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In order to combine high-quality research with minimal harm to animals, a prospective severity assessment for
animal experiments is legally required in many countries. In addition, an assessment of the evidence-based sever-
ity level might allow realistic harm–benefit analysis and the appraisal of refinement methods. However, only a few
examples describe the distress of animals by simple, cost-efficient, and noninvasive methods. We, therefore, evalu-
ated the severity of an orthotopic mouse model for pancreatic cancer using C57BL/6J mice when pursuing two dif-
ferent chemotherapies. We assessed fecal corticosterone metabolites, body weight, distress score, and burrowing,
as well as nesting activity. Moreover, we established a multifactorial model using multivariate logistic regression
to describe animal distress. This multifactorial analysis revealed that metformin + galloflavin treatment caused
higher distress thanmetformin+ α-cyano-4-hydroxycinnamate therapy. Similar results were obtained by using the
best cutoff calculated by Youden’s J index when using only single parameters, such as burrowing activity or fecal
corticosterone metabolite concentration. Thus, the present study revealed that single readout parameters, as well
as multivariate analysis, can help to assess the severity of animal experiments and detect side effects of therapies.
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Introduction

Animal welfare must be considered as an important
aspect of biomedical research, because of its impli-
cations on moral issues and the quality of science.1
In order to combine a high quality of research with
minimal harm to animals, multiple regulations have
been implemented in many countries during the
last decades. When planning in vivo experiments,
scientists should consider the 3R concept (replace-
ment, reduction, and refinement) and conduct an
extensive harm–benefit analysis based on the sever-
ity of an animal model.2 Some prospective severity
classifications of specific interventions are defined
in the European Union (EU) Directive 2010/63/EU
in annex VIII. This annex describes certain pro-
cedures, which can be classified as “nonrecovery,”
“mild,” “moderate,” or “severe.” In addition, some

EU guidance documents provide suggestions on
how to meet legal requirements3 of this direc-
tive. However, the annex VIII only provides a few
examples for severity classification, and mostly lists
procedural steps, rather than full procedures or the
distress of entire disease models.4 Moreover, only
a few publications give some additional examples5
for assessing the severity of animal experiments.
Therefore, it is necessary to implement methods,
which allow us to define the level of distress caused
by widely used interventions and specific animal
experiments.5,6 An evidence-based evaluation will
allow a realistic harm–benefit analysis and the use
of appropriate refinement methods, which might
lead to a sustainable reduction of animal suffering.6

The hypothetical ideal level of welfare might be
accomplished when the nutritional, environmental,
health, behavioral, and mental needs of laboratory
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animals are met.7 However, different stressors or
interventions, such as handling, surgery, or injec-
tions, might provoke short time stress responses or
even distress when an animal is unable to cope with
a stressor within a distinct period of time.8 Distress
can be caused by pain, but it can also be caused,
for example, by anxiety. Therefore, it has been
suggested that minimizing distress will be more
important for improving thewelfare of animals than
only focusing on pain reduction. In this context, dis-
tress refers to any mental unpleasant level of stress
without differentiating between distinct causes. To
reliably detect any deviation of the ideal state of
welfare, which might lead to distress, the British
WorkingGroup onRefinement suggested to analyze
parameters, which describe the physical, physio-
logical, and psychological states of the animals.6
The physical state of animals can be described

by parameters, such as body weight (BW) and
posture, as well as the physiological state, such as
heart rate or stress hormones.6 In addition, distress
can influence their natural behavior. The latter
can be quantitatively assessed by the analysis of
burrowing and nesting activity,9–11 whereas the
physiological stress response of animals is often
characterized by analyzing the corticosterone con-
centration in the blood or its metabolites in feces
(fecal corticosterone metabolites (FCMs)).12–15
The aim of our current study was to evaluate

a method for multifactorial distress analysis. A
variety of physical, behavioral, and hormonal
parameters for animal welfare were assessed in
male C57BL/6J mice bearing pancreatic cancer
(PC) and undergoing two distinct chemotherapies.
The application of the most powerful parameters in
a 2D scatter plot followed by multivariate logistic
regression was used as a multifactorial model. This
method was further compared with the perfor-
mance of single parameters in order to evaluate and
score animal distress.

