycol 400, and 0.12% plu-
ronic F68 (Merck) in deionized water and provided the base for the
2 www.investigativeradiology.com
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therapy solution, which additionally contained regorafenib (Merck;
10 mg/kg body weight).31

Experimental Setup
The influence of repeated CT scans on animalwelfare and tumor

growth was investigated in the following experimental groups, consisting
of at least 20 animals each: (1) no imaging (control), (2) isoflurane anes-
thesia, (3) 4 mGy CT, (4) 50 mGy CT, and (5) CE 50 mGy CT (CE-CT)
(Fig. 1A). Animals were trained for the behavioral rotarod test and heart
rate measurements on days −10, −8, −6, −4, and −2 and tumor cells were
inoculated on day 0. Baseline measurements for rotarod and heart rate
were performed on days 4 and 6. Half of the animals in each group were
randomly selected to receive the daily antitumor therapy from day 6 on.
Administration of anesthesia alone (30 minutes, 2% isoflurane in 98%
O2) or in combination with CTwas performed on days 7, 10, and 14 after
tumor cell injection, and rotarod performance and heart rate were evalu-
ated on day 11, 13, and 15. Animals were sacrificed on day 15.

CT Protocol
Imaging was performed with the MILabs U-CTi CT-FLT combi-

nation device (MILabs, Houten, the Netherlands). Imaging with 4 mGy
was conducted with the “total body–fast” scan protocol implemented in
the system with the following parameters: 55 kV tube voltage, 0.17 mA
tube current, 20 milliseconds exposure time, 40 degrees/s angle speed,
0 degree step angle, and 2 � 2 pixel binning with a total scan time of
19 seconds. Imaging with 50 mGy was performed with the “total
body–normal” scan protocol with the following settings: 55 kV tube
voltage, 0.17 mA tube current, 75 milliseconds exposure time, 0 degrees/
s angle speed, 0.750 degrees step angle, and 1� 1 pixel binningwith a total
scan time of 251 seconds (Figs. 1B, C). For CE scans, iomeprol (Imeron
400 M, Bracco, Italy, 400 mg/mL iodine) was injected intravenously with
a dose of 2 mg/kg bodyweight in 0.9% NaCl.

Influence of Repeated Low-Dose CT on Animal Welfare
Animal welfare was evaluated daily with a score sheet,32 which

considered body weight, the animals' general condition, spontaneous
behavior, and tumor growth. The point system ranged from 0 points
(no alteration) to 20 points (humane endpoint) and was used as an indi-
cator for animal health state (Supplemental Digital Content 1, Table 1
http://links.lww.com/RLI/A775). Scoring was performed blinded to
the treatment group of the animal.

Motor coordination and balance were investigated by the rotarod
performance test (Panlab Harvard Apparatus, Barcelona, Spain). There-
fore, animals were placed on a rotating cylinder with accelerating speed,
starting at 4 rotations per minute. After 5 minutes, a maximum speed of
40 rotations per minute could be reached and the time until mice fell off
the cylinder was documented. Rotarod performance was indicated by
the time each animal stayed on the cylinder. The animals were trained
5 times before the tumor cell injection and baseline values were acquired
on days 4 and 6 after tumor inoculation. After the training phase, motor
coordination measurements were performed on days 11, 13, and 15.

Subsequent to the rotarod test, heart rate measurements were per-
formed using a CODA System (Kent Scientific Corporation, Torrington,
CT) to evaluate discomfort and stress in the animals. After restraining the
mice in a plexiglas tube, the heart ratewas assessedwith a tail volume pres-
sure cuff and analyzed as described previously.5

