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Robustness of a multivariate 
composite score when evaluating 
distress of animal models 
for gastrointestinal diseases
Steven R. Talbot 1*, Simone Kumstel 2, Benjamin Schulz 2, Guanglin Tang 2, 
Ahmed Abdelrahman 2, Nico Seume 2, Edgar H. U. Wendt 2, Johanna Eichberg 2, 
Christine Häger 1, André Bleich 1, Brigitte Vollmar 2 & Dietmar Zechner 2

The fundament of an evidence-based severity assessment in laboratory animal science is reliable 
distress parameters. Many readouts are used to evaluate and determine animal distress and the 
severity of experimental procedures. Therefore, we analyzed four distinct parameters like the body 
weight, burrowing behavior, nesting, and distress score in the four gastrointestinal animal models 
(pancreatic ductal adenocarcinoma (PDA), pancreatitis, CCl4 intoxication, and bile duct ligation (BDL)). 
Further, we determined the parameters’ robustness in various experimental subgroups due to slight 
variations like drug treatment or telemeter implantations. We used non-parametric bootstrapping 
to get robust estimates and 95% confidence intervals for the experimental groups. It was found 
that the performance of the readout parameters is model-dependent and that the distress score is 
prone to experimental variation. On the other hand, we also found that burrowing and nesting can 
be more robust than, e.g., the body weight when evaluating PDA. However, the body weight still 
was highly robust in BDL, pancreatitis, and CCl4 intoxication. To address the complex nature of the 
multi-dimensional severity space, we used the Relative Severity Assessment (RELSA) procedure to 
combine multiple distress parameters into a score and mapped the subgroups and models against 
a defined reference set obtained by telemeter implantation. This approach allowed us to compare 
the severity of individual animals in the experimental subgroups using the maximum achieved 
severity (RELSAmax). With this, the following order of severity was found for the animal models: 
CCl4 < PDA ≈ Pancreatitis < BDL. Furthermore, the robustness of the RELSA procedure and outcome 
was externally validated with a reference set from another laboratory also obtained from telemeter 
implantation. Since the RELSA procedure reflects the multi-dimensional severity information and is 
highly robust in estimating the quantitative severity within and between models, it can be deemed a 
valuable tool for laboratory animal severity assessment.

Laboratory animals have made significant contributions to biomedical research1–4. However, public and politi-
cal concerns regarding experiments on animals are steadily increasing5–8. Several legislative advancements have 
been made to alleviate these concerns and to expand animal welfare taking scientific requirements, ethics, and 
morals into account. These advancements led to the broad adoption of the 3R principles and the passing of the 
European Union Directive 2010/63/EU9,10. Articles 38, 39, 54, and the Annex VIII of Directive 2010/63/EU 
demand prospective and retrospective assessment of the severity of experimental procedures, classified into four 
categories (mild, moderate, severe, and non-recovery)11.

Similarly, the USA’s Institutional Animal Care and Use Committees enforce the local Animal Welfare Act and 
Animal Welfare Regulations12. China, estimated to be the top user of animals for experimental research, has also 
implemented guidelines for ethical review of laboratory animal welfare in late 201813. Consequently, appropri-
ate methods to assess severity and distress in animal research are of utmost importance. Although significant 
improvement has been made in regards to the refinement of procedures, such as appropriate analgesia14 and 
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humane endpoints15, the lack of validated, evidence-based methodology hinders the advancement of animal 
welfare as well as the corresponding science16,17.

Several readout parameters for animal distress evaluation have been found in recent years. In addition, 
researchers often use non-invasive methods to assess physical and physiological parameters, appearance, and 
behavior. For example, body weight is widely used to determine animal well-being and to refine humane end-
points in experimental procedures18. Score sheets are also routinely used in judging clinical signs to assess the 
level of distress in animals. Such scores often provide the basis for subsequent actions if predefined humane end-
points are reached19,20. Additionally, evaluating innate behavior like burrowing and nesting activity has become 
a cornerstone of assessing animal well-being, as they are reduced in severe distress21–23.

Although it is well accepted that multiple rather than single readout parameters should be used to describe 
and compare animal distress24–26, single parameters are often not combined to form a single score27–30. However, 
a combined analysis of multiple readout parameters is vital to explore the multi-dimensional dependencies of the 
variables. Depending on the nature of the analysis, multivariate or multiple-variable approaches like regressions 
are used31. Publications have shown that multivariate methods such as Principal Component Analysis (PCA) 
(Ernst et al. 2020)32 and k-means clustering33,34 can be used to evaluate the performance and the importance of 
variables in animal models, i.e., as indicators of animal distress. However, methods like PCA are prone to collin-
earity—which often occurs in the measured variables, and, therefore, require careful analysis. More sophisticated 
strategies involve, e.g., Machine Learning35 and adaptive modeling36 to assess and select individual variables or 
combinations. The omnipresent high variance in animal experiments is not only a problem regarding reproduc-
ibility but also hampers the usefulness of statistical methods. Non-parametric methods like bootstrapping37,38 
can help to obtain more reliable parameter estimators and the corresponding confidence intervals39. This method 
was deemed superior to classical inferential statistics, especially in the clinical context40,41.

While all readout parameters mentioned above proved helpful in the past, little is known about their robust-
ness in different experimental settings. Robustness, in a broader scientific sense, means that conclusions remain 
stable even when experimental conditions are varied42,43. Furthermore, robustness has been defined as one of 
three critical aspects of the usefulness of an animal experiment44,45. Thus, it is essential for translational research 
and ethical considerations when judging specific animal models. For example, suppose an animal model’s distress 
can be measured robustly. In that case, it makes sense to argue in favor or against that specific model to improve 
animal well-being by refining interventions and procedures.