Materials and methods

Ethical statement
All animal experiments were approved by the
German local authority: Landesamt für Land-
wirtschaft, Lebensmittelsicherheit und Fischerei
Mecklenburg-Vorpommern (7221.3-1-019/15),
in accordance with the German animal protec-
tion law and the EU Guideline 2010/63/EU.4 The
experiments are reported according to the Arrive

Guidelines.16 Breeding pairs of C57BL/6J mice
were originally purchased from Charles River
Laboratories and further bred in our facility of the
UniversityMedical Center inRostock under specific
pathogen-free conditions. During the experiment,
the mice were kept single-housed in type III cages
(Zoonlab GmbH, Castrop-Rauxel, Germany) at
12-h dark:light cycle, the temperature of 21 ±
2 °C, and relative humidity of 60 ± 20% with food
(pellets, 10 mm, ssniff-Spezialdiäten GmbH, Soest,
Germany) and tap water ad libitum; and enrich-
ment was provided by nesting material (shredded
tissue paper, Verbandmittel GmbH, Frankenberg,
Deutschland), paper roll (75 × 38 mm, H 0528–
151, ssniff-Spezialdiäten GmbH), and a wooden
stick (40 × 16 × 10 mm, Abedd, Vienna, Austria).

Syngeneic orthotopic PC model
For orthotopic injection of PC cells, 26 male
C57BL/6J mice aged 16.7 (14–18.4) weeks
(median/interquartile range) and with an aver-
age BW of 27 (25.3–27.7) g (median/interquartile
range) were anesthetized in the laboratory with
1.2–2.0% isoflurane and a single subcutaneous
injection of 5 mg/kg carprofen (Rimadyl R©, Pfizer
GmbH, Berlin, Germany) was applied 5 min before
surgery as analgesia. Isoflurane was chosen because
it allowed a fast recovery from anesthesia. The eyes
were kept wet by eye ointment. The abdomen of the
mice was shaven and disinfected, and the abdom-
inal cavity was opened by laparotomy, and 5 μL of
the cell suspension (murine cell line 6606PDA, 2.5
× 105/5 μL cells in matrigel) was injected slowly
with a 25-μL syringe (Hamilton Syringe, Reno,
NV) into the pancreas. The pancreas was placed
back into the cavity and the peritoneum was closed
by a coated 5-0 Vicryl R© suture (Johnson & Johnson
Medical GmbH, New Brunswick, NJ). The skin
was sewn with a 5-0 Prolene R© suture (Johnson &
Johnson Medical GmbH) and the mice were placed
in front of a heating lamp. The surgery lasted for
15–20 min for each mouse. The chemotherapeutic
treatment of the mice started 4 days after tumor
cell injection until day 37. Twenty-six mice were
allocated in a nonrandom manner, matching the
performance of the preexperimental behavior tests
(burrowing and nesting) between the sham and
treatment groups. Seven mice aged 18.3 (18.3–
21.3) weeks (median/interquartile range) and with
a BW of 27 (26.3–27.7) g (median/interquartile
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range) received the combinatorial chemotherapy
of metformin (Met; 125 mg/kg in phosphate-
buffered saline (PBS), daily; Merck, Darmstadt,
Germany) and CHC (15 mg/kg in 50% dimethyl
sulfoxide (DMSO), daily; Tocris Bioscience, Bristol,
UK). The corresponding sham treatment (PBS,
50% DMSO) was performed on an additional
seven mice, which were 18.3 (18.3–21.4) weeks
old (median/interquartile range) and weighted 28
(27.5–28.5) g (median/interquartile range). The
second therapeutic intervention Met (125 mg/kg
in PBS; daily) in combination with galloflavin
(Gallo) (20 mg/kg in 100% DMSO, three times
a week; Tocris Bioscience) was performed on
seven mice of an average age of 13.6 (13.4–14.0)
(median/interquartile range) and the initial BW of
25 (23.1–26.3) g (median/interquartile range), and
five mice of an exact age of 14 weeks and the aver-
age BW of 26 (24.4–26.4) g (median/interquartile
range) were treatedwith the respective vehicle (PBS,
100% DMSO). The unequal group size was caused
by the termination of the project because the orig-
inal goal to see an effect on tumor weight was not
met. An overview of the number of animals used for
each figure is illustrated in Figure S1 (online only).
One scientist administered the therapy and another
scientist evaluated the distress in a nonblinded
fashion. Met and PBS were injected in the morning
between 9:00 and 11:00 a.m., while Gallo, CHC, or
the corresponding vehicle (100%DMSO, 50%)were
injected between 2:30 and 3:00 p.m. In addition
to the single intraoperative injection of carprofen
(5 mg/kg), 1250 mg/L metamizol (Ratiopharm,
Ulm, Germany) was provided daily in the drinking
water during the whole experimental period. This
multimodal analgesia regime proved to be useful
for this animal model in previous studies.17,18 The
benefit of metamizol is that it is self-applicable via
drinking water, and it is known to be an effective
analgesic for gastrointestinal diseases in mice.19

