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1 Introduction

1 Introduction
1.1 The 3Rs of animal experimentation

In response to a request from Charles Hume, founder of the Universities Federation for Animal 
Welfare (UFAW), W.M.S. Russell and R.L. Burch developed the principles of Replacement, 
Reduction, and Refinement (3Rs) of animal experimentation. Russell and Burch first described 
the 3Rs six decades ago, in their pioneering book The Principles of Humane Experimental 
Technique (1959), to remedy “inhumanity” towards non-human animals (hereinafter referred to 
as animals). With the concept of “inhumanity”, the authors referred to “an objective assessment 
of the effects of any procedures on the animal subjects” without implying any ethical judgement 
of the research workers (Chapter 2, Russell and Burch, 1959). They were certain that 
“inhumanity” could be lessened or eliminated under the three broad categories of Replacement, 
Reduction, and Refinement of humane technique.  

Russell and Burch’s original definitions of the 3Rs are as follows:  

• Replacement stands for “the substitution for conscious higher animals of insentient 
material”, 

• Reduction means “reduction in the number of animals used to obtain information of a given 
amount and precision” and

• Refinement refers to “any decrease in the incidence or severity of inhumane procedures” 
(Chapter 4, Russell and Burch, 1959). 

Their aim was to avoid the use of animals wherever possible and to considerably reform the
treatment of the animals still deemed necessary, while significantly improving the study quality 
by adequate experimental design and statistical analysis (Russell and Burch, 1959).  

In recent decades, the 3Rs concept has slowly been given more legal consideration globally. It 
has been recognized by organizations such as the Council of Europe (1986) and the World 
Organisation for Animal Health (2018). Today, the principles are generally accepted, and many 
countries have embedded them into their legislation (Bayne et al., 2015). At this point, the
European Directive 2010/63/EU appears to be the most progressive regulation on the protection 
of animals used for scientific purposes. It not only requires all European Union (EU) Member 
States to fully implement the 3Rs principles but it is also more far-reaching than other 
regulations, due to its final goal of “full replacement of procedures on live animals for scientific 
and educational purposes as soon as it is scientifically possible” (European Parliament, 2010,
Recital 10). Moreover, the EU Directive postulates that, for any given experiment, Replacement 
should be the first priority, followed by Reduction and then Refinement if animal use is deemed 
unavoidable (European Parliament, 2010, Recital 11). Russell and Burch (1959, Chapter 7) also 
emphasized the predominant need for Replacement, and, where this is not feasible, the 
principles of Reduction and Refinement are to be applied: “Suppose, for a particular purpose, 
we cannot use replacing techniques. Suppose it is agreed that we shall be using every device of 
theory and practice to reduce to a minimum the number of animals we have to employ. It is at 
this point that refinement starts, and its object is simply to reduce to an absolute minimum the 
amount of distress imposed on those animals that are still used.”  

Despite improved animal protection laws, the number of animals used in science has been on 
the rise since the 2000s (Taylor and Rego, 2016), yet accompanied by a growth in scrutiny over 
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1 Introduction

both the ethics and the scientific value of animal experimentation. It was estimated that, in the 
year 2005, more than 127 million vertebrates were used worldwide for scientific purposes 
(Knight, 2008). With the promotion of easier-to-use genetic modification techniques, such as 
CRISPR (Clustered Regularly Interspaced Short Palindromic Repeats), the numbers as well as 
species of animals used are likely to continue to rise (Bailey, 2019).  

One driver for the incorporation of the 3Rs into legislation has notably been societal concern 
regarding the use and the treatment of animals in scientific research. A recent opinion poll by
Clemence and Leaman (2016) found that while the majority of the public accepts the use of
animals for medical and scientific purposes, 26% of participants would ban it when animal 
welfare considerations are not taken into account. 71% of the surveyed public said they accept 
animal use for medical research if there is no alternative and as long as no needless suffering is 
caused to the animals (Clemence and Leaman, 2016). In the European Union, citizens can 
suggest concrete legal changes to the European Commission (EC), by using a participatory 
democracy tool, the European Citizens’ Initiative (European Commission, 2019). The European 
Citizens’ Initiative “Stop Vivisection” showed that a considerable number of EU citizens asked for 
new legislation that focuses on eliminating animal experimentation and on accelerating human-
relevant biomedical and toxicological research. It was signed by almost 1.2 million EU citizens 
and submitted to the EC in March 2015 (European Commission, 2015). Simultaneously, animal-
based research has increasingly been questioned, not only on ethical and animal welfare 
grounds, but also due to its limited rigor, robustness and translatability (e.g., Begley and Ellis, 
2012; Harris, 2017; Pound and Bracken, 2014; Pound and Ritskes-Hoitinga, 2018; Prinz et al.,
2011). Notwithstanding extensive preclinical animal testing, less than 12% of drugs entering 
clinical trials result in an approved medication (Pharmaceutical Research and Manufacturers of 
America, 2015; 2016). Moreover, it has been estimated that between 51% and 89% of preclinical 
study results are not reproducible (Freedman et al., 2015; Harthorne and Schachner, 2012). The
reproducibility and translatability pitfalls surrounding biomedical (animal) experimentation (e.g.,
Baker, 2016; Begley and Ioannidis, 2015; Freedman et al., 2017; Harris, 2017; Ritskes-Hoitinga 
and Pound, 2018) call, according to numerous scientists (e.g., Archibald et al., 2018; Greek and 
Kramer, 2019; Pound et al., 2004), for a critical appraisal of the scientific viability of animals to 
model human responses to drugs and diseases. Besides using tools such as systematic 
reviews, citation and meta-analyses and other retrospective assessments (see also Paper 4,
Herrmann, 2019), Greek and Kramer (2019) propose that public investment in animal 
experiments should be assessed based on its scientific merit. They suggest a peer-reviewed 
debate evaluating the evidence pro and contra continued animal use that would be conducted in 
public and judged by unbiased experts (Greek and Kramer, 2019). To overcome the poor 
translation from animals to humans (discussed e.g., Kramer and Greek, 2018; Pippin, 2012), a
growing number of scientists have been promoting a shift in focus towards animal-free, human-
biology based and thus human-relevant research (e.g., Archibald et al., 2018; BioMed21 
Collaboration, n.d.; Herrmann and Jayne, 2019; Herrmann et al., 2019; Langley at al., 2017). 

While replacing live animals will continue to be the ultimate goal (European Parliament, 2010,
Recital 10), responsible animal use that encompasses applying all available Refinement
methods and that ensures conducting high quality research will remain of utmost importance to
justify animal use in science. Russell and Burch recognized the use of Refinement methods not 
only as the way to limit negative animal welfare implications but also as a prerequisite for 
successful research. “ B y now it is widely recognized that the humanest possible treatment of 
experimental animals, far from being an obstacle, is actually a prerequisite for successful animal 
experiments” wrote Russell and Burch (1959) in the first chapter of The Principles of Humane 
Experimental Technique where they laid out the scope of the study. When the authors discussed 
the factors governing scientific progress, they stated under the subsection on “Humanity and 
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Efficiency”: “If we are satisfied that an experiment is maximally humane, we can be quite sure it 
is the most scientifically valuable one we could perform. This will apply not only to individual 
experiments but also to whole research programs.” (Chapter 8, 1959).

In a 1995 ECVAM Workshop report entitled “The Three Rs: The Way Forward,” in which Russell 
and Burch were among the participants, it was noted that researchers were not sufficiently 
aware of the concept of Refinement and that they generally did not recognize the impact that the 
application, or rather the non-application of Refinement, had on their research (Balls et al.,
1995). Many more recent literature reviews have also indicated a significant lack of the 
application of Refinement (as well as of the other 2 Rs; e.g., Bara and Joffe, 2014) in practice 
(e.g., Carbone and Austin, 2016; Richardson et al., 2005; Pound and Nicol, 2018; Taylor, 2010; 
Uhlig et al., 2015). Not only does this imply avoidable animal suffering but this lack of 
Refinement can lead to (chronic) animal stress and distress which can compromise data 
collected from these animals (see review by Bailey, 2018). Added to this issue is the fact that it 
is unclear to what extent Refinement is applied in practice, as information about Refinement 
methods is generally still lacking in published studies describing animal experiments (Bertrand et
al., 2018; Carbonne and Austin, 2016; Hair, 2018; Würbel, 2007). 

Thus, the first three papers of this publication-based thesis focus on experimental Refinement, 
the primary aim of which is to reduce to an absolute minimum the amount of pain, distress,
suffering or lasting harm caused by the experiment(s). Research into Refinement has notably 
grown during the past two decades. Nonetheless, the animals can benefit from these efforts only 
if the newly gained knowledge is applied in practice. In addition to discussing the implementation 
and use of Refinement, the fourth and final paper of this thesis discusses also the other two Rs, 
Reduction and Replacement. It highlights tools to retrospectively assess the validity of animal 
studies, which could lead to a substantial reduction of animal experiments and disease models 
used and thus to a reduction of the overall number of animals used in experiments. It then 
reviews recent work towards Replacement, which Russell and Burch (1959) and current EU 
legislation (European Parliament, 2010, Recital 10) see as the ultimate aim. 

1.2 Project aims

Refining both the use and care of animals as well as the quality of research has been widely 
adopted in the search for means to improve not only animal welfare but reproducibility of results 
from animal studies. Thus, the primary goal of this project was to review the planned application 
of Refinement methods during experimentation, namely the use of adequate anesthesia and 
analgesia protocols, proper pain management and health monitoring, early and thus more 
humane endpoints (“less-inhumane endpoints” according to Balls, 1999) and acceptable killing 
methods. In addition, the severity classification of procedures was assessed. After presenting
and discussing the findings of what animal experimenters proposed to use in order to refine their 
experiments (first three papers: Herrmann and Flecknell, 2019; Herrmann and Flecknell, 2018a 
and 2018b), the final paper (Herrmann, 2019) in this publication-based thesis discusses 
Refinement in a broader context – by including not only classical Refinement that directly 
reduces pain, distress and suffering but also Refinement of design, analysis and the reporting of 
animal studies. Some recent efforts to reduce and replace animal experiments are also briefly 
discussed. 

The aims of this first-of-its-kind retrospective review of animal research proposals, then, were a) 
to gauge how animal welfare and Refinement research had been implemented into planned 
research studies by 2010; b) to identify areas where additional improvements of experimental 
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Refinement are still necessary; c) to provide recommendations for refined practice; and d) to 
give a brief overview of efforts taken to apply the 3Rs.

1.3 Materials and methods

Since the primary objective of this review was to assess the animal experimenters’ intended use 
of experimental Refinement, a novel approach was taken to assess their planned application of 
Refinement methods as well as the quality of the chosen Refinement methods. Instead of
reviewing published animal research studies, original applications of basic and applied animal 
research that received licenses were reviewed. The study exclusively assessed proposals 
originating from Germany, since researchers working in this country are required to provide 
comprehensive descriptions of all planned procedures, including all Refinement methods, to the 
competent authorities (Sections 8 and 9, German Animal Welfare Act of 1986). German law 
requires that animals are treated in the most humane way possible while assuring the generation 
of valid scientific results (Section 9, para. 2, No. 3, German Animal Welfare Act of 1986). 

Each of the 16 German federal states has its own competent authorities responsible for 
assessing and licensing animal research applications. For certain scientific research purposes, 
the relevant authority securely storing the data is entitled to pass on data without consent of 
persons concerned, if 1. interests requiring protection are not affected through the kind of data, 
their publication and use, or 2. the public interest in the conduct of the scientific project 
outweighs the interests of the persons concerned. The data transmission must be approved 
beforehand by the highest authorities of the federal states (Metschke, R. and Wellbrock, R., 
2002, Appendix 3, Section 30, p. 75). In preparation of our study, the Data Protection and 
Freedom of Information Commissioner of Berlin (Berliner Beauftragter für Datenschutz und 
Informationsfreiheit) was informed and stated no objections (case number 5612.145). The 
majority (14 out of 16 federal states) agreed to participate in this study and provided access to 
basic and applied research proposals that had been licensed. The study was conducted
anonymously (i.e. the individual research groups were not identified in the analysis).

For the focus of our study, we chose all applications submitted to the participating competent 
authorities in 2010 that contained surgical procedures in mice and rats from which the animals 
were to recover. Choosing such research applications allowed us to review the adequacy of
anesthesia, perioperative analgesia, and postoperative pain assessment and pain management. 
Even though this review was done prior to the implementation of EU Directive 2010/63/EU, the 
key provisions of the new Directive relative to Refinement had already been included in German 
legislation in the 1970s and 80s, meaning the use of experimental Refinements was to be
discussed in detail in the assessed proposals.

Legal requirements
As of 2010, various prerequisites were required when conducting animal experiments in 
accordance with the German Animal Welfare Act (Deutsches Tierschutzgesetz) as amended in 
1986: 
• Animal experiments must be reduced to an indispensable extent (Section 9, para. 2, 

sentence 1, German Animal Welfare Act).  
• When conducting animal experiments, the current state of scientific knowledge has to be 

taken into account (Section 9, para. 2, sentence 2, German Animal Welfare Act). 
• Pain, suffering and harm are allowed to be inflicted upon the animals only thus far as it is 

indispensable for the striven for purpose (Section 9, para. 2, No. 3, German Animal Welfare 
Act). 
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• Principal investigators must be adequately qualified (Section 8, para. 3, No. 2, German 
Animal Welfare Act).  

• Any person involved in animal research and laboratory animal care must have sufficient 
professional knowledge (Section 9, para. 1, German Animal Welfare Act). 

• Principal investigators (who are also the animal research proposal applicants) are fully 
responsible for the experiments and the research workers involved, and that no more 
animals are used than indispensable, that no more pain, suffering and harms are caused 
than indispensable, that the staff is sufficiently skilled and that proper care for the animal 
subjects is provided (Section 9, para. 3, German Animal Welfare Act). 

• Principal investigators are accountable for the use of experimental Refinements such as 
anesthesia, analgesia, humane endpoints and adequate killing methods (Sections 8 and 9,
German Animal Welfare Act; Appendix 1 in regards to No. 6.1.1, General Administrative 
Provision for the Execution of the Animal Welfare Act).  

• Care and housing, including the supervision of the animals and their veterinary care must be
provided (Section 8, para. 3, No. 4, German Animal Welfare Act).  

The amendments of the German Animal Welfare Act in 1998 did not change these obligations of 
animal researchers. The newest revision of the law in 2013, similarly, did not change in regards 
to the provisions to use experimental Refinements. Additional guidance on how to apply the law 
was provided in the General Administrative Provision for the Execution of the Animal Welfare Act
of 9 February 2000 (Allgemeine Verwaltungsvorschrift zur Durchführung des Tierschutzgesetzes 
vom 9. Februar 2000) and built the basis of the application form to be used by animal 
researchers in 2010. 

Animal research proposal
The following sections of the license proposals from 2010 were relevant to our assessment:  
1. Section 1.6 describes the planned animal experiments including anesthesia (referring to 

Section 8, para. 2, sentence 3 in conjunction with Section 8a, para. 2 No. 3, German Animal 
Welfare Act of 1998). More specifically, the researcher has to elaborate on the kinds of
interventions and treatments, their conduct and duration. Interventions or treatments that will 
be conducted under anesthesia must be specified including details about anesthetic
regimens that will be employed. If painful procedures or treatments without anesthesia are to
be conducted, this must be explained, and scientific justification must be given. Furthermore, 
if it is planned that there will be multiple severely painful interventions or treatments in an
animal who is not anesthetized, this needs special scientific justification. The burden that the 
animals will have to endure (intensity and duration of pain and suffering) and harms inflicted 
upon them, including establishment of “humane endpoints” in case the proposed degree of 
severity will be exceeded, must be described in detail. Moreover, the planned actions need
to be outlined that will be taken to reduce pain after anesthesia subsides (including agent, 
dosage, interval, duration).

2. In addition, a table needs to be completed, listing all procedures the animals will be
subjected to and their expected burden, duration (in days), and intensity (severity 
classification for recovery experiments: mild, moderate, severe). 

3. The ethical justification for the research study must be given in section 1.7. The applicant 
must demonstrate that the expected pain, suffering or harm that is going to be inflicted upon 
the animals is ethically justifiable on the basis of the hoped-for benefits of the proposed 
research study. 

4. The intended whereabouts of the animals after the experiments are finalized has to be 
described in section 3.1 of the proposal. 

5. If animals are to be killed, section 3.2 needs to describe which killing method is intended to 
be used. If injectables are to be used, the agent and dosage should be provided.  
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In 2010, it was not yet the norm to submit a health score sheet as part of the proposal. However, 
some competent authorities already requested these as they provide important information when
assessing the degree of monitoring, care and treatment the animals would receive to ensure that 
pain and suffering is kept to an absolute minimum. To inflict pain, suffering or harm is only 
allowed to the degree that it is indispensable for reaching the experimental objective. The law 
underlines that it is not acceptable to inflict suffering to reduce the workload or save money 
(Section 9, para. 2, No. 3, German Animal Welfare Act as amended in 1998).

Task of the competent authority  
The competent authorities are bodies put in place by the German government (as well as other 
member states of the European Union) to carry out the obligations arising from the law 
governing animal experimentation. Germany has 16 federal states and each state has,
depending in its size and organizational structure, one or more competent authorities. These
authorities are responsible for assessing animal experimentation proposals and, in the case of 
favorable project evaluations, authorize these. A newly submitted animal research application is 
reviewed by a veterinarian who is assisted by an animal experimentation committee according to 
Section 15 (German Animal Welfare Act as amended in 1986). This committee consists of 
scientists (2/3 of its members) and persons from animal welfare organizations (1/3 of its 
members) and ought to provide advice in regards to the legal requirements that need to be 
fulfilled in order to authorize animal experiments. In particular, this refers to the application of the 
3Rs, indispensability of the project, and harm-benefit analysis (von Dehn and Nobiling, 2014). 
The competent authority’s task is to scrutinize whether the proposal fulfills the legal prerequisites 
for experimenting on animals. After a proposal’s first assessment by the competent authority and 
its committee according to Section 15 (German Animal Welfare Act as amended in 1986) the 
applicant oftentimes receives additional questions before a final decision (e.g., because 
information is missing or not clearly described).  

Proposal selection criteria
Mice and rats (and more recently fish) are the most commonly used species in Germany 
(Bundesministerium für Ernährung und Landwirtschaft, 2014, 2017). The two rodent species are 
also among the most utilized animals in other countries of the European Union (European 
Commission, 2013). For this reason, our study was narrowed down to mice and rats. In total, 
506 applications fit our criteria and, hence, were included in the analysis. The selected 
applications comprised 684 recovery surgical procedures (422 in mice and 262 in rats).

Research proposals that we included in this study met all of the following criteria:

1. Animal research proposals submitted to German competent authorities in 2010
2. Basic or applied research studies
3. Species: mice or rats
4. Procedures: surgical, recovery 
5. Original proposals that were eventually granted a project license  

Research proposals that we excluded from this study met one or more of the following criteria:

1. Applications for the generation of genetically altered mice
2. Government-required animal testing, e.g. toxicity testing of drugs, vaccines, pesticides
3. Species other than mice or rats
4. Procedures that did not involve recovery surgery
5. Proposals pre-assessed or rejected by members of the competent authorities
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An electronic database was developed to compare and analyze the large volume of data 
collected. The database comprises the following information/fields:

1. Application number
2. Species
3. Type of surgical intervention
4. Name of specific surgery
5. Anesthetic regimens: A) Inhalational; B) Injectable; C) Combination of inhalational and 

injectable agents; D) Route of administration; E) Intubation: yes/no
6. Perioperative analgesic regimens: A) Names of agent(s); B) Time of analgesic 

administration: pre-operatively; at the end of surgery; together with anesthetic; no 
information; no analgesia

7. Structured pain assessments? yes/no
8. Severity classified: A) By investigator; B) According to guidance documents  
9. Post-operative analgesia: A) yes; multimodal; no; no information; if needed according to the 

investigator; B) Type of analgesic; route of administration; dosage; application interval; 
duration; scientific explanation 

10. Health Score Sheet in place? yes/no
11. Humane endpoints? yes/no
12. Killing: A) Under anesthesia, including type of anesthetic agent and dosage; B) Without prior 

anesthesia; C) Killing method; D) Scientific explanation 

We examined the applications as originally submitted by the investigators so that we could 
assess the intended use of Refinement methods. This should demonstrate the investigators’ 
understanding of legal requirements. Further, it should reflect their knowledge of potential 
Refinement methods, their understanding of how Refinement contributes to improved welfare of 
animals used in laboratories, and how Refinement is a prerequisite for obtaining rigorous data 
(Howard, 2013; Lloyd, Foden and Wolfensohn, 2008; Prescott and Lidster, 2017; Russell and 
Burch, 1959). All research applications in this review were eventually granted a license. Prior to 
the approval of a license, the competent authorities reviewed the proposals. In this process, it is 
expected that changes to the proposed protocols would be requested to comply with legislation. 
We did not review the follow-up questions that the competent authority members may have 
posed. To follow up on the outcomes of the assessments of the competent authorities and on 
their required modifications was not feasible as it would have entailed reviewing communication 
between the competent authority and applicant. Due to a shortage in personnel, it was 
impossible for the competent authorities to provide this additional anonymized paperwork. It also 
fell outside the scope of this study, which was to appraise the animal researchers’ awareness of 
and know-how in regards to the application of Refinement methods. 
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2.1 Retrospective review of anesthetic and analgesic regimens used in animal research 
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1  Introduction

-

[m]ethods  
that minimize any pain, suffering, distress or lasting harm that 
may be experienced by the animals, and improve animal wel-

upon them

-

Review Article

Retrospective Review of Anesthetic and Analgesic 
Regimens Used in Animal Research Proposals 
Kathrin Herrmann 1,2 and Paul Flecknell 3

Abstract
Pain has a profound effect on an animal’s wellbeing. In Germany, researchers using animals have been legally required 
to reduce any possible pain, suffering, distress or lasting harm to an absolute minimum since 1972. To evaluate how 
these provisions have been implemented in practice, an assessment of refinements to experimental techniques was 
conducted by retrospectively reviewing 684 surgical interventions described in 506 animal research applications that 
were sent to the German competent authorities for approval in 2010. This paper focuses on the efficacy of proposed 
anesthesia and peri- and postoperative analgesia. Postoperative analgesia was not proposed for 30% of surgeries. 
Following 10% of procedures, animals were to be given pain relieving medication if the investigators decided this 
was necessary; however, structured assessments to detect pain were absent. Consequences of unalleviated pain 
and omission of pain assessment techniques are discussed, and some recommendations to improve anesthesia and 
analgesia are given. The findings of this review highlight the need for improvement, both to fulfil legal requirements  
and to improve animal welfare. To monitor compliance with animal welfare regulations and ensure good veterinary 
and scientific practices, education and training need to be intensified. Adherence to the items listed in the PREPARE and 
ARRIVE guidelines and the Gold Standard Publication Checklist (GSPC) should become legally binding. 

This is an Open Access article distributed under the terms of the Creative Commons 
Attribution 4.0 International license (http://creativecommons.org/licenses/by/4.0/), 
which permits unrestricted use, distribution and reproduction in any medium, provi-
ded the original work is appropriately cited. 
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3.2  Anesthetic regimens and agents used

3  Results

-

3.1  Types of surgical interventions and 
frequency of endotracheal intubations

-

-

Fig. 1: Types and numbers of surgical 

procedures performed on mice and 

rats

A total of 684 surgical procedures  
were performed, 422 on mice and  
262 on rats. “Other” refers to a general 
category of all surgeries that did not 
involve the opening of a body cavity, 
e.g., compression or ligation of nerves, 
or surgery to cause a middle cerebral 
artery occlusion.

Fig. 2: Anesthetic regimens used

A total of 684 anesthetic regimens were 
performed, 422 on mice and 262 on 
rats.
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Combination of inhalational and injectable agents producing  
anesthesia

-

-

-

3.3  Perioperative analgesia 

-

-

-

-

-

-

Injectable agents used for anesthesia
-
-
-

-

-

Inhalational agents 

-

-

Fig. 3: Percentage of 

analgesia agents  

and local anesthetics  

given perioperatively  

to mice and rats

Lidocaine, xylocaine, 
ropivacaine, bupivacaine, 
and amethocaine were 
used as local anesthetics. 
“Other” agents used included 
paracetamol (acetaminophen), 
flunixin meglumine, and 
butorphanol.
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3.4  Postoperative analgesia 

Fig. 4: Time of analgesic 

administration when 

isoflurane was used

Of all inhalational anesthetic 
regimens, isoflurane was used 
in 74% and 70% of surgical 
interventions in mice and rats, 
respectively.

Fig. 5: Decision on administration of analgesic treatment 

following surgical interventions

(422 on mice and 262 on rats): yes, no, and “if needed” according 
to the judgement of the researcher. 
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3.5  Health and pain monitoring
-

-

-

-

4  Discussion

-

-

-

-

-
-

-

-

-

Fig. 6: Postoperative 

analgesic agents used

No analgesia was provided 
after 32% of mouse surgeries 
and after 30% of rat surgeries. 
Proposed local anesthetics 
were lidocaine, xylocaine and 
bupivacaine. Other analgesics 
included piritramide, fentanyl, 
ketamine and ketoprofen.
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4.1  Unalleviated pain 

-

-
-

-

-

-

Tab. 1: Post-procedural multimodal analgesic approaches following surgery on mice 

Postoperative analgesia was administered following 57% of the surgical interventions on mice, less than 1% being multimodal. 

Type of surgical intervention Intraoperative regimen Multimodal regimen

Sternotomy; cryoinjury-induced 
myocardial infarction 

Craniotomy; chronic cranial window 
preparation (bone flap removal and 
replacement by glass cover)

Induction: isoflurane 1.5-3 Vol%;  
maintenance: isoflurane 0.8-1 Vol%; 
nitrous oxide 60%; O2 40%; intubation; 
intercostal space infiltration with ropivacaine; 
buprenorphine, 0.1 mg/kg i.p.; carprofen,  
5 mg/kg s.c.

Ketamine, 130 mg/kg and xylazine,  
10 mg/kg i.p.; carprofen, 5 mg/kg s.c., 
buprenorphine, 0.05 mg/kg i.p.

Buprenorphine, 0.1 mg/kg i.p., 3x/d, 
duration: 5 d; carprofen, 5 mg/kg s.c., 
1x/d, duration: 10 d 

Carprofen, 5 mg/kg s.c.; duration: 3 d;  
if pain detected: buprenorphine,  
0.05 mg/kg i.p. 

Tab. 2: Post-procedural multimodal analgesic approaches following surgical interventions on rats 

Postoperative analgesia was administered following 62% of procedures on rats, 2% being multimodal.

Type of surgical intervention Intraoperative regimen Multimodal regimen

Laparotomy; clamping of Ligamentum 
hepatoduodenale (Pringle maneuver); 
ischemia for 30 minutes

Laparotomy; 2/3-hepatoectomy  
(in some groups combined with 
30 minute-Pringle maneuver)

Laparotomy; placing of gastrointestinal 
tube

Partial sternotomy; aortic banding 

Partial sternotomy; aortic banding 

Placement of titanium implant on two 
critical size defects (5 mm diameter)  
per scull

Buprenorphine, 0.05-0.1 mg/kg s.c.;  
isoflurane: induction, 4-5 Vol%;  
maintenance, 1.5-3 Vol%

Buprenorphine, 0.05-0.1 mg/kg s.c.;  
isoflurane: induction, 4-5 Vol%;  
maintenance, 1.5-3 Vol%

Ketamine, 40-50 mg/kg and xylazine, 
1-2 mg/kg i.p.

Ketamine, 80-100 mg/kg and xylazine,  
1.5-5 mg/kg i.p.; injection of carprofen*  
at the beginning (route not further specified); 
intubation; injection of metamizole* at end  
of procedure (route not further specified)

Ketamine, 80-100 mg/kg and xylazine,  
1.5-5 mg/kg i.p.; intubation; metamizole* 
s.c. at end of procedure 

Ketamine, 90 mg/kg and xylazine, 10 mg/kg i.p.

Carprofen, 5-10 mg/kg s.c. 1x/d; 
buprenorphine* s.c. 2x/d, duration: 3 d 

Carprofen, 5-10 mg/kg s.c. 1x/d; 
buprenorphine* s.c. 2x/d, duration: 3 d 

Carprofen, 5-10 mg/kg s.c. 1x/d; 
buprenorphine* s.c. 2x/d, duration: 3 d

Metamizole* via drinking water for 3 d; 
carprofen* s.c. 1 d (longer if needed) 

Metamizole, 0.05 g in 50 ml drinking 
water mixed with 0.25 ml 20% glucose 
solution for 3 d; if needed additionally 
carprofen* s.c. 1x/d

Carprofen, 5 mg/kg 2x/d; buprenorphine, 
0.05-0.1 mg/kg 2x/d, both s.c.; duration:  
1 d, max. 2 d

*no dose given

1 CliniPharm Wirkstoffdaten. http://www.vetpharm.uzh.ch/perldocs/index_i.htm
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-

Hypothermia

-

-
Projektgruppe der Genehmigungsbehörden,

Pentobarbital

-

Chloral hydrate

-

Use of ketamine or medetomidine as the sole agent
-

-

Use of inappropriate inhalational agents for induction  
of anesthesia

-

-

-

-

in vivo

-

-

-

4.2  Need for refinement of anesthetic protocols
Endotracheal intubation

-

-

-
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-

-

Pre-medication and balanced anesthesia

-
-

-
-
-

-

-

4.3  Inadequate analgesia
Lack of preventive analgesia

-

-

-

-

-

Recommendations 
Dosing and route of administration

-

Reversible anesthetic agents
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Analgesic dosing

-
-

-

Slow release formulations

-

® -

-

Non-provision of analgesia: reasons, responsibilities, and  

surgery under 
general anaesthesia and appropriate analgesia, associated with 
post-surgical pain, suffering or impairment of general condition”

surgical and other interventions in 
animals under general anaesthesia which are expected to result in 
severe or persistent moderate postoperative pain, suffering or dis-
tress or severe and persistent impairment of the general condition 
of the animals

Lack of use of local anesthetics 

-

Absence of multimodal analgesia

-

-

-

Intake via the drinking water

-

-

-

22



HERRMANN AND FLECKNELL

ALTEX 36(1), 2019

-

-
-

Monitoring criteria

-

-

-

-

-

-

-

-

4.4  Lack of recognition and assessment of pain

-
-

-

-

-

Recommendations
Positive reinforcement training
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Introduction

Animal experimentation has been one of the most
controversial areas of animal use, mainly due to
the intentional harms inflicted upon the animals
for the sake of the proposed benefits to humans.
When Russell and Burch put forward their princi-
ples of replacement, reduction and refinement
(known as the Three Rs) of animal experimenta-
tion almost 60 years ago (1), they described ways to
eradicate inhumanity toward animals used in sci-
ence. They were certain that the humane treat-
ment of animals contributed to good science.
Today, the Three Rs concept is embedded in many
animal welfare regulations around the world (2–4).
The European Union (EU) has declared its goal to
work toward replacing live animal use completely
(Recital 10 [4]). Nonetheless, as long as animal use
is not fully replaced with non-animal methods,
research into the third ‘R’, refinement, remains
important. The application of our ever-increasing

knowledge on refinement methods should benefit
the over 127 million animals that are used annu-
ally in research, testing and education worldwide
(5). However, improvements cannot be achieved
unless this increased knowledge is translated into
practice. 

Several studies have assessed the refinement
methods that are described in research publica-
tions featuring the use of laboratory animals, and
found the reporting quality of the methods to be
very poor (e.g. 6–9). Carbone and Austin’s review
(9), which identified a serious deficiency in the
reporting of the use of anaesthetics and analgesics
in laboratory animals undergoing a variety of
major surgical procedures, concluded that post-
surgical pain is likely to be undertreated. To gauge
the actual use of refinement methods and their
quality, we reviewed the use of such methods in
relation to the estimation by the researchers of the
severity of the planned procedures, as well as the
thoroughness of the planned health monitoring
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strategies, in applications requesting the authori-
sation of basic and applied animal research in
Germany. In particular, we were interested in
assessing the efforts made by researchers to avoid
unnecessary animal suffering. We were able to
review 506 applications, which had been submitted
to the German competent authorities in 2010. 