Consequently, one purpose of this study was to evaluate the robustness of animal distress parameters (burrow-
ing activity, nesting behavior, body weight, distress score) when varying experimental conditions. In addition, it 
was the goal to combine these readout parameters into a single metric, called RELSAmax

46 and to evaluate whether 
this score can be used to differentiate the distress levels of four animal models for gastrointestinal diseases 
(pancreatic cancer, chronic pancreatitis, liver fibrosis, and cholestasis). Finally, this study aimed to check the 
robustness of the RELSAmax score by employing different sets of reference data from independent laboratories.

Material and methods
Animal models.  Animals.  This study did not use new animals but re-evaluated data generated in previ-
ous projects with the novel focus of combining multiple distress parameters into a score to compare the sever-
ity of various animal models. All animal experiments were approved by the local authority (Landesamt für 
Landwirtschaft, Lebensmittelsicherheit und Fischerei Mecklenburg-Vorpommern (license 1-019/15, 1-062/16, 
1-002/17) or the Lower Saxony State Office for Consumer Protection and Food Safety (LAVES, license 15/1905). 
Mice in laboratory A were housed at the central animal facility of the University Medical Center Rostock in 
different type III cages (Zoonlab GmbH, Castrop-Rauxel, Germany) at 12 h light/dark cycle (light period: 7:00–
19:00), a temperature of 21 ± 2 °C, and relative humidity of 60 ± 20% with food (10 mm pellets, ssniff-Spezi-
aldiäten GmbH, Soest, Germany) and tap water ad libitum. Enrichment was provided in the form of a paper roll 
(75 × 38 mm, H 0528-151, ssniff-Spezialdiäten GmbH), nesting material (shredded tissue paper, Verbandmittel 
GmbH, Frankenberg, Deutschland), and a wooden stick (40 × 16 × 10 mm, Abedd, Vienna, Austria). The health 
of the animal stock was routinely checked according to FELASA guidelines (Helicobacter sp., Rodentibacter 
pneumotropicus, and murine Norovirus were detected in a few mice within the last 2 years; these animals were 
not used for any experiments).

Mice for the reference data set B were pair-housed at the Central Animal Facility of the MHH in macrolon 
type-II cages (360 cm2; Tecniplast, Italy), which were changed once per week. Cages were bedded with auto-
claved softwood shavings (poplar wood; AB 368P, AsBe-wood GmbH, Buxtehude, Germany), paper nesting 
material (AsBe-wood GmbH, Buxtehude, Germany), and two cotton nesting pads (AsBe-wood GmbH, Buxte-
hude, Germany). Room conditions were standardized (22 ± 1 °C; humidity: 50–60%; 14:10 h light/dark cycle). 
Mice were fed standard rodent food (Altromin 1324, Altromin, Lage, Germany) ad libitum, and autoclaved 
(135 °C/60 min) distilled water was provided ad libitum. All mice were randomly allocated to the experimental 
groups and habituated to the experimental environment before the surgical procedure. The mice were free of the 
viral, bacterial, and parasitic pathogens listed in the recommendations of the Federation of European Laboratory 
Animal Science Association.

ETA-F-10 transmitters (Data Sciences International, Minnesota, USA) in laboratory A were placed in the 
abdominal cavity of male C57BL/6J mice after anesthetizing them with 1–2 vol% isoflurane (n = 10). Analgesia 
was provided by one s.c. injection of 5 mg/kg carprofen (Rimadyl, Pfizer GmbH, Berlin, Germany) before surgical 
intervention and 1250 mg/l metamizole (Ratiopharm, Ulm, Germany) in the drinking water until the end of the 
experiment. This experiment’s methodological details and data were published previously26,47.

In laboratory B, transmitters (ETA-F10 or HD-X11; DSI, St Paul, MN, USA) were aseptically implanted into 
the intraperitoneal cavity of 9–10 weeks old female mice C57BL/6J (n = 13) with electrodes placed subcutaneously 
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for a bipolar lead II configuration under general isoflurane anesthesia. General anesthesia was induced in an 
induction chamber (15 × 10 × 10 cm) with 5 vol% isoflurane (Isofluran CP®, CP Pharma, Burgdorf, Germany) and 
an oxygen flow (100% oxygen) of 6 l/min. After confirmation of the absence of the righting reflex and removal 
from the chamber, anesthesia was maintained via an inhalation mask with 1.5–2.5 vol% isoflurane and an oxy-
gen flow of 1 l/min. The corneal reflex was combined with the eyelid-closing reflex and the toe pinch reflex to 
determine the depth of anesthesia. Personnel involved have been trained and were experienced in performing 
these assays carefully and very softly to omit any damage. In addition, the eyes were moistened with eye ointment 
to protect them from drying (Bepanthen®, Bayer AG, Leverkusen, Germany). After total anesthesia, the surgical 
area was shaved, and the mice were placed in the surgical field in dorsal recumbency with the head towards the 
surgeon. During the entire duration of the anesthesia, the mice were placed on a heating pad at 37.0 ± 1.0 °C to 
prevent hypothermia. EMLA creme (1 g of cream = 25 mg/g Lidocaine + 25 mg/g Prilocaine; Aspen Germany 
GmbH, Munich, Germany) was used for local anesthesia at the incision sites. For analgesia, animals received 
either preoperative 200 mg/kg metamizole (Novaminsulfon 500 mg Lichtenstein, Zentiva Pharma GmbH, Frank-
furt am Main, Germany) subcutaneously (s.c.) and postoperative 200 mg/kg metamizole orally via the drinking 
water until day 3 or preoperative 5 mg/kg carprofen (Rimadyl, Zoetis Deutschland GmbH, Berlin, Germany) s.c. 
and postoperative 2.5 mg/kg s.c. every 12 h until day 3. The methodological details and the data of this experi-
ment were published previously46.