Stress hormone levels were determined by fecal corticosterone
metabolite (FCM) analysis.33 Feces were collected during rotarod and
heart rate measurements. After storing the samples at −80°C, they were
dried at 60°C for at least 12 hours. Fifty milligrams of each samplewere
diluted overnight at 4°C in 500 μL of 80% methanol (Merck) and were
homogenized afterward. After centrifugation (Fresco 21 and Pico 21;
Heraeus, Hanau, Germany) for 10 minutes at 3000 rpm, an aliquot of
the supernatant was analyzed with the 5α-pregnane-3β,11β,21-triol-
20-one enzyme immunoassay.26
© 2022 Wolters Kluwer Health, Inc. All rights reserved.
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FIGURE 1. A, Groups and study design. All animals underwent a behavioral test (rotarod), heart rate measurements, and FCM analysis twice per week.
Animals were trained for the behavioral test and heart rate measurements 5 times prior to the tumor cell implantation. Anesthesia-only groups and
CT-imaged groups received isoflurane anesthesia for 20 minutes 3 times within 1 week. CT imaging was performed native at 4 and 50 mGy, and CE-CT
scans were performed at 50mGywith Imeron 400. B, Sagittal mouse images of 4 and 50mGyCT scans, 4T1 tumors are indicated by an arrow. C, Axial
images of 4 and 50 mGy CT scans of mice containing the 4T1 tumors (yellow circle).
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For rotarod performance, heart rate measurements, and FCM
analysis, mean baseline values were calculated from days 4 and 6 for
each animal. Afterward, baseline values were set to 100% and the
© 2022 Wolters Kluwer Health, Inc. All rights reserved.
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change in the subsequent measurements in comparison with the
baseline was calculated. Group means were reported with standard
deviation.
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Hemograms
Blood samples were taken on the last day of the experiment by

retrobulbar sinus puncture, and blood was stored for 30 minutes in hep-
arin tubes at room temperature. After centrifugation at 3000 rpm for
10 minutes, hemograms (leukocytes, thrombocytes, hemoglobin, hemato-
crit, erythrocytes) were analyzed using a Celltac alpha MEK-6550 device
(Nihon Kohden, Shinjuku, Japan).

Tumor Tissue Preparation
On the last day of the experiment, animals were intraperitoneally

injected with ketamine/xylazine in 0.9%NaCl (120 mg/kg body weight
ketamine/16 mg/kg body weight xylazine; 30 μL/10 g body weight),
and mice were injected with rhodamine-labeled Ricinus communis ag-
glutinin I (15 mg/kg body weight; Vector Laboratories, Burlingame,
CA; intravenous injection into the tail vein) to stain perfused tumor
vessels. Subsequently, heart perfusion was performed as described pre-
viously,5 and organs (brain, heart, lungs, liver, spleen, and kidneys), as
well as tumors, were removed. After a macroscopic inspection, organs
and tumors were weighted and embedded in Tissue Tek O.C.T. Com-
pound (Sakura, Alphen aan den Rijn, the Netherlands) for storage
at −80°C.

Immunohistology
After cryosectioning tumors into 8-μm-thick sections (CM3050S,

Leica, Wetzlar, Germany), the tissue was fixed with 4°C cold 80%
methanol for 5 minutes (Merck) and ice-cold acetone for 2 minutes
(Merck). For blood vessel density evaluation, the sections were stained
with rat-antimouse PECAM-1 monoclonal CD31 (#553370; BD Bio-
science, San Jose, CA) and donkey-antirat IgG (H + L) (#712-546-
153; Dianova, Hamburg, Germany). Proliferating cells were stained with
rabbit-antimouse polyclonal Ki67 (#ab15580; Abcam, Cambridge, UK),
followed by donkey-antirabbit IgG (H + L) (#711-546-152; Dianova). Nu-
clei were stained with 4′,6-diamidino-2-phenylindole (DAPI [0.5 mg/mL];
Merck) in all tumor sections.