The German licensing process requires research
workers to provide detailed descriptions of all pro-
cedures, including all experimental refinements
planned (see Sections 8 and 9 [10]). Besides the
statutory provision that animal experiments must
be reduced to an indispensable minimum (Section
9 [10]), another basic requirement since 1986 is
that: “Pain, suffering and harm is allowed to be
inflicted upon the animals only thus far as it is
indispensable for the striven for purpose” (Section
9 [10]). In addition, also since 1986, research ers
are expected to give a prospective severity estima-
tion for each procedure, in order to gauge the over-
all severity of their projects. The results of the
prospective severity classifications are used to
weigh the harms inflicted on the animals against
the expected benefits of the research. The conduct
of a harm–benefit analysis (HBA), by the animal
researchers as well as by the competent authori-
ties, has been a legal requirement in Germany since
1986 (Section 7, para. 3 [10]) and in all of the Euro -
pean Union (EU) since 2013, when Directive 2010/
63/EU (Article 38 [4]) became effective. Today, the
HBA has a central role in the process of project
authorisation throughout the EU. 

In this paper, we discuss the prospective severity
classification of surgical procedures and the planned
health monitoring strategies applied to the animals
during the experiments. In a previous study, we
investigated anaesthesia and analgesia regimens, to
assess the appropriateness of pain management
(11). Furthermore, we have also reviewed whether
so-called humane endpoints were included in the
proposals and have examined their suitability in
preventing needless suffering, and we scrutinised
methods that were described in the research applica-
tions to kill the animals (12). The overall goal of
these various studies was to draw inferences from
the research applications on the use of refinement in
practice, and to determine whether improvements
are needed. These are the first studies of this type to
assess actual research proposals for their level of
adherence to refinement.

Methods

In Germany, the reviewing and licensing of animal
research proposals are governed by each of the 16
federal states that have so-called ‘competent author-
ities’ for this duty. The Berlin state Data Protection
and Freedom of Information Com missioner
(Berliner Beauftragter für Datenschutz und

Informationsfreiheit) was informed of our request
for data for this study and had no objections (Case
No. 5612.145). For certain scientific research pur-
poses, data storage units are allowed to pass on per-
sonal data without the consent of the persons
concerned, if: a) interests that would require protec-
tion are not affected by the kind of data requested,
their publication and use; or b) the public interest in
the conduct of the scientific project outweighs the
protection-requiring interests of the persons con-
cerned. The data transfer must have been approved
ahead of time by the highest authorities of the fed-
eral states (Appendix 3, Section 30 [13]). After con-
sultation with the highest authorities of the federal
states, 14 out of the 16 gave us access to the original
basic and applied research proposals that had been
granted a licence.

The study was conducted anonymously (i.e. the
individual research groups were not identified in
the analyses). According to the method previously
described in Herrmann and Flecknell (11), 506
applications were selected by using the criteria
listed below. We focused on mice and rats, as these
are among the most used species in the EU (14).
All the selected proposals were submitted for
authorisation in 2010. They included 422 recovery
surgical procedures in mice, and 262 recovery sur-
gical procedures in rats. Thus, the research propos-
als that were included in this study:
— were animal research proposals submitted to

the German competent authorities in 2010;
— were basic or applied research studies;
— involved the use of the mouse or the rat;
— involved surgical and recovery procedures; and
— were original proposals that were granted a

project licence.
The research proposals that were excluded from
this study met at least one of a range of specific cri-
teria, namely, that they:
— were applications for the generation of geneti-

cally altered mice;
— involved government-required animal testing,

e.g. toxicity testing of drugs, vaccines, pesticides;
— used species other than the mouse and the rat;
— described procedures that did not involve recov-

ery from surgery; or
— were proposals pre-assessed or rejected by

members of the competent authorities.
We analysed the experimental protocols in the orig-
inal applications. All the proposals included in this
review received a project licence. However, before
final approval for a licence, it is expected that the
competent authorities request changes to the pro-
posed (i.e. the original) protocols. It was not feasible
to follow-up the results of the original assessments
made by the competent authorities, or to track any
amendments made during the assessment process.

K. Herrmann & P. Flecknell
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Some of the original applications lacked the
required information: for example, 6% (n = 42/684)
of the surgical protocols did not list their severity
classification, and humane endpoints were omitted
from 45% (309/684) of the applications. When these
applications were submitted, the inclusion of health
score sheets was not yet a requirement; their inclu-
sion became mandatory in Germany with the
transposition of Directive 2010/63/EU, in 2013.
Con sequently, health score sheets were only avail-
able for 15% (108/684) of the procedures included in
the proposals, as some of the competent authority
members had been requesting their use prior to it
becoming a standard feature in the animal research
application form, in 2013. Despite the absence of
some of the information that we planned to assess,
we chose to review the original proposals as submit-
ted by the researchers, so that we could review the
intended use of refinement methods. We postulated
that this would reflect the researchers’ awareness
and knowledge of potential refinements, and also
their understanding of the contribution of refine-
ment to the generation of high-quality research data.
Project licences were generally granted for up to
three years, with the possibility of extension for up
to five years. 

The severity classification of surgical 
procedures

The severity of a procedure is determined by the
degree of pain, suffering, distress or lasting harm
expected to be experienced by the individual ani-
mal due to the procedure (Annex VIII [4]). Suffer -
ing can vary in intensity and duration, and both of
these dimensions should be taken into account
when assessing the procedure’s severity (15). To
prospectively assess and classify the severity of
surgical procedures according to the categories
listed in Table 1, we used the guidance given in

Annex VIII of Directive 2010/63/EU (4) (see pp.
77–79 for classification examples), as well as two
previous guidance documents: the guide published
in 1995 by the Swiss Authorities (Bundesamt für
Veterinärwesen; 16) and the guide of the Working
Group of Berlin Animal Welfare Officers (Berliner
Arbeitskreis für Tierschutzbeauftragte e.V.; 17). The
latter was last updated in 2010 and is based on the
Swiss guide; thus it is very similar. These two earlier
documents might have been consulted by the inves-
tigators in our sample when making their estimates
of severity. The classifications in all three docu-
ments outlined above are mostly comparable. 

When rating the procedures, for which discor-
dance among guidance documents existed, we also
incorporated our own experience. The first author is
an expert in animal welfare, ethics and law with spe-
cial focus on the Three Rs, and a former member of
one of Germany’s competent authorities (between
2007–2016); the second author has specialist exper-
tise in anaesthesia and analgesia in laboratory ani-
mals, and has conducted research since the 1980s on
issues associated with pain and distress and its alle-
viation.

Our prospective severity classification was based
on the maximum severity that could be expected
when the surgical procedure was conducted by a
technically-skilled operator, including the use of
all possible refinements and optimal care during
and after surgery. Thus, we:
— categorised all thoracotomies as severe, as in

the Swiss (16) and Berlin (17) guidance docu-
ments. This is a deviation from Annex VIII of
the Directive (4), which only rates thoraco-
tomies as ‘severe’ if analgesia is inadequate;

— categorised colon ascendens stent peritonitis
(CASP) and caecal ligation and puncture (CLP),
both models to induce peritonitis, sepsis and
septic shock, as severe. This is in line with both
the Swiss guidelines, which list endotoxic shock
models as ‘severe’ (16), and the Berlin guide,

A review of animal research severity classification

Table 1: The severity categories as defined in Directive 2010/63/EU (Annex VIII)

Severity 
category Description

Mild Procedures on animals as a result of which the animals are likely to experience short-term mild pain, 
suffering or distress, as well as procedures with no significant impairment of the well-being or general 
condition of the animals.

Moderate Procedures on animals as a result of which the animals are likely to experience short-term moderate
pain, suffering or distress, or long-lasting mild pain, suffering or distress, as well as procedures that 
are likely to cause moderate impairment of the well-being or general condition of the animals.

Severe Procedures on animals as a result of which the animals are likely to experience severe pain, suffering 
or distress, or long-lasting moderate pain, suffering or distress, as well as procedures that are likely to 
cause severe impairment of the well-being or general condition of the animals.

Taken from Directive 2010/63/EU (4).
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which lists the CASP model as a ‘severe’ proce-
dure (17);

— categorised transplantation of functional organs
as ‘severe’ while expecting effective management
to prevent rejection. The Berlin guide (17) also
estimated such procedures to be ‘severe’; 

— categorised nephrectomies of more than one
kidney as ‘severe’, as in the Berlin guide (17);

— rated nerve injuries (neuropathic pain models) to
induce hyperalgesia and allodynia as severe, due
to the fact that the pain will not be treated, which
can lead to auto-mutilation in some animals (18);

— disagreed with the Berlin and the Swiss guides
that categorise as ‘mild’ the following procedures:
vasectomies, orchiectomies, insertion of catheters
in peripheral blood vessels, implantation of
biomedical devices (e.g. telemetry transmitters
and minipumps), and subcutaneous implantation
of tumour tissue (also, we looked at whether
tumour size is considered, which was the case in
the Berlin guidance document; 17). Here, we fol-
lowed the classification of the Directive, which
rates all recovery surgical procedures as at least
‘moderate’ in severity (4). Annex VIII of the
Directive 2010/63/EU (4) classifies “surgery
under general anaesthesia and appropriate anal-
gesia, associated with post-surgical pain, suffer-
ing or impairment of general condition”, as
‘moderate’ in severity, and “surgical and other
interventions in animals under general anaesthe-
sia, which are expected to result in severe or per-
sistent moderate postoperative pain, suffering or
distress or severe and persistent impairment of
the general condition of the animals”, as ‘severe’; 

— disagreed with the estimate in the Berlin guide
that trephination of the skull is a ‘mild’ proce-
dure (17). This is a model of traumatic brain
injury (TBI), and among its effects are a break-
down of the blood–brain barrier, oedema forma-
tion and inflammation (19). Depending on the
extent of the head trauma, this model is either
‘moderate’ or ‘severe’. 

There were a number of factors that were not
incorporated into the severity assessment:
1. The effects of genetic modification of mice were not

taken into account. Many of the mice used in our
sample projects were genetically modified (GM).
However, we did not take into account any nega-
tive impact that could be associated with the
genetic alteration of these animals. Thus, even
though we chose the severity category assuming
that all refinements would be in place (e.g. we
rated all surgical interventions as at least moder-
ate), the effects in particular GM lines could be
greater.

2. The effects of additional procedures following
one-step or two-step surgical regimen were not
taken into account. Only the cumulative effects

of procedures, such as those from a two-part
surgery, were considered. For example, a 5/6-
nephrectomy, which is a model for chronic renal
failure, entails two consecutive surgeries. We
did not take into consideration additional proce-
dures (such as nociceptive tests, behavioural
tests, imaging, blood collection, radiation, etc.)
that were required as part of a study protocol.

3. The severity of sham surgeries was not rated.
4. Finer ranking within the broad classifications of

‘moderate’ or ‘severe’ was not attempted. We
assigned the surgical procedures (and their
expected consequences) solely to these two broad
categories. However, to safeguard animals by
guaranteeing an adequate harm–benefit analy-
sis, the rating of harms caused by the recovery
from surgical procedures should be done in a
more detailed way than is currently the case.

5. A category for ‘severe long lasting or repetitive,
substantially severe pain or suffering’ was not
included in this assessment. This category will
be addressed in a subsequent paper in ATLA
(12).

In summary, we solely focused on the surgical proce-
dures and their consequences for the animals, but
we did not assess the overall severity for the individ-
ual animal, which would have to consider all inter-
ventions that the animal would experience over the
course of the study, and which could further increase
the overall severity and severity category.

We then carried out a further assessment of a
number of the projects, with the aim of determining
what was actually planned in terms of the imple-
mentation of refinements. We randomly selected (by
using Research Randomizer) five surgical interven-
tions involving the use of mice and rats that the
researchers had rated as ‘mild’ or ‘moderate’. We
examined their descriptions in the proposals in
detail, taking into account the planned use (or
absence) of “methods used to reduce or eliminate
pain, suffering and distress, including refinement of
[…] care conditions” and “humane end-points” (see
Annex VIII, Section 2: Assignment criteria [4]), as
well as kill ing methods, and we rated the severity of
the procedure under these conditions. 

Health monitoring strategies

The proposals were screened for information regard-
ing health monitoring strategies for potential
adverse effects, and protocols for welfare assessment
(health score sheets). Next, we randomly selected (by
using Research Randomizer) four health score
sheets, to assess their specificity for use with the
particular procedure or experiment. In addition, we
looked for schemes and tools used to identify and
score pain, as well as analgesia protocols, since post-
surgical pain was to be expected. The score sheet

K. Herrmann & P. Flecknell
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sample was examined for completeness, i.e. besides
listing the appearance, behaviour and clinical signs,
we checked for monitoring frequency, type of moni -
toring (observation or examination) and whether
instructions were given on how to proceed if an ani-
mal reached a certain score (therapeutic actions or
killing). 

Results

Our study sample included a large variety of recov-
ery surgeries (Figure 1). Out of the 684 surgical
procedures, 422 were performed on mice and 262
on rats. The surgical procedures performed most
often on mice and rats were laparotomies, followed
by craniotomies in rats. For mice, the second most
common surgical procedures fell within a general
category of all surgeries that did not involve the
opening of a body cavity (‘Other’ in Figure 1);
examples included neuropathic pain models, the
hindlimb ischaemia model and the middle cerebral
artery occlusion (MCAO) model. 

Severity classification of surgical procedures

Within the assessed protocols, researchers had
given estimates regarding the severity of 94% 

(n = 642/684) of the planned surgical procedures.
We assessed the severity of the procedures, assum-
ing best practice, i.e. that all possible refinement
methods would be employed (as described in the
protocol methods section) and compared our
results (Figure 2) with the predictions given by the
researchers (Figure 3). 

Even though all procedures were surgical proce-
dures under general anaesthesia, almost 40%
(269/684) of them were rated as being ‘mild’ by the
researchers, whereas we classified them as either
‘moderate’ (246/269) or ‘severe’ (23/269). Figure 3
shows the highest possible severity that the
researchers expected, including procedures that
they had rated as ‘mild to moderate’ or ‘moderate to
severe’, suggesting that the procedures might not be
in the higher category. Out of 322 procedures esti-
mated to be either ‘moderate’ or ‘mild to moderate’
by the investigators, 216 fell into the ‘moderate’ and
106 into the ‘severe’ category according to the guid-
ance documents. The animal researchers rated 7%
(51/684) of their procedures as ‘severe’ (including
‘moderate to severe’), whereas we rated 28%
(194/684) of the procedures as ‘severe’. Two surgical
interventions (both hindlimb isch aemia models in
mice) that we rated as potentially ‘moderate’, were
classified higher (as ‘moderate to severe’ and as
‘severe’, respectively) by the experimenters. In sum-

Figure 1: The types and numbers of surgical procedures performed on mice and rats

= mouse;    = rat.
A total of 684 surgical procedures were performed, 422 on mice and 262 on rats. ‘Other’ refers to a general category of
all surgeries that did not involve the opening of a body cavity, e.g. compression or ligation of nerves, or surgery to
cause a middle cerebral artery occlusion (reproduced from Herrmann and Flecknell [11]).
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mary, 59% (377/642) of the procedures rated by the
researchers deviated from our prospective estimates
by using the mentioned guidance documents, and in
58% (375/642), the investigators’ severity classifica-
tion was lower.

Next, we re-examined the five randomly selected
surgical interventions and we assessed their
planned implementation of refinements and the
impact of this on the severity category. The exam-
ples listed in Table 2 and Table 3 include the animal
model and information on anaesthesia, analgesia
and other important details to gauge the severity of
the procedure, and show a comparison of the sever-
ity categories as assessed by the researcher and by
us, factoring in whether the researchers had
included refinements, as well as their likely impact.

We estimated the effects of the surgical interven-
tions described in Tables 2 and 3 as being ‘severe’,
whereas the researchers rated them as ‘mild’ or
‘moderate’. Since refinement methods were either
not, or not fully, employed, the severity in all the
examples was expected to be increased. For
instance, we rated the neuropathic pain model —
rated as ‘mild’ by the researcher — as ‘severe’. This
model induces mechanical allodynia, which is then
exploited in an array of tests. Shortcomings com-
prised a lack of health score sheet use and post-oper-
ative monitoring (including pain assessment), and
the absence of humane endpoints. In addition, the
researchers planned to kill the animals with carbon

dioxide (CO2) in a pre-filled chamber. Aversive reac-
tions in animals due to CO2 inhalation had been cov-
ered extensively prior to 2010 (e.g. 20, 21); the use of
pre-filled chambers is especially aversive and thus
was banned as part of the implementation of the
new Directive (Directive 2010/63/EU; see Annex IV
[4]). If all possible refinements had been in place, it
might have been possible to reduce the severity to
‘moderate’. However, such a model could have never
been rated as ‘mild’.

The proposal involving myocardial infarction was
rated as ‘severe’ by us, and as ‘moderate’ by the
researchers. Flaws in the proposal included: the
absence of local anaesthesia during surgery (inter-
costal infiltration); inappropriate post-operative
analgesia, i.e. it should have been multimodal, com-
bining various systemic agents with a local one; and
the duration of analgesia, which might demand an
extension (22). Also, the use of longer-acting agents
to minimise handling of the animals in the immedi-
ate post-operative period would be an improvement.
However, we did not factor this in, since slow-release
formulations are currently only available in the
USA. The humane endpoints in this proposal were
poorly described and non-specific for the interven-
tion. A positive feature of the application was that
animals were to be assessed by a veterinarian, to
evaluate whether treatment was possible. However,
there should have been clearly defined endpoints in
place, so that animals could be killed immediately
once an endpoint was reached and thus avoid delays
associated with waiting for a veterinarian to be
called to examine the animal. Directive 2010/63/EU
(Annex VIII [4]) rates thoracotomies without ade-
quate pain management as ‘severe’. If all refine-
ments were in place, the new Directive would place
this intervention in the ‘moderate’ category. It is,
however, important to highlight that the severity

Figure 2: The severity classification given
by the authors to the planned
surgical interventions

The severity of the procedures was assessed by the
current authors according to the instructions provided
in the Annex VIII of Directive 2010/63/EU (4) and the
guidance documents from Switzerland (16) and Berlin
(17). For details, see Methods section. 
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Figure 3: The severity classification given
by the researchers to their
planned surgical interventions

For 6% of the procedures (n = 42), severity was not
classified.
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classification examples are in flux — that is, we are
still at the stage of needing to continually assess the
severity of many interventions, and as we acquire
knowledge, many interventions are likely to change
category.

The transverse aortic constriction model was clas-
sified as ‘severe’ by ourselves, and as ‘moderate’ by
the researchers. The following flaws were identified:
pentobarbital was used for the induction of anaes-

thesia, but it has a narrow safety margin, and, due
to its high pH, i.p. injections can cause pain (23);
there was no systemic analgesia planned for the
surgery, and after surgery only “if needed” in the
opinion of the researcher; and local anaesthesia was
lacking, both intra-operatively and post-operatively.
The applicant did not supply any information on
health monitoring strategies or pain assessment,
nor on the use of health score sheets or the applica-

Table 2: Examples of the use of refinements and overall severity assessments for mice
undergoing recovery surgery

Model

Neuropathic pain Myocardial infarction Heart hypertrophy
(SNI = Spared Nerve (LAD = Ligation of left 
Injury model of induced anterior descending (TAC = Transverse Aortic 
mechanical allodynia) artery) Constriction model)

Species Mouse (GM; WT) Mouse (GM; WT) Mouse (GM; WT)

Duration of whole 4 weeks 2, 5, 7 or 21 days 14 days or 2 months
experiment

Surgery Spared nerve injury Thoracotomy Thoracotomy

Endotracheal No Yes Yes
intubation

General anaesthesia:
— induction Isoflurane Isoflurane Pentobarbital i.p.a
— maintenance Isoflurane Isoflurane Isoflurane

Local anaesthesia None None before surgery; at Nonea

the end, 1% xylocaine 
spray on wound

Intra-operative analgesia Fentanyl i.p. Buprenorphine s.c. None

Post-operative None Buprenorphine s.c., Carprofen, “if needed”b

analgesia twice daily for 4 days

Monitoring frequency Not stated Daily Not stated

Structured pain No No No
assessment

Health score sheets None None None

Humane endpoints None Unclearc None

Killing method Pre-filled CO2 chamberd Cervical dislocation at end CO2d

of final procedure under 
isoflurane anaesthesia

Researchers’ severity Mild Moderate Moderate
classification

Our severity Severe Severe Severe
classification

aA refinement to this technique is available. bInadequate analgesia (according to our assessment; for a detailed 
explanation see the Discussion). cThe proposal stated that if there were indications of pain or bad general condition (e.g.
animal isolated, inactive, does not react to external stimuli, hunched back), the animal would be assessed by a veterinar-
ian, and then treated or killed. dLess-inhumane methods are available. 
GM = genetically modified; i.p. = intraperitoneally; s.c. = subcutaneously; WT = wild-type.
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tion of humane endpoints. Moreover, the use of CO2
was planned for the killing of the animals.
Consequently, this procedure and its sequelae for
the mice were rated as ‘severe’. Directive
2010/63/EU (4) rates thoracotomies without ade-
quate pain management as ‘severe’. As in the other
example of thoracotomy, the full application of
refinement methods would comply with the current
rating according to the new Directive. 

The bone infection model in rats (Table 3) —
another model that we rated as ‘severe’ and the
experimenters rated as ‘moderate’ — did not

include information on health monitoring strate-
gies, pain assessment, use of health score sheets
and humane endpoints. The oral administration of
paracetamol every four hours causes additional
distress to the animal due to the frequent handling
involved. Also, the efficacy of oral paracetamol has
been questioned for a long time, more-recently
having been confirmed as ineffective (24). An alter-
native analgesic, the opioid buprenorphine, was
mentioned in the proposal, but it did not specify
when buprenorphine would be used as an alterna-
tive to paracetamol. If all the possible refinements

Table 3: Examples of the use of refinements and overall severity assessments for rats under-
going recovery surgery

Model

Bone infection model (titanium Kirschner wire Acute renal failure induced 
implantation into the intramedullary canals of left by sepsis
femur; Staphylococcus aureus suspension applied (caecal ligation and puncture [CLP] 
into the femur) model of sepsis)a

Species Rat Rat

Duration of whole 7, 14 or 42 days 2 weeks
experiment

Surgery Osteotomy Laparotomy

Endotracheal intubation No No

General anaesthesia: 
— induction Isoflurane Isoflurane
— maintenance Ketamine/xylazine i.p. Isoflurane

Local anaesthesia None None

Intra-operative analgesia No additional analgesia None

Post-operative analgesia Oral paracetamol every 4 hours, duration not Noneb

indicated.b Alternatively buprenorphine s.c. 1–2/dayc

Monitoring frequency Not stated Not stated

Structured pain No No
assessment

Health score sheets None None

Humane endpoints None Uncleard

Killing method CO2 under general anaesthesia after final Organ removal under anaesthesia by 
experimental procedure using ethere

Researchers’ severity Moderate Moderate
classification

Our severity classification Severe Severe

aNo mention of the effects of CLP, e.g. the development of peritonitis that will cause pain. bInadequate analgesia 
(according to our assessment). cNot clear when alternative would be used. dThe investigator stated that renal failure
would not be associated with pain. “Survival experiments” were planned to last for two weeks; the humane endpoints
listed were: oedema, neurological disorder, refusal to eat, creatinine > 250mol/L (blood collection from the retrobulbar
venous plexus under ether anaesthesia once a week). eA refinement to this technique is available.
i.p. = intraperitoneally; s.c. = subcutaneously.
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were implemented, and a better pain management
protocol was proposed, then the severity classifica-
tion of this procedure could be lowered, perhaps by
a whole category.

The acute renal failure that is induced in rats by
ligating and puncturing the caecum (the CLP model;
Table 3) has several deficiencies that increase the
severity of an already severe model. First, intra-
operative analgesia was absent, in view of the fact
that isoflurane has little to no analgesic properties;
post-operative analgesia was also absent. The
researcher stated that renal failure does not cause
pain. However, the proposal did not mention the
pain and suffering caused by the CLP model gener-
ation, such as the pain and suffering from the peri-
tonitis that would develop, or from the overall
duration of the “survival experiments”. The humane
endpoints given were unclear, e.g. “neurological dis-
order” and “refusal to eat”. Additionally, the pro-
posal mentioned the collection of blood from the
retrobulbar venous plexus with ether for anaesthe-
sia. The collection of blood from this route can be
highly invasive, as it can cause retrobulbar damage
and infection, and corneal damage can occur with
poor technique. Mahl et al. (25) compared retrobul-
bar sinus puncture with the blood sampling tech-
nique from the sublingual vein in anaesthetised
rats, and found that the collection of blood from the
retrobulbar plexus caused more stress and tissue
damage. Another recent study with mice and rats,
which compared several blood collection methods
under anaesthesia, found that this particular
method led to increased anxiety in both species. The
authors confirmed previous findings that retrobul-
bar sinus puncture is the most stressful blood sam-
pling technique in both rats and mice (26). In
addition, the use of ether should be avoided because
it is stressful and irritates the mucous membranes
(23).

Health monitoring strategies

None of the applications mentioned how much time
would be taken to observe, assess and score the ani-
mals’ health condition. When the frequency of health
monitoring was specified, many proposals suggested
daily checking; one proposal stated that the inspec-
tion of the animals excluded weekends. Regarding
the immediate post-operative period, several appli-
cations mentioned that there would be “frequent”
monitoring, but the frequency was generally not
specified. For 15% (108/684) of surgical procedures,
a health score sheet was in place. Only a small por-
tion of these included information about monitoring
intervals. No differentiation was made between
observing animals from a distance and close inspec-
tion that involved taking them out of the cage. When
the proposals did outline the use of health score
sheets, but then had several treatment groups

undergoing different types of surgeries (for an exam-
ple, see Table 5), in most cases the score sheets were
not surgery-specific.

Monitoring sheet for use with mice and rats with
tumours located in the abdomen or thoracic 
cavity, when undergoing therapeutic experiments

The checkpoints featured on one of the more detailed
health score sheets submitted are given in Table 4.
The rats and mice used for this particular study
received an orthotopic tumour cell implantation into
the prostate gland. Laparotomy under general
anaesthesia with ketamine (100mg/kg) and xylazine
(5mg/kg) would be followed by carprofen (5mg/kg
s.c.) at the end of the surgery, and one more dose was
planned about 24 hours after surgery. It was stated
in the proposal that, if pain management were to
interfere with the test compounds used to treat the
tumour, analgesics would have to be withheld.
Further details, as well as information on how many
groups of animals might be affected, were absent.
Checks were planned once daily, and the animals
were to be weighed once weekly — if abnormalities
(score ≥ 1) were detected, then the frequency of the
inspections would be increased. Soaked food pellets
would be provided on the cage floor, and wounds
would be treated. The same score sheet was also
used for experimental groups of mice and rats who
were to receive an orthotopic tumour cell implanta-
tion in the thoracic cavity.

The proposed monitoring sheet used body weight
as an indicator of their well-being (see Table 4).
However, since animals with tumours might
develop ascites, and tumour growth might also
lead to weight gain, weight checks need to be com-
bined with body condition score (BCS) assess-
ments, in which the spine and sacrum are palpated
to determine body condition (27). The monitoring
frequency should be aligned with the health condi-
tion of the animals, so when the health situation
worsens (for example, an animal shows distinctly
elevated breathing), monitoring is intensified
accordingly. Furthermore, imaging techniques
could be employed to monitor internal tumour
growth and define earlier humane endpoints.

Monitoring sheet for mice undergoing middle 
cerebral artery occlusion or femoral artery 
occlusion surgery

Middle cerebral artery occlusion (MCAO) surgeries
to induce focal ischaemia were conducted fre-
quently in our sample (5% of all proposals;
24/506). The checkpoints described on the score
sheet for use following a permanent occlusion of
the right cerebral artery in GM mice by electroco-
agulation, which entails a craniotomy and opening
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of the dura mater, are shown in Table 5. It was
stated that the distal MCA segment would be elec-
trocoagulated for 10 seconds. The same score sheet
was used to assess GM mice that underwent an
occlusion of their right femoral artery (FAO),
another model of ischaemia. For both surgeries, it
was planned that anaesthesia would be induced
with an intraperitoneally administered mixture of
ketamine (100mg/kg) and xylazine (10mg/kg).
Intra-operative and post-operative buprenorphine
would be administered (0.05mg/kg s.c.), but it was
not stated when this would be administered and
whether repeated doses would be given. The moni-
toring sheet did not provide guidance on this.

The proposal comprising two models of
ischaemia in mice (Table 5) should have described
the severity of the expected ischaemic insults, as
this is crucial for determining monitoring fre-
quency and the overall time taken to care for these
animals. A health monitoring sheet for this type of

procedure should include instructions on pain
management, in addition to a method of post-
surgical pain assessment to guide the analgesia
protocol. Besides looking for signs of pain, a senso-
rimotor deficit assessment needs to be included in
the score sheet, since, for example, an altered gait
or weakness of the hindlimbs are to be expected.
Food and water intake should also be closely mon-
itored, and special care instructions regarding
soaked food pellets provided on the cage floor
should be added. Moreover, the animals need to be
repeatedly checked for signs of dehydration, and
instructions on the administration of fluids should
be given in the score sheet. The monitoring fre-
quency after stroke induction appeared too low. It
is recommended that animals should be monitored
at least every six hours within the first 48 hours of
stroke induction (28). To add a note on the peri-
operative regimen, a local block with ropivacaine
helps to minimise post-surgical pain; since it was

Table 4: The checkpoints featured on a health monitoring sheet for use with mice and rats
with tumours located in the abdomen and thoracic cavity, when undergoing
therapeutic experiments

Clinical sign Degree of appearance Score Date/timea

Body weightb Normal 0
< 10% 1
10–15% 2
15–20% 3
> 20% 4

Breathing Normal 0
Slightly elevated 2
Distinctly elevated 3

Mobility and reaction Normal 0
to stimuli Decreased 1

No mobility, barely mobility after stimulus 4

Coat Normal 0
Ruffled coat 1
Ruffled and not clean 2

Posture and social Normal 0
behaviour Hunched back 1

Hunched and stilted gait 2
Hunched and separated from group 3
Apathetic 4

Faeces Normal 0
Soft 1
Diarrhoea 2

Orifices Normal 0
Crusted 2

Sumc

The contents of this Table were directly translated from German into English.
aThe monitoring frequency was once a day, and this column would be completed accordingly, following each 
assessment. bThe body weight was assessed once a week. cInstruction was given on how to proceed: from score 
1 = inform principal investigator, to ≥ 4 perform humane euthanasia.
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not stated when buprenorphine would be adminis-
tered intra-operatively, analgesics should be given
before the painful intervention starts (28). For a
detailed review of refinements for ischaemia mod-
els, see Percie du Sert et al. (28).

Health score sheet for severity assessment of mice
after permanent ligation of the left anterior
descending artery (LAD)

Table 6 shows the checkpoints described on a health
score sheet from a proposal to use GM mice to model
infarction and myocardial ischaemia through per-
manent ligation of the left anterior descending
artery (LAD). This model includes performing a tho-
racotomy. The use of isoflurane was planned for
induction of anaesthesia, followed by endotracheal
intubation and subcutaneous injection of 5mg/kg
carprofen prior to opening the thorax. The post-
operative pain management plan entailed eight days
of daily carprofen injections (2.5mg/kg s.c.), plus
daily electrolyte solution (0.5ml s.c.).

The proposal stated that all animals would be
inspected daily with regard to their general condi-
tion and would be weighed. If an animal displayed
signs of score 3, and in case its condition worsened

toward score 2, or in case the animal lost more
than 20% of body weight, the experiment would be
discontinued, and the animal would be killed.

The score sheet for the experimental myocardial
infarction in mice (see Table 6) did not include an
assessment of the animal’s breathing quality and
colour of the mucous membranes, two important
clinical features that may be altered by this proce-
dure. The monitoring frequency of once per day is
too low, and following thoracotomy, it is likely that
the animals would need assessment every six to
eight hours in the immediate post-operative period.
In addition, the planned pain management is
unlikely to be effective: the proposed carprofen dose
is half of the generally recommended dose of 5mg/kg
(22); and it was recently demonstrated that cur-
rently recommended dosages of carprofen are insuf-
ficient in managing post-surgical pain (24). During
and after thoracotomy, animals should receive an
opioid, such as buprenorphine, and a local anaesthe-
sia (local block, e.g. with bupivacaine). More-
recently, it has been shown that pain caused by the
myocardial infarction surgery can be assessed with
the Mouse Grimace Scale (MGS; 29, 30), where
facial expressions are scored. Hence, in future stud-
ies of this type, or other procedures involving major
surgery, the MGS could be utilised (30).