Pancreatic cancer was established by injecting 2.5 × 105 6606 PDA cells slowly into the pancreas of anesthetized 
male C57BL/6J mice. For all mice, analgesia was provided by one s.c. injection of 5 mg/kg carprofen (Rimadyl, 
Pfizer GmbH) before cell injection and 1250 mg/l metamizole (Ratiopharm) in the drinking water until the end 
of the experiment. Mice (n = 7) of one subgroup had an ETA-F-10 transmitter implanted 14 days before cell 
injection47. All other mice had no transmitter48. Starting on day 4 after cell injection, mice without transmit-
ters were treated with combinatorial chemotherapies or the appropriate vehicles as controls (vehicle CHC/Met: 
n = 7, vehicle Gal/Met: n = 5). Either α-cyano-4-hydroxycinnamate (CHC, daily i.p. injection of 15 mg/kg, Tocris 
Bioscience, Bristol, UK) plus metformin (Met, daily i.p. injection of 125 mg/kg, Merck, Darmstadt, Germany) 
or galloflavin (Gal, i.p. injection of 20 mg/kg three times a week, Tocris Bioscience) plus metformin (Met, daily 
i.p. injection of 125 mg/kg, Merck) were applied as chemotherapies until day 37 after cell injection (CHC/Met: 
n = 7, Gal/Met: n = 7). This experiment’s methodological details and data were published previously26,48.

Male C57Bl/6J mice were treated with cerulein (Bachem H-3220.0005, Bubendorf, Switzerland) to induce 
chronic pancreatitis. Cerulein was dissolved in 0.9% sodium chloride and administered by consecutive intraperi-
toneal (i.p.) injections (50 μg/kg), three hourly injections/day on 3 days/week for 4 weeks. MicroRNA-21 inhibi-
tor (miRCURY LNA™ microRNA-21a-5p inhibitor; sequence: TCA​GTC​TGA​TAA​GCT) and its corresponding 
microRNA-21 control (miRCURY LNA™ microRNA-21a-5p control; sequence: TCA​GTA​TTA​GCA​GCT) were 
purchased from Qiagen (Hilden, Germany), resuspended in PBS and injected at a dose of 10 mg/kg (s.c.) on 
day 0 and day 14 after first cerulein injection (inhibitor: n = 8, vehicle: n = 8). This experiment’s methodological 
details and data were published elsewhere26,49.

For inducing liver damage, carbon tetrachloride (Merck Millipore, Eschborn, Germany) was diluted fourfold 
with corn oil (Sigma-Aldrich, code C8267), and 1 μl per g body weight of this solution (dosage: 0.25 ml/kg body 
weight) was injected (i.p.) into male BALB/cANCrl mice twice per week over 6 weeks. Analgesia was provided by 
1250 mg/l metamizole (Ratiopharm) in the drinking water until the end of the experiment. 20 mg/kg MCC950 
(Sigma Aldrich, St. Louis, USA) or aqua dest. ad inj. (vehicle control) was injected (i.p.) into mice (for nesting 
activity MCC950: n = 6, vehicle: n = 6; for burrowing MCC950: n = 7, vehicle: n = 3; for body weight MCC950: 
n = 13, vehicle: n = 9; for distress score MCC950: n = 7, vehicle: n = 3) daily from day 28 to day 41 after the first 
carbon tetrachloride injection. This experiment’s methodological details and data were published elsewhere26,50.

A laparotomy was performed on male BALB/cANCrl mice under anesthesia (1.2–2.5 vol% isoflurane) to 
induce cholestasis by bile duct ligation (BDL). The bile duct was ligated by three surgical knots and transected 
between the two distal ligations. To relieve pain, 5 mg/kg carprofen (Pfizer GmbH, Berlin, Germany) was injected 
(s.c.) before the operation, and 1250 mg/l metamizole (Ratiopharm) was provided in the drinking water until the 
end of the experiment. 20 mg/kg MCC950 or aqua dest. ad inj. (vehicle control) was i.p. injected into mice (for 
nesting activity MCC950: n = 7, vehicle: n = 7; for burrowing and distress score MCC950: n = 7, vehicle: n = 9; for 
body weight: MCC950: n = 14, vehicle: n = 16) daily from day 1 before BDL to day 13 after BDL. This experiment’s 
methodological details and data were published elsewhere26,50.

Evaluation of distress.  The body weight, burrowing activity, nesting, and distress score were evaluated to 
assess distress. In laboratory A, the burrowing activity was analyzed by filling a tube (length: 15 cm, diameter: 
6.5 cm) with 200 g of food pellets, which was then placed into the mouse cage 2–3 h before the dark phase. 
The remaining pellets in the burrowing tube were weighed after 2 h (for C57Bl/6J mice) or 17 ± 2 h (for BALB/
cANCrl mice), and the weight of the burrowed pellets was calculated. The percentage of burrowing activity and 
body weight was calculated by using the weight of burrowed pellets or body weight before any intervention as 
a reference.

The nest-building behavior in laboratory A was analyzed by placing a cotton nestlet (5 cm square of pressed 
cotton batting, Zoonlab GmbH, Castrop-Rauxel, Germany) in the cage 30–60 min before the dark phase. The 
nests were scored at the end of the dark phase ± 2 h using a scoring system developed by Deacon51. However, a 
6th score point was added to this scoring system. A score of 6 defined a perfect nest: The nest looked like a crater, 
and more than 90% of the circumference of the nest wall was higher than the body height of the coiled-up mouse. 
Please note that the nesting activity of BALB/cANCrl mice was measured 1 day after evaluating the burrowing 
activity to avoid offering the animals two actions at the same time.