Assessment of distress parameters
To analyze animal distress upon laparotomy and
tumor cell injection, all distress parameters were
assessed before (pre) and directly after operation
(op) until recovery day 2. During chemotherapy,
all distress parameters were quantified during the
early (days 4–8), middle (days 18–19), and late
(days 34–35) phases of therapy, to exemplarily
analyze the course of distress during the treatments

(Fig. 1). This time schedule proved to be useful
for various projects, for example, for comparing
distress between different animal models.18

The BW was determined 24 h after surgery or
last injection of therapeutic intervention in order
to allow enough time for a BW adjustment. The
percentage of BW change for all days was always
calculated referring to the BW measured before
surgery. The distress score was always assessed
according to a scoresheet, which was previously
published by our working group20,21 and based on
other scoresheets.22,23 The mice were, therefore,
observed in their home cage for a few minutes and
a score was assessed when one or more defined
criteria were diagnosed concerning the general
condition, spontaneous behavior, flight behavior,
or process-specific criteria. The distress score was
assessed 30 min after the last injection of com-
pounds (Gallo, CHC, or the appropriate vehicle)
around 3:00–3:30 p.m.
The burrowing behavior was analyzed according

to Deacon et al., a burrowing tube (15 × 0.03 ×
6.5 cm) was filled with 200-g food pellets (ssniff-
Spezialdiäten GmbH) and was placed in the cage
2.5–3 h before the dark phase and 1–1.5 h after
the last injection of the chemotherapeutics (Gallo,
CHC, or the appropriate vehicle) at 4:00–4:30 p.m.
in the animal facility.24,25 After 2 h, the amount
of pellets displaced from the tube was calculated.
Animals, which burrowed less than 100-g pellets
during the preexperimental phase, were excluded
from further analysis (20.8% of the animals). To
analyze the nesting behavior, a nestlet was supplied
for each mouse 1–2 h before the dark phase (6:00–
6:30 p.m.) (5-cm square of pressed cotton batting,
ZOONLAB GmbH, Castrop-Rauxel, Germany)
and on the next day (9:00–11:00 a.m.), the score of
the nest was assessed similar to a point scale from
Deacon.24 In addition to 1–5 points from Deacon,
we scored 6 points for a perfect nest (>90% is torn)
that looks like a crater and more than 90% of the
circumference of the nest wall is higher than the
body height of the mouse. At the beginning of the
experiment, both behavior assays were performed
two times in group housing, since it was suggested
that mice can learn from each other.24 After the
learning period during the whole experiment, all
the animals were housed individually.
The concentrations of corticosterone were mea-

sured in blood plasma and its metabolites in feces
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Figure 1. Experimental procedure for the pancreatic carcinomamodel. Laparotomy was executed, and tumor cells were injected
into themurine pancreas onday 0.After a few recovery days, the chemotherapeutic treatmentswere conducted fromday 4until day
37. Met (125 mg/kg) and CHC (15 mg/kg) were i.p. injected daily (A), while Gallo (20 mg/kg) was i.p. injected three times a week
(B). All distress parameters were assessed before (pre) and directly after operation (op) until recovery day 2.During chemotherapy,
all parameters were quantified during the early, middle, and late phase of the therapy.

(FCMs). Feces (200–400 mg) were collected from
home cages 24 h after intervention, dried for 4 h at
65 °C, and stored at –20 °C. Afterward, 50 mg of the
dry feces was extracted with 1 mL 80% methanol
for subsequent analysis using a 5α-pregnane-
3β,11β,21-triol-20-one enzyme immunoassay.13,14
For the quantification of corticosterone in blood
plasma, we used an additional 10 mice because
the blood sampling procedure leads to a stress
response26 and might influence burrowing and
nesting activity, as well as FCM concentrations.
Six mice of an average age of 16.7 (16.1–17.3)
weeks (median/interquartile range) and the aver-
age BW of 28.2 (25–30) g (median/interquartile
range) received Met + Gallo treatment and four
mice of a mean age of 17.4 (14.5–17.6) weeks
(median/interquartile range) and an average
weight of 26.2 (24.9–28) g (median/interquartile
range) were treated with the corresponding sham
intervention. Blood was collected 30 min after
chemotherapy by a retro-orbital puncture after 2–3
min anesthesia with isoflurane (5%). The fast sam-
pling via isoflurane within 3 min is mandatory to
exclude an influence of the sampling method to the
corticosterone level.26,27 The blood samples were
centrifuged (1200 × g for 10 min) and plasma was
stored at –20 °C. Plasma corticosterone concen-
trations were measured using an ELISA-Kit (DEV

9922, Demeditec Diagnostics GmbH, Erfurt, Ger-
many) according to themanufacturer’s instructions.