Table 5: The checkpoints featured on a health monitoring sheet for use with mice
undergoing middle cerebral artery occlusion or femoral artery occlusion surgery

Clinical sign Degree of appearance Action

Body weight loss Up to 5% Daily monitoringb

Up to 10% 2 × /day monitoring

10% and more; general condition OK Monitor weight and general condition

10% and more, plus impaired general Painless killing
condition or 15% weight lossa

General condition Healthy coat; normal social activity; weight gain None

Low energy Increase monitoring to 2 × /day

Ruffled coat Monitoring 2 × /day plus weight check

No grooming; abnormal posture; no social Painless killing
interactions; extreme weight loss

Wound healing Wound suture intact None

Scabbed over Increased monitoring, if necessary iodise

Wound re-opened Debridement, suturing

Opened dry suture, normal general condition Increased monitoring, if necessary iodise

Wound infected; abnormal general condition Painless killing

The contents of this Table were directly translated from German into English.
aSmall weight drops occur after surgery, but normally animals stabilise quickly; weight loss of 15% and more always 
indicates impaired general condition or infection; humane killing is indicated. bThe planned general monitoring
frequency was once a day.
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Health score sheet for rats undergoing lung 
transplantation

The clinical checkpoints described in Table 7 were
outlined in a score sheet taken from a proposal
where rats received a lung transplant. Anaesthesia
was planned with a mixture of ketamine (75mg/kg
i.p.) and xylazine (10mg/kg i.p.) for induction;
buprenorphine would be given (0.05mg/kg s.c.), fol-
lowed by endotracheal intubation and mainte-
nance of anaesthesia with isoflurane. The surgery

would take two hours. Post-operatively, every rat
would be observed three, eight, 21 and 30 hours
after surgery, and a score would be calculated (see
Table 7). The experiment was planned to last 48
hours post-surgery. The animal would be killed
when the total score exceeded 1. It was also stated
that, in the first 24 hours after lung transplanta-
tion, the rats would receive 1.5mg/kg piritramide
(15mg piritramide and 10ml glucose: 0.1ml/100g
body weight) s.c.; after 24 hours, if seen as neces-
sary by the researcher, piritramide would be

Table 6: Details from a health monitoring sheet for use in the severity assessment of mice
after permanent ligation of the left anterior descending artery (LAD)

Score Quality Condition of the animal

6 Very active Strong; curious; fast
5 Active Curious; fast; occasional breaks between activity
4 Limited activity Reactive to human interaction; frequent activity breaks
3 Inactive Uninterested in surroundings; rarely active; sleepy; decreased food intake
2 Lethargic No activity; freeze; no food intake
1 Moribund No activity; breathing issues; death anticipated

The contents of this Table were directly translated from German into English.

Table 7: Details from a health monitoring sheet for use with rats undergoing lung
transplantation

Rat # 1
Observation 
after surgery 3h    8h    21h    30h Score Details/comments

Behaviour 0.0 Unremarkable; active; interested
0.2 Quiet; moves when touched
0.4 Immobile; uninterested; hunched

Body weight 0.0 Stable; increasing
0.2 Loss of 5 to 10%
0.4 Loss > 10%

Appearance 0.0 Smooth, shiny coat
0.2 Dull, ruffled coat
0.4 Very dull and ruffled coat

Temperature 0.0 Up to 1°C
0.2 > 1°C and < 2°C
0.4 > 2°C

Mobility 0.0 Normal
0.2 Reduced movement; apparent pain
0.4 Does not move; slogs along

Eating 0.0 Normal
behaviour 0.2 Does not eat, but drinks

0.4 Does not eat or drink, dehydrated

Total score

The contents of this Table were directly translated from German into English.
The following details were also requested on the score sheet, for recording purposes: Rat strain; Transgenic (Y/N); 
Date and time of surgery.
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administered via the drinking water (230ml water
+ 4mg piritramide + 20ml 5% glucose). 

The pain management protocol for the lung
trans plant ation procedure (Table 7) seems
unlikely to be adequate, and could be improved by
the addition of a local anaesthetic nerve block.
Post-surgical pain assessment by using facial
expressions could be employed in the future. The
score sheet did not include instructions on pain
management. Further more, it is unclear which
temperature (e.g. rectal?) would be monitored, and
how. Water consumption by animals following
surgery is frequently reduced, and in this study
water intake was not assessed on the score sheet.
Thus, the administration of analgesics via the
drinking water is unlikely to be effective, espe-
cially since severe pain can be anticipated follow-
ing thoracotomy. Moreover, there are no data
available on the pharmacokinetics of piritramide
after oral administration in rodents. A slow
release injectable opioid would be more likely to be
effective. It is unclear why animals were only
monitored for 30 hours after surgery, while the
duration of the experiment was 48 hours after
surgery. It is also unclear why there was a gap of
13 hours, where the animals were not monitored
(between eight hours and 21 hours after surgery).
A surgical intervention of such severity is likely to
require monitoring at least every four to six hours.

Discussion

Some proposals were lacking the required informa-
tion — for example, the description of the severity of
procedures was absent for 6% (n = 42/684) of the sur-
gical procedures. However, it should be expected
that researchers submit proposals containing all of
the legally required information. The level of knowl-
edge reflected in the proposals, suggests that these
omissions will only be resolved by increasing the
training of research workers. 

The severity assessment of surgical 
interventions

Almost 40% (269/684) of the planned procedures
were rated as ‘mild’ by the researchers, and more
than half were rated as either ‘mild’ or ‘mild to
moderate’, even though they involved surgery
under general anaesthesia. Annex VIII of Directive
2010/63/EU classifies “surgery under general
anaesthesia and appropriate analgesia, associated
with post-surgical pain, suffering or impairment of
general condition”, as moderate in severity, and
“surgical and other interventions in animals under
general anaesthesia, which are expected to result
in severe or persistent moderate postoperative
pain, suffering or distress or severe and persistent

impairment of the general condition of the ani-
mals”, as severe (4). Earlier guidance documents
that might have been used by the licence appli-
cants at the time are comparable to the Directive
(16, 17). The Swiss guide (16) listed a few surgical
procedures, namely, non-recovery surgery and sur-
gical interventions expected to cause minor tissue
trauma (such as vasectomies, orchiectomies and
i.p. application of minipumps), as ‘mild’, but this
does not explain the researchers’ underestimation
of the degree of pain, suffering, distress or lasting
harm. In view of the fact that, in total, more than
half of the procedures were rated as potentially
‘mild’ by researchers, it follows that it was not only
these types of procedure (i.e. those causing minor
tissue trauma) that the applicants rated as ‘mild’,
as these comprised less than 3% of all procedures.
A possible explanation is that the researchers did
not detect obvious signs of pain and distress in pre-
vious research studies. This may contribute to
underestimates of severity, since the assessment of
pain and distress in rodents is difficult. Hence,
although researchers are required to have exten-
sive experience in the field of study when applying
for a project licence in Germany (a minimum of 3–
5 years is generally required), it is likely that they
will have received only basic training in assessing
animal welfare. 

Our findings with regard to pain management
strategies also revealed a lack of awareness, or
insufficient knowledge, to meet legal requirements.
According to the German Animal Welfare Act (31,
32): Any person involved in animal research and
laboratory animal care must have sufficient profes-
sional knowledge. In a previous study we found that:
for almost 30% of surgical interventions, no post-
operative analgesia was planned; in around 10% of
surgical interventions, pain relief would only be
administered if pain was detected; and no structured
pain assessment schemes were described (11).
Furthermore, the immediate impact of surgery and
its consequences for the impairment of the animal’s
health and well-being might not have been assessed
properly. 

A recently-published study (33) retrospectively
assessed harm to animals resulting from the experi-
ments described in over 200 scientific publications,
and rated many procedures and models as ‘severe’.
In several cases, this severity was due to missing
refinements, such as analgesia. Effic acious pain
management needs to be tailored to each research
project, treatment group and individual animal.
Researchers should carefully choose the best possi-
ble anaesthesia and analgesia, while also consider-
ing research outcomes. Besides there being a legal
requirement to alleviate pain, and to keep distress
and suffering to the minimum levels possible, uncon-
trolled pain can become an uncontrolled study vari-
able, as pain has profound effects, not only on
animal behaviour, but also on physiology (34, 35).
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Thus, research that causes unnecessary suffering
should not receive regulatory approval. 

Health monitoring strategies

The information on health monitoring and assess-
ment was incomplete. Health monitoring sheets,
which are extremely useful when designed specifi-
cally for the experiment to objectively assess the
animals’ well-being, were included for 15% of the
surgical interventions, and their quality varied.
When the frequency of health checks was specified,
it mostly appeared to be inappropriate. 

Suggestions for improvements in the quality of 
health monitoring

Overall, there seems to be considerable scope for
improvement in the quality of health monitoring. It
is evident from the examples in Tables 4–7 that,
besides including observations on overall appear-
ance, posture, spontaneous and provoked behaviour,
clinical signs and body weight, health monitoring
sheets need to include instructions describing the
actions that should be taken if the condition of the
animals deteriorates. The first papers describing
pain faces of mice (29) and rats (36) were published
in 2010. Since then, this pain assessment tool has
been shown to be useful, particularly for detecting
mild pain that had been missed with conventional
pain assessments (30). As our sample was from 2010,
these rodent grimace scales were not yet included.
However, the assessment of facial expressions should
be a crucial part of today’s health monitoring and
have thus far been underutilised (37). For a recent
review of this topic, see Descovich et al. (37).

It is a key prerequisite that all personnel in
charge of the animals’ well-being are sufficiently
trained to conduct the health monitoring proce-
dures. To avoid mistakes and oblivion toward tasks,
detailed instructions for special care (e.g. special
diet, extra fluids) and palliative treatments (e.g.
analgesics, antibiotics), as well as monitoring fre-
quency according to expected (and unexpected)
adverse effects, need to be included in monitoring
sheets. Adequate documentation of the assessments
and treatments is imperative. If this is done, then
all those with responsibilities for the care and well-
being of the animals would be able to fulfil these
responsibilities more effectively. For instance, to
ensure that timely actions are taken when animals
are unwell, clear and detailed instructions are
essential, and humane endpoints should also be
described in a way that ensures no misunderstand-
ing can occur over when to kill an animal, since
delays would cause avoidable suffering. 

The assessments of animals should include
observation of their appearance, posture and

unprovoked behaviour while in their home cages.
This permits a more-effective assessment, and
reduces the degree of handling to a minimum.
When required, animals can be removed from their
cage for procedures, such as assessment of body
weight and body condition score (27), and for
administering fluids and analgesics. Instead of
subjecting the animals to multiple injections, the
use of slow-release analgesic formulations can help
to significantly reduce the extent of handling and
number of injections (38–40), which is especially
important for animals with post-operative pain.
Currently, these slow-release formulae are only
available in the USA; however, this will hopefully
change in the near future. 

Since mice and rats are nocturnal animals, addi-
tional surveillance filming in the dark phase (the
circadian cycle could be reversed in the laboratory)
is highly recommended. Wells (41) found that
many abnormal behaviours exhibited by rodents
are missed because the animals are generally not
observed when they are most active. Frequent
observation is especially required if the animals
have undergone a surgery categorised as severe.
For example, it is recommended that animals are
observed at least four times a day in the first 48
hours after stroke induction (28).

It was unclear how much time was planned for
monitoring, as this was not stated in the proposals.
To assess and score pain and other welfare-related
problems, a thorough observation is needed where
one looks for pain-related behaviours (e.g. pressing
the abdomen against the cage floor or the twitching
of back muscles), and other signs such as decreased
activity, sometimes increased activity and aggres-
sion, reduced water and food intake and nest-build-
ing, and the use of the rat and mouse grimace scale
(for a more detailed summary on pain assessment,
see Herrmann and Flecknell [11]). To closely assess
an animal takes a minimum of 5–10 minutes,
depending on the severity of the procedure, and this
must be repeated at least every 2–3 hours (42). This
clearly has major resource implications when rela-
tively large numbers of animals need assessment.
However, the German Animal Welfare Act (Section
9 [10, 31]) stipulates that principal investigators,
who are also the animal research licence holders,
are fully responsible for ensuring that no more than
the indispensable number of animals is used, that
the pain, suffering and harms caused are kept to a
minimum, and that staff are present in sufficient
numbers and with the adequate skills to ensure pro-
per care for the animal subjects.

The utility of health score sheets

The use of health score sheets for improved moni-
toring should be part of standard laboratory care,
as they help achieve objective assessments of the
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animals’ health and well-being. Through score
sheet use, assessments can be standardised to
ensure consistent evaluations by different staff
members. It is crucial that findings and changes to
the interventions needed (such as amended anal-
gesia protocols) are documented. This record keep-
ing helps refine procedures and models, and can
contribute to the reduction of the impact of the pro-
cedure in subsequent studies. While there are
some general parameters that should always be
scored, such as body weight and body condition, it
is important that, in the planning phase, individ-
ual score sheets are tailored to specific experi-
ments and treatment groups and to their expected
adverse effects; these might need to be adjusted
during the course of the study to fit unforeseen cir-
cumstances. Furthermore, when health score
sheets are specific to the species, procedure and
model, they are extremely useful tools in ensuring
the recognition and appropriate alleviation of pain,
and the application of humane endpoints. To max-
imise the utility of the score sheets, they must be
properly completed each time that the animal is
monitored.

Conclusion

Our review of the severity of procedures and health
monitoring in proposals submitted in 2010
revealed that the levels of pain, suffering, distress
and lasting harm that could be anticipated were
underestimated for the majority of the planned
procedures (58%). This may have contributed to
the shortcomings in terms of the proposed monitor-
ing practices, including pain alleviation (11), and
to the choice of humane endpoints and killing
methods (for details, see Herrmann and Flecknell
[12]). These poor practices and refinement deficien-
cies need to be avoided, not only to meet legal
requirements, but also because of the needless
pain and suffering caused to the animals used.

Animal experimenters have to be familiar with
the behaviour of the species that they are working
on, in order to correctly assess their state of health
and well-being. Thus, they must be skilled, edu-
cated and equipped to detect and relieve pain
accordingly. Animal experimenters are not only
accountable for the research they produce, but also
for the humane treatment and care of the animals
used in their research projects. They must also
ensure that they have knowledgeable staff in suffi-
cient numbers to assist them with these tasks
(Article 24 [4]). Hence, the education and training
of research workers and their staff is a prerequisite
for conducting animal experiments. The extent of
the flaws detected in this sample of protocols sub-
mitted in Germany places a major burden on the
competent authorities. In Germany (as in many
other EU Member States), competent authorities

might be inadequately resourced to identify all of
the deficiencies in the research applications (Dr
Heidemarie Ratsch, head of the competent author-
ity in Berlin 1996–2016, personal communication,
July 2016), leading to the licensing of projects
employing protocols that cause unnecessary suffer-
ing. The misestimation of harms also contributes
to inaccurate prospective harm–benefit analyses.
This potentially leads to licences being granted for
projects in which the harms outweigh the expected
benefits.
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Introduction

Until full replacement of animals in science is
achieved, the third R of animal experimentation,
refinement, remains of considerable importance, as
it aims “to reduce to an absolute minimum the
amount of distress imposed on those animals” that
are still used (1). Contemporary definitions of
refinement take Russell and Burch’s first descrip-
tion a step further, and include “any approach
which avoids or minimises the actual or potential
pain, distress and other adverse effects experi-
enced at any time during the life of the animals
involved, and which enhances their well-being” (2).
Fortunately, research into refinement methods has
increased substantially since Russell and Burch
introduced their Three Rs principles of replace-
ment, reduction and refinement, especially in the
past two decades. For instance, in the year 2000,

only five research papers were found that focused
on environmental enrichment, an aspect of animal
housing refinement that helps to fulfil basic
behavioural needs. In contrast, in 2016, there were
around 160 papers published on environmental
enrichment research for laboratory rodents alone
(3). However, the animals only benefit from these
efforts if the newly gained knowledge is applied in
practice. Several structured and systematic litera-
ture reviews have given some insight with regard
to certain experimental refinements, notably the
use of anaesthetics and analgesics (e.g. 4–11), and
killing methods (7, 8, 11). However, even more
recent reviews of the literature cannot be relied
upon, since the inclusion of animal welfare-rele-
vant information in publications is still incom-
plete. Recommendations for improvement in this
reporting were made in 2007 (14), and more-
detailed guidance documents for reporting stan-
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dards of animal-based research, such as the Gold
Standard Publication Checklist (GSPC; 12) and
the ARRIVE Guidelines (13), were published in
2010. However, research publications are still
lacking information on the refinement methods
employed (e.g. 9, 10).

In view of this information deficit in scientific
publications, a different approach was taken in
the current study. Rather than focusing on scien-
tific publications, applications submitted to
obtain licences for basic and applied animal
research were reviewed, in order to assess which
experimental refinements were proposed. We
assessed 506 applications submitted to the
German competent authorities in 2010. In
Germany, researchers are required to provide
comprehensive descriptions of all procedures,
including all planned refinement methods (see
Sections 8 and 9 [15]). The law requires that ani-
mals are treated in the most humane way possi-
ble, while assuring the generation of valid
scientific results. When less than optimal proto-
cols are to be applied — for example, late experi-
mental endpoints — researchers must
demonstrate that the benefits of the proposed
experiments still outweigh the harms inflicted
upon the animals. The harm–benefit analysis
(HBA) has been a cornerstone of the German ani-
mal research regulations since 1986 (15).

For this paper, we reviewed the proposals for
information on the use of humane endpoints, and
assessed whether the planned humane endpoints
appeared appropriate. A humane endpoint, or
“less-inhumane endpoint” (16), is the “earliest indi-
cator in an animal experiment of (potential) pain
and/or distress that, within its scientific context
and moral acceptability, can be used to avoid or
limit adverse effects by taking actions such as
humane killing, terminating the study or alleviat-
ing the pain and distress” (17). Furthermore, we
appraised, from a welfare perspective, the ade-
quacy of the methods planned for killing the ani-
mals, either at the end of the experiment or earlier
in the case of unexpected suffering that warranted
pre-term killing. Since 1972, the German Animal
Welfare Law (Deutsches Tierschutzgesetz) has dic-
tated that vertebrates must only be killed after
being stunned/anesthetised or, if reasonable under
the circumstances, under strict avoidance of caus-
ing them pain (Section 4, para. 1; 18). For animals
used in science, the killing method of choice also
requires consideration of the impact that the
method could have on the research results (19).
Thus, if the most humane method was not pro-
posed, we looked at the justification of this choice
by the researchers.

We have recently published the results of our
review of analgesia and anaesthesia regimens (20),
and our conclusions on the severity classification of
surgical procedures and proposed health monitor-

ing strategies within the sample proposals (21).
The goal of this retrospective review was to criti-
cally assess the intended use of refinements in
practice, determine the areas in which further
progress seems necessary, and give recommenda-
tions to improve practice in future research pro-
jects. We focused on two of the most commonly
used species in science: mice and rats (22). To the
best of our knowledge, this is the first assessment
of its kind, in that it is based on the analysis of ani-
mal research proposals instead of published ani-
mal studies.

Methods

In Germany, the assessment and authorisation of
animal research proposals fall under the authority
of each of the federal states who have their own
‘competent authorities’ for this task. The Berlin
state Data Protection and Freedom of Information
Commissioner (Berliner Beauftragter für Daten -
schutz und Informationsfreiheit) was informed of
our request for data for this study and had no
objections (Case Number 5612.145). For certain
scientific research purposes, data storage units
are allowed to pass on personal data without the
consent of the persons concerned, if: a) interests
that would require protection are not affected
through the kind of data requested, their publica-
tion and their use; or b) the public interest in the
conduct of the scientific project outweighs the pro-
tection-requiring interests of the persons con-
cerned. The data transmission must be approved
ahead of time by the highest authorities of the
federal states (23). After negotiations with the
highest authorities of the federal states, 14 of the
16 agreed to grant us access to basic and applied
research proposals for the assessment of refine-
ments proposed for experiments involving the use
of mice and rats. 

The study was conducted anonymously (i.e. the
individual research groups were not identified in
the analyses). According to the method previously
described in Herrmann and Flecknell (20), 506
applications were selected by using the criteria
listed below. All proposals were submitted for
authorisation in 2010. They included 684 recovery
surgical procedures (422 in mice and 262 in rats).
Thus, the research proposals that were included in
this study:
— were animal research proposals submitted to

the German competent authorities in 2010;
— were basic or applied research studies;
— involved the use of the mouse or the rat;
— involved surgical and recovery procedures; and
— were original proposals that were granted a

project licence.
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The research proposals that were excluded from
this study met at least one of a range of specific cri-
teria, namely that they:
— were applications for the generation of geneti-

cally altered mice;
— involved government-required animal testing,

e.g. toxicity testing of drugs, vaccines, pesti-
cides;

— used species other than the mouse and the rat;
— described procedures that did not involve recov-

ery from surgery; or
— were proposals pre-assessed or rejected by

members of the competent authorities.
In the research proposal, experimenters have to
elaborate on the expected intensity and duration of
pain and suffering, as well as on any actions taken
to alleviate them. Hence, besides providing infor-
mation on analgesia and other means to alleviate
suffering, for the case of unforeseen (as well as
likely) complications that would exceed the esti-
mated maximum amount of suffering (and thus the
authorised severity category), humane endpoints
must be listed. We assessed whether humane end-
points were included in the proposals and if they
were clearly defined. We then selected all the
research applications with surgical interventions
that were rated by the investigators as ‘severe’, and
reviewed whether they had included humane end-
points and whether they appeared specific and
appropriate for the planned procedures. 

We went on to look at the duration of the sever-
ity, as well as the cumulative severity caused by
additional interventions performed on the same
animal. However, for the scope of this study, we
only assessed cumulative effects induced by surgi-
cal interventions and not the effects of any other
procedures that the animals were planned to
undergo.

German legislation has stipulated since 1986
that when animals have to suffer long lasting or
repetitive, substantially severe pain or suffering,
the investigator must give a scientific presenta-
tion as to why the striven for research goal is pre-
sumably of outstanding importance to essential
needs of humans and animals, including for the
solution of scientific problems (Section 7, para. 3;
24). Thus, when prolonged intense suffering
seemed to be a feature of the research proposal,
we looked for justification by the researcher in
terms of scientific significance. Next, we criti-
cally appraised the methods investigators
planned to use for killing the animals, both at the
end of the experiment and when a humane end-
point was reached. Animal care policies in many
countries, including Ger many, stipulate that
death must be painless, and that fear and anxi-
ety must be minimised. Humane killing com-
prises the use of the least distressing and least

painful methods that cause rapid loss of con-
sciousness and subsequent death (e.g. 19, 25–27).
In addition, rendering animals unconscious prior
to killing is generally considered to be the most
humane approach (18). For animals used in sci-
ence, the killing method of choice also requires a
consideration of the impact that the killing
method could have on the research results, and a
HBA should be carried out to find the most
appropriate method under the given circum-
stances. Thus, we assessed whether researchers
justified their choice of method and conducted a
HBA, with these points in mind.

For simplicity, procedures are described here as
if they were definitely conducted according to the
submitted research proposal. It is important to
point out that we reviewed the proposals as they
were originally submitted by the investigators,
since this reflected the intended application of
refinements in practice, and thus presumably their
level of awareness and knowledge of how to refine
experimental procedures. All the proposals
included in our review were granted a project
licence. However, it is possible — and in many
cases very likely — that the competent authority
members required amendments to the proposed
protocols prior to authorisation. Project licences
were generally granted for up to three years, with
a possibility for extension up to five years. 

Results and Discussion

As originally submitted, some applications lacked
the required information. For example, for 45% (n =
309/684) of the surgical procedures, no humane end-
points were mentioned, and for 7% (47/648) of the
experiments that would end with killing (n = 648),
the killing method was not specified. However, it
should be expected that researchers submit propos-
als containing all of the legally required information.  

Our study sample contained a range of recovery
surgical procedures (Figure 1). Out of the 684 surg-
eries, 422 were performed on mice and 262 on rats.
The most frequently performed surgical interven-
tions on mice and rats were laparotomies, followed
by craniotomies in rats. For mice, the second most
common surgical procedures belonged to a general
category of surgeries that did not involve the open-
ing of a body cavity (‘Other’ in Figure 1); examples
include the hindlimb ischaemia model, middle
cerebral artery occlusion (MCAO) model and neu-
ropathic pain models. 

Humane endpoints

Following 55% (375/684) of surgical procedures,
the researchers stated that the animals would be
killed prematurely when humane endpoint(s) were
reached. For the other surgical interventions, there
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was either no mention of humane endpoints at all,
or it was stated, for example, that the experiment
would be “only terminated if severe suffering
occurred”, “if needed, severely suffering animals
would be killed” or “if complications occurred that
required a veterinarian who then could not con-
trol the situation [then the animal would be
killed]”. 

We selected all research applications in which
investigators had rated surgical interventions as
‘severe’ and closely examined them for the inclu-
sion of humane endpoints. Those proposals that
had humane endpoints mentioned, were chosen for
a detailed review in terms of the appropriateness
of the endpoints. We also assessed the available
information on health monitoring strategies,
expected adverse effects and duration of the exper-
iment (from surgery until the experimental end-
point was reached). In addition, when available
and relevant for the discussion of the proposal, we
examined the planned pain management and other
care instructions. Out of 684 surgeries, 51 (7%)
were rated as ‘severe’ by the researchers; of these
51 severe surgeries, humane endpoints were men-
tioned for use after 17 surgical procedures,
described in 12 separate research proposals. The
relevant details of these severe surgeries can be

found in Table 1, and are discussed in more detail
below.

Myocardial infarction models

Proposals 1 and 2 both comprise myocardial infarc-
tion models. In Proposal 1, the monitoring seemed
inappropriate, especially considering the severity
of the procedures. Furthermore, there was no jus-
tification for the late-stage endpoints that were
proposed. The gradation of clinical signs in the
health score sheet was not clearly defined, for
example “dull coat, crusted orifices, dull eyes” was
given a score of 2 to 3. A score of 9, which was the
humane endpoint, might not have been reached
until the animal had stopped eating, had lost over
20% of their body weight, had a dirty coat,
uncleaned orifices, abnormal posture, dull eyes, be
vocalising unusually, making noises when exhal-
ing and auto-mutilating. In Proposal 2, the moni-
toring frequency was higher, but still seemed
inappropriate for such a severe procedure. The
long monitoring intervals might explain why the
animals would be killed if they reached either the
given score of III (i.e. severely altered behaviour)
or IV (i.e. very severely altered behaviour).

Figure 1: The types and numbers of surgical procedures performed on mice and rats

= mouse;    = rat.
A total of 684 surgical procedures were performed, 422 on mice and 262 on rats. ‘Other’ refers to a general category of
surgeries that did not involve the opening of a body cavity, e.g. compression or ligation of nerves, or surgery to cause
a middle cerebral artery occlusion (adapted from Herrmann and Flecknell [20]).
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Table 1: The humane endpoints listed in the proposals comprising surgical procedures that
were rated as ‘severe’ by the researchers

Planned monitoring interval, duration of the 
Proposal Name of model and type of experimenta, additional information and humane 
(Species) surgical intervention(s) endpoints that would lead to pre-term killingb

Proposal 1
(GM and WT
mice)

Proposal 2 Myocardial infarction model, Duration: 30 days
(WT mice) thoracotomy; ligation of Ramus Monitoring: for several hours, post-surgery, someone would be

interventricularis anterior (RIVA); present; then, monitoring is planned every 12 hours
ischaemia-reperfusion after 1 hour Score sheet indicated that animal would be killed if they

reached either score III or IV out of IV
Criteria for score III (passive): severely altered behaviour
(inactive, slow movements), obvious health deficits (no food 
and water intake, ruffled coat, lethargy, absent body care, 
isolation from cage mates, altered breathing behaviour, etc.)
Criteria for score IV (lethargic): very severely altered behaviour
(no movement or reaction to stimuli) and no food intake

Proposal 3 Hypertensive heart disease model; Estimated failure rate of surgery (= mortality) for experienced
(WT mice) thoracotomy; transverse aortic surgeons: 10%

constriction (TAC) Duration: 21 days
Monitoring/pain management: first 5 days post-surgery every
8 hours, i.p. application of buprenorphine (0.1mg/kg); daily 
weighing and inspection of wound
Humane endpoints: signs of severe impairment; weight loss
(> 10% within 2 days) or eye-catching behaviour (phlegmatic, 
not eating/drinking, ruffled coat) or wound healing issues

Proposal 4 Trauma models Duration: 0, 6, 12 and 24 hours; 3, 7, 14 and 28 days,
(WT mice) Experimental group A: polytrauma respectively, post-surgery

model; femur fracture, bilateral chest Monitoring: directly after intervention every 2 hours; after that
trauma and surrounding soft tissue 1×/d
trauma; blunt thoracic trauma Post-operative analgesia and care: 0.8mg/ml metamizole added
induction by dropping a hollow to drinking water for the first 3–5 days after trauma. If needed,
cylindrical weight from a height on the s.c. injection with metamizole; fluid therapy: 1ml/animal 2×/d
chest, in addition to closed femur Humane endpoints: weight loss > 20%; wound infection;
fracture (needle inserted into the femur abnormal behaviour, such as lethargy or agitation, that is not
canal as intramedullary pin; closure of explainable by external environmental factors
wound; femur fracture induction using 
a blunt guillotine device)
Experimental group B: monotrauma
model; closed femur fracture and soft 
tissue trauma (see description above)

See end of table for full legend.