4

Vol:.(1234567890)

Scientific Reports |         (2023) 13:2605  | https://doi.org/10.1038/s41598-023-29623-8

www.nature.com/scientificreports/

In addition, the well-being of mice was assessed at laboratory A by evaluating multiple parameters with the 
help of a scoresheet. This scoresheet was based on other score sheets19,20 and was previously published by our 
group52. The mice were, therefore, observed in their home cage for a few minutes, and the distress score was 
assessed when one or more defined criteria (e.g., spontaneous behavior, flight behavior, or general body condi-
tions) were diagnosed.

Data obtained from laboratory B served as the reference set. Here, animal distress was assessed by analysis 
of burrowing behavior. Here, baseline measurements were taken on days two and one before surgery. A 250 ml 
plastic bottle with a length of 15 cm, a diameter of 5.5 cm, and a port diameter of 4 cm was used as a burrowing 
apparatus. It was filled with 140 g ± 1.5 g of the standard diet pellets of the mice (Altromin1324, Lage, Germany). 
On day 1, 2, 3, 5, and 7 after surgery, mice were singly placed in a type-II macrolon cage with autoclaved hard-
wood shavings overnight. The burrowing bottles were placed in the left corner. Half of the used nesting material 
from the home cage was provided as a shelter in the right corner. The tests started three hours before the dark 
phase. The amount of burrowed pellets was assessed after two hours and 12 h. Body weight was evaluated 2 days 
before (baseline) and daily after transmitter implantation (for 1 week). This experiment’s methodological details 
and data were published elsewhere46.

Statistics.  All statistical analyses were performed using the R software (v4.0.3)53. The continuous variables 
(body weight and burrowing activity) were standardized to 100% at baseline levels (day = − 1). Variables repre-
senting animal distress (body weight, burrowing activity, nesting score, and the distress score; Figs. 1, 2, 3, 4) 
were bootstrapped 10,000-fold to obtain assumption-free estimates on the median ( ̂y ) and the 95% confidence 
intervals (rcompanion54). In addition, the distribution of the estimates was inspected visually and tested against 
the hypothesis of normal distribution using Shapiro–Wilk’s test. In case of evidence for non-normally distributed 
data, the experimental subgroups were compared using the Kruskal–Wallis test. Pairwise comparisons were cal-
culated with the Wilcoxon–Mann–Whitney test. Holm’s correction adjusted the resulting p-values for multiple 
comparisons, i.e., to control the family-wise error rate. Time-dependent (intra-treatment comparisons) of non–
parametric data were analyzed with the Friedman Rank Sum test. Subsequent baseline-level comparisons were 
calculated with Dunn’s post hoc test and Holm’s correction (see Tables T1–T4 in the supplement). In the case 
of normally distributed data, a one-way ANOVA or repeated-measures ANOVA with sphericity corrections55 
for time-dependent data with “day” as the within-subjects variable was performed. Between-treatment analyses 
and comparisons to baseline levels (with the control group as day − 1) were performed with Dunnett’s test and 
the Holm correction. Results were considered statistically significant at the following levels: *p ≤ 0.05, **p ≤ 0.01, 
***p ≤ 0.001, ****p ≤ 0.0001; multiplicity-adjusted p-values are shown as padj.

The distress of animal models and experimental subgroups (Figs. 5, 6) was calculated with the Relative Sever-
ity Assessment (RELSA) algorithm46 from the RELSA R-package (https://​talbo​tsr.​com/​RELSA/​index.​html). The 
RELSA score was determined using three input variables (body weight, burrowing activity, and distress score) 
mapped against a reference set (laboratory A) with the same variables but from an independent transmitter-
implantation experiment with a defined qualitative severity (i.e., moderate severity in laboratory B). Further, the 
highest RELSAmax value was obtained for each individual as the maximum RELSA during the treatment, repre-
senting the most experienced quantitative distress. The resulting RELSAmax values in the experimental subgroups 
were 10,000-fold bootstrapped to obtain estimates on the median ( ̂R ) and the corresponding 95% confidence 
intervals. Between-subgroup/model comparisons were calculated with the Wilcoxon–Mann–Whitney test in 
case of evidence for non-normal data, followed by Holm’s correction to determine differences in distress levels. 
In the case of normally distributed data, the adjusted t-test was used. The robustness of the severity estimation 
was tested with data from a second laboratory (B), using only body weight and burrowing activity as input vari-
ables. RELSAmax values > 1 were considered more severe than the reference model.

Ethics declaration.  No additional animals were used in this study. All analyses were conducted with data 
from previously published studies, which were in concordance with ARRIVE guidelines. All methods were car-
ried out in accordance with relevant guidelines and regulations.

Results
Evaluation of single readout parameters for distress.  In particular animal models, we analyzed four 
readout parameters for animal distress (body weight change, burrowing activity, nesting behavior, and a distress 
score) to assess the robustness of distress evaluation. Within each animal model, distinct groups of mice experi-
enced slight variations in the experimental procedures. For example, the animals were treated with various drugs 
or vehicle solutions or had an implanted telemetry transmitter.

When assessing an animal model for pancreatic ductal adenocarcinoma (PDA), no significant differences in 
body weight change were observed when comparing groups of mice treated with specific drugs or vehicle solu-
tions (Fig. 1A). However, significant differences in body weight change were observed between mice, which had 
a telemeter implanted and telemeter-free mice treated with specific drug combinations (Fig. 1A). No significant 
differences were also observed when analyzing burrowing activity and nesting behavior. Still, a significant dif-
ference was observed in the distress score when comparing distinct groups of mice (Fig. 1B–D). We concluded 
that some readout parameters, such as the distress score, are prone to experimental variation.

We also evaluated identical readout parameters for distress in an animal model for chronic pancreatitis and 
compared the distress between groups of mice treated either with a drug or vehicle control (Fig. 2). No significant 
differences between these two groups were detected when analyzing body weight change, burrowing activity, 
nesting behavior, or a distress score (Fig. 2).

https://talbotsr.com/RELSA/index.html
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In addition, we assessed two animal models for liver damage. Liver damage was either caused by redundant 
carbon tetrachloride (CCl4) administration or by cholestasis induced by bile duct ligation (BDL). When analyzing 
the CCl4 animal model, no significant differences between treatments were detected (Fig. 3). Also, no significant 
differences between treatments were found in the BDL model (Fig. 4).