For each tumor, 5 micrographs per section, captured with an Axio
imager M2 microscope (Zeiss, Göttingen, Germany) and a high-resolution
camera (AxioCamMRmRev.3; Zeiss, Göttingen, Germany), were analyzed
with ImageJ234 and the image processing package Fiji (National Insti-
tutes of Health, Bethesda, MD). The CD31-positive area was colocalized
with the rhodamine-labeled R communis agglutinin I–positive area frac-
tion to determine the amount of perfused vessels. Proliferation was quan-
tified by determining the area fraction of Ki67-positive cells in relation to
all DAPI-positive cells.

Statistical Analysis
Statistical analysis was performedwith GraphPad Prism 9 (Graphpad

Software, v9.4.0, SanDiego, CA, academic license). After testing for normal
distribution, longitudinal data were analyzed with the repeated-measures
analysis of variance and Tukey post hoc test. Data of the last experiment
day were analyzed with 1-way analysis of variance and Tukey post
hoc test with 95% confidence interval. P values <0.05 were considered
to be statistically significant.

RESULTS

Influence of Repeated Native and CE-CT on Animal
Welfare

Score Sheets
According to the score sheet evaluation (Fig. 2A, Table 1), overall

animal burdenwas increasing throughout the experiment in all groups. This
was caused by tumor growth and some animals in all groups exceeded the
mild burden range to a medium range. Overall, anesthesia-receiving and
CT-imaged animals showed higher scores at the end of the experiment than
the control groups (P < 0.001, on the last day of the experiment).
4 www.investigativeradiology.com
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Rotarod
The rotarod performance was not influenced by repeated native

and CE-CT scans in untreated animals (Fig. 2B, Table 1) (P = 0.269,
on the last day of the experiment). On the contrary, regorafenib-treated
mice showed decreased rotarod performance when scanned with CE-CT
in comparison with the control and isoflurane cohorts at the last day
of the experiment (Fig. 2D, Table 1).

Heart Rate and FCMs
Repeated anesthesia, CT, and CE-CT showed no significant ef-

fect on the heart rate of untreated and treated animals of the various
groups (Fig. 2C, Table 1) (P = 0.185, on the last day of the experiment).
Stress hormone levels on the last day were compared with the baseline
values and were not significantly influenced in imaged animals in compar-
isonwith the controls (SupplementalDigital Content 1, Fig. S2, http://links.
lww.com/RLI/A775; Table 1).

Hemograms
Bloodwas taken on the last day of the experiments and its analysis

indicated no alteration in the health of animals after repeated anesthesia,
native and CE-CT scans, or tumor therapy administration according to
leukocyte, erythrocyte, and thrombocyte counts as well as hemoglobin
and hematocrit values (Supplemental Digital Content 1, Figs. S1A–E
and Table S2, http://links.lww.com/RLI/A775).

Organ Weights
No significant differences in liver, heart, lung, kidney, and brain

weights were found after repeated anesthesia, native and CE-CT scans,
or tumor therapy administration. Spleen weights were slightly reduced
in all nontreated animals that received isoflurane anesthesia (Supple-
mental Digital Content 1, Figs. S4A–E, http://links.lww.com/RLI/A775;
Table 2). This effect was rendered statistically significant in the 4 mGy
CT imaging group (P = 0.003).

Tumor Weight and Immunohistology
Overall, treated animals showed a lower tumor weight than

nontreated animals on the last day of the experiment (P = 0.041,
Fig. 3A; Supplemental Digital Content 1, Table S3, http://links.lww.
com/RLI/A775), whichwas significant in the control and CE-CT groups.
Neither anesthesia nor imaging had a measurable influence on the
tumor weight.

The histological analysis revealed no alteration in tumor vessel
density in nontreated (P = 0.122) and regorafenib-treated (P = 0.386)
animals (Fig. 3B, Table 3). However, tumors showed a significantly
higher percentage of perfused vessels after native 4 mGy and CE-CT
scans in untreated animals and a significantly higher percentage of per-
fused vessels after 4 mGy imaging in regorafenib-treated animals in
comparison with the control groups (P < 0.001) (Fig. 3C, Table 3).
Overall, proliferating (Ki67-positive) cells were lower in regorafenib-treated
animals. Furthermore, proliferation was reduced after repeated native
and CE-CT scans with a significant effect in the nontreated CE-CT
group (P < 0.001, Fig. 4, Table 3).