Experimental groupc A: Myocardial
infarction model; thoracotomy;
ligation of Ramus interventricularis
anterior (RIVA); anticipated infarct
size about 40%
Experimental group B: Model for
pressure overload-induced cardiac
hypertrophy and heart failure;
thoracotomy; transverse aortic
constriction (TAC)
Experimental group C: hindlimb
ischaemia model, ligation of right
arteria femoralis

Monitoring: 1st week post-surgery 1×/d; afterwards: 2×/week
Duration: Groups A and B: 2 or 6 weeks, respectively; Group
C: 3 weeks
Score sheet comprised three main criteria that would be
monitored: body weight, general condition and spontaneous
behaviour. Severely affected animals (from score 9) would be
killed if they reached the following conditions for the three
criteria monitored: 
Body weight: food and water intake reduced; weight loss 10–
15% (score 2–3) or refusal to eat; body weight loss > 20%
(score 3–4)
General condition: dull coat; crusted orifices; dull eyes (score
2–3) or dirty coat; uncleaned orifices; abnormal posture; dull
eyes (score 3–4)
Spontaneous behaviour: abnormal behaviour, reduced motor
activity or hyperkinesia, not responsive, animals lie isolated
from one another, no circadian rhythm (score 2–3) or unusual
vocal expression; sound when exhaling; auto-amputation,
deviating body care (score 3–4)
Additional humane endpoints for animals with hindlimb
ischaemia: post-surgical ulceration; necrosis or auto-
amputation of underperfused limb
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Table 1: continued

Planned monitoring interval, duration of the 
Proposal Name of model and type of experimenta, additional information and humane 
(Species) surgical intervention(s) endpoints that would lead to pre-term killingb

Proposal 5 Paraplegia model to induce heterotopic Duration: 2 weeks to several months
(Rats) ossification (HO), comprised of two Monitoring: daily

surgical interventions Other information: bladder (3–4×/d) and abdomen massages as
First surgery: laminectomy; 2-French functions to urinate and defecate impaired for up to 2 weeks; 
Fogarty catheter inserted into the weight check 2×/d; fluid s.c. if needed
dorsal epidural space through a small Post-operative analgesia: first 3 days buprenorphine 2×/d (0.03–
hole made in T10 vertebral arch, and 0.05mg/kg s.c.), followed by carprofen 2×/d (5mg/kg s.c.); if pain 
inflated and left for 20 minutes to is detected the analgesia regimen gets prolonged
cause bilateral contusion Humane endpoints: In case of lasting severe pain (> 12 days),
Second surgery: osteotomy of femur; among others characterised by one or more signs (according to 
2mm diaphyseal bone defect caused by FELASA working group on pain and suffering): auto-mutilation, 
using an osteosynthesis plate persistent hunched posture, vocalisation of pain while resting, 

complete apathy, isolation from group, obvious ruffled coat with 
sign of dehydration (skin stays folded), severe body weight loss 
(> 25% deviation from normal weight) or complete loss of 
appetite for 72 hours

Proposal 6 Hepatectomy and liver transplantation Duration: 7 days
(Rats) (followed by daily blood collection Monitoring: 3×/d

under isoflurane to check transplant Post-operative analgesia: tramadol via drinking water (intake
function) monitored)

General humane endpoints: complications during anaesthesia
induction and larger surgical complications such as extended 
bleeding, need for resuscitation, cardiac arrest etc.
Humane endpoints during organ implantation: vessel
complications (e.g. thrombosis, leakage which leads to 
insufficient reperfusion of the transplant)
Humane endpoints post-surgery: complete liver failure or failure
of another vital organ

Proposal 7 Ischaemic stroke model (focal cerebral Mortality due to surgery: expected to be 15%
(Rats) ischaemia); middle cerebral artery Duration after second surgery: 20 days

occlusion (MCAO): Monitoring: daily
First surgery: Other information: functional motoric deficits expected; post-
a) Laser Doppler flow (LDF) probe and surgical analgesia not seen as necessary
guide cannula placement on skull by Humane endpoints: mice who have not substantially recovered
using dental cement; from the surgeries (i.e. who do not clean themselves or show 
b) permanent ligation of Arteria carotis spontaneous movement, but sit apathetically in a corner) have,
externa and A. carotis communis; according to the applicant’s experience, subarachnoidal bleeding 
temporary blocking the origin of the and thus are killed
MCA intraluminally with a filament
Second surgery: 90 minutes later, 2nd
anaesthesia to remove filament for 
reperfusion

Proposal 8 Taurocholate-induced pancreatitis; Duration, depending on experimental group: Group A: 8 hours, 24
(GM and model of severe necrotising pancreatitis; hours; Group B: death or 10 days; Researcher stated that 
WT mice) laparotomy animals in surgery group B would experience very severe 

Experimental group A: Clip ductus pancreatitis with high mortality
hepatocholedochus; incision duodenum; Post-operative analgesia: if signs of pain detected, buprenorphine
1ml taurocholate in pancreatic duct; (0.02mg/kg i.m.)
reopen clip Monitoring: several times a day
Experimental group B: same procedure Humane endpoints: surgical issues (anaesthesia, surgical
but no removal of clip (pancreatitis technique); severely decreased food or water intake; weight loss 
severity elevated cf. Group A); lethal > 20%; non-physiological, abnormal posture
experiments Group B (lethal experiments): experimental endpoint is death or 

10 days after disease induction

GM = genetically modified; WT = wild type; i.m. = intramuscularly; i.p. = intraperitoneally; s.c. = subcutaneously.
See end of Table for full legend.
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Table 1: continued

Planned monitoring interval, duration of the 
Proposal Name of model and type of experimenta, additional information and humane 
(Species) surgical intervention(s) endpoints that would lead to pre-term killingb

Proposal 9 Sepsis models; development of endo- Duration: max. 96 hours (4 days)
(GM and toxic shock; laparotomy Monitoring: post-surgery every 4–6 hours and in advanced state
WT mice) Experimental group A: CLP (caecal every 1–2 hours

ligation and puncture) model Explanation for absent post-surgical analgesia: interference with
Experimental group B: CASP (colon research results due to drug metabolism
ascendens stent peritonitis) model Humane endpoints: severely altered general condition or weight

loss > 20%

Proposal 10 Acute renal failure model; survival Researcher stated that > 80% of animals die within the first 4 
(GM and experiments; laparotomy days post-surgery
WT mice) First surgery: unilateral nephrectomy Monitoring: for first 24 hours, there would be an hourly check;

Second surgery: ischaemia–reperfusion otherwise every 6 hours
injury model (IRI), clipping of A. renalis, Post-operative analgesia: 2×/d buprenorphine 0.05ng/g i.m.
35 or 42 minutes, respectively Humane endpoints: weight loss > 20% or increased worsening of

general condition or should pathological behaviour become 
apparent

Proposal 11 Chronic renal failure model; Duration: 20 weeks
(GM mice) 5/6-nephrectomy Researcher stated that severe pain is only anticipated for 15 

minutes referring to surgical intervention under general 
anaesthesia
Monitoring: at least once a day; if injuries occurred 2–3×/d; if
animal avoids movement 2×/d
Post-operative analgesia: metamizole via drinking water over 3
days (water intake monitored)
Humane endpoints: acute weight loss of 15% within a few days
or slow weight loss of 20% because food intake is seen as 
objective criteria for this disease pattern; if animals feel unwell 
due to high concentrations of metabolites, if they become 
cachectic, and if constantly drinking and macerate, or if they are 
too weak and apathetic due to anaemia

Proposal 12 Chronic renal failure model; Duration: 14 weeks after first surgery
(WT mice) laparotomy; 7/8-nephrectomy; 2-part Intra-operative and post-operative analgesia: carprofen (5mg/kg

surgery with 2 weeks in-between s.c.) 1×/d for 3–4 days
First surgery: 75% of right kidney gets Score sheet comprising five criteria that would be monitored:
cauterised behaviour, weight, eating behaviour, mobility, appearance. In 
Second surgery: nephrectomy left side; each category, the highest score is necessary to reach the score
ALZET mini pump implantation s.c. that equals the humane endpoint which would be: 
Third surgery: 6 weeks later, new Behaviour: immobile, uninterested, hunched
ALZET mini pump implantation Weight: loss > 10%

Eating behaviour: does not eat, does not drink, dehydrated
Mobility: immobile, limping or dragging itself
Appearance: dull, ruffled coat

For the purposes of this Table, the methods in the proposals were literally translated from German into English.
aThe duration given for the experiment is from the surgery until the experimental endpoint is reached.
bThe focus was on the effects of the described surgical procedures. However, the overall amount of pain and suffering for
these animals, and hence the overall severity of the proposal, can potentially increase (or decrease) at various times
during the experiment. This is because experimental surgical interventions might have detrimental effects on the animal
and/or be followed by a number of other interventions (cumulative severity). Depending on the research study, these other
interventions could include behavioural tests, scans, injections, blood withdrawals, gavage, irradiation, etc. The impact
on severity due to genetic modification (where relevant) was not assessed.
cFor simplicity in the current analyses, experimental groups were differentiated with A, B, or C. There were more
experimental groups in the actual proposals, and thus that numbering might differ from the excerpt of the proposals
described here, as only surgical experimental groups were analysed.
GM = genetically modified; WT = wild type; i.m. = intramuscularly; i.p. = intraperitoneally; s.c. = subcutaneously.
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Transverse aortic constriction (TAC)

According to Proposal 3, following a transverse
aortic constriction (TAC), pain relief would be
given every eight hours. With regard to monitor-
ing, it was proposed that the animal’s body weight
and the wound would be checked daily. It was
planned that the animals would undergo a thora-
cotomy, which is why it would be important to
monitor them at least four times a day, and this
would consist mainly of observation in their home
cage. Also, it was not stated when the 10% death
rate would be most likely to occur. This should be
noted on the health score sheet and monitoring
should be intensified during this period, to ensure
that these animals are humanely killed instead of
dying. The humane endpoint given in the proposal
needs to be clearer, as the meaning of “eye-catch-
ing behaviour” or “wound healing issues” is rather
subjective. In addition, it is unclear how long the
animals would be under observation to conclude
that they are not eating or drinking.

Monotrauma and polytrauma models

Proposal 4 comprised a monotrauma and a poly-
trauma model. The proposed health monitoring
was poor, since after bilateral chest trauma it can
be anticipated that the mice would die. The appli-
cation did not include an estimate of the antici-
pated mortality. However, a study on this trauma
model, published in 2017, reported that 33% of the
mice died within the first 30 minutes after induc-
tion of a bilateral chest contusion (28). Thus, there
should be constant monitoring for at least three
hours after the animals recover from anaesthesia,
and, depending on the condition of the individual
animals, they should be checked at least 5–6 times
a day for the rest of the experiment. The applicants
proposed the administration of analgesics via
drinking water. Besides the fact that animals will
minimise movement after such severe trauma, and
that water intake is generally markedly reduced
following surgery (29), it is known that water con-
sumption follows a diurnal rhythm (30), all of
which make water and thus analgesia intake too
infrequent to provide adequate pain management.
In addition, recent evidence shows that adminis-
tration of buprenorphine via drinking water may
be inadequate to reach the required plasma levels
(31). Another recent study found that this route of
administration seems only partially effective for
animals with mild to moderate post-surgical pain
(32). Injectable analgesics should be administered
and soaked food should be provided on the cage
floor, as normal eating and drinking ability is prob-
ably impaired. Other than the use of weight loss,
the humane endpoints were unclear and thus of lit-
tle benefit in avoiding unnecessary suffering.

Paraplegia and diaphyseal bone defect

Proposal 5 entailed two surgical interventions
leading to paraplegia and a diaphyseal bone defect,
which can be expected to lead to prolonged impair-
ment and suffering. The rats would require inten-
sive care and assistance with urinating and
defecating. The humane endpoints in the course of
the experiment appeared very late, for example,
vocalisation of pain while resting and auto-mutila-
tion. More frequent and detailed monitoring, as
well as a provision for monitoring during the night,
would seem imperative.

Liver transplantation

Proposal 6 comprised rats undergoing liver trans-
plantation. The animals were to be studied for
seven days after the procedure, and appeared to
have required single housing, so that analgesic
intake via their drinking water could be moni-
tored. As discussed earlier, the diurnal intake of
water limits the value of this route of administra-
tion, which is not efficient in providing pain relief
after severe surgery. Furthermore, single housing
is, in itself, stressful. The proposed humane end-
point — organ failure — does not indicate the clin-
ical signs that will be used to assess this. The
results of the daily blood sampling to monitor
organ function could perhaps have been used as
part of the endpoint assessment.

Ischaemia model

The humane endpoints proposed for the ischaemia
model with rats in Proposal 7 could be improved
and extended. The monitoring frequency appeared
too low, and analgesia should be administered. A
recent, comprehensive review on refinements of
ischaemia models, the IMPROVE guidelines (33),
provides valuable guidance which should be con-
sidered for future studies.

Severe necrotising pancreatitis

Proposal 8 describes a model involving severe
necrotising pancreatitis in which high mortality is
expected, especially in experimental group B.
However, the proposal provides little detail of mon-
itoring frequency, and pain management is likely
to be poor in practice, since proper pain manage-
ment requires frequent monitoring to assess pain.
The researcher stated that mortality would be
high, without giving any estimate. High mortality
in the first 24 hours is explained by a systemic vas-
cular leak, leading to hypotension and a need for
fluid therapy (34). Thus, there should be continu-
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ous monitoring during this period and perhaps
fluid replacement therapy to reduce mortality. The
researcher indicated that animals would only
receive analgesia if pain was detected. Pancreatitis
is highly likely to cause severe pain — in fact, this
model is also used to study pain (35) — and it is
known that pain from pancreatitis is particularly
difficult to manage with standard analgesic agents
(36). Survival experiments with the experimental
endpoint of ten days after surgery, or the endpoint
of death within this period, were planned for one
group. Death as an endpoint should be avoided, not
only from an ethical point of view, but also from a
scientific standpoint (37). The researcher should
have established earlier endpoints to avoid this; for
example, one or more inflammatory or other molec-
ular markers, or clinical signs, could be identified
and used. This would enable fresh tissue to be col-
lected from the animal, which could add to the
value of the study (37).

Sepsis models

Proposal 9 comprised two sepsis models: caecal lig-
ation and puncture (CLP) and colon ascendens stent
peritonitis (CASP). Pain can be anticipated in this
model, for example, due to peritonitis. However, the
researcher stated that analgesia would not be possi-
ble, as it interfered with the model. A detailed dis-
cussion and justification of this statement were
absent. The researcher might be concerned about
interference with inflammatory processes, but
recent studies indicate that buprenorphine can be
used in rodent sepsis models (38). A general
approach to dealing with this recognised issue of
interactions of analgesics and research models has
been suggested by Peterson and colleagues (39). The
statement that the humane endpoint “severely
altered general condition” is vague. In addition to
the proposed endpoint of 20% body weight loss,
quantitative biomarkers could perhaps be identified
that predict outcome in this model. A comprehen-
sive review on refinement of sepsis models has been
provided by Lilley et al. (38).

Renal failure models

The acute renal failure model in the mouse, which
is described in Proposal 10, has a mortality that
would indicate the need for continuous monitoring
for the first four days. The intramuscular route (to
be used for analgesic administration) should be
avoided in mice as this causes more pain than
intraperitoneal or subcutaneous dosing. Endpoints
other than the weight loss were unclear. 

Proposals 11 and 12 concerned chronic renal fail-
ure models with late experimental endpoints (20
weeks for the 5/6-nephrectomy and 14 weeks for the

7/8-nephrectomy). Proposal 11 planned the adminis-
tration of analgesics via the drinking water. As men-
tioned above, this is not likely to be effective.
Proposal 12 stated that carprofen would be used as
an analgesic, which is surprising given that non-
steroidal anti-inflammatory drugs (NSAIDs) are not
recommended for use in animals with impaired renal
function as they might modulate the response to
renal impairment (40). In Proposal 11, weight loss
was the only clear endpoint — the others were non-
specific and could be improved. For example, instead
of stating “if they become cachectic”, Body Condition
Scoring (BCS; 41) should be used to set an appropri-
ate endpoint.

Humane endpoints, if applied without delay, are
seen as “a refinement strategy designed to minimise
pain, suffering, or distress experienced by animals
during an experiment” (42). In 1998, an interna-
tional conference on the Use of Hum ane Endpoints
in Animal Experimentation for Biomedical Research
was held in Zeist, The Netherlands, and resulted in
a special issue on the topic in the journal Laboratory
Animals (43). Since then, progress has been made in
developing more-humane endpoints, which, if imple-
mented, would avoid unnecessary and avoidable ani-
mal suffering. Currently, the use of humane
endpoints is not only a legal requirement in many
countries (19), but is also generally considered best
practice in animal-based research and testing (44).

Following over half of the planned surgical proce-
dures, pre-determined endpoints were given. Thus,
with adequate monitoring and pain recognition
skills, it could be anticipated that unnecessary suf-
fering could be avoided. However, the vast majority
of the proposed humane endpoints were poorly
described and thus unclear. In addition, they were
generally not procedure-specific and were also late-
stage (as seen in Table 1). To give additional exam-
ples, one proposal stated: “if it is assumed that the
animal is suffering, despite the analgesia provided
(absent drinking, body weight loss), the animal is
killed”; in this proposal, no information on monitor-
ing or pain assessments was provided. In another
proposal, where rats would develop acute severe
peritonitis and would not receive analgesia, it was
stated that the animals would be killed if “the pain
would exceed what is bearable”. Hence, it is not
only likely that such vague information would
require subjective interpretation by the person
monitoring the animals, but also that this uncer-
tainty would delay the termination of the study,
and lead to variability in the endpoints used.
Furthermore, when monitoring intervals were
actually specified, the intervals proposed often
appeared too long, which could also result in avoid-
able pain and suffering for the animals. In order to
recognise distress, pain and suffering, frequent
monitoring, as well as pain recognition and assess-
ment skills, are fundamental prerequisites.
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The limits of pain and suffering should be deter-
mined based on a harm–benefit analysis, and this
should incorporate a study design that maximises
potential benefits and minimises anticipated
harms. Most humane endpoints in the proposals
that we examined could, and should, be improved. If
endpoints are not clearly described with objective or
quantifiable criteria (to avoid bias), the personnel
responsible for monitoring the animals cannot act
quickly when an animal is thought to be exceeding,
or about to exceed, the agreed endpoint and thus,
the severity limit allocated in the project licence.
Moreover, taking into consideration the duration of
the planned experiments and the potential degree of
lasting substantial pain and suffering in the pro-
jects shown in Table 1, researchers should have pro-
vided an explanation as to why the striven for
research goal is presumably of outstanding impor-
tance to essential needs of humans and animals,
including for the solution of scientific problems (see
Section 7, para. 3 [24]). This provision ought to
ensure that projects of such severity provide an
additional explanation as to why the research is jus-
tified. For one proposal, this information was not
available (Proposal 5); one application ticked the
box that an additional justification was provided
(Proposal 9), but it was separate from the proposal
and thus not available for us to assess. In the other
ten applications, the researchers stated that it was
“not applicable” to their proposed projects.

Two decades ago, the organisers of the first inter-
national conference on humane endpoints were sure
that: “Humane endpoints are part of a dynamic
process, influenced by scientific developments as
well as by animal welfare concerns as they evolve
with time. It is very likely, therefore, that what we
consider to be ‘humane’ today will not be in the
future, and so we need to strive constantly to develop
less-inhumane endpoints, and to continually re-
assess and re-evaluate the endpoints in animal
experiments” (45). 

We urge that increased efforts are taken by the sci-
entific community to search for earlier experimental
(and thus less inhumane) endpoints. Animal subjects
should also be benefitting from new technologies and
other advancements widely used in humans. For
example, the results of imaging could be used to
determine earlier experimental endpoints. Also, bio-
markers could be used to predict outcome, which, for
some research settings, could be even before the
onset of clinical signs. The availability of quantitative
biomarkers and imaging techniques should not only
advance the scientific objectives of the study but also
be used to reduce the pain and distress experienced
by the experimental animals. 

We suggest that international working groups
with expertise in the Three Rs and their respective
research field are established, in order to, in a first
step, review the validity of the particular animal
model, and, in a second step, when proven valuable,

gather and provide recommendations for the refine-
ment of the animal model. The second part of such a
critical appraisal  has been conducted for a few mod-
els and research fields, such as ischaemic stroke
(33), rheumatoid arthritis (46), experimental auto -
immune encephalo myelitis (47), and for models and
procedures involving seizures, convulsions and
epilepsy (48, 49), and sepsis and septic shock (38).
Such expert groups should regularly update their
validity assessments and refinement recommenda-
tions, which should be seen as guidance aiding
researchers who are considering and/or already
employing these models.

Killing methods

Anaesthetising the animal prior to killing (a two-
step killing procedure) is generally considered the
most humane way when ending an animal’s life (18).
The available data showed that, following 648 (out of
684) surgical interventions, the animals would ulti-
mately be killed. The 36 other surgical procedures
were followed by an additional recovery surgical pro-
cedure; these experiments were eventually termi-
nated by killing as well. In 41% (264/684) of the
experiments, it was planned that the animals would
be killed in a one-step procedure, by using either a
physical method (cervical dislocation, decapitation)
or an overdose of one agent that, when given in high
doses, would lead to death. The most frequently
mentioned methods to terminate mouse experi-
ments in a one-step procedure were (in decreasing
order of frequency): cervical dislocation, carbon diox-
ide (CO2) inhalation, and pentobarbital overdose. In
conscious rats, the most commonly used means were
CO2 inhalation, an overdose of pentobarbital, and an
overdose of isoflurane (Figure 2).

Out of the remaining almost 60% of experiments
(384), two-thirds ended with a final procedure that
required anaesthesia prior to killing, for example, for
tissue perfusion or for tissue/organ collection. The
animals in the other third of experiments were first
anaesthetised with one agent and then killed by
another means. In approximately half of the experi-
ments where rodents were to be anaesthetised prior
to the use of another method to kill them, CO2 was
chosen. Although CO2 has anaesthetic properties, its
use causes fear and dyspnoea and, depending on the
CO2 fill rate of the killing chamber, it can cause pain.
This is why CO2 should not be used, either as an
anaesthetic or as a killing agent, as is further dis-
cussed below.

No proposal explained why a certain method was
given preference over another one with regard to ani-
mal welfare considerations. When investigators had
planned a final surgical procedure for sample collec-
tion or other terminal experiments, several stated
that, if the animal did not reach the planned experi-
mental endpoint and had to be killed prematurely
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because a humane endpoint had been reached, then
another killing method would be used. In many of
such cases, CO2 would be used, without prior admin-
istration of a standard anaesthetic agent, as had
originally been planned as part of the final surgical
procedure. 

Even though less humane methods of killing may
be authorised, if necessary to achieve the research
objectives, the choice of such methods needs to be
justified in the proposal, and its impact on the ani-
mal taken into account in the project’s HBA.
However, in our study sample, the choice of method
was not accompanied by any scientific explanation
or justification. This might be explained by a lack of
knowledge about the welfare implications of the
methods frequently chosen, such as CO2.

In the following sections, we cover killing methods
that are often proposed, but that should no longer be
used in conscious animals. First, we briefly discuss
the use of physical methods (decapitation and cervi-
cal dislocation) in conscious mice and rats, and the
use of chloral hydrate, as well as precautions that
should be taken when administering an overdose of
the injectable barbiturate, pentobarbital. Due to the
extensive research on refinements to the use of CO2,
and the strong likelihood that usage rates are still
very high, we reviewed the literature on CO2 use in
detail. Even though further research confirming and

strengthening earlier findings on the effects of CO2
in rodents has been published since the proposals in
our sample were submitted, at the time (i.e. in 2010),
there was already sufficient evidence supporting the
view that CO2 should not be considered to be a
humane killing method (see, for example, the
AHWA report from 2005 [50] and the Newcastle
Consensus Meeting report from 2006 [51]). Based on
that evidence, an official document on the welfare
concerns associated with CO2 use was released by
the competent authority of Berlin in early 2009 (52).
This document was sent to every animal researcher
who applied for a project licence, or notified the com-
petent authority of planning to kill animals for sci-
entific purposes in this federal state. 

Decapitation

The debate on how to interpret the electrical activ-
ity that persists in the brain for up to 30 seconds
after decapitation seems to be no longer an issue,
as studies concluded that this activity was not an
indication of pain, and that the animals quickly
lose consciousness (27). However, due to the dis-
tress and fear that rodents might experience when
handled, restrained and positioned in the guillo-
tine (27), decapitation should generally only be
performed in unconscious animals. 

Figure 2: The methods and agents used to kill conscious animals in a one-step procedure

= mouse;    = rat.
Following 41% of procedures (264/648) where animals were planned to be killed at the end of the experiment, a one-
step procedure was proposed.
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Cervical dislocation

Cervical dislocation (CD) is a common physical
killing method for mice and small rats whereby
pressure is applied to the neck by pulling quickly
to separate the spinal column from the brain. In
2010, cervical dislocation was mostly still regarded
as an exception to the general rule of anaesthetis-
ing animals prior to killing, because it was
assumed that it ensured a quick death and thus,
would be less distressing for the animal than
undergoing an anaesthesia induction beforehand.
However, studies suggesting that cervical disloca-
tion might have a high failure rate had already
been published at that time (53, 54). In 2012,
Carbone and colleagues (55) verified these con-
cerns. They assessed common methods of cervical
dislocation with regard to the time taken to respi-
ratory arrest in anaesthetised mice, and found that
over 20% of mice continued to breathe, either
beyond the experimental endpoint of 180 seconds
(65%) or between 27 and 150 seconds (35%). The
authors concluded that cervical dislocation of mice
is prone to be unsuccessful in killing the animal,
and they highlighted the importance of training in
performing this killing method. Importantly, such
training should take place on anaesthetised mice
only (55). In Switzerland, since 1993, the competent
authority had been requiring that, immediately
after CD, death of the animal is ensured by exsan-
guination (56). The Swiss competent authority has
recently updated its guidelines and now generally
stipulates anaesthesia prior to CD, followed by
exsanguination (57). In cases when prior anaesthe-
sia is not feasible, the negative effects for the ani-
mals have to be taken into account in the HBA.

Chloral hydrate

Chloral hydrate is not a humane and thus appro-
priate agent, neither for anaesthesia (see also
Herrmann and Flecknell [20]) nor for killing
animals. Hence, its use has been rated as non-
acceptable by the American Veterinary Medical
Assoc iation (AVMA) guidelines (27), at least since
the 1990s. When used intraperitoneally, as it is the
case in rodents, it causes irritation and pain, often
resulting in peritonitis, ileus and gastric ulcers.
Besides being a strong irritant, animals are likely to
experience muscle spasms and gasping and may
vocalise as death is caused by a gradual depression
of the respiratory system (27).

Pentobarbital

Injection with pentobarbital has been a widely
used and accepted method of killing. However,
some precautions have to be taken, to ensure rapid

and painless death. First, this barbiturate should
be administered intravenously whenever possible.
When this is not feasible due to the size of the ani-
mal, intraperitoneal administration is the norm.
Pentobarbital has a pH of 11, and i.p. administra-
tion of high pH formulations causes pain. Mixing
with lidocaine avoids this problem and represents
a potential refinement (58). A sufficient overdose
needs to be given, to ensure quick death. A recent
study (59) on the humaneness of various agents in
use for euthanasia found variable effects after i.p.
administration of an accepted overdose (200mg/kg
i.p.) of pentobarbital in rats. It was unclear whether
this outcome was due to misinjection. Failure rates
when injecting intraperitoneally have been shown
to be high (6–20% for skilled personnel; 60–63).
Chisholm and Pang (59) concluded that the appro-
priateness of pentobarbital, when administered
intraperitoneally, needs further investigation. 

Carbon dioxide

Good veterinary practice recommends that ani-
mals are anaesthetised before being killed, which
was the case for about 60% of the proposed experi-
ments. However, over half of these killings with
prior anaesthesia planned to use CO2 as the anaes-
thetic agent, and its sole use as a dual anaes-
thetic/killing agent was the most frequent choice in
our sample (Figure 2). 

The humaneness of employing CO2 to both stun
and kill animals has been questioned since the
1980s (64). Consequently, it has become one of the
most researched areas of refinement, with multiple
studies demonstrating that its use compromises
animal welfare. The ever-growing body of evidence
has been showing that rodents find exposure to
CO2 highly aversive (e.g. 59, 65–84). Dyspnoea (68,
69), and fear and anxiety (69, 75, 78, 81–84) are
provoked, starting at concentrations from approxi-
mately 10% CO2. The inhalation of concentrations
of CO2 from approximately 40%, at which the ani-
mal may still be conscious (depending on the CO2
fill rate of the killing chamber), causes acidosis,
irritation of the mucous membranes (68, 76, 77)
and consequently pain, as a result of the formation
of carbonic acid on the mucous membranes (59, 71,
79). Furthermore, it has been found that pul-
monary haemorrhage and oedema can occur prior
to loss of consciousness (78–80). 

Fluorinated hydrocarbons, such as isoflurane and
sevoflurane, have been recommended as more
humane alternatives to induce unconsciousness
before the use of CO2. Critics of the replacement of
CO2 by these alternatives have argued that they are
also aversive, and thus their use would not represent
an improvement. While fluorinated hydrocarbon
anaesthetics become more aversive upon re-expo-
sure, the available evidence suggests that they are
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significantly less aversive — indeed, in most cases
non-aversive — in naïve animals (70, 85, 86).
Physiological evidence in mice, hamsters and the
majority of rats suggested that CO2 exposure
induces a significant rise in the plasma levels of the
stress hormones epinephrine and norepinephrine,
but that plasma levels of these stress hormones were
significantly lower when animals were exposed to
isoflurane and sevoflurane (71). Additionally,
Chisholm et al. (87) found that rats exposed to CO2,
but not to isoflurane, showed increased vocalisation,
likely due not only to distress, but also due to pain. 

There has been uncertainty about the indicator
that should be used to ensure loss of consciousness.
Moody and colleagues demonstrated that recum-
bency and absence of movement do not indicate the
plane of anaesthesia necessary to not feel noxious
stimuli (88). A study that used loss of movement as
a proxy for loss of consciousness, found that a return
of movement was observed in animals exposed to
100% CO2 (89). Thus, loss of movement is not a reli-
able indicator to evaluate the approp riateness of this
killing method, as pain or distress experienced by
the seemingly unconscious animal can be missed
(59). The loss of righting reflex (LORR) appears to be
a more reliable indicator for loss of consciousness to
a level where noxious stimuli are not felt (59, 90).
However, another study has suggested that the
researcher should wait about 40 seconds beyond
LORR, before switching to 100% CO2 (88).
Bradycardia in rats was identified as sign of irrita-
tion and pain (76, 91, 92). A recent study found that
bradycardia was present in rats prior to LORR, indi-
cating that the animals did experience pain prior to
loss of consciousness (59).

Considering the large and ever-growing body of
evidence on the effects of CO2, it should have
already been excluded from use in conscious ani-
mals by the time the proposals were submitted in
2010. In 2010, the Canadian Council on Animal
Care rated the use of CO2 as conditionally accept-
able, and recommended the use of inhalant anaes-
thetics prior to killing with this agent (25).
However, this is still not properly reflected in the
relevant legislation. During the drafting process of
Directive 2010/63/EU, back in 2005, the expert
panel on Animal Health and Welfare (AHAW) of
the European Food Safety Authority (EFSA) dis-
cussed CO2 use extensively and concluded that it
was not to be used as a sole agent to kill rodents
(50). Nonetheless, the expert panel’s evidence-
based opinion was not fully taken into considera-
tion in the new Directive (19).

Despite the evidence that CO2 use is inhumane,
it is still likely to be the most widely used agent to
kill laboratory rodents. A possible explanation is
that CO2 is inexpensive, poses minimal risks to
personnel, can be used to kill animals in groups,
and does not involve the manual act of killing,
which can be distressing for the staff. However,

since welfare concerns should be given priority, we
submit that competent authorities rigorously scru-
tinise the scientific justification of continued CO2
use and permit it only when a plausible scientific
justification is given.

Conclusions

In Germany, and at least since the transposition of
Dir ective 2010/63/EU also elsewhere in the EU, it
is a legal requirement that all refinement methods
to be used in a study are included in the research
proposals. In this retrospective review of research
proposals, we detected an overall lack of planned
use of refinement methods. We propose that this is
a strong indicator of the lack of actual use of refine-
ment methods in practice, rather than their use
being under-reported in animal-based research
publications (as is often suggested). Further more,
this is likely to be a large-scale issue, not just
restricted to Germany. We assume that the omis-
sion of refinements from the proposals represents
either a lack of knowledge of what can be achiev-
ably implemented, or a lack of understanding of
the importance of refinements to both animal wel-
fare and the quality of the scientific data obtained.

To the best of our knowledge, our study is the first
to review the refinement methods mentioned in
research proposals. Thus, it would be interesting to
perform a similar study to assess whether the situa-
tion has changed since 2010. The study could also
usefully be expanded to include other countries. 

The European Directive 2010/63/EU now stipu-
lates retrospective assessments of certain animal
studies (19), which should help to identify deficien-
cies and omissions in the application of the Three
Rs. However, this task has been allotted to the
competent authorities, which were already under-
resourced before this new responsibility was added
(July 2016, personal communication with Dr
Heidemarie Ratsch, head of the competent author-
ity in Berlin from 1996–2016). Hence, a feasible
solution could be to outsource these crucial reviews
to independent committees comprised of experts,
not only in the application of the Three Rs, but also
in their respective field of research. Publication of
the outcomes of such reviews would enable lessons
to be learned and more effective implementation of
the Three Rs in the future. 
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1 Introduction

[R]efĳinement is never enough, and we should always seek further for 
 reduction and if possible replacement.

russell and burch, 1959, Chapter 4

Russell and Burch introduced the principles of replacement, reduction, and 
refĳinement of animal experimentation in 1959 in their groundbreaking book, 
The Principles of Humane Experimental Technique, to eradicate inhumanity to-
wards non-human animals (hereinafter referred to as animals). They utilized 
the term inhumanity to indicate negative mental states experienced by animals 
used in research and the procedures that cause such mental states. Their goal 
was to avoid the use of animals wherever possible and to improve signifĳicantly 
the treatment of the animals still deemed indispensable, while improving the 
quality of scientifĳic and medical research and testing (Russell and Burch, 1959). 
Since the 1990s, the 3Rs have slowly gained more acceptance within the animal 
research community. They have been recognized by organizations such as the 
Council of Europe (1986) and the World Organisation for Animal Health (2018), 
and they have been implemented in law in several countries, for example in 
Germany and in the UK (Herrmann, Köpernik and Biedermann, 2009; Zurlo, 
Rudacille and Goldberg, 1996).

Today, the principles are not only embedded in legislation in the  European 
Union (EU) but around the world (Bayne et al., 2015). In the EU, Directive 
2010/63/EU on the protection of animals used for scientifĳic purposes came 
into efffect in 2013, thereby requiring all EU Member States to implement the 
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3Rs fully. The EU Directive is more far- reaching compared to other legislation 
since it promotes a strong shift away from animal experimentation, with its 
goal being “full replacement of procedures on live animals for scientifĳic and 
educational purposes as soon as it is scientifĳically possible” (European Parlia-
ment, 2010, Recital 10). Furthermore, the EU Directive mandates that replace-
ment should be the fĳirst priority, followed by reduction and then refĳinement 
to be implemented if animal use is deemed absolutely unavoidable (European 
Parliament, 2010, Recital 11). Russell and Burch (1959, Chapter 7) proposed the 
following hierarchy: “Suppose, for a particular purpose, we cannot use replac-
ing techniques. Suppose it is agreed that we shall be using every device of 
theory and practice to reduce to a minimum the number of animals we have 
to employ. It is at this point that refĳinement starts, and its object is simply to 
reduce to an absolute minimum the amount of distress imposed on those ani-
mals that are still used.”

As a result of the incorporation of the 3Rs into legislation, which has mainly 
been driven by ever-increasing societal concerns (cf. Clemence and Leaman, 
2016; European Citizens’ Initiative, 2016; Jones, 2017; Pew Research Center, 
2015, 2018), it would seem reasonable to expect changes within the research 
 industry, particularly replacement of animals with non-animal  models. How-
ever, the cumulative efffect of any such replacements has not prevented the 
overall number of animals used from steadily increasing  since the 2000s (Euro-
pean Commission, 2013; Taylor et al., 2008; Taylor and Rego, 2016). When look-
ing at the 3Rs and their impact, it seems that refĳinement, the R of ultima ratio, 
is receiving the most attention by the laboratory animal science  community 
(AALAS, n.d.; FELASA., 2016), especially in basic and applied research where 
the majority of animals are utilized (in the EU, 65% of animals; cf. Daneshian  
et al., 2015). A survey conducted with participants of laboratory animal science 
training courses in four European countries found that refĳinement was seen as 
more feasible and more pressing than replacement and reduction of animal 
use (Franco, Sandøe and Olsson, 2018).