These data demonstrated that the distress readout parameters in three out of four animal models were robust 
to slight variations in the experimental procedure (Figs. 2, 3, 4). In contrast, body weight and distress score gave 
different results in the PDA animal model when the experimental procedures varied slightly (Fig. 1). Since we 
noticed that other readout parameters for distress gave varying results (Fig. 1), we developed a method that 
combined multiple variables throughout a treatment into a singular score, the maximum of the Relative Severity 
Assessment score (RELSAmax)46.

Combining multiple variables into RELSA scores.  RELSA is a weighted procedure that maps multiple 
input variables into a single metric, allowing the comparison of different animal models and measurements on a 
quantitative scale. The comparability between models was achieved by referencing the standardized data to a set 
with a well-defined qualitative and quantitative severity. In the reference data, three variables from an intraperi-
toneal transmitter implantation experiment were used (body weight change, burrowing activity, and the distress 

Figure 1.   Distress evaluation of an orthotopic pancreatic cancer model. Pancreatic cancer (PDA) was treated 
with α-cyano-4-hydroxycinnamate plus metformin (CHC/Met), Galloflavin plus Metformin (Gal/Met), or the 
respective vehicle solutions (V). Telemetric transmitters were implanted into mice in a separate experiment, 
and 6606PDA cells were injected into the pancreas (Tel + PDA). The percentage of body weight (A), the 
percentage of burrowing activity (B), nesting (C), and the distress score (D) were evaluated on the indicated 
days. Differences between the groups in (A) were assessed with the Kruskal–Wallis test. Significant differences 
in body weight between the groups were detected (χ2 = 44.871, df = 4, p < 0.0001), and the following post hoc 
comparisons revealed differences between the groups PDA + CHC/Met and Tel + PDA (*padj = 0.035) as well as 
between PDA + Gal/Met and Tel + PDA (*padj = 0.035). Group differences were also present in the distress score 
(χ2 = 12.67, df = 4, p = 0.013), between PDA + V (CHC/Met) and PDA and Gal/Met (*padj = 0.015), PDA + V 
(CHC/Met) and Tel + PDA (*padj = 0.031), PDA + CHC/Met and PDA + Gal/Met (*padj = 0.015), PDA + CHC/Met 
and Tel + PDA (*padj = 0.031) as well as between PDA + Gal/Met and Tel + PDA (*padj = 0.031). The graphs depict 
the bootstrapped median estimator on each experimental day and the 95% confidence intervals. (A–D) PDA + V 
(CHC/Met) n = 7; PDA + CHC/Met n = 7; PDA + V (Gal/Met) n = 5; PDA + Gal/Met n = 7; Tel + PDA n = 7.
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score, Fig. S1, laboratory A). The measurements showed that the loss in body weight, burrowing activity, and 
distress score was largest on day 0 (the first day after surgery). Over time, the values recovered back to baseline 
levels. According to the RELSA concept, the experimental measurements were compared against the maximum 
deviations in the reference set, scaled, and combined into the RELSA score. The RELSA procedure gives more 
attention to larger deviations so that potential noise gets less weight. The maximum RELSA value per treatment 
(RELSAmax) was then used to compare models on a time-independent basis.

Within‑model comparisons of distress using RELSAmax.  The bootstrapped RELSAmax estimates of 
the five pancreatic cancer experimental subgroups (Fig. 5A) were all below the RELSA reference level of labo-
ratory A. Also, the 95% confidence intervals of the subgroup estimates did not cross the reference line. There-
fore, it can be concluded that pancreatic cancer models show significantly lower distress than the telemetric 
implantation model. The between-subgroup comparisons showed that the highest distress was achieved in the 

Figure 2.   Distress evaluation of a chronic pancreatitis model. Chronic pancreatitis (Panc) was treated 
with a microRNA-21 inhibitor (miRNA-21 inh.) or the identical vehicle solution plus a respective control 
oligonucleotide (CR). The percentage of body weight (A), the percentage of burrowing activity (B), the nesting 
(C), and the distress score (D) were assessed on the indicated days. No significant differences between the two 
groups were determined using the Kruskal–Wallis test in (A) (χ2 = 0.82, df = 1, p = 0.36), (B) (χ2 = 0.97, df = 1, 
p = 0.32), (C) (χ2 = 0.45, df = 1, p = 0.5) or (D) (χ2 = 0.44, df = 1, p = 0.50). The graphs depict the bootstrapped 
median estimator on each experimental day and the 95% confidence intervals. (A–D) Panc + CR (miRNA-21 
inh.) n = 8, Panc + miRNA-21 inh. n = 8.
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PDA + Gal/Met subgroup. In addition, the RELSAmax of these animals was significantly higher than those within 
the Tel + PDA subgroup (Fig. 5A, padj = 0.021).

In the chronic pancreatitis model (Fig. 5B), the 95% confidence intervals of the bootstrapped RELSAmax 
estimates in the two subgroups were lower than the reference set, indicating significantly lower distress than in 
the telemetric implantation model. No significant difference between these subgroups was detected.

In the two CCl4 subgroups, the 95% confidence intervals of the bootstrapped RELSAmax estimates were also 
lower than the reference set, indicating significantly lower distress than in the telemetric implantation model 
(Fig. 5C). Also, in this animal model, no significant difference between the subgroups was detected (Fig. 5C).