Data analysis
Data for Figures 2–4 are presented in the form of
a line graph revealing the mean value ± standard
deviation for parametric data with equal variance
and median ± interquartile range for nonparamet-
ric data. For statistical evaluation, the data were
analyzed with the SigmaPlot R© 12.0 (Systat Software
Inc., San Jose, CA) program. The characteristics of
data were assessed by the Shapiro–Wilk and Levene
median equal variance tests. All post-hoc tests were
performed as suggested by this software. In the
case of parametric data, significances of differences
during the perioperative phase were evaluated by a
one-way repeated-measures ANOVA,with pairwise
comparison by theHolm–Sidakmethod. In the case
of nonparametric data, differences were analyzed
by ANOVA on ranks (the Kruskal–Wallis test),
followed by the Student–Newman–Keuls method.
Significances of differences during the therapy
phases were analyzed by a two-way repeated-
measures ANOVA (treatment and phase), with
pairwise comparison by the Holm–Sidak method.
Differences with P ≤ 0.05 were considered to be
significant.
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Figure 2. Animal distress after laparotomy and tumor cell injection. Distress score (A), nesting behavior (B), percentage of BW
change (C), burrowing behavior (D), and FCMs (E) were evaluated before any intervention (pre), after operation (op), and during
recovery (recovery days: rd1 and rd2). Parametric data with equal variance are described as the mean ± standard deviation, and
significances were determined by a one-way repeated-measures ANOVA, followed by pairwise comparison with a Tukey test (B,
D, and E). Nonparametric data are represented as the median ± interquartile range and were analyzed with a repeated-measures
ANOVA on ranks (Kruskal–Wallis test), followed by the Student–Newman–Keuls method (A and C): ∗P ≤ 0.05. (A, B, C, D, and
E; n = 26).

To compare the performance of each parameter
for distress quantification, receiver operating char-
acteristic (ROC) curve analysis was performed. The
data of all animals before and on the day of surgical
intervention were used for distress prediction and
the area under the ROC curve (AUC), the 95%
confidence intervals (CIs), and the P value were
calculated for each parameter. ROC curves are able

to graph the sensitivity of a diagnostic test.28 The
AUC of 1.0 means that the parameter is perfect to
discriminate between the animals before and after
operation, whereas a value of 0.5 indicates no dis-
criminative power for this parameter. To analyze the
AUC of the combination of all three parameters, the
data sets were combined by multiple logistic regres-
sion model and the ROC curves were calculated
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Figure 3. Animal distress during distinct chemotherapeutic treatments. The distress score was determined at the indicated
phases after Met + Gallo treatment (A) or Met + CHC therapy (B), and compared with the distress score after injection of the
appropriate vehicle (sham). Nesting behavior was evaluated after injection of the appropriate vehicle or after treatment with Met
+Gallo (C) orMet+CHC (D). Nonparametric data are described as themedian± interquartile range (A and B), and parametric
data with equal variance are represented as the mean ± SD (C and D). Significances were determined by a two-way repeated-
measures ANOVA with pairwise comparison by the Holm–Sidak method: ∗P < 0.05, sham versus treatment groups; §P < 0.05,
phase versus phase within treatment groups (A + C: sham n = 5, and Met + Gallo, n = 7; B + D: sham, n = 7, and Met + CHC,
n = 7).

afterward. The best cutoff for the single parame-
ters, such as BW change, burrowing, and FCMs,
was calculated by Youden’s J index, and the data
points during the therapy phases were distributed
to distress levels 1 and 2, according to the cutoff
values.

Multivariate model by logistic regression
Data collected from animals before (pre) and
directly after surgery (op) (n = 26; 52 data point in
total) were used as a training data set. The data table
consisted of two independent variables (burrowing
and FCMs) and the status of each data point (pre
or postop) as the dependent variable. Both inde-
pendent variables were tested for normality (the
Shapiro–Wilk test), as well as multivariate normal-
ity (the Shapiro–Wilk multivariate normality test29)
and in both cases, the tests failed to reject the null
hypothesis for normality. Therefore, (multivariate)