DISCUSSION
From an ethical point of view, it is crucial to reduce animal suf-

fering during the experiments to an absolute minimum. Even though
imaging modalities have been repeatedly described as safe,35 the num-
ber and frequency of procedures, as well as the effects of anesthesia and
contrast agent administration, must be considered in the overall picture.
In our study, we demonstrated that CT imaging has no influence on the
motor coordination of mice and did not decrease animal welfare signif-
icantly. However, if CT scans were combined with contrast agent injec-
tion and regorafenib therapy, the motor coordination of the animals was
strongly affected. This became more pronounced with the repetition of
© 2022 Wolters Kluwer Health, Inc. All rights reserved.
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FIGURE 2. Animal welfare evaluation in 4T1 tumor–bearing BALB/c mice. BL indicates baseline. A, The score sheet evaluation shows a low to medium
burden in all groups, which is related to the tumor growth. B, D, Rotarod performance is significantly decreased in animals after repeated CE-CT and
therapy administration on the last day of the experiment. C, The heart rate is not significantly impaired by CT imaging. ***P ≤ 0.001.
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interventions. In contrast to the decreasing motor coordination, score
sheets and the stress hormone levels were not significantly changed.
In the score sheets, the motor coordination impairment of the CE-CT
group might have been masked by the effects of tumor growth and an-
esthesia administration, which already increased the severity stage.
However, although the score sheet is undoubtedly a valuable tool for
tracking the degree of severity,36 the motor coordination test might have
been more sensitive. This assumption is strengthened by other studies,
for example, on an amyotrophic lateral sclerosis mouse model, where
the rotarod test was able to indicate changes in animal welfare 1 week
prior to the general score sheet.37

Regarding inhalation anesthesia agents, isoflurane is among the
most suitable ones for preclinical studies owing to its good controllability,
high stability, low blood solubility, and little biodegradation.38 Neverthe-
less, reports about adverse effects like neuroapoptosis39,40 and possible
DNAdamage induction41 have becomemore prominent in the past years.
Similar side effects were observed for alternative inhalation agents, such
© 2022 Wolters Kluwer Health, Inc. All rights reserved.
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as sevoflurane or desflurane in human cells.42 Regarding physiological
alterations, the spleen weight was reduced in all nontreated but anes-
thetized animals, compared with control animals (significant in the
nontreated 4 mGy group). The spleen weight reduction was in line with
a previous study where we demonstrated an imaging-independent,
isoflurane-induced spleen weight reduction in healthy BALB/c mice.5

However, the spleen weight reduction was less prominent in the 4T1
tumor–bearing animals in comparison with healthy animals. This can
be explained by the influence of 4T1 tumor growth and regorafenib
treatment on spleen size, which may have partially masked the isoflurane
effect.5 Potential alternatives to inhalation anesthetics are intravenous an-
esthesia agents such as ketamine or propofol. However, also these agents
affect animal (patho-)physiology. For example, propofol was shown to
have an antioxidative effect,38 which can counteract antitumor therapies.
Moreover, as inhalation anesthetics, ketamine and propofol can exert im-
munosuppressive effects.43,44 In terms of administration, intravenous an-
esthetics might be countered by the ease of use and administration of
www.investigativeradiology.com 5

orized reproduction of this article is prohibited.                                               
ique DOI number which can be found in the footnotes.

www.investigativeradiology.com


TABLE 1. Mean ± SD Values of the Score Sheet Analysis, Behavioral Test (Rotarod), Heart Rate, and FCM Measurements in Nontreated and
Treated 4T1 Tumor–Bearing BALB/c Mice on the Last Day of the Experiment