In the BDL model, both estimates were above the reference level (Fig. 5D). However, the lower confidence 
intervals remained below the reference level. Therefore, there was insufficient evidence to support the hypoth-
esis that the BDL model leads to more severe distress than the reference model. However, two animals in the 
BDL + MCC950 subgroup experienced very high distress (e.g., RELSAmax = 1.73 and RELSAmax = 2.52). Both 
animals reached the humane endpoint (> 20% body weight reduction) at the end of the experiment. Again, no 
significant difference between the subgroups of this animal model was found.

Figure 3.   Distress evaluation of liver damage in a fibrosis model. Liver damage was induced by repetitive 
carbon tetrachloride application (CCl4), and mice were treated with an NLRP3 inflammasome inhibitor 
(MCC950) or the appropriate vehicle solution (V). The percentage of body weight (A), the percentage of 
burrowing activity (B), the nesting (C), and the distress score (D) were evaluated on the indicated days. No 
significant differences between the groups were found using the Kruskal–Wallis test in (A) (χ2 = 0.48, df = 1, 
p = 0.49), (B) (χ2 = 1.33, df = 1, p = 0.25), (C) (χ2 = 0.047, df = 1, p = 0.83) or (D) (χ2 = 2.33, df = 1, p = 0.13). The 
graphs depict the bootstrapped median estimator on each experimental day and the 95% confidence intervals. 
(A) MCC950: n = 13, vehicle: n = 9; (B) MCC950: n = 7, vehicle: n = 3; (C) n = 6, vehicle: n = 6. (D) MCC950: 
n = 7, vehicle: n = 3.
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Between‑model comparisons of distress using RELSAmax.  The distinct subgroups were pooled to 
focus more on comprehensive model comparisons than experiments. Again, the RELSAmax procedure was used 
to compare distress levels between four animal models (Fig. 6A). This was achieved by mapping the experimen-
tal data to the standardized severity of the reference data from laboratory A. The order of estimates yielded a 
ranking of severity used to classify the animal models in terms of distress magnitude. This ranking showed the 
following order in increasing severity based on the RELSAmax model estimates: CCl4 < PDA ≈ Pancreatitis < BDL. 
Significant differences were found when comparing these animal models (Fig.  6A). Pancreatitis showed sig-
nificantly higher severity than the CCl4 model (padj ≤ 0.001), which was also true for CCl4 vs. PDA (padj = 0.01). 
Further, the BDL model showed significantly higher severity towards the CCl4 (padj ≤ 0.0001), pancreatitis 
(padj ≤ 0.001), and PDA (padj ≤ 0.0001) models.

The robustness of this severity ranking was tested with an independent reference set using two variables 
(body weight change and burrowing activity) from an intraperitoneal transmitter implantation experiment in 
laboratory B. Both variables showed the same pattern of estimates on day 0 with subsequent recovery during the 
following days (see raw data of laboratory A Fig. S1 and laboratory B Fig. S2).

Testing the four animal models against the reference data from laboratory B resulted in RELSAmax estimates 
that were slightly lower than the ones from the first analysis (see Fig. 6A,B). However, this validation analysis still 

Figure 4.   Distress evaluation of a cholestasis model in mice. Cholestasis was induced by bile duct ligation 
(BDL), and the animals were treated with an NLRP3 inflammasome inhibitor (MCC950) or the appropriate 
vehicle solution (V). The percentage of body weight (A), the percentage of burrowing activity (B), the nesting 
(C), and the distress score (D) were evaluated on the indicated days. No significant differences between the 
groups were determined using the Kruskal–Wallis test in (A) (χ2 = 0.16, df = 1, p = 0.69), (B) (χ2 = 2.58, df = 1, 
p = 0.11), (C) (χ2 = 0.05, df = 1, p = 0.82) or (D) (χ2 = 0.26, df = 1, p = 0.61). The graphs depict the bootstrapped 
median estimator on each experimental day and the 95% confidence intervals. (A) MCC950 n = 14, vehicle: 
n = 16; (B) MCC950 n = 7, vehicle n = 9; (C) MCC950 n = 7, vehicle n = 7; (D) MCC950 n = 7, vehicle n = 9.
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maintained the previous order of model severity: CCl4 < PDA ≈ Pancreatitis < BDL (Fig. 6B). Again, pancreatitis 
(padj ≤ 0.0001) and PDA (padj ≤ 0.001) showed significantly higher severity than the CCl4 model. Further, the BDL 
model showed significantly higher severity towards the CCl4 (padj ≤ 0.0001), pancreatitis (padj ≤ 0.01), and PDA 
(padj ≤ 0.0001) models. Thus, identical significant differences were observed between the four animal models when 
using both reference sets. Therefore, judging the severity of animal models based on the significant differences 
in distress using the RELSAmax method was robust towards using different reference data.

Discussion
This study evaluated animal distress by assessing the body weight change, a distress score, and the burrowing 
and nesting behavior in four animal models for distinct gastrointestinal diseases (Figs. 1, 2, 3, 4). The robustness 
within each model was evaluated by minor experimental design modifications, e.g., different treatment strate-
gies. The previously established RELSA procedure46 graded the maximum distress each animal experiences by 