logistic regression was used to fit the basic binomial
model for the classification of sample states (pre/op,
meaning severity level 1/2) in R.30 Using the coeffi-
cients from the fit, the discriminator (line) was plot-
ted into the two-dimensional space of the training
data (variables x = FCMs and y = burrowing). The
classification threshold for predictions was opti-
mized using ROC analysis (cutoff at the combined
sensitivity/specificity maximum).30 The resulting
threshold was then used in the subsequent predic-
tions for both the training and test data to assess
the model’s performance and classification success.
All data collected during the distinct therapy phases
(early, middle, and late) were pooled as test data
sets for each treatment (Met + Gallo, n = 7, 21
data points, orMet+α-cyano-4-hydroxycinnamate
(Met + CHC) n = 7, 21 data points). Finally, these
two categories of treatments were classified sepa-
rately into either state (level 1 or 2).
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Figure 4. Analysis of sensitive distress parameters during distinct chemotherapeutic treatments. The percentage of BW change
was analyzed after injection of Met + Gallo (A), Met + CHC (B), or the corresponding vehicle solutions (sham) during the indi-
cated therapy phases. Burrowing behavior was quantified after Met + Gallo (C), Met + CHC (D), or sham treatment. FCM con-
centrations were analyzed after treatment with Met + Gallo (E), Met + CHC, or an appropriate vehicle (F). Parametric data with
equal variance are described as themean± SD (A, C, D, E, and F), and nonparametric are illustrated as themedian± interquartile
range (B). Significanceswere determined by a two-way repeated-measuresANOVAwith pairwise comparisons by theHolm–Sidak
method: ∗P≤ 0.05, sham versus treatment groups; §P≤ 0.05, phase versus phase within treatment group; #P≤ 0.05, phase versus
phase within sham groups; (A, C, and E: sham, n = 5, and Met + Gallo, n = 7; B, D, and F: sham, n = 7, and Met + CHC, n = 7).

Results

The distress of laparotomy and tumor cell
injection
For the evaluation of animal distress after laparo-
tomy and tumor cell injection, all distress param-
eters were assessed before and directly after oper-
ation, and on recovery days 1 and 2 (Fig. 1). The
distress score was slightly increased when assessed

30 min after operation owing to the fact that
42% of mice displayed an abnormal posture by a
slightly curved position (score 320,21). However,
the mice recovered within 1 day (Fig. 2A). The
nesting behavior was reduced significantly after
surgery, followed by a fast recovery (Fig. 2B). We
noticed a slightly nonsignificant reduction in BW
after operation until recovery day 2 (Fig. 2C).
The burrowing behavior was reduced significantly
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after surgery but recovered within 1 day (Fig. 2D).
We also observed a significant increase in FCM
concentration after operation until recovery day 2
(Fig. 2E). When adding 40 more mice from other
studies to assess distress score and BW change, a
significant change after surgery can be observed for
all distress parameters (Fig. S2, online only).

Distress during chemotherapeutic
interventions
Weevaluated the distress of two distinct chemother-
apies, by treating mice either with (Met + Gallo) or
(Met + CHC). These chemotherapeutic agents are
reported to inhibit the metabolism of carcinoma
cells.31–33

The distress score after Met + Gallo treatment
was significantly increased during the early phase
of therapy, reflected by a score of 3 (abnormal
posture,20,21 caused by stretching of the hind legs)
in 57.1% of the mice. These symptoms were neither
detectable in sham (Fig. 3A), nor in Met + CHC–
treated mice (Fig. 3B). Mice of both combinatorial
treatments constructed nearly perfect nests during
the chemotherapeutic treatment, as given by a
constant nesting score of 4 to 5 (Fig. 3C and D).
We observed a significant reduction in BW dur-

ing the early therapy phase after Met + Gallo treat-
ment, comparedwith the prevalues, while shamani-
mals displayed only a significant BW reduction at
the late phase of therapeutic intervention (Fig. 4A).
After Met + CHC treatment, a significant BW loss
was detected at the late therapy phase (Fig. 4B).
Burrowing behavior was significantly reduced

after Met+Gallo treatment at the early and middle
phases of therapeutic intervention (Fig. 4C). By
contrast, after Met + CHC and its correspond-
ing sham treatment, no significant reduction in
burrowing behavior was observed throughout the
entire therapy period (Fig. 4D).
After Met + Gallo treatment, FCM concentra-

tions were increased throughout the therapy period,
while sham-treated mice showed only a significant
rise in corticosterone metabolites at the late phase
of therapy (Fig. 4E). At the middle phase of therapy,
significantly higher FCM concentrations were eval-
uated after Met + Gallo, compared with the sham
group (Fig. 4E). We wanted to verify these data
and assessed, therefore, the plasma corticosterone
concentration on 10 additional mice. These results
also indicated significant higher corticosterone

concentrations during the middle therapy phase
(Fig. S3, online only). In contrast to Met + Gallo,
the treatment with Met + CHC caused no increase
in FCMs (Fig. 4F). In summary, Met + Gallo treat-
ment seems to cause more distress to mice when
compared with Met + CHC therapy. Especially, the
parameters BW change, burrowing behavior, and
FCMs proved to be sensitive for distress assessment
after chemotherapy, owing to significant alterations
in the therapy phases (Fig. 4A–F). However, few
significant changes were observed in the assessment
of distress–score and nesting behavior after both
combinatorial treatments (Fig. 3). Therefore, we
excluded these parameters when classifying distress
during these chemotherapies.