Due to this focus, the chapter starts by exploring the application of several 
refĳinement methods in practice, commencing with current housing and hus-
bandry standards and a discussion about the benefĳits of a “culture of care”, 
followed by assessing important experimental refĳinements. To further as-
sess the quality of animal-based research, it reviews necessary refĳinements 
in planning, conduct, and reporting practices of animal studies. The chap-
ter then moves on to look at feasible ways to reduce and replace animal use 
by, fĳirst discussing tools to appraise animal studies whose application could 
lead to a signifĳicant reduction of animal experiments and thus numbers of 
animals used. It subsequently reflects on what the scientifĳic community has 
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been doing to move towards  replacement of animals in research, testing, and 
education. Finally, the chapter concludes with recommendations for steps to 
be taken to work towards using non-animal, human-relevant approaches to 
biomedical research and testing aimed to protecting human health.

2 Refĳinement of Animal Housing and Husbandry

Husbandry is a factor for contingent inhumanity in all types of experiment.
russell and burch, 1959, Chapter 4

Animals used in research, testing, and education spend their lives in a captive en-
vironment that is very diffferent from their natural environment. Refĳined housing 
gives animals the opportunity to cope with some of the  stressors imposed by life 
in the laboratory (Mason, 2006). Improving their living conditions by trying to 
meet some of the animals’ basic behavioral needs is called environmental refĳine-

ment or environmental enrichment (EE). Krech, Rosenzweig and Bennett (1960) 
were the fĳirst to report biochemical changes in the brains of rats kept in a com-
plex housing environment and augmented with daily exposure to novel items in 
an open fĳield. They coined the term EE when describing this paradigm (Benefĳiel, 
Dong and Greenough, 2005). Environmental Enrichment is defĳined as “[a]ny 
modifĳication in the environment of captive animals that seeks to enhance the 
physical and psychological well-being of the animals by providing stimuli which 
meet the animals’ species-specifĳic needs” (Baumans and van Loo, 2013). It  in-
cludes complex social and inanimate object stimulation (Rosenzweig, 1966). Its  
positive behavioral efffects were fĳirst described in rats by Hebb in 1947, who 
kept them as companion animals in his home. He observed that the rats living 
in a more complex, stimulating environment learned better and more quickly 
(Hebb, 1947). In addition to enhancing cognition, EE also promotes neuronal 
activation, signaling and plasticity in a number of brain regions (Nithiananth-
arajah and Hannan, 2006). In the beginning, research on EE was conducted pri-
marily to assess changes in behavior and brain development. With the increased 
concern for animal welfare and the establishment of animal welfare science as a 
specifĳic discipline, has EE been applied to improve the animals’ daily lives.

Aside from being driven by animal welfare and health concern, many ee-
related research projects have also assessed the influence of poor housing con-
ditions on research data. Garner (2005), van Praag, Kempermann and Gage 
(2000), and Würbel (2001, 2007), among others, demonstrated that life in bar-
ren cages leads to abnormal brain development and to physiological and be-
havioral  malfunction. Standard non- to little-enriched cages can cause a variety 
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of abnormal behaviors, such as stereotypies (abnormal repetitive behaviour 
patterns) (see e.g., Würbel and Staufffacher, 1994, 1996; Würbel, Staufffacher and 
Holst, 1996) and inactivity while awake, observed for example in rhesus mon-
keys ( Hennessy et al., 2014) and mice. Inactivity appears to be an alternative to 
stereotypic behavior and indicates a depression-like state (Fureix et al., 2016).

Nonetheless, for a period of time, a number of laboratory animal scientists 
strongly believed that standardizing the animals’ environment—by housing 
animals in barren cages—was essential to control environmental variables 
(e.g., Bayne, 2005; Eskola et al., 1999; Gärtner, 1999; Tsai et al., 2002, 2003, 2006). 
The assumption was that standardization was crucial to minimize both varia-
tion in the data and the risk of obtaining conflicting results in replicate stud-
ies. Many laboratory animal scientists were concerned that implementing EE 
would add undesirable variation to their responses to experimental treatments 
(e.g., Bayne, 2005; Eskola et al., 1999; Gärtner, 1999; Tsai et al., 2002, 2003, 2006). 
However, eight mouse strains kept under such uniform, standardized condi-
tions, and tested on highly standardized behavioral tests in diffferent labora-
tories, showed signifĳicant laboratory dependent variations (Crabbe, Wahlsten 
and Dudek, 1999). Since then, studies by Augustsson et al. (2003), van de Weerd 
et al. (2002), Wolfer et al. (2004), and Würbel (2007) have demonstrated that 
housing conditions can be enriched without increasing variability in experi-
mental results. Additional experiments using mice confĳirmed earlier research 
fĳindings that basic environmental enrichments (shelters and nesting mate-
rial) can be used without compromising the research data (André et al., 2018).  
Furthermore, this study showed that data from mice who had access to shel-
ters and nesting material is comparable to previous data collected under bar-
ren housing conditions, consistent with earlier fĳindings (see Augustsson et al., 
2003). The authors concluded that the influence of enrichment on research 
outcomes was trivial, and that nesting material and shelters could be used with-
out negative impact on study outcomes or loss of comparability to previous  
data obtained from animals living in impoverished cages. (André et al., 2018). 

In the future, rather than using more animals in new experiments on this top-
ic, a systematic review (SR) could be undertaken to provide an overview of the 
accessible evidence and new knowledge without further animal use. It would 
also point out knowledge gaps and assess the quality and validity of the conduct-
ed animal studies (for more on SRs of animal experimentation, see e.g., System-
atic Review Center for Laboratory Animal Experimentation, syrcle, n.d. a).

This so-called standardization fallacy (Würbel, 2000), the belief that ho-
mogenization of study populations (using the same strain, age, sex, weight, 
housing conditions, etc.) is an essential part of good experimental design, ap-
pears to be one driver for the irreproducibility of results and for the lack of 
external validity (Bailoo, Reichlin and Würbel, 2014). External validity is the 
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extent to which experimental results can be used as a basis for generalizations 
to other human and non-human animal populations in other environmental 
conditions (van der Worp et al., 2010). This is why authors, including Richter, 
Garner and Würbel (2009), Richter et al. (2010), Würbel (2000), and Würbel and 
Garner (2007), promote systematic environmental heterogenization, which is 
a “controlled and systematic variation of the properties of any given animal (or 
animal population) and its environment within a single experiment” (Rich-
ter, 2017, p. 344). Voelk et al. (2018) compared 440 single- and multi-laboratory 
preclincial animal studies that had used the same overall number of animals. 
They compared efffect size estimates and found that the studies conducted in 
one laboratory only, in most cases did not predict efffect size correctly, where-
as multi-laboratory studies generated more consistent and accurate results. 
Within-study standardization was identifĳied as a major cause of poor repro-
ducibility. Thus, Voelk et al. (2018) advocate for multi-laboratory design with 
no increase of overall number of animals being necessary to enhance repro-
ducibility and, potentially, external validity. 

EE combined with systematic heterogenization contributes to improved 
quality of animal experiments ( Richter,  Garner and  Würbel, 2009; Richter  
et al., 2010; Würbel, 2000; Würbel and Garner, 2007), whereas failure to provide 
animals with living conditions that meet their species-specifĳic needs jeopar-
dizes both their welfare and experimental validity (e.g., Bailey, 2018; Balcombe, 
2010; Bayne and Würbel, 2014;  Garner, 2005; Messmer et al., 2014; Olsson et al., 
2003; Poole, 1997; Sherwin, 2004; Würbel, 2001, 2007; Würbel and Garner, 2007).

2.1 Examples of Environmental Refĳinement

An example of an extensively researched refĳinement method is providing mice 
with various types and sufffĳicient amounts of nesting material to build nests, 
creating a microclimate needed for breeding and for preventing cold stress 
(Gaskill et al., 2009, 2012; Gaskill and Garner, 2014; Hess et al., 2008). The ther-
moneutral zone of mice lies between 26°C and 34°C (Gordon, 1993); and stan-
dard temperatures in animal vivariums range between 20°C and 24°C. During 
their inactive phase, mice prefer temperatures of 30°C–32°C (Gordon, 2012). 
A proper nest is, therefore, essential for reducing cold stress, which not only 
compromises animal well-being but also scientifĳic data (Gaskill et al., 2009; 
Karp, 2012; Messmer et al., 2014). Gaskill et al. (2013) additionally demonstrate 
its negative efffect on breeding performance. Nest building is a species-specifĳic 
behavior of mice, the absence of which can be used as an indicator of illness 
(Gaskill and Pritchett-Corning, 2016). Another example involves gerbils, who 
have a high motivation to dig, since they naturally build and live in burrows. 
In standard laboratory conditions, where there is not enough substrate to dig 
tunnels, gerbils show stereotypic digging behavior (Wiedenmayer, 1997). One 
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solution, based on research conducted by Waiblinger and König (2004), is a 
nesting box with an attached tunnel. The artifĳicial burrow system seems to 
help reduce stereotypic digging behavior.

Jirkhof (2015) found that housing conditions that meet the needs of mice 
help them recover better and faster from experimental procedures. The influ-
ence of environment on diseases, such as cancer, has also been demonstrated; 
for example, by Cao et al. (2010). In colon cancer and melanoma research, 
mice living in an enriched environment showed reduced tumor growth and 
increased remission compared to those living in a non-enriched environment 
(Cao et al., 2010). Rabbits who received special positive attention from their 
care givers showed a markedly increased resistance to the development of 
atherosclerosis compared to rabbits who received no extra attention (Nerem, 
Levensque and Cornhill, 1980).

2.2 Discussion on Environmental Refĳinement

It has been established that animals in a monotonous environment fre-
quently display abnormal behaviors, such as stereotypies (Garner, 2005; Gar-
ner and Mason, 2002; Gross et al., 2012; Howerton, Garner and Mench, 2008; 
Würbel and Staufffacher, 1994, 1996; Würbel, Staufffacher and Holst, 1996). 
Furthermore, research has demonstrated the importance of environmen-
tal refĳinement, not only for animal welfare and for decreasing the negative 
health efffects of life in captivity, but for its benefĳits for research outcomes  
in terms of their reliability, replicability, and validity (e.g., Abou-Ismail and 
Mahboub, 2011; Garner, 2005; Weed and Raber, 2005).

Due, at least in part, to enforcement of animal protection laws, housing 
conditions for laboratory animals have improved over the past decade. In the 
EU, the Commission Recommendation of 18 June 2007 on guidelines for the 
accommodation and care of animals used for experimental and other scien-
tifĳic purposes (Commission of the European Communities, 2007)—which was 
later largely adopted by Directive 2010/63/EU (European Parliament, 2010,  
Annex iii)—helped to enhance the captive environment of laboratory ani-
mals. However, exceptions to these minimum requirements may be demanded 
by researchers for certain experiments. Examples include housing social spe-
cies, such as rats, pigs, or non- human primates, individually and away from 
their social groups; or not  providing rodents with sufffĳicient nesting material 
and shelters, to allow easier and quicker monitoring. Yet, in most cases, a solu-
tion that considers the animals’ well-being and does not further compromise 
their welfare could probably be found.

Moreover, it should be noted that the term most frequently used when talk-
ing about an improved living environment, environmental enrichment, can 
be misleading, since it suggests that the standard cage conditions should be  
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considered normal or species-typical. However, captive conditions have little in 
common with the natural habitat of every single species used in research. For 
example, Lahvis (2017) points out that the floor area in a standard mouse cage 
is 280,000-times smaller than the animal’s natural home range. For rhesus ma-
caques, he calculated it is 7 million-fold smaller. Along with the diffference in the 
size of the animals’ habitats, the stimulation provided in laboratories is also dif-
ferent from what animals encounter in their natural environments. Burghardt 
(1996) argues that it would be more accurate to use the term controlled depriva-

tion, since all captive environments deprive animals of some natural stimuli. 
He points out that these restrictions have various, and oftentimes unpredict-
able, consequences for the welfare of captive animals (Burghardt, 1996, 1999). 
In fact, a study by Gross et al. (2012) showed that around 12% of mice who lived  
in enriched cages which contained nesting material, a shelter and a climbing 
structure, still revealed stereotypic behavior. Moreover, evidence indicates that 
when stereotypies are not observed, a potential reason could be that they are 
only displayed when nobody is watching, e.g., in the nocturnal phase (Wells, 
2017); or, since highly stereotypic animals seem to cope better than their  
identically-treated conspecifĳics, non-stereotypic animals present an even 
more abnormal, depression-like state as an alternative to stereotypic behavior 
(Mason, 2006). It has been shown that sustained, uncontrolled stress can, at 
least in some mouse strains, foster learned  helplessness (Cabib, 2006).

2.3 Challenges in the Implementation of Refĳined Housing

The enforcement of animal protection laws has contributed to somewhat 
improved housing conditions for laboratory animals over the past decade. 
However, despite the mounting evidence of welfare and scientifĳic problems 
 associated with standardized housing, the implementation of animal hus-
bandry knowledge in laboratories has in the author’s experience been a major 
and elusive challenge.

It is increasingly recognized that experimental animals experience serious 
and repeated stress and distress, caused by life in the laboratory. Besides being 
a welfare concern, there are multiple factors that adversely afffect the animal’s 
biological systems and thus the data collected from these animals (Bailey, 
2018). Examples for stressors and thus potential influences on data, besides 
the confĳinement itself, include  ultrasonic noises (Baldwin, Primeau and John-
son, 2006; Turner et al., 2005), bedding material and cage cleaning (Burn et al., 
2006), handling, blood collection, and orogastric gavage (Balcombe, Barnard 
and Sandusky, 2004), and the experimenters (Chesler et al., 2002) and their sex 
(Baldwin, Primeau and Johnson, 2006; Sorge et al., 2014).

Numerous studies have shown that animals living in captive environments 
are generally abnormal and unhealthy, as such environments change their  
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behavior as well as immune, nervous, and endocrine functionality. Examples 
include their altered response to infection (Gurfein et al., 2014), altered immune 
response (Beura et al., 2016; Messmer et al., 2014), increased rates of obesity, 
Type ii diabetes, high blood pressure, and premature death (Martin et al., 2010), 
altered brain development (Bennett et al., 1964; Kempermann, Kuhn and Gage, 
1997; Lewis et al., 2006; Rosenzweig and Bennett, 1969; Rosenzweig et al., 1962), 
decreased strength and endurance (During et al., 2015), altered sleep, activity 
patterns, and blood pressure (Martire et al., 2012), altered growth rates (Serrat, 
King and  Lovejoy, 2008), altered organ development, metabolic, growth, and 
reproduction rates and behavior (Gordon, 2012), and enhanced tumor growth 
(Cao et al., 2010; Li et al., 2015). As such, untreated control animals do not repre-
sent healthy individuals, since they are metabolically abnormal (Martin et al., 
2010). To date, there are only a few studies comparing wild versus confĳined ani-
mals, but they all show immense biological diffferences in physiology, such as 
structure variation of the visual cortex among caged and free-roaming Norway 
rats (Campi et al., 2011), lower levels of cholesterol in wild versus captive animals 
(Schmidt et al., 2006), and immune system dissimilarities (Beura et al., 2016).

We must acknowledge that even if laboratory animal housing is enriched, it 
cannot be enriched to an extent that it has no negative efffect on the animal’s 
welfare (e.g., Burghardt, 1996; Gross et al., 2012). Well-being can only be achieved 
if the animal experiences positive welfare states, which require a responsive en-
vironment the animal can engage with. Studies show that animals prefer com-
plex environments and are motivated to work for them (Anselme, Robinson 
and Berridge, 2013; Sherwin et al., 2004). Current minimum legal requirements 
for animal housing in the European Union, laid out in Directive 2010/63/EU, 
are still insufffĳicient in meeting all needs of all animals; although they are held 
to be the most progressive in the world. As shown, problems of confĳinement 
are manifold. Animals’ lives in captivity are monotonous and, therefore, lead 
to boredom (Burn, 2017; Meagher and Mason, 2012), learned helplessness and 
depression (Cabib, 2006; Špinka and Wemelsfelder, 2011), and abnormal behav-
iors. The efffects pose serious welfare concerns and raise concerns about the 
validity and translatability of data obtained from these unhealthy individuals.

2.4 Potential Improvements

In assuming an ethical responsibility to improve the lives of captive animals 
(Gruen, 2014), the goal of husbandry refĳinement should be not only to reduce 
stressors but to promote well-being. It is apparent that current housing con-
ditions do not achieve that. One step towards improving animal housing is  
to provide cages that allow for more natural behaviors. Makowska and Weary  
(2016a) investigated the frequency of burrowing, climbing, and standing  
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upright of rats held in pairs in standard (behaviorally restrictive) laboratory 
cages in comparison with rats in cages allowing these behaviors (larger cages 
with lower floors, fĳilled with moist soil, holding fĳive rats per cage) over a period 
of 13 months. Although climbing bouts decreased with age, standing upright 
and especially burrowing were still frequent behaviors in older rats. Stretching 
is a corrective response to stifffness caused by immobility or positional stress 
(Bertolucci, 2011). Makowska and Weary (2016a) found that standard-housed 
rats performed 9 times more lateral stretches than rats housed in the semi-
naturalistic environment. The authors proposed that standard-housed rats 
were stretching frequently in an attempt to alleviate stifffness from low mobil-
ity associated with standard housing. Improved welfare of the rats housed in 
the semi-naturalistic cages was observed in an anticipatory behavior test that 
assessed diffferences in reward sensitivity performed when the rats were 19 and 
21 months old (Makowska and Weary, 2016b).

From the animals’ perspective, an even better approach would be the radi-
cal solution for housing refĳinement proposed by Lahvis (2017). Lahvis suggests 
that research animals should live in the wild or at least roam freely in a large, 
captive environment under naturalistic conditions. He is confĳident that with 
available technologies (e.g., cameras, transponders, magnetometers, pressure 
sensors, global positioning systems), this novel approach could be accom-
plished for many experiments. Lahvis (2017) advises that biomedical research-
ers should work together with behavioral ecologists to develop sufffĳiciently 
complex environments in order to ensure that test subjects produce scientifĳic 
data not influenced by husbandry.

3 A “Culture of Care” for Animals as Refĳinement

The term culture of care has frequently been referred to by members of the 
laboratory animal science community to demonstrate “a commitment to 
improving animal welfare, scientifĳic quality, care of the stafff and transpar-
ency for the stakeholders.” (Norecopa, 2016a). For instance, a working docu-
ment on the development of a common education and training framework 
to fulfĳill Directive 2010/63/EU requirements mentions the culture of care 
numerous times (National Competent Authorities for the implementation 
of Directive 2010/63/EU on the protection of animals used for scientifĳic pur-
poses, 2014). Individuals responsible for the welfare of animals should estab-
lish and maintain high standards to champion a culture of care among both 
husbandry and scientifĳic stafff (European Commission, 2014). Entire sessions 
at conferences have been dedicated to this topic, including sessions at the  
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European Society for Alternatives to Animal Testing (eusaat) Congress in 
2015 (eusaat, 2015) and at the 10th European World Congress on Alternatives 
and Animal Use in the Life Sciences in Seattle in 2017 (von Aulock, 2017).

Reinhardt (2003, p. 123) identifĳies compassion for laboratory animals as a 
refĳinement: “Kindness and concern for animals in the laboratory often have 
been stigmatized as subjective, emotional qualities that can undermine the 
‘objectivity’ of biomedical and psychological research.” However, since there 
is evidence that the human-animal bond helps animals to cope with stressful 
situations in the laboratory (Wolfle, 1987), compassion for laboratory animals 
should not be dismissed as emotional and subjective but as a sound meth-
odological base for scientifĳically valid animal-based research (see Mahoney, 
1992; Reinhardt, 2003). Compassion implies an acute awareness of an animal’s 
state of emotional, behavioral, and physical well-being and the urge to provide 
them with the conditions essential for optimal well-being (Reinhardt, 2003). 
 According to Herzog, “there is every reason to believe that individuals who 
care about their wards on a personal level actually treat the animals better.” 
(2002, p. 30). Morton highlights that, ideally, the stafff assessing pain in ani-
mals should have an empathetic attitude toward them (Morton, 2000). Such 
a mindset can also be seen as a protection mechanism to control unrelated, 
potentially data-influencing, variables (Reinhardt, 2003). Brown (2014) states, 
“Although there are laws and regulations that govern working with research 
animals, institutions involved in research, testing, and teaching using labora-
tory animals should strive to go beyond what is legally required and work to 
establish a ‘culture of care’ to ensure animals are treated with compassion and 
respect.” Brown highlights that this culture of care for animals not only ben-
efĳits animals but the quality of science as well.

3.1 From Theory to Practice

How far a culture of care is being implemented on an institutional level is 
unknown. Personal experiences of this author—as an inspector of animal 
 research institutions in Germany between 2007 and 2016 (Herrmann, 2013; 
Herrmann and Ratsch, 2010; Maurin, 2012)—revealed diffferences regarding 
the level of care for animals within the same institutions, with individual care 
givers acting more or less compassionately towards their animals. An institu-

tional culture of care agenda could not be identifĳied.
The European Commission (EC) (2014) recommends the implementa-

tion of such a culture, and other countries have taken steps, in this direction.  
For example, New Zealand’s National Animal Ethics Advisory Committee  
guide is called A Culture of Care: A Guide for People Working with Animals 

in Research, Testing, and Teaching (National Animal Ethics Advisory Com-
mittee, 2002). Several  pharmaceutical companies, such as Sanofĳi-Aventis  
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and Merck (Klein and Bayne, 2007), and commercial breeding companies 
(Brown, 2014) are reported to have established culture of care programs; how-
ever, no external review or assessment of these programs has been published.

3.2 Towards a Culture of Care and Compassion for Animals

There is potential for a positive impact of a culture of care on animal use and 
welfare. But how can we implement such a culture? Schuppli et al. (2017) used 
a new educational approach to test if exposure to socialized rats, who were 
trained to fulfĳill several tasks, fostered compassion among animal experiment-
ers. Six rats were trained using positive reinforcement techniques to, for ex-
ample, jump onto a scale, or to lift objects. Participants observed these rats 
and engaged with handling them. After the class, researchers (17) discussed 
their feelings and reactions. Main fĳindings included that all participants were 
impressed by the rats’ abilities and the close relationship with their trainers. 
They assumed that this positive animal-human interaction decreased stress in 
the rats. However, various views existed in regard to potential efffects on data. 
The experimenters expressed unease about emotional difffĳiculties in “sacri-
fĳicing” their experimental animals after having bonded with them (Schuppli  
et al., 2017). This highlights one of the major obstacles: When animal 
 researchers develop compassion for their research subjects, they face moral 
difffĳiculties (see Birke, Arluke and Michael, 2007; Gluck, 2016) and moral harms 
(see  Chapter 13 in this Volume, Johnson and Smajdor, 2019) just as animal care-
takers and technicians do. However, this could be an important starting point 
in moving towards a culture of compassion for all animals which could con-
tribute to their replacement effforts. 

4 Refĳinement of Experimental Procedures

There are several essential refĳinement methods to reduce the pain, distress, 
anxiety, and sufffering inflicted during the course of experimenting on the ani-
mals. Handling and restraint techniques are a source of potential distress and  
anxiety (Balcombe, Barnard and Sandusky, 2004; Hurst and West, 2010;  
Meijer et al., 2006); and these techniques have been investigated in experimen-
tal studies on stress (Johnson, Sharp and Miller, 2000). To avoid negative ef-
fects on behavior, tail handling of mice should be replaced by using tunnels 
or cupping mice in the open hand (Gouveia and Hurst, 2013). These and other 
 non-aversive handling practices should be implemented industry-wide, since 
they have been shown to reduce anxiety (Hurst and West, 2010) and optimize  
the performance of mice in behavioral tests (Gouveia and Hurst, 2017). A  recent 
study by Clarkson et al. (2018) concluded that particular handling methods can 
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not only cause anxiety, but they can also alter the hedonic value of reward. 
Tail-handled mice demonstrated a decreased responsiveness to reward and, 
potentially, a more depressive-like state compared to tunnel handled conspe-
cifĳics (Clarkson et al., 2018).

For surgical procedures, basic experimental refĳinements include: proper 
acclimatization of the animals to the room where anesthesia will be induced 
(Flecknell, 2018a); optimal anesthesia, peri- and postoperative analgesia; and 
adequate postoperative monitoring and care, including pain management 
(Flecknell, 2016; Herrmann and Flecknell, 2018a). The application of humane 
endpoints also prevents needless sufffering. A humane endpoint (or “less- 
inhumane endpoint,” see Balls, 1999, p. 1) represents “[t]he earliest  indicator in 
an animal experiment of (potential) pain and/or distress that, within its scien- 
tifĳic context and moral acceptability, can be used to avoid or limit adverse 
 efffects by taking actions, such as humane killing, terminating the study, or al-
leviating the pain and distress.” (Hendriksen, Morton and Cussler, 2011, p. 344). 

The way an animal is killed is another subject for refĳinement. Animal care 
policies in many countries stipulate that death must be painless, and fear and 
anxiety should be minimized (e.g., Charbonneau et al., 2010; European Parlia-
ment, 2010). Less inhumane killing comprises the use of the least distressing 
and least painful methods that cause rapid loss of consciousness and subse-
quent death (see e.g., Leary et al., 2013).

The application of our steadily increasing knowledge on experimental re-
fĳinements should benefĳit the over 115 million animals who are used annually in 
research, testing, and education around the world (Knight, 2008; Taylor et al., 
2008). However, this benefĳit cannot be achieved unless the knowledge is trans-
lated into practice. In cases where research workers plan to use, for example, 
less than optimal anesthesia or analgesia protocols, or do not provide other 
standard veterinary practices, they need to scientifĳically justify this and dem-
onstrate that the anticipated benefĳits of the experiments still outweigh the 
harms inflicted upon the animals (Herrmann and Flecknell, 2018b). Due to the 
multitude of available means, solutions can be found, in most cases, that help 
prevent needless animal sufffering (Herrmann and Flecknell, 2018a).

4.1 The Use of Experimental Refĳinements in Practice

Several structured and systematic literature reviews have given some insight 
on certain experimental refĳinements, notably, killing methods (Pound and  
Nicol, 2018; Uhlig et al., 2015) and the use of anesthetics and analgesics (Ber-
trand, Sandersen and Flecknell, 2018; Carbone and Austin, 2016; Coulter, Fleck-
nell and Richardson 2009; Coulter et al., 2011; Pound and Nicol, 2018; Richardson, 
and Flecknell, 2005; Stokes, Flecknell and Richardson, 2009; Uhlig et al., 2015). 
For example, animal research involving surgical procedures carried out on  
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diverse species and published in peer-reviewed journals has been analyzed 
with regard to analgesic and anesthetic administration (Coulter et al., 2011; 
Coulter, Flecknell and Richardson, 2009; Richardson and Flecknell, 2005). 
Stokes, Flecknell and Richardson (2009) focused on studies conducted in two 
time periods (2000–2001 and 2005–2006), assessing trends in the administra-
tion of analgesics and anesthetics to laboratory mice and rats undergoing sur-
gical procedures. The study showed a trend of improvement in terms of safer 
anesthetic regimens used in the later period examined; however, the fĳindings 
of this study and an earlier review assessing analgesic use in rodents (Richard-
son and Flecknell, 2005) show that there was still signifĳicant scope for refĳine-
ment, especially with respect to perioperative care.

A systematic review of anesthesia, analgesia and euthanasia methods used 
in anesthesiology, respiratory and critical care research in top-10 impact fac-
tor ranked journals journals pointed to insufffĳicient reporting of experimental 
studies with small laboratory mammals. Despite the poor reporting, the review 
found shortcomings in the application of refĳinement (Uhlig et al., 2015). An-
other recent attempt to assess trends in pain management, this time in papers 
published before 2011 and from 2014 to 2015, further confĳirmed that reporting 
(and probably the use) of experimental refĳinement methods is still poor (Car-
bone and Austin, 2016). The review demonstrated that scientifĳic publications 
still cannot be relied upon to present a detailed description of analgesia and 
anesthesia protocols, not to mention other experimental refĳinements.

Another approach employed by the author of this chapter, with Flecknell 
(2018 a, b, c), was to retrospectively review proposals for authorization of basic 
and applied animal research studies to learn which experimental refĳinements 
were proposed. Over 500 applications submitted to the German competent 
authorities in 2010 were reviewed. German law stipulates that all possible re-
fĳinements that are planned in an animal study are described in detail in its pro-
posal. The review’s goal was to evaluate the intended application of and, thus, 
the awareness about possible refĳinements. Among other results, postoperative 
analgesia was not proposed for 30% of surgeries; and, in the majority of cases, 
its scientifĳic necessity was not further discussed. Following 10% of procedures, 
animals were to be given pain relieving medication only if the investigators 
decided that it was necessary; however, structured assessments to detect pain 
were absent (Herrmann and Flecknell, 2018a).

4.2 Discussion on Refĳinement of Experimental Procedures

Structured and systematic literature reviews and the work of this author found 
strong indications for flaws in the administration of experimental refĳinement. 
Refĳinement methods need to be fully employed in order to minimize stressors 
that can lead to distress, such as sufffering from postoperative pain, or living 
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in a barren cage. The biological consequences of stress and distress compro-
mise rigor, reliability, and relevance of data collected from these animals (see 
Bailey, 2018 for a review on how stress of laboratory life and experimentation 
can adversely afffect research data). Animal researchers are responsible for the 
animals they use (National Health and Medical Research Council, 2013). Thus, 
they and their animal care stafff should know enough about animal behavior 
to properly assess the health and well-being of their test subjects. In the Eu-
ropean Union, they are legally required to be skilled, educated, and equipped 
to detect and relieve sufffering accordingly (European Parliament, 2010,  
Article 24).

There are several challenging areas of refĳined care and use that should be 
 addressed. For example, there is a need for automated, remote, 24/7 cage-side 
monitoring to identify abnormal behavior, which is especially important when 
 assessing the welfare of genetically modifĳied animals, as well as for prey spe-
cies who tend to mask their medical condition or psychological state. Addi-
tionally, there is a need for further development and implementation of valid 
pain-assessment techniques to determine the efffĳicacy of treatment in the in-
dividual animal due to individual variations in pain response. While there is 
necessity for further research into certain areas of experimental refĳinement, it 
is essential that we apply the knowledge we already have, so that immediate 
improvements in animal welfare can be achieved.

5 Refĳinement of Experimental Design, Conduct, and Reporting

There have been quality problems throughout medical and biomedical re-
search (Begley and Ellis, 2012; Harris, 2017; Pound and Bracken, 2014; Prinz, 
Schlange and Asadullah, 2011). “The scandal of poor medical research” with hu-
man subjects was discussed in a British Medical Journal (bmj) editorial in 1994 
( Altman, 1994). A biostatistician took a prominent stance against the unethical 
misuse of statistics (Altman, 1980). In a follow up 20 years later,  another bmj ed-
itorial called, “Medical research—still a scandal,” concluded that matters have 
become worse (Smith, 2014). It is apparent that the quality of in vivo research 
with animal and human subject demands urgent improvement. Weaknesses in 
design, conduct, and analysis of biomedical and public health research studies 
yield misleading results and, thus, waste resources (Ioannidis et al., 2014). Since 
legally-required animal data forms the basis of decisions to move forward to 
human clinical trials, flawed animal research is additionally problematic.

Aside from evidence that many animal experiments that are performed 
never get published (Scherer et al., 2018), a large part of what gets published is 
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incorrect (e.g., Harris, 2017; Ioannidis, 2005; Freedman, Cockburn and Simcoe, 
2015). Ioannidis (2005) argues that it is highly probable that most published 
fĳindings are indeed false. He drew his conclusion after conducting simulation 
studies and SRs. He calculated that, at best, only one in three publications took 
basic precautions to minimize bias (Ioannidis, 2005). Freedman, Cockburn 
and Simcoe (2015) estimated that more than 50% of all preclinical studies in 
the United States are unreliable, and that the fĳinancial damage of these irre-
producible preclinical studies is US$28 billion per year. Their analysis  revealed 
that about 20% of the studies had an untrustworthy experimental design, one 
quarter used media that contained contaminated cells and antibodies, and 
in 18% of studies the data analysis was poor. All of these issues have contrib-
uted to the so-called reproducibility crisis in animal research (e.g., Aarts et al., 
2015; Baker, 2016; Begley and Ioannidis, 2015; Bracken, 2009; Collins and Tabak, 
2014; Freedman, Cockbury and Simcoe, 2015; Ioannidis, 2005; Perel et al., 2007; 
Pound et al., 2004; Pound and Bracken, 2014; Reichlin, Vogt and Würbel, 2016; 
Scannel and Bosley, 2016; Würbel, 2016). A review of the literature by Bailoo, 
Reichlin and Würbel (2014) strongly suggests that experimental design and 
conduct of laboratory animal research are in need of improvement. A study 
by Vogt et al. (2016) revealed that animal researchers working in Switzerland 
do not apply basic principles of study design to avoid bias and do not properly 
report their study outcomes. They also found that neither the Swiss regulatory 
authority nor the international journals and their peer reviewers had adequate 
knowledge to recognize these flaws.