Figure 5.   Within-model comparisons of distress using the variables body weight, burrowing activity, and the 
distress score, represented as the RELSAmax metric. The red line denotes the maximally experienced severity 
in the telemetry experiment of laboratory A (reference line), also on the RELSA scale. In each animal model, 
the distress was assessed between treatment groups. The panels show PDA (A), pancreatitis (B), carbon 
tetrachloride (CCl4) (C), and the cholestasis (BDL) model (D)—always in comparison to the reference level. 
Distinct treatments with drugs (CHC/Met, Gal/Met, miRNA-21 inh., MCC950) or treatment with appropriate 
vehicle controls (V) are indicated. The 95% confidence intervals in all treatment groups remain below the 
reference line, indicating no evidence that any analyzed treatment has a higher severity than the surgery 
model. The Kruskal–Wallis test revealed a significant difference between the treatment groups only in panel 
(A) (χ2 = 16.12, df = 4, p-value = 0.003), more specifically between PDA + Gal/Met and Tel + PDA (*padj = 0.021). 
The graphs depict the RELSAmax values obtained from individual RELSA analyses, the bootstrapped median 
estimators, and the 95% confidence intervals. (A) PDA + V (CHC/Met) n = 7, PDA + CHC/Met n = 7, PDA + V 
(Gal/Met) n = 5, PDA + Gal/Met n = 7, Tel + PDA n = 7; (B) Panc + CR (miRNA-21 inh.) n = 8, Panc + miRNA-21 
inh. n = 8; (C) CCl4 + V (MCC950) n = 9, CCl4 + MCC950 n = 13; (D) BDL + V (MCC950) n = 16, BDL + MCC950 
n = 14.
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mapping the multi-dimensional information of various distress parameters against a specific reference set of 
defined severity. The RELSAmax score proved robust in three out of four animal models when comparing each 
animal model under different experimental conditions (Fig. 5). The robustness was also given when using RELSA 
reference sets from two laboratories to estimate the order of severity in the analyzed animal models with the 
RELSAmax value (Fig. 6).

The basis for an evidence-based severity assessment of animal models is the use of reliable distress 
parameters16,24,25. A robust body weight reduction was observed in two out of four animal models (BDL and 
pancreatitis) as a response to surgical intervention or chemical induction (Figs. 1, 2, 3, 4), which implies this 
parameter’s relevance to detecting distress in some gastrointestinal animal models. Body weight alone or com-
bined with other criteria is helpful for humane endpoint determination in many animal models35,56–58.There-
fore, its evaluation is highly recommended for severity grading by welfare assessment protocols24,25. A robust 
reduction of burrowing activity was observed in the BDL, pancreatitis, and PDA animal model, but not after 
CCl4 intoxication (thus, robustness was given in three out of four animal models). A robust reduction of nesting 
activity was also observed in three out of four animal models (BDL, CCl4, and pancreatitis). The results indicated 
that burrowing and nesting behavior were even more robust in these experiments than body weight reduction. 
Indeed, both behavior tests have been reported to detect stress and suffering in many distinct animal models. 
For example, in animal models for colitis59, Parkinson disease60, pancreatitis61, epilepsy62,63, and depression64. 
However, a robust increase in the distress score could only be detected in the BDL animal model. This result 
indicates that in some animal models, the distress score is less informative than body weight change or behavior 
tests. This conclusion is consistent with previous studies48.

However, we also want to describe specific limitations to the abovementioned summary and conclusions. 
For example, within the PDA model, significant differences in body weight change were detected between the 
Tel + PDA and PDA + CHC/Met or PDA + Gal/Met group (Fig. 1A). An initial body weight reduction caused these 
differences as a result of the previous surgery for transmitter implantation and no additional decrease of body 
weight in the Tel + PDA group after cell injection47. Thus, body weight reduction is robust if one only compares 

Figure 6.   Between-model comparisons of distress after pooling the experimental subgroups. (A) The distress 
of the carbon tetrachloride (CCl4), pancreatitis (Panc), pancreatic cancer (PDA), and the cholestasis (BDL) 
model was evaluated using the RELSAmax values, with the reference built from data of laboratory A (transmitter 
implantation model, measured variables: body weight, burrowing activity as well as the distress score, the red 
line denotes the maximally experienced severity in the telemetry experiment). A Kruskal–Wallis test shows 
significant differences between the RELSAmax estimates of the animal models in panel (A) (χ2 = 54.86, df = 3, 
p < 0.0001). Differences were observed between CCl4 and PDA (**padj < 0.01), CCl4 and BDL (****padj < 0.0001), 
pancreatitis and BDL (***padj < 0.001) as well as between PDA and BDL (****padj < 0.0001). The following order 
of model severity can be seen by ordering the RELSAmax estimates: R̂CCl4 = 0.40, CI95% [0.29; 0.52]) < PDA ( ̂RPDA 
= 0.61, CI95% [0.50; 0.71]) < Pancreatitis ( ̂RPanc = 0.70, CI95% [0.56; 0.83]) < BDL ( ̂RBDL = 1.10, CI95% [1.00; 1.20]). 
(B) Testing the robustness of the procedure by implementing a different reference set from laboratory B with the 
variables body weight and burrowing activity. The treatment groups also showed significant differences using the 
Kruskal–Wallis test (χ2 = 53.15, df = 3, p < 0.0001). Pairwise differences were observed between CCl4 and PDA 
(***padj < 0.001), CCl4 and Pancreatitis (****padj < 0.0001), CCl4 and BDL (****padj < 0.0001), Pancreatitis and 
BDL (**padj < 0.01) as well as between PDA and BDL (****padj < 0.0001). Here, the order of RELSAmax estimates 
showed as follows: R̂CCl4 = 0.31, CI95% [0.22; 0.40]) < PDA ( ̂RPDA = 0.58, CI95% [0.50; 0.67]) < Pancreatitis ( ̂RPanc = 
0.65, CI95% [0.54; 0.76]) < BDL ( ̂RBDL = 0.89, CI95% [0.81; 0.96]). The graphs depict the RELSAmax values obtained 
from individual RELSA analyses (pooled subgroups for each animal model) and the bootstrapped median 
estimator together with the 95% confidence intervals. Data of vehicle and drug-treated groups were pooled. 
(A,B) CCl4 n = 22, PDA n = 26, Pancreatitis n = 16, BDL n = 30.
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PDA animal models using different pharmacological treatments. Still, it is not robust when an additional surgi-
cal intervention (telemeter implantation) is included in the PDA model. Furthermore, low robustness was also 
observed when comparing the distress score between PDA + GAL/Met and other treatment groups. This result 
most likely reflects the side effects of specific drugs, as described in a previous study48. Thus, this is an example 
that the robustness of data within an animal model might be reduced if the changed variable, e.g., therapy, causes 
an intense effect on the well-being of the animals. Besides therapy, different housing conditions, such as the 
number of animals per cage, dark/light cycle and nesting material, might also influence the animals’ well-being. 
In addition, although no sex-specific difference for burrowing behavior was reported in a previous study65, it is 
still feasible that the sex of the animals might influence results when analyzing distress. However, we noticed in 
our reference data that both body weight change and burrowing behavior revealed similar significant changes 
after telemeter implantations. Further, these experiments were performed in two laboratories using different 
housing conditions with either male (Fig. S1) or female mice (Fig. S2). Thus, neither the housing conditions nor 
the sex of the animals had a major influence on the conclusions of our study.