Classification of distress during
chemotherapies
In order to pursue a multifactorial distress analysis,
we first evaluated the performance of BW change,
burrowing behavior, and FCM concentration, when
differentiating between distress measured before
and after surgical intervention. For this purpose,
we used ROC curve analysis. While the percentage
of BW change displayed a low discriminative power
(A = 0.605, 95% CI: 0.450–0.760) to differentiate
between pre- and postoperative data, burrowing
behavior (A = 0.951, 95% CI: 0.897 to –1.000) and
FCMs (A = 0.901, 95% CI: 0.814–0.988) proved
to be significantly (due to nonoverlapping CIs)
better readout parameters (Fig. 5A–C). However,
the combination of burrowing behavior and FCMs
(A = 0.966, 95% CI: 0.918–1.000), as well as
the combination of all three distress parameters
(A = 0.975, 95% CI: 0.940–1.000), had the highest
performance as indicated by the AUC (Fig. 5D
and E).
With the goal to combine the most efficient

readout parameters in a multifactorial distress
analysis and to classify distinct severity levels,
we generated a training model. Thus, the values
of burrowing behavior and FCM concentrations
were plotted for each animal before (pre) and
after surgical intervention (op) in a 2D scatter
diagram (Fig. 6A). Multivariate logistic regression
separated two clusters by defining a discriminator
(intercept (β0) = –1.6368, P = 0.5259, burrowing
(β1) = 0.0467, P = 0.0067; FCMs (β2) = –0.00572,
P = 0.0312). The cluster, which included 96% data
points of animals before any interventions, was
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Figure 5. ROC curve analysis to evaluate the performance of each single parameter and the combination of parameters for
distress quantification. Data before operation (pre) and after operation (op) from 26mice were used to analyze the discriminatory
power of each parameter. The AUC (A), 95% CI, and P value were assessed separately for BW changes (A), burrowing behavior
(B), and FCMs (C). Additionally, these parameters were determined using multiple logistic regression for the combination of
burrowing + FCMs (D) and the combination of all parameters (E). (A–E: pre and op, n = 26).

classified as severity level 1. The cluster consisting
of 87% data points from animals after surgery
was defined as distress level 2 (Fig. 6B). Using the
established discriminator, to distinguish distress
of animals before and after surgery, this training

model achieved an accuracy of 0.9231, a sensitivity
of 0.9583, and a specificity of 0.8926 (Fig. 6B).
To classify the distress caused during the therapy

phases, the data assessed at the early, middle, and
late phases after each therapy were pooled. The
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Figure 6. A generated 2D training model based on pre- and postoperative data was used to grade the severity of the distinct
therapies. Single data points, which were derived from 26 animals before any intervention (pre; green dots) and after operation
(op, red triangles), are presented in the form of a two-dimensional scatter plot, based on the parameters burrowing and FCMs (A).
To generate a trainingmodel, these data points were spatially separated into two clusters usingmultivariate logistic regression. The
cluster, including 96% data points of animals before any interventions, was classified as severity level 1 (B). The cluster consisting
of 87% data points from animals after surgery was defined as distress level 2. Using the established discriminator, the model is
further characterized by a confusion matrix showing the accuracy, sensitivity, and specificity of the training data (B). Single data
points (crosses), which present the individual distress assessed from the identical animals during the therapy phases (early,middle,
and late) after Met + Gallo (C) or Met + CHC intervention (D), were plotted in the training model. Pre, n = 26, and op, n = 26,
52 data points in total (A); Met + Gallo, n = 7, 21 data points (C), and Met + CHC, n = 7, 21 data points (D).

single test data points were plotted, respectively, for
Met + Gallo and Met + CHC treatment into the
generated training model and were separated into
two distress levels by the discriminator (Fig. 6C
and D). On this basis of this training model, two
data points were assigned to distress level 1 and
19 data points to distress level 2 after Met + Gallo
intervention (Table. 1). By contrast, after Met +
CHC therapy, 12 data points were classified to
distress level 1 and 9 data points to distress level 2.
Thus, during Met + Gallo treatment, mice usually
experienced a higher distress level 2, while animals
mostly experienced a lower distress level 1 during
Met+CHC treatment. Fisher’s exact test confirmed
a significant difference (P = 0.003) in the distress

Table 1. Distribution of distress level after Met + Gallo
compared with Met + CHC intervention, according to
the 2D scatter plot and multivariate logistic regression