Parameter Control Isoflurane 4 mGy CT 50 mGy CT CE-CT

Nontreated
Score (points) 5.7 ± 1.6 9.0 ± 5.5 10.7 ± 2.6 12.3 ± 3.1 10.7 ± 2.8
Rotarod, % 103 ± 30 114 ± 35 111 ± 28 91 ± 22 93 ± 31
Heart rate, % 108 ± 22 99 ± 34 103 ± 18 107 ± 17 97 ± 15
FCMs, % 108 ± 43 119 ± 54 114 ± 42

Regorafenib treated
Score (points) 5.4 ± 0.5 9.9 ± 4.2 9.8 ± 2.4 11.9 ± 2.4 9.5 ± 2.9
Rotarod, % 118 ± 35 127 ± 30 100 ± 23 103 ± 30 63 ± 27
Heart rate, % 101 ± 26 93 ± 20 99 ± 17 102 ± 30 76 ± 17
FCMs, % 118 ± 50 128 ± 68 112 ± 31

Rotarod, heart rate, and FCM values are given as percentage change to the baseline.

FCM indicates fecal corticosterone metabolites; CT, computed tomography; CE, contrast enhanced.
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inhalation anesthetics, which allow anesthesia to be delivered in a very
precise manner without long recovery periods. In both cases, possible an-
esthesia side effects must be considered when evaluating study results.

As expected, the therapy with regorafenib led to a reduction in
tumor weight, which can be mainly caused by immunogenic cell death
induction45 and inhibition of stromal interactions.46 Even though tumor
weights showed a high standard deviation, they were not influenced by
our imaging interventions. This is in linewith the literature, where a size
reduction was described only for higher doses than used in our study.
For instance, Moding et al47 demonstrated a significantly reduced sar-
coma growth after tumor radiation with 20 Gy. However, at doses be-
tween 500mGy and 2 Gy ionizing radiation, there are also controversial
reports about radiation-induced tumorigenesis,48 which also did not ap-
ply to our case.

Going more into detail, we did not observe an alteration in the
tumor blood vessel density caused by the imaging procedure. In line
with our results, it was reported that radiation-induced damage in tumor
vascularization usually only occurs at high radiation doses and goes
along with increased HIF-1 levels and tumor hypoxia,49 endothelial cell
death, destruction of the microvasculature by p53 pathway activation,
TABLE 2. Mean ± SD Organ Weights of Untreated and Treated 4T1 Tum
Experiment

Organ (g) Control Isoflurane

Nontreated
Kidneys 0.282 ± 0.04 0.270 ± 0.03
Heart 0.121 ± 0.02 0.115 ± 0.02
Lung 0.203 ± 0.05 0.191 ± 0.03
Brain 0.414 ± 0.03 0.406 ± 0.02
Liver 1.085 ± 0.17 0.937 ± 0.14
Spleen 0.288 ± 0.08 0.252 ± 0.05

Regorafenib treated
Kidneys 0.271 ± 0.04 0.279 ± 0.03
Heart 0.115 ± 0.02 0.119 ± 0.02
Lung 0.201 ± 0.07 0.197 ± 0.04
Brain 0.412 ± 0.03 0.407 ± 0.03
Liver 1.003 ± 0.10 0.954 ± 0.19
Spleen 0.220 ± 0.06 0.236 ± 0.05

CT indicates computed tomography; CE, contrast enhanced.

6 www.investigativeradiology.com

                                   Copyright © 2022 Wolters Kluwer Health, Inc. Unauth
                        This paper can be cited using the date of access and the un
and a collapse of the blood vessels.50 However, we detected an overall
increase in the percentage of perfused tumor vessels after repeated CT
imaging. This consistent trend was seen in all CT imaged groups but
statistically significant results were obtained only for the nontreated
4 mGy and CE-CT and treated 4 mGy groups owing to high standard
deviations. Similar findings, regarding an increased amount of perfused
tumor vessels after radiation, were described by Crokart et al51 in a C3H
mouse liver cancer model after irradiation with 2 Gy. On the contrary, a
reduction in tumor perfusion was found in syngeneic melanomas52 and
human colon cancer xenografts53 in mice after radiotherapy with 12 Gy.
These effects may depend on the time point of perfusion assessment and
the applied radiation dose. In a human laryngeal squamous cell carci-
noma xenograft model, Bussink and colleagues54 reported an initial in-
crease in vascular perfusion after irradiation with 10 Gy, which changed
to a decrease after 26 hours after irradiation and normalized after 7 days.