Since we re-analyzed published data, a regular power analysis could not be conducted. Therefore, the low 
sample size in some experimental groups may affect the robustness of the statistical results and, e.g., the underly-
ing assumptions for statistical testing. We used a non-parametric 10,000-fold bootstrapping method to address 
this issue as an alternative to classical inferential testing. This approach ensured the most robust estimates that 
could be obtained with the current data in our study.

We observed low robustness of methods when only single parameters were used to compare the distress 
between animal models. For example, the BDL model causes a gradual increase in the distress score due to a 
continuous progression of the disease (Fig. 4D). In contrast, after CCl4 injection, no increase in the distress score 
could be observed during chronic pancreatitis (Fig. 2D). Possibly, methods measure distress in an animal-model 
specific manner. This outcome was also marked by Mallien et al. when genetic, stress-based, and pharmacological 
mouse models of depression were compared64. These differences between animal models highlight the need to 
perform multi-parametric severity assessment when comparing different animal models16,46.

In the present study, a multi-parametric animal model assessment was done using the RELSA algorithm. This 
algorithm allowed an informed integration of various experimentally available read-out parameters into a single 
value. The maximum deviations per animal observed on the RELSA scale during an experiment were named 
RELSAmax. These values represent the utmost distress animals experience on a quantitative scale compared to a 
defined reference set46. Since it is recommended by the EU Commission to consider the highest distress an animal 
experiences for defining the severity grade of an experiment66, the RELSAmax is an excellent tool to determine 
and compare severity levels between animal models.

Please note that variables with large weights will contribute more information to the final RELSA score than 
variables with little weight. Thus, specific markers may dominate the RELSA values due to their model-specificity. 
However, these values are adequately mapped to the RELSA space due to the weighting system of the algorithm. 
Therefore, a holistic comparison of animal models and individual animals is possible with the limitation that the 
reference set must at least partially contain the same measured variables as the tested models.

No significant differences in the RELSAmax were observed, within each animal model, when comparing their 
varying experimental conditions, except when analyzing the PDA model (Fig. 5). Here, the significant differ-
ence between PDA + Gal/Met and Tel + PDA model can be explained by the lack of body weight reduction in the 
Tel + PDA model and a high distress score in the PDA + Gal/Met group (for a detailed discussion see previous 
text).

When pooling the data from various experiments for each animal model and comparing the severity of all 
animal models with the RELSAmax (Fig. 6), the CCl4, PDA, and pancreatitis models were below a RELSAmax of 
1.0. This result indicates that these animal models cause less distress than transmitter implantation, which was 
used as a reference. Interestingly, the RELSAmax not only allows a comparison of the severity of various animal 
models to the reference model but is also an excellent tool to compare the distress between different animal 
models (Fig. 6). Based on RELSAmax, the CCl4 model indicates the lowest severity. In contrast, the PDA model 
is significantly more stressful for the animals. The pancreatitis model is shown to have a similar severity level 
to the PDA model. The BDL model has the highest severity, indicated by a significantly higher RELSAmax than 
the other gastrointestinal animal models. The progression of cholestasis leads to a substantial impairment of 
welfare, as characterized by major changes in all four single distress parameters (Fig. 4). That this animal model 
is quite severe is also supported by the low survival rate ranging from 64 to 70%67–69. In contrast, the survival 
rates of pancreatitis at 99%61, the CCl4 model at 100%70, and the PDA model at 83%71 were reported to be higher.

Suppose one considers the implantation of a transmitter as a surgical intervention, which causes moderate 
distress as suggested by the EU-Commission Guideline in Annex XIII11. In that case, one can define the distress 
caused by other animal models by implementing the RELSA procedure. Based on this concept, the CCl4, PDA, 
and pancreatitis models might cause mild to moderate distress, whereas the BDL model might cause moderate 
to severe distress. However, please note that we compare only the highest distress level, which an animal reaches 
during the experiment at a single time point. When analyzing the RELSAmax values, we do not consider how 
long an animal is distressed during an experiment. Thus, cumulative suffering might have to be considered in 
addition to the RELSAmax when defining specific severity categories. Such longitudinal data can be presented 
using standard RELSA curves46. However, a concept of how to summarize cumulative suffering by an algorithm 
to allow direct comparison between, for example, short-term severe distress to long-term moderate distress still 
needs to be developed.
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Conclusion
The present study characterized the robustness of distress assessment using multiple non-invasive methods. With 
the implementation of the RELSA procedure, the highest distress levels in animals during experiments were 
described mathematically with the RELSAmax value. This score allowed us to perform several between-animal 
model comparisons and reference tests. Since the results were very robust, the RELSAmax is reliable for comparing 
animal models. The algorithm might also be valuable when examining drug side effects or evaluating refinement 
measures during in vivo experiments.

Data availability
Raw data can be downloaded from a GitHub repository under the following link: https://​github.​com/​mytal​bot/​
gastr​ointe​stinal_​data.
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