Met + Gallo Met + CHC

Level 1 2 12
Level 2 19 9

Note: P = 0.003 by Fisher’s exact test.

level distribution between these two therapies
(Table 1). In addition, the efficiency of distress clas-
sification for single parameters, such as BW change,
burrowing activity, and FCMs, was evaluated.
For this purpose, the best cutoff between pre and
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Table 2. Distribution of distress level by single variables afterMet+Gallo andMet+CHC intervention, according
to the calculated cutoff for the percentage of body weight change (–1.97%), burrowing (144 g), and FCMs (989 ng/g)
by Youden’s J index

Body weight change (%) Burrowing (g) FCMs (ng/g)

Met + Gallo Met + CHC Met + Gallo Met + CHC Met + Gallo Met + CHC

Level 1 6 7 5 13 2 17
Level 2 15 14 16 8 19 4

nonsignificant P = 0.028 by Fisher’s exact test P < 0.001 by Fisher’s exact test

postoperative (op) data was calculated by Youden’s
J index. Data assessed at the early, middle, and late
phases after each therapy were pooled and assigned
to distress level 1 or 2 according to the calculated
cutoff. The cutoff for BW change was determined
at –1.97%, for burrowing activity at 144 g, and for
FCMs at 989.9 nanograms per gram. When assign-
ing BW data according to the determined cutoff
of –1.97%, no significant difference was observed
when comparing Met + Gallo with Met + CHC
therapy (Table 2). This is consistent with a low per-
formance of BW when differentiating between pre
and postoperative distress levels (Fig. 5A). When
analyzing burrowing activity as a single readout
parameter, animals experienced at most time points
distress level 2 duringMet+Gallo treatment, while
animals mostly experienced distress level 1 during
Met + CHC treatment (Table 2). Fisher’s exact test
confirmed a significant difference (P = 0.028) in
the distress level distribution between these two
therapies. When evaluating FCMs, animals mostly
experienced distress level 2 during Met + Gallo,
while Met + CHC–treated animals usually expe-
rienced distress level 1 (Table 2). Fisher’s exact test
confirmed a significant difference (P < 0.001) in
the distribution between these two therapies. These
results demonstrate that Met + Gallo treatment
causes more distress thanMet+CHC intervention.

Discussion

This study concluded that simple, noninvasive
methods can identify the side effects of therapies
and grade the severity of animal experiments. A
2D scatter plot followed by multivariate logistic
regression was able to combine multiple readout
parameters when defining specific distress levels.
Similar distress levels were also obtained, when
using a single readout parameter, by the application
of ROC curve analysis and Youden’s J index. Such

multi and univariate methods might be beneficial
for future evaluation of animal experiments and
might detect side effects of therapies.
Multivariate analysis was also applied in other

studies to analyze the distress of animals. For
example, Häger et al. assessed the severity of a
murine colitis model and restrain stress interven-
tion by k-means clustering of BW and voluntary
wheel running data.34 Seiffert et al. used principal
component analysis to quantify, if tethered or tele-
metric monitoring of epileptic seizures causes more
distress to rats.35 In contrast to these studies, we
critically evaluated the efficiency of single param-
eters for distress quantification compared with a
multifactorial method. Using burrowing and FCMs
as a single readout parameter, as well as using them
in the form of a multifactorial analysis, supported
the same conclusion. Thus, one could critically ask
the question, whether it is not enough to rely on
a single parameter. However, one of our previous
studies demonstrated that the performance of dif-
ferent readout parameters differs between distinct
animal models, such as chronic pancreatitis or
laparotomy.31 In addition, some of the used param-
eters might not score exclusively distress. They
might also be influenced by positive excitement or
different physiological responses.6 Even corticos-
terone is known to be influenced by, for example,
the circadian rhythm,36–38 estrus circle,36,39 or sex-
ual arousal.40 Thus, relying on only one parameter
increases the risk to reach an incorrect conclusion.
This potential bias is reduced when using a mul-
tivariate distress analysis. However, the subjective
bias during the assessment of the parameters was
unfortunately not reduced by randomization or
blinding, which is a limitation of the present study.
In this study, we determined two distinct severity

levels using the univariate andmultivariate analysis.
Severity level 1 was defined in the 2D scatter plot
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by a cluster, which included 96% of the data points
measured before any intervention (Fig. 6). The
univariate discrimination of burrowing behavior
and FCMs by Youden’s J index obtained a similar
confusion matrix with 91.7–96.0% of data points
assessed before intervention assigned to distress
level 1 (data not shown). The burrowing activity, as
well as the FCM concentrations, is similar to data
of healthy mice41,42 or mice undergoing very mild
stressors, such as single isoflurane anesthesia.43 We,
therefore, suggest that severity level 1 represents
“mild” distress.
Severity level 2 was defined as a cluster that