Increased perfusion at stable vessel density might be explained
by the opening of nonfunctional vessels, which comprise a significant
portion of malignant tumors, owing to radiation-induced vascular de-
compression. This hypothesis is supported by our finding that tumor
cell proliferation was slightly decreased after CT imaging, especially
or–Bearing Mice After Repeated CT Imaging on the Last Day of the

4 mGy CT 50 mGy CT CE-CT

0.254 ± 0.03 0.267 ± 0.03 0.267 ± 0.02
0.123 ± 0.02 0.122 ± 0.01 0.125 ± 0.01
0.174 ± 0.06 0.206 ± 0.06 0.026 ± 0.08
0.432 ± 0.02 0.421 ± 0.02 0.432 ± 0.02
0.905 ± 0.09 1.105 ± 0.17 1.027 ± 0.07
0.205 ± 0.06 0.237 ± 0.09 0.232 ± 0.05

0.249 ± 0.02 0.263 ± 0.03 0.270 ± 0.02
0.116 ± 0.01 0.117 ± 0.02 0.117 ± 0.01
0.181 ± 0.05 0.216 ± 0.05 0.237 ± 0.08
0.428 ± 0.02 0.418 ± 0.01 0.435 ± 0.02
0.856 ± 0.09 1.033 ± 0.16 1.018 ± 0.15
0.176 ± 0.04 0.231 ± 0.04 0.235 ± 0.03
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FIGURE 3. 4T1 tumor physiology after repeated native andCE-CT imaging. A, Tumorweights are lower in regorafenib-treatedmice but not influenced by
imaging or anesthesia. B, Tumor vessel density is not influenced by imaging or therapy administration. C, The percentage of perfused tumor vessels is
higher in animals after repeated CT imaging independently of contrast agent application. Scale bar: 200 μm (images taken at�20magnification). *P ≤ 0.
05, **P ≤ 0.01, ***P ≤ 0.001.
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in nontreated animals. This can lead to reduced interstitial tumor pres-
sure and, therefore, higher vessel perfusion. The radiation effect from
CT was enhanced by the administration of the iodine-based contrast
agent iomeprol, resulting in further inhibition of tumor cell prolifera-
tion. As described in a previous study, iodinated contrast agents can
© 2022 Wolters Kluwer Health, Inc. All rights reserved.
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lead to a downregulation of the mechanistic target of rapamycin and ex-
tracellular signal-regulated kinase pathways, both mainly involved in
proliferation regulation.55

The hypothesis of imaging-induced vascular decompression is
further supported by our finding that the (CE-) CT-induced increase in
www.investigativeradiology.com 7
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TABLE 3. Mean ± SD Percentage of Tumor Vessel Density (CD31+ Area Fraction) and Cell Proliferation (Ki67+ Area Fraction) in Untreated and
Treated 4T1 Tumor–Bearing Mice After Repeated CT Imaging on the Last Day of the Experiment

Parameter Control Isoflurane 4 mGy CT 50 mGy CT CE-CT

Nontreated
Vessel density 3.06 ± 0.65 2.93 ± 1.34 3.73 ± 1.77 3.06 ± 0.91 4.25 ± 1.35
Perfused vessels 1.26 ± 0.44 1.05 ± 0.33 2.55 ± 1.14 1.80 ± 0.87 2.65 ± 1.33
Cell proliferation 27.61 ± 8.97 28.6 ± 13.45 21.61 ± 10.99 20.39 ± 8.39 12.00 ± 3.48