In an attempt to improve the quality of research reports, several checklists 
and guidelines have been put in place, such as Consolidated Standards of Re-
porting Trials (consort) and Standards for Reporting of Diagnostic Accuracy 
(stard) for human clinical trials, Preferred Reporting Items for Systematic 
reviews and Meta-Analyses (prisma) for SRs and meta-analyses, and Gold 
Standard Publication Checklist (gspc), Animal Research: Reporting of In Vivo 
Experiments (arrive) guidelines for animal research (Glasziou et al., 2014; 
Hooijmans, Leenaars and Ritskes-Hoitinga, 2010) and HARRP, the harmonized 
animal research reporting principles, which are a recent attempt by ICLAS 
( International Council for Laboratory Animal Science) in harmonizing animal 
research reporting to further improvements in the scientifĳic rigor of animal 
experiments (Osborne et al., 2018). The arrive guidelines (Kilkenny et al., 
2010) are the most widely known for reporting of animal-based experiments. 
These guidelines have recently been complemented by the Planning Research 
and Experimental Procedures on Animals: Recommendations for Excellence 
(prepare) guidelines, which help to ensure quality when preparing animal 
studies (Smith et al., 2017).
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The arrive guidelines were adopted by more than 1000 scientifĳic journals, 
and more than 20 funding agencies were expected to endorse them in 2010 
(Baker et al., 2014; Enserink, 2017). Two years later, Baker et al. (2014) assessed 
the degree to which they had been endorsed by reviewing journals, such as 
Nature and PloS, and found that there was little improvement. The knowl-
edge about and the use of reporting guidelines, such as the arrive guide-
lines, is still not widespread, as a study by Reichlin, Vogt and Würbel (2016) 
has shown. Reichlin et al. asked animal experimenters in Switzerland to com-
plete a questionnaire regarding their use of measures against risk of bias. Only 
16% responded. The arrive guidelines were known by less than half (43.7%). 
Furthermore, Carbone and Austin (2016) found no increase in reporting of an-
algesic use in the articles published in journals that had agreed to endorse the 
arrive guidelines. Results of a recent randomized controlled trial of close to 
1,700 scientists, who submitted papers to the scientifĳic journal PLoS One, sug-
gest that scientists are either ignoring the guidelines or are still unaware of 
their existence. Another fĳinding was that, even when an ARRIVE checklist was 
completed, the correlating papers were actually not more compliant, which 
may indicate that researchers do not know what is expected of them and why 
providing this information is crucial, emphasizing the importance of proper 
training (Enserink, 2017; Hair et al., 2018).

5.1 Sources of Bias in Animal-based Research

There is a large number of potential sources of bias in animal research. Not sur-
prisingly, most published animal studies have some risk of bias (Macleod et al., 
2015). Safeguards to avoid bias in study design, conduct, and analysis include 
randomization of treatment groups to eliminate systematic diffferences be-
tween them, blinding of investigator to treatment and to handling of data, and 
reporting on sample size estimation (Macleod, 2011). Analytical errors may ac-
count for close to a quarter of the irreproducible studies (Freedman, Cockburn 
and Simcoe, 2015); thus, knowledge about statistical methods is essential. Oth-
er suggested items for reporting include: a clear description of the hypotheses 
tested or primary and secondary objectives of the study, housing and husband-
ry, including welfare-related assessments and interventions, adverse events, 
and interpretation of results, taking into account the hypotheses/study objec-
tives (Kilkenny et al., 2010). Part of the reproducibility and translatability crisis 
is considered to be due to poor experimental design and conduct of animal 
experiments (Bailoo, Reichlin and Würbel, 2014; Ioannidis, 2005; Macleod, 2011; 
van der Worp, 2010; Würbel, 2016), including the influences of inappropriate  
animal housing (Lahvis, 2017) and handling (Gouveia and Hurst, 2017), insuf-
fĳicient pain relief (Carbone and Austin, 2016; Herrmann and Flecknell, 2018a), 
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as well as the absence of other refĳinements, such as careful monitoring, early 
humane endpoints, and less inhumane killing methods to reduce pain, sufffer-
ing, and distress (Herrmann and Flecknell, 2018b and 2018c). The other, and 
perhaps larger, part is due to insurmountable species diffferences (Pound and 
Bracken, 2014; Pound and Ritskes-Hoitinga, 2018), which Russell and Burch al-
ready discussed 60 years ago (1959, Chapter 5).

Another source of bias is selective reporting when publishing results of 
animal experiments (Briel et al., 2013; Ioannidis, 2012; Landis et al., 2012; Lees  
et al., 2012; Macleod et al., 2004; Pound and Bracken, 2014; Sena et al., 2010; 
Tsilidis et al., 2013; Würbel, 2016). One problem relates to negative fĳindings—
studies for which the original hypotheses were not proven. Some of these are 
not published at all, which has long been recognized as a source of publication 
bias. The second problem relates to studies that are reported incompletely. For 
example, only the parts that demonstrate that the treatment is efffective are 
reported, with whole experimental groups excluded from reporting. This is se-
lective outcome and analysis reporting bias (Ioannidis, 2012). These partially or 
unreported studies may be repeated by others and thus represent an unneces-
sary waste of animal lives. Incomplete reporting of published fĳindings makes it 
impossible to replicate studies (Begley and Ellis, 2012). Because negative fĳind-
ings are often not published (Scherer et al., 2018), the value of published fĳind-
ings is over-estimated, which, in part, could explain some of the difffĳiculties 
in translating promising preclinical results into efffective therapies for human 
disease (Bath et al., 2009; Mergenthaler and Meisel, 2012; Sena et al., 2010).

Yet another pitfall is researchers’ freedom of flexibility in data collection, 
analysis, and reporting, which dramatically increases false-positive rates in the 
literature and, therefore, contributes to misleading animal research data and 
overestimation of its signifĳicance. Regardless of the nominal endorsement of a 
maximum false-positive rate of 5% (p ≤.05), standards for disclosing details of 
data collected and analyzed make false positive results very likely  (Simmons, 
Nelson and Simonsohn, 2011). The authors describe this as p-hacking. Often-
times, an experimenter is more likely to fĳind evidence that an efffect exists 
falsely than to fĳind evidence that it does not correctly. This occurs because of 
the investigators’ degree of freedom with regard to the amount of data col-
lected and analyzed, the exclusion of certain observations made, the compari-
son or combination of conditions, the variables considered, and so forth. It 
is uncommon for researchers to make these decisions before undertaking ex-
periments. Their exploratory behavior is explained as ambiguity in how best 
to make these decisions and the desire to fĳind statistically signifĳicant results.

Confĳirmatory bias is another potential pitfall, since people tend to in-
terpret ambiguous information in such a way that it supports a justifĳiable  
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conclusion that matches their own aspirations (e.g., Dawson, Gilovich and Re-
gan, 2002). HARKing (i.e., Hypothesizing After the Results are Known) (Kerr, 
1998) is another common and problematic practice in science. Statistical tests 
to diffferentiate true efffects from random noise are designed for confĳirmatory 
research, not exploratory research. Thus, when researchers change their a prio-

ri hypotheses after obtaining their results, this leads to false conclusions.
An additional area that urgently needs refĳinement is transparency and data 

sharing to avoid publication bias and needless repetition of studies. Open-
ness is a cornerstone of science and could help in reducing the reproducibility 
problem science is facing (Errington et al., 2014; Harris, 2017; McNutt, 2014). It is  
essential to discover and correct errors. The Food and Drug Administration Mod-
ernization Act of 1997 (fdama) (Food and Drug Administration, 2018) requires 
scientists to register their hypotheses and endpoints in advance, if they plan to  
run a clinical trial on potential new pharmaceutical drugs (ClinicalTrials.gov). 
This new law went into efffect in 2000. It also requires pharmaceutical compa-
nies to publish their results, thus, avoiding publication bias. Despite the insuf-
fĳicient enforcement of the law, as many scientists still do not report the results 
of their studies (Harris, 2017), the  indispensability of such provisions is demon-
strated by the fĳindings of a study conducted by Kaplan and Irvin (2015). They 
assessed whether the fdama had any efffect on study outcomes. Before the law 
was in place, 57% of drugs or supplements showed benefĳits; after the law was 
in place, 8% of the studies published confĳirmed their preregistered hypotheses 
(Kaplan and Irvin, 2015). Such a prospective registration process is currently ex-
ceptional for animal-based studies, but it is unquestionably required in order 
to enhance transparency, reduce selective reporting bias, and prevent duplica-
tion. The Center for Open Science, a nonprofĳit where researchers can register 
their hypotheses a priori (https://cos.io) and Preclinical Trials, a platform for 
registration at the outset of all types of animal studies (www.preclinicaltrials.
eu), will hopefully improve the current situation. An additional measure to im-
prove transparency, and potentially reproducibility, is data sharing, which is a 
requirement for publication by some major journals but many researchers still 
refuse to share. By sharing data, errors can be discovered (e.g., Salzberg et al., 
2001). This is especially important in animal research, since it helps reduce the 
number of animals used and sheds light on the real value of animal derived data.

5.2 Necessary Steps

The improved quality of human clinical trials was achieved by strategies to 
minimize bias, a priori power analysis and further biostatistics, clear defĳini-
tion of the primary and secondary endpoints, data monitoring and auditing, 
internationalization and inclusion of multiple centers, external steering com-
mittees and safety monitoring, rigid publication standards, trial registries, and 
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more (Dirnagl and Fisher, 2012). The lessons learned from the improvement 
of human clinical trial quality should be adopted by preclinical (Dirnagl and 
Fisher, 2012) and all other biomedical research fĳields (Hartung, 2013), where 
relevant and with appropriate changes, since flawed research is unscientifĳic 
and unethical. The ethical issues with research involving animals become extra  
critical as needless animal sufffering must be avoided, and as preclinical animal 
data generally forms the basis for decisions whether to proceed to human clin-
ical trials. Thus, in order to adhere to the 3Rs, the following effforts are crucial:
– Education and ongoing training of researchers in experimental design, sta-

tistical methods, and model selection (Justice and Dhillon, 2016).
– Close assistance in study design by institutional animal welfare bodies and

by biostatisticians.
– As a possible solution for the problem of false positives making their way

into the literature, some researchers suggest the p-value threshold should
be reduced to 0.005 (Chawla, 2017). Others say researchers should select and 
justify p-value thresholds for their experiments, before collecting any data.
These levels should be based on factors such as the potential impact of a
discovery. These thresholds could then be evaluated via registered reports, a
type of scientifĳic article in which methods and proposed analyses are peer-
reviewed before any experiments are conducted (Chawla, 2017).

– Transparency must be improved as it is crucial to document all anticipated
or exploratory steps in the study. Prospective registration of all animal stud-
ies with their hypotheses and endpoints is essential to prevent selective-
reporting biases (Ioannidis, 2012) and avoid study duplications (Preclinical
Trials, n.d.).

– Disclosure and openness are critical elements of science for self- correction,
and they can help avoid poor practices, such as HARKing.

– The use of preparation and reporting guidelines, such as the prepare guide-
lines (Smith et al., 2017) combined with the arrive guidelines (Kilkenny
et al., 2010), should be a mandatory, legally required part of funding applica-
tions, project license applications, as well as publications. Education on how 
to fĳill out the checklists and present the required  information in the publica-
tion, as well as a focus on enforcement of  compliance to both by journals, is
critical (Eisen, Ganley and  MacCallum, 2014; Enserink, 2017; Hair et al., 2018;
Herrmann and Flecknell, 2018a).

– Raw data, analyses, and protocols must be made available to allow other
researchers to verify results. This can easily be achieved by using data re-
positories (e.g., https://datadryad.org or https://fĳigshare.com).

– Reporting of all study outcomes to avoid traditional reporting bias and
 selective outcome and analysis reporting bias should be mandatory (Ioan-
nidis, 2012).
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– Retrospective assessments of animal studies (see Ec Expert Working Group
for Project Evaluation and Retrospective Assessment, 2013, pp. 28–32)
should be performed comprehensively and by independent experts; and all
results should be published to enhance transparency, minimize publication
bias, identify animal models lacking external validity, and, thus, improve fu-
ture research.

– Mandatory data sharing so that other scientists can build on the work and
discover errors faster (cf. the error in the Human Genome Project discov-
ered by Salzberg et al., 2001). Data sharing should be compulsory, especially
when research is publicly funded.

It is equally important that funding and regulatory bodies, animal ethics com-
mittees, animal welfare bodies, journal editors, and peer reviewers have a de-
tailed knowledge of these topics in order to recognize flawed research studies. 
This requires efffective and thorough education and training of funders, animal 
ethics and welfare committees, and regulatory body members on how to assess 
animal research proposals (Vogt et al., 2016). Furthermore, in order to review 
these applications in-depth, enough time and manpower are a prerequisite.

6 Refĳinement: Are We Doing What We Can?

As presented in this chapter, knowledge about and implementation of refĳine-
ment of husbandry, experimental procedures and design, conduct, and report-
ing appears to still be patchy. Since adoption of refĳinement strategies has been 
inconsistent, it would seem that rather than use additional animals to carry 
out more refĳinement research, we should focus on the comprehensive applica-
tion of existing refĳinements in animal laboratories as well as on reducing and 
 replacing animals.

6.1 But What about the Refĳinement of Animal Models?

Animal models ought to describe a biological phenomenon that the model 
species has in common with the target species. Signifĳicance and validity, in 
terms of the translatability of results produced in an animal model to the hu-
man condition, “depend on the selection of a suitable animal model,” writes 
Hau (2008, p. 4), which is why comprehensive knowledge about comparative 
anatomy and physiology is essential. A majority of animal models developed 
with the expectation to study the origin, disposition, and treatment of hu-
man disorders and is created through experimental induction, genetic mod-
ifĳication, or breeding of disease-causing mutations (Hau, 2008, p. 4). These  
presumed predictive models are used to fĳind treatments or to assess the toxic-
ity of drugs and other chemicals (Hau, 2008). Hence, they cause conditions  
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associated with pain and distress up to severe, long-lasting sufffering for these 
animals. 

Some laboratory animal scientists focus on the refĳinement of animal mod-
els in an attempt to reduce  the sufffering caused. Examples for refĳinement rec-
ommendations of animal models include those described for mice and rats 
who are utilized as models of ischemic stroke ( Percie du Sert et al., 2017), for 
rheumatoid arthritis (Hawkins et al., 2015), in experimental autoimmune en-
cephalomyelitis (eae) (Wolfensohn et al., 2013a), as models and in procedures 
involving seizures, convulsions, and epilepsy (Lidster et al., 2016; Wolfensohn 
et al., 2013b), and as models of sepsis and septic shock (Lilley et al., 2015). If 
the gathering of such recommendations does not involve additional harmful 
animal experiments, and in case these guidelines are then applied in practice, 
they could lead to an improvement of the individual animal’s life.

However, due to failure of numerous models to predict human outcomes 
(e.g., Jofffe et al., 2016; Mak, Evaniew and Ghert, 2014; Pharmaceutical Research 
and Manufacturers of America, 2015, 2016), and due to limited funding, it 
seems crucial to fĳirst assess carefully which research methods and models to 
use. In the case of sepsis models, for example, there have been multiple pub-
lications highlighting the diffferences in human and mouse immunology (e.g., 
Mestas and Hughes, 2004; Rittirsch, Hoesel and Ward, 2007; Seok et al., 2013; 
Shay et al., 2013; Payne and Crooks, 2007). After over 20 years of unsuccessful 
research in this fĳield, a number of scientists fĳinally investigated why, out of 
the approximately 150 new compounds that were developed for the treatment 
of sepsis using mice, not one had benefĳicial efffects for humans. They identi-
fĳied around 5,000 genes that are activated or deactivated by inflammation in 
humans who sufffered from sepsis, trauma, or burns. They went on to look for 
the same genes in one commonly-used strain of mice and realized that there 
was no correlation (Seok et al., 2013). As a consequence of the dissimilarity 
of mouse and human immune systems, the entire fĳield of sepsis research in 
mice has been called into question, regarding its predictive value for humans. 
Paradoxically, funding for this kind of animal research, which is also known for 
causing severe levels of animal sufffering, is still ongoing (Leist and Hartung, 
2013). At the same time, human-based sepsis research has led to clinical trials 
of efffective therapies (van der Poll, 2012).

7 Reduction and Replacement: Are We Doing What We Can?

Most animal research is being justifĳied as indispensable to furthering human 
healthcare. However, despite measures being taken to improve the quality of 
animal-based research, the translational success rate from animal studies to 

86



Herrmann

humans is low: Less than 12% of drugs entering clinical trials result in an ap-
proved medicine (Pharmaceutical Research and Manufacturers of America, 
2015, 2016); and between 51% and 89% of preclinical studies are not reproduc-
ible (Freedman, Cockburn and Simcoe, 2015; Harthorne and Schachner, 2012). 
There is an ongoing debate among scientists as to why animal models fail to be 
predictive: Is this mainly due to poor scientifĳic rigor and reporting, to species 
diffferences, or to the fact that today we mainly deal with complex, oftentimes, 
chronic ailments of which many are not well understood and, thus, impossible 
to model in other animals?

As a consequence of the failure to translate fĳindings to humans, new crite-
ria for mouse models have been described (Justice and Dhillon, 2016). Hop-
ing to enhance animal models of stroke, Dirnagl and Fisher (2012) call for 
international, multicenter, preclinical Phase iii-type studies of promising 
new ischemic stroke therapies in animals before moving to clinical trial. As  
Phase iii studies would be based on prior studies and would use various strains 
and species (Dirnagl and Fisher, 2012), as well as older animals with various co-
morbidities (e.g., diabetes mellitus, obesity, and hypertension) (Mergenthaler 
and Meisel, 2012), the severity of these experiments and the numbers of ani-
mals involved would markedly rise. Of close to 100 interventions that improved 
the outcome in animal stroke models, which were tested in clinical trials, only 
one intervention improved the outcome in human patients (O’Collins et al., 
2006). Despite decades of research, most translational stroke trials that aim 
to extrapolate basic research fĳindings into clinical treatments, particularly in 
the area of neuroprotection, have failed (Mergenthaler and Meisel, 2012). The 
authors admit that, to date, there is no ideal animal model for stroke, and that 
more complex models are needed to improve translational success in experi-
mental stroke research (Mergenthaler and Meisel, 2012). Thus, at the time of 
writing, Mergenthaler and his colleague Stachelscheid are developing human 
stem cell-derived 2D and 3D models for stroke (vfa, 2017). Building on the lat-
est in vitro research to model human brain development and disease, they plan 
to employ a recently established protocol for generating 3D brain tissue, so-
called cerebral organoids, from human pluripotent stem cells that can be ap-
plied to study a number of human brain diseases (Lancaster and Knoblich, 
2014). Renner et al. (2017) further examined the development and potential 
diffferentiation of cerebral organoids, which hold great potential to advance 
human-relevant stroke research.

7.1 Potential for Reduction by Critical Appraisal of Animal Studies

Several unsuccessful animal models have been discussed, such as for Alzheim-
er disease (Cavanaugh, Pippin and Barnard, 2014; Pippin, Cavanaugh and 
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Pistollato, 2019, Chapter 20 in this Volume; Pistollato et al., 2016), for stroke 
(Shuaib et al., 2007; van der Worp et al., 2010), for tuberculosis (Fonseca et al., 
2017); for asthma (Mullane and Williams, 2014), for hiv/aids, for neurological, 
menopausal human therapy, and for cancer research as well as drug develop-
ment (Pippin, 2012). Since only disease models with high predictive validity are 
likely to yield positive results and treatments for humans, it is critical to assess 
the reliability, reproducibility, and validity of the animal model fĳirst. With the 
overall low quality and predictive validity of the majority of research studies, 
it has become evident that animal-based studies require rigorous evaluation 
(Pound et al., 2004). A solid methodological approach would be to systemati-
cally review and to perform meta-analyses of animal studies, as SRs are seen by 
experts in the fĳield of evidence-based medicine as the highest level of medical 
evidence (Hooijmans, Leenaars and Ritskes-Hoitinga, 2010).

7.1.1 Systematic Reviews (SRs)
A systematic review (SR) is a literature review that focuses on a specifĳic ques-
tion with the aim to identify and assess all relevant studies in order to generate 
new, high-quality evidence. Thus, it enables evidenced-based decision making 
(Norecopa, 2017). A SR may contain a meta-analysis. In a meta-analysis, the 
results of a number of independent studies are statistically combined to calcu-
late the average efffect of studies addressing the same question, which may lead 
to more reliable conclusions and may help to minimize needless duplication 
of animal studies (Hooijmans et al., 2014a). SRs conform with the implementa-
tion of the 3Rs concept (Ritskes-Hoitinga, 2016), as their application leads to a 
more evidence-based choice of animal models (e.g., de Vries et al., 2012; Slofff 
et al., 2014; Zeefff et al., 2016). They help decrease unnecessary animal studies, 
the evidence they produce should further responsible animal use, and they 
increase scientifĳic quality (van Luijk, 2016), as they are an excellent tool to 
 assess study quality by evaluating the internal, external, and construct validity 
of the models. Internal validity is the degree to which the design, conduct, and 
analysis of the experiment remove potential bias, so that the interpretation of 
a causal relationship between an experimental treatment and variation in an 
outcome measure is secured (Bailoo, Reichlin and Würbel, 2014). The extent to 
which animal data gives a basis for generalization to other animal and human 
populations, including other environmental circumstances, represents the ex-
ternal validity; and construct or predictive validity shows how good the model 
is, the rate to which the sampling properties are representative for the entities 
they ought to represent (Bailoo, Reichlin and Würbel, 2014; Würbel, 2017). An 
example for a SR on internal validity is the study of Macleod et al. (2008) and 
for construct validity, the work of Sena et al. (2010), both focusing on reasons 
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for translational failure of experimental stroke. SRs are a signifĳicant tool to 
identify quality issues with primary animal studies. For example, a recent SR 
on the welfare implications of toe clipping and ear notching revealed that the 
underlying animal experiments were too flawed to draw conclusions (Wever  
et al., 2017). SRs are excellent to assess the risk of bias in animal studies and 
thus to evaluate the reliability of the available evidence (van Luijk et al., 2014). 
Perel et al. (2007) systematically reviewed the success of treatments in  animals 
and in humans, with head injury, hemorrhage, thrombosis due to acute isch-
emic stroke, acute ischemic stroke, and osteoporosis as well as preventive 
medication in neonatal respiratory distress syndrome, with their applications 
in humans with these impairments. Their conclusion was that the incongruity 
 between animal and human studies may be due to bias or to the failure of the 
animal models to mimic clinical disease (Perel et al., 2007).

SRs of animal studies are still much less common than in the clinical setting, 
where they are frequently used to make evidence-based decisions on health-
care; but awareness of the benefĳits of the utility of SRs of animal research has 
been increasing (Hooijmans et al., 2014; van Luijk et al., 2014). The Collabora-
tive Approach to Meta-Analysis and Review of Animal Data from Experimen-
tal Studies (camarades) group, at the University of Edinburgh in the UK, 
and the Systematic Review Center for Laboratory Animal Experimentation 
(syrcle), at Radboud University Medical Center in the Netherlands, provide a 
supporting framework for groups who are or want to get involved in the SR and 
meta-analysis of data from experimental animal studies and offfer advice and 
training (camarades, 2014; syrcle, n.d. b). syrcle has published a step-by-
step guide on how to identify all relevant animal studies (Norecopa, 2017), as 
well as a tool similar to the Cochrane tool for assessing risk of bias in random-
ized clinical trials (Higgins et al., 2011), to assess the risk of bias in animal-based 
studies (Hooijmans et al., 2014). It is important to receive proper training fĳirst, 
as one needs to be aware of the pitfalls and limitations of these tools, and how 
they can be misused and/or misleading (Gurevitch et al., 2018). Various types 
of reporting biases, together with the limited methodological quality of some 
studies on which meta-analyses and SRs are based, can impede their conduct 
and interpretation (e.g., Benatar, 2007). When publication bias against nega-
tive animal studies exists, it will lead to an overestimate of the value of animal 
studies. It is likely that if unpublished studies were to be included, then SRs 
would show more studies with no efffect in animals (Akhtar, Pippin and San-
dusky, 2009). Checklists and tools have been proposed to help improve SRs and 
meta-analyses (Hooijmans et al., 2014; Moher et al., 2009).

The use of SRs should be standard practice within animal-based research, 
in the same way it has become a vital part of clinical research (Hooijmans, 
Leenaars and Ritskes-Hoitinga, 2010; Hooijmans and Ritskes-Hoitinga, 2013; 
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Pound and Bracken, 2014; Pound et al., 2004; Sandercock and Roberts, 2002). 
SRs should be conducted prior to a new animal study to assess the valid-
ity of the proposed animal model and to avoid needless animal use (Ritskes- 
Hoitinga and Wever, 2018). For example, in refĳinement research, SRs are an 
efffĳicient way to gather new high-quality data without having to experiment 
on additional animals. As shown in this chapter, the implementation of new 
knowledge about refĳinements to improve animal welfare has proven very 
difffĳicult. A prominent example is the use of carbon dioxide to kill animals.  
Extensive research conducted on this welfare topic has produced overwhelm-
ing evidence against its use, but these fĳindings still have not led to the abol-
ishment of this common practice. At the time of writing, Turner et al. are  
conducting a SR on the use of carbon dioxide as a killing method for mice and  
rats. Their protocol (syrcle, n.d. c), as well as the protocols of others, are pub-
lished on the syrcle website and, since 2018, protocols of SRs relevant to  
human health can be registered at the international prospective register of 
SRs, called prospero (https://www.crd.york.ac.uk/prospero/).

7.1.2 Other Retrospective Assessments
Conducting retrospective assessments (RAs) is a useful way to identify dis-
ease models and research methods that may be of limited value. Since 2013, 
RAs are mandatory for certain animal studies in the European Union (Euro-
pean Parliament, 2010, Article 39). Members of the animal research inspector-
ates have been required to assess the outcomes of animal studies that were 
classifĳied as severe and/or use non-human primates. The animal researcher 
has to submit the necessary documents so that the competent authority 
can evaluate whether the study objectives were met, the actual harm inflict-
ed, and whether the severity of procedures coincided with the  prospective  
assessments, and the number of animals used. In  addition, the competent au-
thorities must appraise any component that can advance the implementation 
of the 3Rs (European Parliament, 2010, Article 39).

These RAs could be extremely efffective in facilitating a critical review of the 
use of animals in scientifĳic procedures, if there are sufffĳicient and qualifĳied per-
sonnel to conduct them, as the EC’s aim with these RAs is to identify 3Rs im-
provements and enhance transparency to the public (EC Expert Working Group 
for Project Evaluation and Retrospective Assessment, 2013). Publication of RA 
results of all studies, including those that produced negative results and may 
not be published elsewhere, would likely be of signifĳicant value. It would in-
crease the knowledge base in a range of disciplines, reduce risks of duplication 
of studies, and inform the design of future research (EC Expert Working Group 
for Project Evaluation and Retrospective Assessment, 2013). However, only 
about one sixth of all EU Member States agreed to make the RA results publicly 
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available. This is not enough to meet the EC’s goals. To achieve maximum ben-
efĳit, access to study results should be given not only to regulatory authorities but 
to independent experts, in order for them to perform critical reviews of these 
data. And all RA results have to be made publicly available. It is possible to do 
so and still protect intellectual property by redacting and anonymizing certain 
parts of the documentation.

7.1.3 Necessary Steps
As outlined earlier, the scientifĳic and ethical justifĳication for animal models 
of human diseases depends on their providing an opportunity to investigate 
disease biology and to determine potentially benefĳicial therapies for humans 
(Benatar, 2007). Thus, only after an animal model has proven to have satisfac-
tory predictive value for humans, should it be refĳined as much as possible to re-
duce pain, sufffering, distress, and lasting harm. If proven of no value, it should 
be abandoned. Such models should no longer receive regulatory approval nor 
funding, nor should they be accepted by scientifĳic journals. SRs and meta- 
analyses of animal models as well as RAs of all animal experiments performed by 
independent experts would benefĳit animals and human patients, as they help 
to identify flawed studies and to eliminate misleading, invalid models, and ex-
perimental designs. Such a rigid quality control of animal-based research would 
most certainly lead to a signifĳicant reduction of animal use and, thus, to an in-
creased efffort to fĳind more animal-free, robust, human biology-based models.

7.2 Is the Biomedical Research Industry Shifting away from Animal  

Use?

The problem is that it hasn’t worked, and it’s time we stopped dancing 
around the problem. […] We need to refocus and adapt new methodolo-
gies for use in humans to understand disease biology in humans.

zerhouni, former head of the US National Institutes of Health, quoted in  
McManus, 2013

There is growing recognition that instead of focusing effforts on trying to re-
fĳine animal experiments, a primary focus on human-relevant data is needed 
(Collins, 2011; Giri and Bader, 2015; Langley et al., 2015, 2017; Zerhouni, 2014), 
as a signifĳicant challenge that medical research is facing today is the un-
derstanding and possible treatment of chronic, complex diseases of which 
many are not well understood and, thus, cannot be modeled in other animals  
(Tsukamoto, 2016). Tsukamoto asks in a Drug Discovery Today editorial: “How 
can we replicate human diseases that develop later in life and/or result from 
a prolonged unhealthy lifestyle, far beyond the lifespan of rodent animals? 
What makes us expect that the outcomes from carefully controlled animal 
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 experiments can be duplicated in patients with substantial heterogeneity 
across various aspects (age, gender, genetics, lifestyle, disease stage, etc.)?” 
Transgenic mice commonly used as disease models, oftentimes contain mul-
tiple copies of presumed  disease-causing transgenes, and it is dubious “wheth-
er phenotypes seen in mice as a result of this ‘genetic exaggeration’ have any 
relevance to the corresponding human diseases” (Tsukamoto, 2016). Zerhouni 
(2014) calls for a new approach that redirects the drug-development paradigm 
that commences with the patient to explore the genetic foundation of molecu-
lar changes inherent to human pathophysiology.

As Russell and Burch remarked in 1959, “refĳinement is never enough, and  
we should always seek further for reduction and if possible replacement” 
(Chapter 4). Since 1959, we have gathered immense knowledge about animals 
and their consciousness, which has led to the public acknowledgment by a 
group of prominent neuroscientists that other animals are conscious too: The 
Cambridge Declaration on Consciousness (Low, 2012). Since 1959, the tech-
nology revolution has also immensely changed the fĳield of life sciences and, 
hence, provides us with the tools to move away from using animals (Langley 
et al., 2015, 2017).

Current legislation, reflecting societal concerns, as well as the scientifĳic fail-
ures of animal research should function to drive research, testing, and educa-
tion away from using live animals. Some areas of education and training are 
already using animal-free teaching approaches, for ethical reasons and educa-
tional advances (see e.g., Bones et al., 2019, Chapter 23; Pawlowski et al., 2019, 
Chapter 22 in this Volume). In the area of chemical-toxicity testing, some prog-
ress has already been made in fĳinding advanced non-animal methods, initiated, 
for example, through the pioneering Toxicology in the 21st Century (Tox21), a US  
federal initiative (National Research Council, 2007; National Toxicity Program, 
2004; Rovida et al., 2015; Zurlo, 2012). However, the general tendency in toxicol-
ogy is to introduce new methods without eradicating all the old (animal-based) 
ones (Rovida et al., 2015). Still, the acceptance of animal-free alternatives by 
regulators without additional animal-based tests, in the pharmaceutical and 
food-toxicity testing fĳields, should be possible when proven scientifĳically qual-
ifĳied for the specifĳic context of use. However, awareness and acceptance of 
scientically-valid, non-animal methods is still low among regulators as well as 
research workers (Ramirez et al., 2015).