included 87% of the data points after and 4% of data
points before surgery (Fig. 6). A similar reduction
of burrowing activity (∼50–100%) or an increase
in FCM concentrations (3- to 4-fold) could also be
observed after intrabone marrow transplantation44
or during chronic pancreatitis.18 The EU-Directive
2010/63/EU suggests that surgical interventions
with proper anesthesia might be ranked as moder-
ate severity.4 According to the fact that the cluster
defining severity level 2 obtained most data mea-
sured after surgical intervention and in agreement
with the above-cited literature and considering
the EU-Directive 2010/63/EU, we suggest that
the severity level 2 represents “moderate” distress.
We recognized that not only surgery but also
anesthesia and analgesia may influence our used
distress parameters. For example, isoflurane anes-
thesia without any surgery is reported to provoke
significant alterations of burrowing and nesting
activity.10,45,46 However, anesthesia and analgesia
aremandatory for surgical interventions and we did
not separately analyze these aspects in this study.
On the basis of the classification of all data points

to distress levels 1 and 2, we can define that mice
after the Met + Gallo intervention experience
mainly “moderate” and rarely “mild” distress. By
contrast, the distress caused by the Met + CHC
intervention can be mainly classified as “mild.”
These data are consistent with clinical studies,
which describe that different chemotherapeu-
tic treatments have distinct side effects and can,
therefore, cause different levels of distress.47 Met
is known as an antidiabetic drug with recently
described anticancer effects.48 Therefore, Met is
used in several clinical trials as a treatment for dif-
ferent cancer types, with minor side effects.49 Gallo
and CHC were not used in clinical trials so far and

little is known about potential side effects. During
the early phase of Gallo treatment, we observed
that some mice showed writhing behavior, which
is expressed by a stretching of the hind legs and
a pressing of the abdomen into the substrate 30
min after injection. This behavior is known to be
a sign of abdominal discomfort50 and supports the
assumption that Gallo causes drug-specific distress
in animals. Writhing behavior is mostly associated
with visceral pain,50 which might imply that the
used analgesic metamizol is unable to completely
cover the pain induced by Gallo. Thus, the concen-
tration of the self-administered metamizol might
be insufficient in some mice, or even more efficient
analgesics, such as opioids, might be required in
future animal studies to cover drug-induced pain.
However, in the late phase of chemotherapy, these
animals seem to desensitize to the Gallo injection,
showing fewer signs of discomfort (Fig. 3A). This
observation is in line with reports that mice are able
to habituate to chronic stressors like intraperitoneal
(i.p.) injections.37 Thus, our results indicate that
besides severity assessment, multivariate or univari-
ate distress analysis could also be used for judging
side effects of therapies. Toxicological analysis of
potent drugs in animals ismandatory before clinical
trials. Current toxicological studies include moni-
toring of the cardiovascular and respiratory system
combined with histopathological, biochemical,
immunological, and hematological analysis.51–53
Blood collection and analytic methods to monitor
the cardiovascular and respiratory systems are
highly invasive or require the restraining of ani-
mals and might, therefore, influence physiological
readout parameters.52 However, using noninva-
sive parameters, such as burrowing and FCMs, in
longitudinal studies allows to detect side effects of
some therapies without additional stress induction.
This would, therefore, contribute to the refinement
of pharmaceutical research without increasing the
number of animals. For example, cardiovascular
monitoring of rodents is mainly performed with
implanted radiotelemetric transmitters.54 Our
working group analyzed in a previous study that
noninvasive parameters, such as burrowing, nest-
ing, FCMs, and BW, are as efficient as continuous
monitoring of heart rate, body temperature, and
activity by telemetry for distress analysis.17
Burrowing activity is also comparable with the

so-called “activities of daily living” in humans
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and impairment can be an early indicator for
neurological disorders.55–57 Activity and motoric
dysfunction of rodents are currently used to iden-
tify the potential neurotoxicity of drugs.58 The
addition of noninvasive behavior tests, such as
burrowing activity, might be the first step to assess
side effects, such as headache, dizziness, or men-
tal disturbances, which can barely be assessed by
traditional toxicological methods.8
Besides contributing to the refinement by eval-

uating the side effects of drugs, the presented
multivariate model can be used as a practical tool
to assess distress in many different animal models
and interventions. This could provide the basis
not only for correctly classifying animal models
according to their severity but could also be used to
assess the effect of refinement methods in animal-
based research, that is, analgesia or environmental
enrichment.
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