Regorafenib treated
Vessel density 2.64 ± 1.46 2.44 ± 0.70 2.73 ± 0.79 3.72 ± 2.56 3.06 ± 0.93
Perfused vessels 0.88 ± 0.30 0.83 ± 0.39 2.06 ± 0.65 1.80 ± 0.56 1.84 ± 0.87
Cell proliferation 11.39 ± 3.66 15.36 ± 5.28 5.60 ± 2.20 4.37 ± 2.23 3.29 ± 1.57

The percentage of perfused vessels was determined by area fraction of rhodamine-labeled Ricinus communis agglutinin I–positive area fraction in relation to
CD31+ area.

CT indicates computed tomography; CE, contrast enhanced.
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the amount of perfused vessels and decrease in proliferating cells were
less pronounced under regorafenib therapy, as the latter already induced
a strong vascular decompression effect and proliferation inhibition,31 thus
masking the effect from CT imaging.

In addition, perivascular coverage of the vessels might also play
a major role in tumor blood vessel physiology. Pericyte recruitment was
shown to be increased after radiotherapy in the literature.56 As pericytes
are involved in blood flow regulation and tissue homeostasis, they may
stabilize vessels leading to increased perfusion.57 A similar effect was
described previously by Potiron et al in an orthotopic prostate cancer
model. The authors demonstrated a higher amount of perfused vessels
along with overall vessel maturation and reduced tumor cell prolifera-
tion after radiotherapy. However, significantly higher radiation dose
fractions of 2 Gy were applied over 2 weeks.58

A limitation of our study is the use of just 1 mouse strain, since
radiation effects can depend significantly on the strain.20,59 BALB/c
FIGURE 4. Tumor proliferation after repeated CT imaging. Tumor proliferatio
nontreated animals after CE-CT. Scale bar: 200 μm (images taken at �20 mag
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mice were chosen as we intended to explore the effects of CT imaging
on an immunocompetent tumor model. Further studies should be con-
ducted in different strains and immunodeficient mice with tumor xe-
nografts. Furthermore, behavioral and physiological alterations as well
as radiosensitivity60,61 can highly depend on animal sex. Nevertheless,
because our study focused on breast cancers, female animals were the
rational choice.

Concerning behavioral investigations, the Rotarod test is one of
the most reliable tests for motor coordination, strength, and balance
testing and can detect even small changes in this regard.62 However, fu-
ture studies could also include a focus on exploratory behavior and anx-
iety. Here, the open-field or maze tests might be appropriate. In addi-
tion, the possible influence of the iodine contrast agent on physiological
parameters like liver enzymes could be examined.

Regarding the image quality acquired with our CT protocols, we
observed that the 50mGy scan protocol resulted in higher image quality
n is slightly decreased in CT-imaged animals and significantly lower in
nification). **P ≤ 0.01.
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with less noise and better contrast than the 4 mGy one, which is in line
with the literature describing improved image quality with increasing
radiation dose.63 However, orthotopic 4T1 tumors could be segmented
in all cases. Considering that lower doses are always preferable from a
biological and safety point of view, 4 mGy scans seem to be sufficient
for tumor analysis. If the aim of the CT scan is restricted to tumor and
organ segmentation, even lower x-ray doses could be evaluated.

In summary, we investigated the impact of native and CE-CTon
animal welfare and 4T1 tumor physiology. Our results suggest that not
the imaging itself but the combination of different interventions related
to imaging may lead to a significant impairment of animal welfare, as
indicated by the motor coordination reduction. Moreover, we could re-
veal a possible sensitivity limitation of the scoring system for animal
welfare observations. Furthermore, we provide evidence that even low
doses of radiation, outside of the radiotherapeutic range, may be capa-
ble of altering tumor perfusion significantly. This effect should be care-
fully considered when using CTas a diagnostic tool in preclinical onco-
logical research and should be part of future investigations addressing
the possible impact of imaging on animal welfare and study results.
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