The high failure rate of drugs in the clinical phase (Begley and Ellis, 2012; 
Food and Drug Administration, 2004; Hutchinson and Kirk, 2011; Kola and 
Landis, 2004; Olson et al., 2000) indicates not only poor scientifĳic quality and 
cognitive bias but also that animals are not good models for humans (e.g., 
Greek and Kramer, 2019, Chapter 17 in this Volume; Kramer and Greek, 2018; 
Knight, 2019, Chapter 14 in this Volume; Leist and Hartung, 2013); and the same  
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applies to food-safety testing in animals (Rovida et al., 2015). Already back in 
2000, an eye-opening report (Olson et al., 2000) was published about the re-
sults of a multinational pharmaceutical company survey, which served to bet-
ter understand the concordance of the toxicity of pharmaceuticals in humans  
compared with other animals. The weakness of animal studies to predict the 
human toxicity of drugs became apparent, as results revealed a human toxicity 
concordance rate of 71% when tested in multiple rodent as well as non-rodent 
species. When they compared humans with rodent species only, there was a 
43% correlation; humans compared with non-rodent species showed a 63% 
match. Drug toxicity studies in animals are long-lasting and, hence, may cause 
severe sufffering; and they are frequently not predictive for efffects in humans 
(Hartung, 2009).

Cumulative knowledge is essential for scientifĳic progress. Thus, there is 
increasing awareness of the importance of data sharing and collaboration to 
shift the paradigm away from using unsound animal models for drug toxicity 
testing. The human toxome project, a systematic mapping of the entirety of 
toxicity pathways, is ongoing in the area of chemical risk assessment. Rovida 
et al. (2015) suggested that this project should be extended to include the as-
sessment of efffĳicacy and adverse efffects of drugs and food ingredients. Con-
tinued reliance on animal models appears implausible to enhance the cur-
rent poor rate of clinical approval of new treatments. This is why Humane 
Society International initiated the Biomedical Research for the 21st Century 
(BioMed21) Collaboration. The BioMed21 Collaboration is working inter-
nationally with health experts, regulatory and research agencies, funding 
bodies, and others to develop innovative research roadmaps that  focus on 
understanding human disease pathophysiology. The goal is to further this human- 
focused approach to studying, preventing, and treating disease (BioMed 
21 Collaboration, n.d.). A central recommendation of the BioMed21 2015 
 workshop was to use the Adverse Outcome Pathway (aop) concept in bio-
medical research. aop, an important concept in toxicology, describes a logical 
sequence of causally-linked biological events that lead from the fĳirst action of a 
 compound to an eventual adverse efffect on human health (Langley et al., 2017).  
Furthermore, it was recommended that technological advances should be com-
bined in human-specifĳic tools and models. The importance of funding these 
new approaches was highlighted as well as the need for faster validation and 
acceptance by the scientifĳic community, funding bodies, and scientifĳic jour-
nals, who mostly still postulate the use of animals (Langley et al., 2015, 2017).

BioMed21 is a rare example for a non-animal-based approach in the area of 
applied research, which—together with the fĳield of basic research—uses the 
majority of animals. Overall, there is little evidence that these fĳields are reduc-
ing the use of animals, as the 3Rs posit we must. Quite the contrary: Animal use 
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has been increasing in the new century (Taylor and Rego, 2016), mainly due to 
an increasing generation and use of genetically altered animals (Bailey, 2019, 
Chapter 19 in this Volume; Carbone, 2004; Ormandy, Schuppli and Weary, 2009; 
Ram, 2019, Chapter 15 in this Volume), which has, in recent years, been fueled 
by excitement over new technologies, such as crispr, an easier genetic modi-
fĳication technique that will most probably lead to a further steep increase in 
animal numbers and species modifĳied (Bailey, 2019). These new technologies, 
however, have not kept their promise of improving translation between animal 
models and human health, as they have failed to increase the efffĳiciacy and the 
safety of drugs (Hunter, 2011). For a detailed discussuion on the scientifĳic and 
ethical issues of the genetic modifĳication of animals, see Chapter 19 in this 
Volume (Bailey, 2019).

7.2.1 Funding
Progress in the development of replacement methods seems to be limited 

most by the availability of funds. Some governments and non-governmental or-
ganizations around the world are providing scarce funding, especially when 
compared to funds available for biomedical and life research as a whole. It is 
unclear how much of the annual worldwide funds—an estimated US$100 bil-
lion for biomedical research alone (Chalmers and Glasziou, 2009) and up to 
US$240 billion for all the life sciences (Røttingen et al., 2013)—are currently 
used for research centered around the use of animals, as it is not diffferentiated 
in the statistics (e.g., in Germany, bmbf, 2017). Daneshian (2016) estimated 
that in 2015, funds for projects with animals in Germany, including animal re-
search facilities, were about €1920 million; funds for replacement methods 
ranged around €6.45 million. These fĳinancial means, mainly derived from Ger-
man taxes, are distributed in opposition to Germany’s declared political goal of 
working towards replacement of animal use at the national level (bmel, 2015) 
as well as the EU level (European Parliament, 2010, Recital 10).

In preclinical human model development, the Tissue Chips for Disease Mod-

eling and Efffĳicacy Testing initiative, funded by US National Center for  Advancing 
Translational Sciences (ncats) of the National Institutes for Health (nih), is 
a rare example. Its goal is to explore human microphysiological systems as po-
tential facilitators of drug development in numerous disease areas. Its bud-
get is approximately US$15 million, annually, for 13 two-year projects (ncats, 
2017); while nih, being the biggest funder and research organization in the 
world, has annual funds of about US$39 billion for medical research alone 
(nih, 2019). The EU framework program for research and innovation, Hori-
zon 2020 (European Commission, n.d.), has, at the time of writing, supported  
16 research projects devoted to alternative methods to animal testing, with a 
total of €90 million (European Parliament, 2017). The main research activities 
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are targeted towards developing complex in silico and in vitro human-based 
systems for better and more cost-efffective safety and efffĳicacy testing of chemi-
cals, nanoparticles, vaccines, and drugs (European Parliament, 2017).

Between 1981 and 2015, the German Federal Ministry for Education and Re-
search (Bundesministerium für Bildung und Forschung, bmbf) gave €160 mil-
lion in funding for over 500 3Rs research projects. Aside from not exclusively 
funding replacement projects, the funds dedicated to the 3Rs were sparse; for 
example, in the 6-year period between 2010 and 2015, less than €20 million 
were available (bmbf, 2016). The UK National Centre of the Replacement, Re-
fĳinement and Reduction of Animals in Research (NC3Rs) is the largest funder 
of such research in the United Kingdom (Burden et al., 2015). Between 2004 and 
2014, NC3Rs awarded 200 grants worth approximately US$54 million (Burden 
et al., 2015); the annual overall budget of NC3Rs is approximately €11.2 million 
(NC3Rs, n.d. d). In contrast, the German national 3Rs center, Zentrum zum 
Schutz der Versuchstiere (Bf3R), has an annual budget of €1.5 million to run all 
of its operations (Bundesinstitut für Risikobewertung, 2016) and provides ap-
proximately €350,000 to external replacement and refĳinement research groups 
per year (Bundesinstitut für Risikobewertung, 2018). Replacement research 
has to compete with refĳinement research for these limited funds (bmbf, 2016; 
NC3Rs, n.d. a).

A donor that exclusively provides money for the fĳirst R is the cosmetic com-
pany Lush, which in 2012 established the Lush Prize in collaboration with the 
UK not-for-profĳit group, Ethical Consumer Research Association (Redmond, 
2019, Chapter 27 in this Volume). Lush provides £250,000 in funding each year 
for the main prize categories, with additional funds for regional awards in Asia 
and the Americas (Lush Prize, n.d.). An example for a charity providing some 
funding is People for the Ethical Treatment of Animals (peta) International Sci-
ence Consortium (pisc), which, in June 2017, awarded funding to develop four 
in vitro exposure systems to researchers from institutions in the United King-
dom, United States, and Belgium that are leaders in the development of non-
animal methods to test the toxicity of airborne substances (peta  International 
Science Consortium, n.d. a). pisc assists with funding where promising in vi-

tro or in silico techniques require further development or validation in order 
to gain regulatory acceptance. pisc focuses on toxicology and until, 2017, it 
has contributed about €2.9 million towards improving and implementing 
non-animal research methods (peta International Science Consortium, n.d. 
b). The Alternatives Research & Development Foundation (ardf) funds and 
promotes the development and validation of non-animal methods in biomedi-
cal research, product testing, and education and has provided US$3.25 million 
in funds since 1993 (Alternatives Research & Development Foundation, 2018). 
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The US National Anti-Vivisection Society (navs) provides some grants through 
the International Foundation for Ethical Research (ifer) for early career sci-
entists to develop humane, human-relevant alternatives that replace animal 
use (navs, 2018). Overall, there are a few local and international initiatives and 
prizes but most focus on animal testing, while non-animal approaches in basic 
and applied research lag behind. Moreover, to ensure the fĳield of animal-free, 
human-based research methods and approaches is continually and substan-
tially growing, increased, stable governmental funding must be provided.

7.2.2 Education and Training
Another obstacle in shifting the current research paradigm is the limited avail-
ability of educational and training courses on animal-free methods and ap-
proaches in all areas of biomedical science, but especially in basic and applied 
research, since current available guidance documents and databases as well as 
courses almost exclusively focus on testing alternatives. There are some effforts 
being made to improve experimental design, conduct, and reporting; for ex-
ample, online resources are available at some of the national 3Rs centers, such 
as at Norecopa, Norway’s National Consensus Platform for the advancement of 
the 3Rs (Norecopa, 2016b) and the UK NC3Rs (NC3Rs, n.d. b, c), since quality 
issues of biomedical research has become apparent.

By EU law, the researcher must be well informed about state-of-the-art 
developments in the fĳield of investigation, and animals must only be used if 
all possible alternatives are considered to be inadequate (EC Joint Research 
Centre, 2013). The EC Joint Research Centre’s EU Reference Laboratory for 
 Alternatives to Animal Testing – European Centre for the Validation of Alter-
native Methods (eurl ecvam) Search Guide (EC Joint Research Centre, 2013) 
and Data Base Service on Alternative Methods to animal experimentation  
(DB-alm) (EC Joint Research Centre, 2017) ought to assist with the search for 
alternatives to animal use. However, even for experts in the respective fĳield, 
it is a lengthy and difffĳicult task, as existing search systems do not support the 
necessary search strategies.

Altertox Academy, formerly caat Academy, offfers hands-on training, but 
primarily for toxicologists, in human-relevant alternative methods and tech-
nologies (Altertox Academy, 2018). Education and training courses, mandatory 
for all animal researchers in the EU, include one animal-free methods module 
(e.g., felasa B courses), but of a 40 hour felasa B course, about one hour is 
dedicated to replacements, and generally only alternatives used in toxicology 
testing are covered (e.g., Berliner Kompaktkurse, 2017, p. 23). In 2016,  the Uni-
versity of California (UC) San Diego offfered a course that introduces partici-
pants to the available non-animal research methods, their efffĳicacy, and how to 
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identify and implement them. It covered more areas than just regulatory toxi-
cology (UC San Diego, 2018). However, detailed courses with extensive mod-
ules for all areas of the biomedical sciences currently do not exist.

7.2.3 Search Engine for Alternative Methods
What is urgently needed—aside from specifĳic education and training  
courses—is an unbiased, freely available search engine that is able to fĳind 
correlations regarding scientifĳic purpose between animal experiments and 
 alternative methods and, at the same time, 3Rs-relevant deviances in the 
methodologies (in vitro versus in vivo). Scientists from the Leibniz Institute 
for Social Sciences (gesis) and the German Federal Institute for Risk Assess-
ment (Bundesinstitut für Risikobewertung, BfR) have laid the foundation for 
such a search engine, using machine learning. The project is called smafira, 
which stands for “smart feature-based interactive ranking algorithm.” The goal 
of smafira is to develop automated but mechanistically transparent search 
procedures that focus on such deviations  and, thus, to provide an improved 
automatic support to search for non-animal methods (fĳisaonline, n.d.). This 
search engine will drastically reduce the number of documents scientists have 
to go through (gesis, n.d.). A fĳirst version of the smafira search engine is 
anticipated to be available in the second half of 2019 (Daniel Butzke, BfR, per-
sonal communication, January 2019).

8 Ways to Work Towards Replacement

Directive 2010/63/EU, a progressive animal protection legislation in the fĳield, 
sums up some important steps that have to be taken to work towards a para-
digm shift, when it states (emphasis added): “The availability of alternative 
methods is highly dependent on the progress of the research into the devel-
opment of alternatives. […] the Commission and the Member States should 
contribute through research and by other means to the development and  
validation of alternative approaches.” (Recital 46). Article 47 declares: “The 
Commission and the Member States shall contribute to the  development 
and validation of alternative approaches which could provide the same or 
higher levels of information as those obtained in procedures using animals 
[…], and they shall take such other steps as they consider appropriate to en-
courage research in this fĳield. […] Member States should, at national level, 
ensure the promotion of alternative approaches and the dissemination of 
information […]”.
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8.1 Political Engagement

The needed political engagement that Directive 2010/63/EU demands from its 
Member States to move towards an animal-free world of scientifĳic experimen-
tation was made a priority by the Dutch government in 2016. The Netherlands 
National Committee for the protection of animals used for scientifĳic purposes 
(NCad) has developed a vision and plan of action for moving away from labo-
ratory animal use. The Dutch goal is to phase out the utilization of animals in 
a number of fĳields by 2025, namely in regulatory testing of chemicals, food in-
gredients, pesticides and (veterinary) medicines, and biological products, such 
as vaccines (NCad, n.d.). The Committee also plans to steadily reduce animal 
involvement in regulatory preclinical research and basic research: “If we are to 
make the transition to non-animal research methods, we must make a para-
digm shift away from existing mindsets and practices” (NCad, n.d., p. 3), a task 
which seems to be impossible without political involvement. The Dutch strat-
egy holds the potential to act as a driver for other countries to follow this path.

8.2 Legislative Change

There is a need for regulators who are brave to move legislative change for-
ward. The reason for the continued use of animals for regulatory testing is 
legislative, as existing policies require that new drug candidates are tested on 
animals before they can be assessed in human clinical trials, regardless of the 
fact that these animal tests are often unreliable in assessing safety and efffĳicacy 
in humans (Greek and Kramer, 2019, Chapter 17 in this Voume). These regula-
tions need to be amended according to scientifĳic knowledge, and serious ef-
forts need to be made to accelerate the development of advanced, humane, 
and human-relevant models (Archibald, Coleman and Drake, 2019, Chapter 18 
in this Volume).

8.3 Redeployment of Funds

Absolutely essential for the paradigm change towards advanced, animal-free 
science and better healthcare is the redirection of funding. The limited fund-
ing for replacement research, oftentimes, has to compete with refĳinement 
 research (e.g., bmbf, 2016; NC3Rs, n.d. a). These scarce funds should be used 
to further human biology-based approaches. Also, regarding taxpayers’ money, 
the national governments, arguably, have the responsibility to use the funds in 
the name of a society that has repeatedly voiced that more needs to be done 
to replace animals in science. Moreover, our society is ethically evolving, with 
evidence of dwindling acceptance for animal sufffering in the name of sci-
ence. And it is being increasingly acknowledged that the continued reliance 
on  animal models is unlikely to improve signifĳicantly the currently poor rate of 
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clinical approval of new treatments. Thus, animal-based research also contrib-
utes to resources being wasted (Harris, 2017; Ioannidis et al., 2014; Keen, 2019, 
Chapter 10 in this Volume).

Aside from redeploying funds, partially to preclinical human-relevant dis-
ease research (Langley et al., 2017) and to clinical rather than basic research 
(Pound and Bracken, 2014), a large part of funding should be dedicated to dis-
ease prevention effforts. To combat the increasing prevalence of dementia, for 
example, human-focused, non-animal models and methods, such as compu-
tational methods, advanced brain imaging techniques, and epidemiological 
studies should be given funding preference (Pistollato et al., 2016). Another 
extremely important area of disease prevention is basic public healthcare 
(Marks, 2012) as well as nutrition and lifestyle education. In addition, funds 
should also be used for pollution control, as pollution is currently found to be 
the largest environmental cause of disease and premature death around the 
world (Landrigan et al., 2017). The World Health Organization (who) estimat-
ed that around 3 million people die prematurely every year due to air pollution 
alone (Watts et al., 2017). In 2015, diseases caused by pollution were responsible 
for about 16% (9 Mio.) of all human deaths worldwide, which is three times 
more than deaths from tuberculosis, malaria, and aids combined and 15 times 
more than all wars and other means of violence together (Landrigan et al.,  
2017).

8.4 Education and Training

Education as well as re- and ongoing training about how to conduct state-of-

the-art science and report it properly, as well as education on research ethics 
and bioethics are crucial. They enable students and scientists to gain a solid 
grounding in science based on non-animal models, while sincerely embrac-
ing the hierarchy of the 3Rs. Such learning objectives should be made avail-
able and should be mandatory for everyone planning to work or working in 
biomedical science. Education and retraining are the most important means 
to move away from the current thought culture and practice of animal use to-
wards a new, humane research paradigm.

8.5 Scientifĳic Collaboration

As Russell and Burch observed in 1959, “As we shall see, replacement is widely 
used in some fĳields, while in others it is very far from being exploited to the 
full, if at all. Moreover, such developments have been largely empirical, and 
largely independent of each other” (Chapter 5). At the moment, 3Rs experts 
are  divided into replacement experts, on the one hand, and refĳinement ex-
perts, on the other. Animal welfare bodies and national committees in the  
EU (Directive 2010/63/EU, Recital 48), for example, are supposed to advise 
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 scientists about the application of the 3Rs but seem to have little to no knowl-
edge about available replacements and novel animal-free approaches to sci-
entifĳic questions (van Luijk et al., 2012; van Luijk et al., 2013). To achieve the 
ultimate goal in shifting the focus from refĳinement of animal use to replace-
ment of animal use the animal research community needs to engage with re-
placement experts. National 3Rs centers should be equipped with a majority of 
experts in replacement methods, and a close collaboration between replace-
ment experts and animal researchers appears crucial in moving towards ani-
mal replacement. To accelerate the development of new human biology-based 
approaches, a multidisciplinary approach is essential for bringing together the 
newest technologies and experts from various disciplines (Langely et al., 2017; 
Noor, 2019,  Chapter 25 in this Volume).

9 Final Remarks

Looking into the future of animal-based science, Carbone (2004) wrote that 
morality and politics will continue to be the drivers for replacement research. 
Since the introduction of the principles, it has been widely held that animal re-
searchers have an ethical responsibility to minimize any pain, distress, fear, suf-
fering, and harm caused to animals when keeping them confĳined and utilizing 
them for invasive experiments without their consent. To apply the knowledge 
gained through animal welfare and refĳinement research is good veterinary and 
scientifĳic practice, but it is not a substitute for reduction and replacement of 
animal experimentation. Indeed, Balls warned “that refĳinement can be used 
as a convenient way of showing commitment to the 3Rs, while ensuring that 
animal experimentation is seen as respectable and can be allowed to continue, 
while the fundamental ethical questions raised by it are avoided” (2010, p. 21). 
Thus, we have to be on guard that refĳinement is not used as a whitewashing 
tool, but its full application, which is an ethical imperative, must be guaran-
teed during the transition to human-relevant, animal-free methodologies.

Aside from extensive flaws in the way the majority of animals are housed 
and treated, and the poor conduct and reporting of many animal studies, the 
general lack of transparency around the use of animals in research as well as 
the low rate of critical appraisal of animal experiments are apparent. These 
failings have led to incorrect data and an overestimation of their  signifĳicance 
(Cohen, 2018). Unnecessary harm inflicted upon these animals and, in the case 
of medical research, the harms done to patients who sufffer from adverse re-
actions to drugs that were tested safe in animals or who are  urgently waiting 
for treatments are serious issues that need to be addressed. A commitment to 
adhere to the 3Rs and to good scientifĳic practice as well as to address societal 
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concerns about the use of animals in science would require a strong shift 

away from animals towards the use of human-relevant approaches.
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2.5 Study findings

Original research: overview 
The primary research of this study on the proposed application of experimental Refinements in 
animal research protocols, found shortcomings in all areas assessed: anesthesia, peri- and
postoperative analgesia, postoperative care and monitoring for adverse effects, humane 
endpoints, killing methods, and the researchers’ severity estimates of their planned surgical 
procedures. The deficiencies in the application of Refinement methods can lead to avoidable
pain and suffering for the animal subjects. According to Section 9, para. 2, number 3, German 
Animal Welfare Act of 1998, pain, suffering and harms are only allowed to be inflicted upon the 
research animals to the degree that is indispensable to reach the research goal; and 
investigators are responsible for using experimental methods, incl. Refinement methods, that are 
in accordance with current scientific knowledge (Section 9, para. 2, sentence 2).

Our study found that pain was often not alleviated or was unlikely to be alleviated effectively (see 
Paper 1, Herrmann and Flecknell, 2019). Following 30% of surgical procedures no analgesia 
was planned at all; in another 10% of procedures, pain would only be alleviated if it was 
observed. However, monitoring appeared to be insufficient to properly detect pain and suffering. 
Reasons for withholding pain relief, if included, implied a general paucity of monitoring, a lack of 
pain assessment and a possible lack of pain recognition skills. The study also found that 
concerns about the negative effects of analgesics on study outcomes were seemingly greater 
than the concerns about untreated pain. 

Considering the severity of proposed surgical interventions (e.g., 17% of all surgical 
interventions on mice were thoracotomies), it was concerning that postsurgical multimodal pain 
management was almost never used. Preventive analgesia was often not provided when, for 
example, an anesthetic was used which had no analgesic properties (such as pentobarbital or 
isoflurane); this was the case in a quarter of these procedures when isoflurane was used, and in 
another 15% of cases with isoflurane, it was given too late, and thus, the animals would regain 
consciousness without analgesic coverage. In addition, the use of local anesthetics for severe 
surgeries such as thoracotomies was low (10% of thoracotomies). Furthermore, the study’s
findings showed that the severity of pain, distress, suffering and lasting harm that was to be 
inflicted upon the animals was frequently underestimated by the researchers; planned health 
monitoring appeared insufficient to ensure the welfare of animals in the studies (see Paper 2,
Herrmann and Flecknell, 2018a).  

In those cases, where the researchers included humane endpoints in their application, these 
were mostly not clearly defined and/or were at a late stage in the animal’s deterioration and thus, 
are likely to have caused suffering that could have otherwise been avoided (Paper 3, Herrmann 
and Flecknell, 2018b). The choice of killing method could be improved in many applications, 
thereby reducing suffering. For instance, carbon dioxide (CO2) was widely used in our study 
sample, either to anesthetize animals prior to killing by another method, or it was used as the 
single means to kill the animals. Because the appropriateness of carbon dioxide has been under 
scrutiny at least since the 1980s (Freed, 1983), and because of its large-scale use, a multitude 
of research studies investigated CO2 and confirmed its aversiveness in several species including 
humans (for an overview, see e.g., EFSA AHAW Panel, 2005 and Hawkins et al., 2006). It 
causes fear and anxiety in animals, e.g. in mice (Ziemann et al., 2009), rats (Johnson et al.,
2011) and humans (Finlay et al. 2009). Furthermore, carbon dioxide provokes dyspnea (Banzett 
and Moosavi, 2001; Banzett et al., 2008) and distress (Brofman et al., 1990; Marquardt et al.,
2018). CO2 inhalation at higher concentrations causes pain in animals including humans (Anton 
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et al., 1992; Danneman et al., 1997; Peppel and Anton, 1993) (for a detailed discussion, see 
Paper 3). 

At the time the assessed proposals were submitted to the German competent authorities, two 
guidance documents on how to estimate and classify the severity of various experimental 
procedures and interventions were available in German: one from the Swiss competent authority 
(Bundesamt für Veterinärwesen, 1995), which is legally binding in Switzerland, and one guide 
composed by the Group of Berlin Animal Welfare Officers (Arbeitskreis Berliner 
Tierschutzbeauftragter, 2010), which is based on the Swiss guide (Bundesamt für 
Veterinärwesen, 1995). It is unknown how many of the investigators in our sample used these 
guidance documents, when estimating the impacts on the animals by their surgical interventions. 
59% (377/642) of the procedures rated in the applications deviated from estimates we made 
using expert guidance documents, and for 375 of the 377 procedures, the investigators’ severity 
classification was lower. If research workers are adequately trained in animal behavior and in the 
recognition of species-specific distress, pain and suffering, they should have the expertise to 
assess the actual severity correctly. However, the frequent underestimation of anticipated pain 
and suffering found in this study (Paper 2) is in line with the scheduled underuse of proper 
anesthesia and analgesia regimens (Paper 1) and the shortcomings in regards to planned 
monitoring practices (Papers 2 to 3), the application of humane endpoints, and the choice of 
killing methods (Paper 3). All of this strongly indicates that discomfort and pain were not 
observed, not recognized and /or not taken seriously by many animal researchers. 

Literature review 
The brief overview (Paper 4; Herrmann, 2019) of information concerning Refinement research 
and its practical application in animal housing, husbandry, care, experimental procedures as well 
as in planning, conducting and reporting of animal studies, indicated shortcomings in the 
translation of these findings into practice. Paper 4 also uncovered that the goal of moving 
towards the replacement of (live) animals in all areas of scientific use, declared for example, by 
parts of the scientific community (see The Three Rs Declaration of Bologna (ATLA Staff Writer, 
2000)) and by EU politicians (see Directive 2010/63/EU on the protection of animals used for 
scientific purposes (European Parliament, 2010)), is currently not realized to an extent that 
would help to reduce the growing numbers of animals used (European Commission, 2013; 
Taylor and Rego, 2016). In regulatory testing (Basketter et al., 2012) and in education and 
training (Pawlowski et al., 2019), some efforts have been made to find non-animal methods. 
However, in basic and applied research, for which the most animals are used (Daneshian et al.,
2015; European Commission, 2011) and the majority of procedures are conducted (Taylor and 
Rego Alvarez, 2019), animals still represent the default model. The underlying problems are 
multifactorial, with main issues probably being a lack of appreciation and knowledge about not
only Refinement (as we identified in Papers 1 to 3) but in all the 3Rs (see Paper 4) as well as a 
lack of knowledge about the importance of searching for models that reflect the biology and the 
pathobiology of humans, rather than that of non-human animals (Archibald et al., 2018; 
Herrmann et al., 2019; Ritskes-Hoitinga and Pound, 2018); the lack of legal enforcement of the
3Rs in their hierarchical order where Replacement comes first and Refinement last (Russell and 
Burch, 1959; European Parliament, 2010); and the lack of incentives provided to scientists
willing to change the status quo. 

Animal welfare provisions not fulfilled
Legal requirements to safeguard animals used in science were in place well before 2010. It has 
been an obligation to reduce to an absolute minimum any pain, suffering and harms inflicted 
upon research animals since 1972 (Section 9, para. 1, sentence 1, No.1 German Animal Welfare 
Act as amended on 24 July 1972). In addition, since 1986, it has been illegal to cause animals 
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pain, suffering and/or harm in order to reduce workload, reduce the time needed to properly care 
for the animals or to cut costs (Section 9, para. 2, No. 3, German Animal Welfare Act as 
amended in 1986). The harm-benefit analysis (HBA) has been a cornerstone of the German 
animal research regulation since 1986 (German Animal Welfare Act as amended in 1986) and
succeeds the legal principle of proportionality that asks (I) whether the proposed research is 
suitable in achieving a rightful goal (suitability of the research study), (II) whether the question is 
adequate (necessity of the research study) and (III) whether the hoped-for benefits outweigh the 
harms inflicted upon the animals (Luy, 2015). Question III is the actual HBA whereas questions I 
and II are preconditions for the HBA.

When less than optimal protocols are to be employed, for instance, when pain relieving 
medication is withheld, researchers must justify that the hoped-for benefits of the proposed 
experiments continue to outweigh the harms inflicted upon the animals. It has been a provision 
well before the implementation of the new European Directive, 2010/63/EU on the protection of 
animals used for scientific purposes in 2013, to explain in detail in the research application how 
the proposed research study would be conducted, including all Refinement methods that would 
be employed (and information that the other 2 Rs were also considered). The study findings 
highlight that the requirement of minimizing pain, distress, suffering and lasting harm to an 
absolute minimum, a provision that has existed in the law since 1972 (Section 9, para. 1,
sentence 1, No.1 German Animal Welfare Act as amended on 24 July 1972; 1986; 1998; and 
current version) was frequently not fulfilled when submitting the research proposals. It also 
became apparent that scientific knowledge on Refinement methods that was available by 2010 
was frequently not applied in practice (see e.g., knowledge on severity of procedures available 
through guidance documents (Paper 2) and evidence of appropriateness of certain killing 
methods such as CO2 and cervical dislocation (Paper 3)). 

Lack of expertise in Refinement methods
Besides being familiar with and following relevant legislation, animal experimenters must be 
acquainted with the natural as well as pain behavior of the species they are working with, to be 
able to correctly assess their state of health and wellbeing. They must be proficient and properly 
trained to recognize and to alleviate pain (Flecknell et al., 2007). Research workers are not only 
accountable for the research results they produce, but they are also fully responsible for the 
proper treatment and care of the animals in their research projects. Another key prerequisite, 
besides having the necessary expertise on the adequate treatment of research animals, is that 
principal investigators need to have skilled staff in sufficient numbers to support them in fulfilling 
their legal duties. Section 9, para. 2, No. 3, subset 2, which was added to the German animal 
welfare law in 1986, highlights that a high work load and a lack of time and money are 
unacceptable reasons for not providing animals with the optimal attendance and care (German 
Animal Welfare Act as amended in 1986). Directive 2010/63/EU’s Article 23 on competence of 
personnel and Article 24 on specific requirements to personnel (which are listed in detail in 
Annex V of Directive 2010/63/EU) stress this basic requirement (European Parliament, 2010). 
Comprehensive education and ongoing training for all research workers in the 3Rs is imperative 
to ensure that they have the legally (and ethically) required expertise, something that was also 
stressed by Russell (2005) when he reviewed the progress of the 3Rs. Considering the lack of 
Refinement methods used that was detected in the proposals from 2010, especially the lack of 
pain assessment and management, training and thus expertise may still be insufficient to avoid 
unnecessary suffering. 

A vital way to remedy these deficiencies is to intensify and improve education and training not 
only on all of the 3Rs of animal experimentation but on innovative, animal-free approaches in 
science. The European Commission’s Joint Research Centre (JRC) has coordinated a study 

130



2 Publications

reviewing available educational resources supporting the 3Rs principles. The goal was to find 
courses, teaching material and other available resources internationally and, in a next step, to 
produce further guidance to support educators at various levels of education (high school, 
university, and professional development) to include the 3Rs in curricula and educational and 
training programs (personal communication with Prof. Maurice Whelan, Head of Unit F.3 
Chemical Safety and Alternative Methods, European Commission Joint Research Centre, May 
2019) The JRC points out that knowledge sharing is an important step towards expedited 
development and uptake of 3Rs approaches (European Commission, 2018), with replacement 
methods to accelerate and aid the uptake of animal-free approaches in science being the 
primary focus, which also represents the first action in response to the European Citizens' 
Initiative "Stop Vivisection" (European Commission, 2015). 

Faulty harm-benefit analyses
The underestimation of harms as well as the omissions of Refinement use contribute to incorrect 
prospective harm-benefit analyses by investigators and, thus, if not detected and rectified by the 
competent authority before licensing, conceivably lead to projects obtaining licenses in which the 
harms may exceed the hoped-for benefits. This is disconcerting since the HBA is the foundation 
to safeguard animals in science. Paper 3 (Herrmann and Flecknell, 2018b) provides examples 
on how we rated the severity of individual surgical procedures according to guidance documents 
from Switzerland (Bundesamt für Veterinärwesen, 1995) and Berlin (Arbeitskreis Berliner 
Tierschutzbeauftragter, 2010) that were available in 2010. When assessing severity of 
procedures, it is assumed that they would be conducted by a skilled surgeon who fully employs 
experimental Refinements. It is clear that the omission or the suboptimal use of Refinement may 
have an enormous impact on pain, distress and suffering and thus, overall severity. It is not only 
that the law dictates that suffering caused to animals in science must be reduced to an absolute 
minimum, but also that societal concerns about the way animals are treated demands this. Thus, 
if these basic requirements are not fulfilled the project should not be licensed.  

Recently, in a first-of-its-kind study, the actual harms inflicted on the animals used in preclinical 
research for several treatment interventions were retrospectively assessed (Pound and Nicol, 
2018). The authors then compared the actual harms to the actual benefits of these studies that 
had been systematically reviewed by Perel et. al. (2007), taking into account the animals’ 
suffering, the probability of benefit and the importance of the research, with the last item 
referring to both scientific rigor and conceptual improvements. Harms were mostly rated ‘severe’
by an expert panel, and all studies were found to be of poor quality. Among other findings, 
reported use of pain medication was exceptional, and several painful procedures had been 
conducted with no or light anesthesia, indicating extensive shortcomings in the application of 
Refinement methods. The retrospective HBA, taking into account also the poor scientific rigor
and the partly needless suffering of the animals, revealed that less than 7% of the animal studies 
were acceptable (Pound and Nicol, 2018). This retrospective HBA highlights that the oversight 
systems in place to safeguard animals were unsuccessful in shielding the animals from severe 
harm and in only authorizing high quality research that is beneficial for humans.

2.6 Significance of results within a broader context

The general lack of planned use of experimental Refinement methods that was identified in this 
retrospective review of original animal research proposals from 2010 indicates that there is a 
larger-scale problem, most probably not only in Germany. It is not only that Refinement is 
underreported in animal research publications (see e.g., Bara and Joffe, 2014; Carbone and 
Austin, 2016), but of much greater concern is that Refinement method application in practice is 
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likely to be poor (see Papers 1 to 3). The results of our study imply a lack of awareness and
knowledge of what is legally required and how optimal Refinement can be achieved. 
Furthermore, the study suggests a poor understanding of the significance of Refinement to both 
animal wellbeing and rigor of scientific data collected. 

The observation that “[s]cientists are not sufficiently aware of the concept of refinement” and “do 
not recognize the importance of refinement for their research” (Balls et al., 1995, p. 849) was 
already made by the participants of the 11th European Centre for the Validation of Alternative 
Methods (ECVAM) Workshop in 1995. It was recommended that “[t]he concept of recognizing, 
minimizing and eliminating pain and distress in laboratory animals should be included in training 
programs for all persons involved in the care and use of laboratory animals.” (Balls et al., 1995, 
p. 849). Training programs covering the 3Rs and their application in practice were in place in 
2010. However, considering the comprehensive shortcomings of the assessed proposals in that 
year, access to education and ongoing training may have been difficult, and/or the education 
and training provided may have been insufficient. Therefore, much more investment in the 
education and continuous training of those using animals in experiments is required. Overall, the
1995 ECVAM workshop report identified the same problems in regards to Refinement that we 
found in our data set from 2010. 

2.7 Study limitations

Only two species were covered with the focus on various surgical interventions with subsequent 
recovery, and only basic and applied research proposals submitted in 2010 to most of 
Germany’s competent authorities were included in this study. There are additional areas of 
concern with other animal species used to model severe disease that do not require surgeries to 
induce disease. Thus, the study offers a picture of a small but arguably representative segment 
of basic and applied animal research proposals.

Additional research would be important to track how these experiments were conducted in 
practice to see if all Refinements described in the proposals were actually applied, plus to see 
which potential additional Refinements were mandated by the competent authority in the course 
of the licensing process. And it would be important to check if the prospective severity 
classification complied with the actual severity of procedures. To conduct such retrospective 
assessments including reviewing and comparing prospective and actual severity, are since 2013 
a new legal requirement in the EU for certain animal experiments, namely for all animal studies 
classified as ‘severe’ and for studies utilizing non-human primates (Article 39, European 
Commission, 2010). Hence, laboratory inspections should be included in such analyses. 
Furthermore, the results of these studies should be taken into account as well, for example, by 
reviewing the resulting publication or, if nothing is published, by investigating why the study 
findings were not published. This would allow lessons to be learned about best practice
approaches in species- and model-specific Refinements. It would also enable lessons to be 
learned about the actual overall severity of experiments. This information is of utmost 
importance for future harm-benefit analyses as it facilitates a realistic consideration of the 
consequences for the animal subjects in the light of a more realistic estimation of potential 
human benefits.

2.8 Latest research, vital future research and other provisions

A survey by Franco and colleagues (2018), conducted in 2014 and 2015 among participants of 
laboratory animal science (LAS) courses in Denmark, Germany, Portugal, and Switzerland
(n=310), found that animal researchers regarded Refinement to be more important and more 
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attainable than replacement. They also prioritized Refinement over Reduction efforts. This is 
problematic as it constitutes a reversal of the hierarchy proposed by Russell and Burch (Russell 
and Burch, 1959), who put Replacement first and Refinement last. This may indicate that since 
2010, there has been an increase in awareness regarding the importance of Refinement use. In 
a follow-up survey six months after the LAS course attendants were asked to rate the impact of 
the themes taught in the course on their daily work. 127 participants, who answered both the first 
and second survey, reported in the follow-up that Refinement information taught had the most 
impact on their work, with over 32% saying that it had a “profound influence” and 48% stating it 
had “some influence” (Franco et al., 2018). 

A recently conducted survey (spring 2019) by Weary, Amendola and Brunt from the Animal 
Welfare Program, University of British Columbia, assessing opinions and attitudes of the 
laboratory science industry stakeholders in Canada and Europe on humane killing of laboratory 
rodents and on barriers to Refinements found that over half of participants from Canada and 
over 40% of participants from Europe answered that they still use carbon dioxide to kill rats. 
Most of the responders were indecisive whether this killing method is adequate or acceptable 
(personal communication with co-investigator Lucia Amendola, August 2019). Extensive 
evidence (gathered in the past 30 years and beyond) highlights that CO2 exposure is highly 
aversive to the animals and must therefore be considered an inhumane killing method (for 
details, see Paper 3, Herrmann and Flecknell, 2018b). Many research workers seem not to be 
aware of existing evidence about methods causing unnecessary pain and suffering. The ongoing 
widespread use of CO2 use in laboratories is a pertinent example as it highlights how animal 
welfare and Refinement research findings are not being transposed into practice as studies to 
assess the adequateness of carbon dioxide use are probably the most exhaustively conducted
ones among all Refinement research today (see also Paper 3, Herrmann and Flecknell, 2018b). 
But instead of using other, less aversive, alternatives to carbon dioxide killing the debate is still 
ongoing with many continuing to argue that better alternatives were not yet available. It would be 
interesting to study potential conflicts of interests of those claiming that humane alternatives do 
not exist as evidence indicates otherwise. In a recent attempt to facilitate dialogue among a 
range of stakeholders, the Swiss Federal Food Safety and Veterinary Office (FSVO) organized a 
symposium entitled “Alternatives to Carbon Dioxide”. The compelling evidence on why CO2
should not be used was presented as well as less aversive methods. Instead of proposing 
concrete action steps to initiate immediate change the FSVO concluded that more research is 
needed to find alternatives to carbon dioxide for killing of rats and mice (Axiak Flammer et al.,
2019). 

Besides the necessity for research mentioned below, one future task will be the assessment of 
barriers to the application of Refinements, including investigations into conflicts of interest that 
may inhibit a change to a responsible treatment of research animals. The above-mentioned 
survey by Amendola et al. (in preparation) is part of a larger study reviewing potential and actual 
hurdles of implementing Refinement methods to the use of CO2 (personal communication with
Lucia Amendola, August 2019). Similar studies need to be conducted identifying the various 
obstacles that hamper the transposition of knowledge gained from Refinement and animal 
welfare research into practice.

Repetition and expansion of this study
To validate trends detected in the survey of Franco et al. (2018) from 2014/2015 and to assess 
whether the situation has changed since 2010, it will be critical to repeat our study, as well as to 
extend it to other species, include more areas of Refinement (e.g., housing and care), and study 
the situation in other countries. In addition, studies should encompass also a sample of animal 
protocols that are ultimately authorized after being reviewed by the competent authority and their 
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animal research committees to assess the work of these safeguarding bodies. Furthermore, 
studies may also include laboratory inspections to observe how experiments are conducted.
Furthermore, the outcome of the animal studies should be analysed, especially in terms of actual 
severity of procedures. Such reviews should be conducted regularly, and their findings should be 
published, along with recommendations on how to improve practice. These could then contribute 
to the development of guidance documents, drafted by international experts in their respective 
fields, who are skilled not only in a certain area of research but also in Replacement, Reduction 
and Refinement of animal experiments.

Systematic documentation and assessment of actual severity
Many procedures carried out on animals, including the genetic modification of more and more 
animals, have introduced new challenges in appropriately assessing the severity and in 
classifying such procedures in the accurate categories (mild, moderate and severe) as well as to 
rate the cumulative effects of consecutive procedures on the individual animal. The new vistas 
have also provoked considerable debate. Hence, it is crucial to conduct studies alongside 
running research projects that fully focus on documenting and rating harms to help establish 
data on actual severity of the various experimental procedures and interventions. Additional 
animal experiments should however be avoided as this is neither necessary nor ethically 
justified.

Retrospective assessments of animal studies
Directive 2010/63/EU brought additional tools that ought to improve animal protection, such as 
mandatory retrospective assessments (RAs) of certain experiments, namely ‘severe’ projects 
and all projects using non-human primates (Recital 40 and Article 39, European Parliament, 
2010). These retrospective severity assessments should be conducted, not only for experiments 
that were prospectively classified as ‘severe’ and experiments on non-human primates, but for 
all experiments for which the severity is unclear or/and under debate. In the course of the 
experiments, researchers should assess and document the ‘actual’ severity of their procedures. 
In the RAs, this data is then compared with their prospective severity assessments. With RAs, 
deficiencies and omissions in the application of all the 3Rs can be identified. Furthermore, 
retrospective assessments show if the prospective harm-benefit analysis was correct, by not 
only assessing the actual harms inflicted upon the animals but also by appraising if the study 
outcomes justify the inflicted harms. The conduct of mandatory retrospective assessments of
projects categorized as being ‘severe’ and of projects with non-human primates was added to 
the list of tasks of the competent authorities (Article 39, Directive 2010/63/EU, European 
Commission, 2010).

Sufficiently equipped competent authorities
Considering the extent of the shortcomings found only in the area of Refinement in these 
research protocols, it is obvious that this places a major strain on the competent authority 
members. In Germany (as probably in many other countries) competent authorities are generally 
under-staffed and under-resourced (Personal communication with Dr. Heidemarie Ratsch, head 
of the competent authority in Berlin from 1996–2016, July 2016). To identify all of the 
shortcomings in regards to Refinement and to proper severity rating in the research applications, 
in the limited time the competent authority members have to assess the applications seems 
impossible, especially since these constitute only a part of what the competent authorities need 
to scrutinize when assessing animal research proposals. The brief and legally binding time limits 
for proposal assessments could then lead to the licensing of projects employing protocols that 
cause avoidable suffering and that may not be worthy a license at all. 
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To comply with legal requirements, competent authorities have to be adequately staffed and 
equipped. Besides sufficient numbers of experienced staff, there must be access available to all
relevant information as well as support by external independent experts. The law dictates that,
when deciding about the indispensability of animal experiments, using the current scientific
knowledge as a basis, it must be assessed whether the pursued purpose cannot be reached by
a means other than by the use of animals (Section 7, para. 2, sentence 3, German Animal
Welfare Act as amended in 1986; cf. Section 7a, para. 2, sentence 1, No. 1 and 2, German 
Animal Welfare Act in its current version). However, competent authority members have no or no
easy access to the full text of publications that are not freely available (Senatsverwaltung für 
Justiz und Verbraucherschutz Berlin, 2016). Thus, they cannot fulfil  their duty in checking the 
literature provided in the proposals with which the researchers justify the necessity to use live 
animals and the indispensability of their projects per se. Competent authority members are 
seemingly unable to conduct a comprehensive literature search, due to not having full access to
biomedical databases for reviewing the relevant full text literature, e.g. Web of Science, PubMed 
or National Library of Medicine (Senatsverwaltung für Justiz und Verbraucherschutz Berlin, 
2016). To become informed about the current knowledge in the respective research field and 
about the current knowledge regarding the 3Rs, access to the relevant publications is however a
central prerequisite for regulators. The competent authorities are under-resourced with respect 
to the country’s laws and their society’s concerns about animal treatment; this situation must 
urgently be changed. 

Outsourcing the retrospective assessments
Assuming that it will take a while to increase the limited resources currently available to 
competent authorities - which make safeguarding animals difficult to impossible - retrospective 
assessments should be outsourced to independent, EU-wide working groups comprised of 
specialists with extensive expertise not only in the application of the 3Rs but also in the 
respective research field. Publication of the outcomes of such assessments would then allow for 
a more effective implementation of the 3Rs in the future. 

Increased scrutiny by competent authorities
In Switzerland, Vogt and colleagues (2016) also assessed animal research applications 
submitted to the competent authorities. They screened over 1,200 proposals for several basic 
measures against bias (e.g., blinding, randomization and sample size calculation) and compared 
them with reporting rates in a sub-sample of published articles (n=50) following these study 
proposals. Measures to avoid bias were rarely included in both the animal research applications 
and in the resulting publications. The authors concluded that the authorization procedures of 
animal experiments and the peer review process of scientific publications are currently 
insufficient as they do not address the lack of study quality. This governmentally funded review 
led, according to a recent article (Kwon, 2019), to a more rigorous assessment of the quality of 
animal study applications by the Swiss competent authorities and their committees. The German 
government should take similar measures ensuring that the competent authorities are provided 
with the means of increasing the scrutiny with which they assess the animal experimentation 
requests - in the assessment areas of experimental Refinement and scientific quality, as well as 
in the other 2Rs.

Critical appraisal of the scientific value of research involving animals  
The biomedical (animal) research industry is in deep crisis (Harris, 2017), due to the lack of 
robustness of its findings (“reproducibility crisis”) and due to the lack of translational success 
(see Introduction and Paper 4, Herrmann, 2019).  
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• The 3Vs of animal experimentation
To assess and improve scientific validity and reproducibility of animal-based research, Würbel 
(2017) proposed, when conducting the harm-benefit analysis, to not only include 3Rs methods 
that minimize the extent and thus weight of harm inflicted upon the animals but to also 
incorporate the 3Vs of scientific validity (internal, external and construct validity) to maximize 
probable benefits of a study. The author recommends giving the 3Vs also a central role in the 
peer review of grant proposals and papers submitted for publication (Würbel, 2017). 

• Incomplete reporting
Despite ample levels of endorsement of the ARRIVE (Animal Research: Reporting of In Vivo
Experiments) guidelines, first published in 2010 (Kilkenny et al., 2010) and other reporting 
checklists by journals and funding bodies, improvements with regard to quality and 
completeness of reporting in animal-based research publications have not been achieved (Hair 
et al., 2018; Leung et al., 2018). Besides other deficiencies, animal research publications fail to 
(fully) report whether and which refinement methods were employed. In an attempt to better this 
situation, Percie du Sert and colleagues (2019) recently revised the ARRIVE guidelines. On the 
basis of a Delphi panel that regarded 10 items as most important to evaluate the reliability of 
research findings, the authors decided to divide the reporting items into the “ARRIVE Essential 
10”, that in their opinion represented a minimum requirement, and the “Recommended Set”
which contains - besides important information on “Objectives”, “Ethical Statement”, 
“Generalisability/translation” and “Interpretation/scientific implications” incl. “limitations of the 
animal model” all items describing Refinement method use, namely information on animal care 
and monitoring (description of measures taken to minimize pain, suffering and distress; any 
unexpected adverse events that took place, the use of humane endpoints, and the frequency of 
monitoring as well as information on housing and husbandry conditions, including environmental 
refinement). Percie du Sert et al. (2019) state that “ t he intention of ARRIVE 2019 is … to
promote a harmonised approach across journals to ensure that all manuscripts contain essential 
information needed to appraise the research.” To not include Refinement methods in the 
essential item list is surprising, considering the extensive research demonstrating how poor 
animal welfare impacts scientific data obtained from these individuals (Howard, 2013; Lloyd, 
Foden and Wolfensohn, 2008; Prescott and Lidster, 2017) and thus, non-application of 
Refinement methods makes the reliability of research findings questionable.

We recommended in Paper 1 (Herrmann and Flecknell, 2019) to legally enforce the compliance 
with preparation and reporting checklists, accompanied with a mandatory training on all checklist 
items, as this appears indispensable in fulfilling existing legal requirements. Considering the 
experimenters’ scientific and ethical responsibility when using live animals future research on 
ways to improve the application of comprehensive planning and reporting guidelines that include 
all necessary animal welfare measures would be valuable.

• Selective reporting of animal experiments and studies
Moreover, research findings are often reported selectively (only the parts of the 
results/experimental groups that show positive results are described) (Ioannidis, 2012) and 
frequently, findings are not published at all which results in publication bias. Scherer and 
colleagues (2018) reviewed if abstracts presented at conferences resulted in a publication and 
found that over half of results from abstracts did not get published in full. The authors found that 
favorable results were more frequently published than ‘negative’ results (Scherer et al., 2018). 
This selective reporting, along with other biases, leads to an overestimation of the significance of 
the reported study outcomes (e.g., Cohen, 2018) and thus, is misleading and contributes to 
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translational failures. In addition, public research funding should be used to tackle pressing 
health problems important to populations, and research outcomes should be relevant to patients. 
Surprisingly, thus far, tax-payer funded research hardly correlates with disease burden 
(Chalmers and Glasziou, 2009). This matter should be investigated further.  

• Increased critical appraisal of external validity  
There is an ongoing dispute as to why animal models fail to be predictive. Most argue it is due to 
poor scientific quality (internal validity issues) and poor reporting. However, we now mostly deal 
with multifactorial, complex, often chronic human illnesses of which many are not well 
understood and, hence, are nearly impossible to mimic in other animals (Tsukamoto, 2016). The
external validity is limited due to insurmountable species differences (Pound and Bracken, 2014;
Pound and Ritskes-Hoitinga, 2018), a fact that Russell and Burch already discussed six decades 
ago (1959, Chapter 5); many results from animals are hence not translatable to humans (Pound 
and Ritskes-Hoitinga, 2018). This issue is however still ignored by many in the animal research 
community (see e.g., Fitzpatrick et al., 2018); and thus, it needs special research attention.

The scientific value of data from animals who have been altered in an attempt to mimic 
conditions in humans needs to be rigorously appraised through tools such as systematic 
reviews, meta-analyses and other retrospective assessments (as discussed in Paper 4,
Herrmann, 2019). Thus far, few reviews have been undertaken looking at the value of animal 
experimentation. Leenaars and colleagues (2019) concluded in their recent systematic scoping 
review of reported concordance rates that more studies are required to evaluate the presumable 
evidence for predictivity of animal-based studies for the human setting and to identify which 
factors influence this. 

2.9 Conclusions

The Three Rs Declaration of Bologna, adopted by the 3rd World Congress on Alternatives and 
Animal Use in the Life Sciences, Bologna, Italy, on 31 August 1999 states: “Humane science is a 
prerequisite for good science, and is best achieved in relation to laboratory animal procedures 
by the vigorous promotion and application of the Three Rs. The ‘Three Rs’ should serve as a 
unifying concept, a challenge, and an opportunity for reaping benefits of every kind – scientific, 
economic and humanitarian.” (ATLA Staff Writer, 2000).

Our Refinement study conducted with a sample of over 500 animal research proposals from 
Germany confirms that the insight provided by Russell and Burch 60 years ago, reaffirmed by 
the Three Rs Declaration of Bologna forty years later – that humane science is good science 
which is best achieved by effective application of the 3Rs – still seemingly has not been fully
embraced by, or implemented in, many animal research laboratories. Prescott and Lidster 
(2017) have observed a “reluctance to question and challenge established practices and 
cultures” and that “staff on the ground may not have the practical tools, resources and support 
needed to put the current knowledge base into practice” (p. 152). These barriers to Refinement 
implementation have to be overcome. It is the duty of research workers to critically appraise their 
practices to determine current best practice approaches to avoid animal use whenever possible
and to minimize welfare implications of the animals still considered indispensable while 
maximizing scientific results (Lloyd, Foden and Wolfensohn, 2008). “It is particularly important 
that this is seen as an ongoing requirement: new developments in refinement may turn what was 
yesterday’s best practice into today’s outdated methodology”, Lloyd and colleagues wrote (2008,
p. 286). The consequences of a lack of best practice-approaches in Refinement are as obvious 
as they are avoidable: needless animal suffering, a breach of practical ethics, violations against 
animal protection laws as well as poor quality, internal validity and reproducibility of animal study 
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results (e.g., Prescott and Lidster, 2017). Besides overcoming the various barriers to 
implementing Refinement, we suggested in Paper 3 (Herrmann and Flecknell, 2018b) that
international working groups with expertise in the 3Rs and their respective research field are 
installed, to first review the validity of the particular animal model, and, in a second step, when 
proven valuable, gather and provide recommendations for the Refinement of the animal model.

As Russell and Burch remarked six decades ago, “refinement is never enough, and we should 
always seek further for reduction and if possible replacement” (Chapter 4, 1959).To move 
towards Replacement and innovative, animal-free approaches appears to be the logical next 
step as extensive efforts have been made to optimize animal models but they have not mitigated 
the translational failure rate (e.g., Percie du Sert and Rice, 2014; Sutherland et al., 2012). The
technology revolution has already greatly changed the field of life sciences and now supplies us 
with novel, superior tools that make a shift away from animal experimentation increasingly
feasible. The time seems right to move beyond the 60-year old 3Rs principles of animal 
experimentation (see Herrmann et al., 2019). An ethically-changing society is increasingly 
demanding that concerted efforts must be made to increase the funding for the development and 
implementation of non-animal, human-biology based and thus human-relevant methods. Such 
stipulations will not only protect animals from being used in experiments but will also offer the 
best opportunity to advance the life sciences in their quest for cures and treatments to human 
illnesses.
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Refinement on the way towards Replacement of animal experiments: A retrospective 
review of the use of Refinement methods in German animal research applications

Animal experimentation has been one of the most controversial areas of animal use, mainly due 
to the intentional harms inflicted upon animals. When applying the principles of the 3Rs 
(Replacement, Reduction and Refinement), first described by Russell and Burch in The 
Principles of Humane Experimental Technique six decades ago, animal use in science should 
decline through reducing numbers of animals used and by replacing them with non-animal 
methods. In addition, the use of the third R, Refinement, should lead to an improvement of the
conditions that cause fear, distress, pain and suffering to animals who are still being used. It is 
estimated that more than 127 million vertebrates are being used in science annually. Thus, until 
animal subjects can be fully replaced with non-animal methods, research into the third R, 
Refinement, and its application in practice remains imperative. To ensure scientific rigor, avoid 
unnecessary animal suffering and enable an accurate harm-benefit analysis, researchers using 
animals must be knowledgeable about Refinement methods and apply them effectively. Indeed,
researchers are legally accountable and required to minimize pain and suffering caused to the 
animals by their research projects. 

The aims of this thesis were to evaluate if and how findings from Refinement research have 
been implemented in practice, to determine areas where further improvement is needed and to 
make recommendations for the implementation of current best-practice Refinement methods. To 
highlight the significance of the Replacement of animals in science for scientific and for ethical 
reasons, a brief overview of the use of all the 3Rs in practice has also been provided and issues 
of poor rigor, reproducibility and translatability of animal experimentations are discussed. 

The study focused on experimental Refinement methods designed to minimize animal suffering.
Research in this area has increased significantly over the past two decades. However, the 
extent to which Refinement methods are applied in practice is uncertain. Due to poor reporting 
standards in animal research publications, especially of Refinement, this study used original 
animal research proposals to retrospectively review planned Refinement. For the scope of the 
study, all applications submitted to the participating German competent authorities in 2010, that 
included recovery surgical procedures in mice and rats and that obtained a project license, were 
selected. The first paper of this publication-based thesis summarizes the findings of the 
assessment on the efficacy of proposed anesthesia and peri- and postoperative analgesia in 
animal research applications. Postoperative analgesia was not proposed for 30% of surgeries. 
Following 10% of procedures, animals were to be given pain analgesics if the investigators 
decided this was necessary; however, information on planned pain assessments were generally 
absent. Consequences of unalleviated pain and omission of pain assessment techniques are 
discussed, and recommendations to improve anesthesia and analgesia are made. 

In the second paper, we categorized the severity of proposed surgical interventions by using the
relevant guidance documents and compared our rating with the rating included in the proposals. 
Furthermore, we assessed the appropriateness of planned monitoring of the potential adverse 
effects on the animals (“health monitoring”). Analysis showed that severity and chronicity of pain, 
suffering and distress that were to be inflicted upon the animals were frequently underestimated 
by the researchers. Planned health monitoring generally appeared insufficient to ensure the 
welfare of animals in the studies. 
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In the third paper, the appropriateness of proposed humane endpoints and killing methods was 
discussed. Following 55% of surgical procedures, the investigators proposed humane endpoints. 
These were mostly not clearly defined, and/or were considered to be at a late stage in the 
animal’s deterioration. In addition, the choice of killing methods could be improved in many 
applications, thereby reducing suffering. 

The findings of this series of studies highlight the need for improvement in the implementation 
of Refinement in scientific use of animals, to fulfil  legal requirements, to improve animal welfare
and to improve the quality of research data. This study was the first to review Refinement 
methods in research proposals. It would be important to repeat it to assess if the situation has
changed since 2010, as well as to expand it to other countries.

The final paper provides an overview of the various areas of Refinement, namely housing, 
husbandry, care, experimental refinements and also improvements in planning, conduct and 
reporting of animal studies, and their application in practice. Efforts to implement the other two 
Rs, Reduction and Replacement, are also briefly discussed. This paper highlights extensive 
shortcomings in all areas of Refinement. In addition, it supports the view that, even though we 
have the political goal to phase out animal experimentation, in reality, we are not close to 
widespread Replacement of animal models with non-animal models as not enough is done to 
work towards such a paradigm change.

140



4 Zusammenfassung

4 Zusammenfassung

Refinement von Tierversuchen auf dem Weg zum Ersatz von Tierversuchen: Eine 
retrospektive Analyse der Verwendung von Refinement-Methoden in deutschen 
Tierversuchsanträgen

Tierversuche gehörten schon immer zu den am meisten umstrittenen Bereichen der 
Tiernutzung, vor allem, weil den Tieren absichtlich Schmerzen und Leiden zugefügt werden. Das 
3R-Prinzip (Replacement, Reduction und Refinement), das im Deutschen auch das 3V-Prinzip 
(Vermeidung, Verminderung und Verfeinerung) genannt wird, wurde erstmal vor sechs 
Jahrzenten von Russell und Burch in ihrem Buch The Principles of Humane Experimental 
Technique beschrieben. Es sollte Tierversuche ersetzen und so den Einsatz von Tieren in der 
Wissenschaft reduzieren und die Bedingungen verbessern, die Schmerzen, Leiden, Distress 
und Angst bei den Tieren verursachen, die nach wie vor zu Versuchszwecken genutzt werden. 
Es wird geschätzt, dass mehr als 127 Millionen Wirbeltiere jährlich für Forschungszwecke 
verwendet werden. Bis Tiere vollständig durch tierfreie Methoden ersetzt werden können, 
werden die Forschung im Bereich Refinement und ihre Anwendung in der tierexperimentellen 
Praxis unerlässlich bleiben. Um die wissenschaftliche Qualität zu sichern, unnötiges Tierleid zu 
vermeiden und eine akkurate Schaden-Nutzen-Abwägung zu ermöglichen, müssen 
Tierexperimentatoren ein fundiertes Wissen über Refinement-Methoden haben, und sie müssen 
diese Methoden der Leidensminimierung erfolgreich anwenden können. In der Tat sind 
Wissenschaftler rechenschaftspflichtig und gesetzlich verpflichtet, die den Tieren durch ihre 
Forschungsprojekte zugefügten Schmerzen und Leiden auf ein unerlässliches Maß reduzieren.

Die Ziele dieser Arbeit waren zu evaluieren, ob und wie die Erkenntnisse aus der Refinement-
Forschung in der Praxis implementiert worden sind, zu untersuchen, wo Verbesserungen 
notwendig sind und Empfehlungen für die weitere Optimierung der Anwendung von Refinement-
Forschungsergebnissen in der Praxis zu geben. Um zu verdeutlichen, dass das endgültige Ziel 
der Ersatz von Tieren in der Wissenschaft sein sollte – aus ethischen wie aus
wissenschaftlichen Gründen – wird eine Übersicht über die Anwendung aller drei R in der Praxis 
vorgestellt, und es werden Mängel bezüglich der Qualität, Reproduzierbarkeit und 
Übertragbarkeit von Tierversuchen diskutiert. 

Die Arbeit konzentrierte sich auf experimentelle Refinement-Methoden, die entwickelt wurden, 
um versuchsbedingtes Tierleid zu minimieren. Die Forschung in diesem Bereich hat in den 
letzten zwei Jahrzehnten stark zugenommen. Aber es ist unklar, in welchem Umfang 
Refinement-Methoden in der täglichen Tierversuchspraxis Anwendung finden. Aufgrund 
mangelhafter Standards bei der Berichterstattung von tierexperimentellen Studien, insbesondere 
bezüglich ihrer Verwendung von Refinement-Maßnahmen, wurden für diese Studie 
Tierversuchsanträge herangezogen, anhand welcher die geplanten Refinement-Maßnahmen 
untersucht wurden. Es wurden alle Tierversuchsanträge mit operativen Eingriffen an Mäusen 
und Ratten, die im Jahr 2010 an die an der Studie teilnehmenden zuständigen Behörden für 
Tierversuche gesendet wurden und die schlussendlich eine Genehmigung erhielten, 
ausgewählt.

Der erste Artikel dieser publikationsbasierten Arbeit fasst die Ergebnisse der Untersuchung zur 
Effektivität der geplanten Anästhesie- und peri-und postoperativen Analgesieregime zusammen. 
Nach 30% der operativen Eingriffe war keine postoperative Analgesie geplant. Bei 10% der 
Operationen gaben die Tierexperimentatoren an, eine postoperative Schmerzbehandlung zu 
machen, falls sie dies für notwendig hielten. Jedoch fehlten in den Anträgen Hinweise auf eine 
geplante Beobachtung und Bewertung von Schmerzen und Leiden der Versuchstiere. Die 
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Konsequenzen von fehlendem bzw. mangelhaftem Schmerzmanagement werden diskutiert, und 
es werden Empfehlungen zur Verbesserung der Anästhesie- und Analgesieprotokolle gemacht.

In der zweiten Publikation haben wir die geplanten operativen Eingriffe in Schweregrade 
eingeteilt und unsere Bewertung mit der der Antragsteller verglichen. Außerdem überprüften wir, 
wie geeignet die vorgesehene Überwachung des Gesundheitszustandes der Tiere ist. Unsere 
Analyse ergab, dass Schweregrad und Chronizität von Schmerzen, Leiden und Dysstress, 
denen die Tiere ausgesetzt werden würden, von den Forschern regelmäßig unterschätzt 
wurden. Außerdem erschien die geplante Überwachung des Gesundheitszustandes der Tiere 
unzureichend, um das Wohlergehen der Tiere in diesen Versuchen sicherzustellen.

Der dritte Artikel diskutiert die Angemessenheit der von den Antragstellern vorgeschlagenen 
humanen Endpunkte (Abbruchkriterien) und Tötungsmethoden. Wenn die Forscher 
Abbruchkriterien im Antrag genannt hatten, was nach 55% der chirurgischen Eingriffe der Fall 
war, waren diese meist nicht eindeutig definiert und/oder wurden im Hinblick auf den bereits 
stark verschlechterten Krankheitszustand der Tiere als zu spät erachtet. Darüber hinaus könnte 
die Wahl der Tötungsmethode in vielen Anträgen verbessert werden, was zur
Leidensminimierung beitragen würde.

Die Ergebnisse dieser Studienreihe machen die Notwendigkeit für Verbesserungen bei der 
Anwendung von Refinement-Methoden in der alltäglichen tierexperimentellen Praxis deutlich –
um gesetzliche Vorgaben zu erfüllen, um den Tierschutz zu verbessern und um die Qualität der 
generierten Daten zu optimieren. Diese Studie war die erste, die Refinement-Methoden in 
Tierversuchsanträgen analysiert hat. Es wäre wichtig, diese Studie zu wiederholen, um zu 
eruieren, ob sich die Situation seit 2010 verändert hat; außerdem wäre es wichtig, derartige 
Untersuchungen auf andere Länder auszuweiten.

Der letzte Artikel gibt einen Überblick über derzeitige wissenschaftliche Erkenntnisse in den 
verschiedenen Bereichen des Refinements, und zwar über die optimierte Unterbringung und 
Pflege, über experimentelles Refinement und über Verbesserungen in der Planung, 
Durchführung und Berichterstattung von Tierversuchen. Es wird außerdem dargelegt, wie diese 
Erkenntnisse derzeit in der Praxis umgesetzt werden. Bemühungen, die anderen 2R, 
Reduzierung und Ersatz von Tierversuchen, voranzutreiben werden auch kurz diskutiert. Es 
werden umfangreiche Mängel in allen Bereichen des Refinements von Tierversuchen und ihrer 
Anwendung in der Praxis aufgezeigt. Außerdem wird deutlich, dass wir trotz des politischen 
Ziels Tierversuche einzuschränken, in Wahrheit weit entfernt sind von einem weitgehenden 
Ersatz von Tiermodellen durch tierfreie Modelle und Methoden, da nicht genug getan wird um 
einen Paradigmenwechsel voranzutreiben. 
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