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1. Introduction 

 

Animal-based research is still a necessary tool to investigate complex mechanisms 

within an organism and to contribute to basic research. Therefore, highest possible 

animal welfare is legally and ethically demanded. High welfare standards also, 

contribute to high-quality science, reproducibility and thus the reduction of 

experiments and animals needed. To achieve good welfare within animal 

experiments, the investigation of the degree of pain, suffering, distress, and lasting 

harm is crucial. So far, clinical scoring and body weight have been most widely used 

to assess the animals’ welfare states within an experiment (KEUBLER et al. 2018). 

Clinical scoring is problematic especially in prey animals such as mice and rats, 

which are mainly used in animal-based research. These animals mask their 

experienced pain or suffering, often until a moderate degree is reached (STASIAK et 

al. 2003). In view of the difficulties still present in routine assessment of welfare, 

improvement is essential. Therefore, further methods have been introduced and 

investigated in recent years, however, many of the proposed procedures require the 

animals to be handled which in itself might impact the assessment. Consequently, 

the number of objective and unbiased methods to assess an animal’s welfare state 

are still scarce (KEUBLER et al. 2020). As it provides the great advantage of 

contactless, observer-unbiased monitoring of physiological parameters (KRAMER et 

al. 1993; ARRAS et al. 2007; CESAROVIC et al. 2011), telemetry has therefore been 

proposed as a method for welfare assessment. Further, recent suggestions for 

welfare assessment are the use of a combination of suitable parameters for a 

specific study model (TALBOT et al. 2019; KEUBLER et al. 2020) as well as data 

science approaches, like analyses of clusters and correlation patterns, to obtain 

beneficial additional information (KEUBLER et al. 2020).  

The aim of this thesis was to improve welfare assessment using telemetry and data 

science approaches. The impacts of surgical interventions on telemetrically 

measured parameters (heart rate (HR), heart rate variability (HRV), activity (Act), and 
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body temperature (Temp)) were analyzed in a cross-species approach. The 

experiments comprised the implantation of a telemetric device in rats, mice, and 

sheep, intracranial implantation of electrodes for stimulation and recording of 

neuronal activity (ELLE et al. 2020) in rats, intracranial tumor cell injection for testing 

anti-tumor effects of local therapeutics (WU et al. 2018) in rats, as well as the 

ablation of the Musculus infraspinatus at its osseous muscle insertion for 

investigating treatment methods of chronic tendon ruptures in sheep (HEE et al. 

2011). Based on HR and Act data recorded after each procedure, a SVM model was 

developed to classify and grade the impact of these procedures in the context of 

introduced welfare impairments. The monitoring of physiological parameters using 

telemetry as well as the analysis of telemetrically measured data by implementing 

advanced statistical methods enabled an improved assessment of animals’ welfare 

across different species.  
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2. Literature review 

 

2.1. Background of welfare assessment 

In animal-based research, welfare assessment has been an important issue for many 

years. Already in 1959, the concept Reduce, Replace and Refine (3R) was 

introduced (RUSSELL et al. 1959). It was internationally accepted as the standard for 

the humane use of animals in research (NATIONAL RESEARCH COUNCIL 

COMMITTEE ON RECOGNITION AND ALLEVIATION OF PAIN IN LABORATORY 

ANIMALS 2009) and has since then been embedded into legislation (see ‘Legislative 

background of animal experimentation and welfare assessment’). The three aims of 

this ethical concept are (1) reduction of the number of animals used in animal 

experimentation while maintaining high-quality scientific results, (2) replacement of 

animal experiments by using alternative methods like microorganisms, plants or 

artificial materials as well as computer simulations, and (3) refinement of 

experimental procedures by minimizing the burden experienced by the animals 

(RUSSELL et al. 1959). To achieve refinement, any procedures affecting the 

animals, including husbandry, must be optimized. Therefore, robust and adequate 

assessment methods are mandatory to detect impaired welfare (BLEICH and TOLBA 

2017). The impairments of welfare are defined in detail in the chapter ‘Animal welfare 

and its impairments‘. Beyond animal welfare, refinement also has scientific benefits 

because animals with impaired welfare display physiological, behavioral and 

immunological abnormalities which decrease the validity and reproducibility of a 

study (POOLE 1997). 

Until recently, the recognition of welfare impairments was mostly based on subjective 

assumptions regarding the animal´s feelings (FLECKNELL 2002), presenting a major 

risk of bias. To remedy this problem, many tools and methods have been proposed 

to investigate welfare (see ‘Further methods to assess welfare’). However, in most 

procedures, interaction with the experimenter is necessary (e.g. weighing animals or 

transferring the animals to a test setup), which is regarded to be a stressor for the 

animals (BATURAITE et al. 2005). Furthermore, even the experimenter’s work 
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experience, anxiety, and sex can have different effects on the animals (HANELL and 

MARKLUND 2014). To overcome this difficulty, automated home-cage-based 

methods are proposed to be useful (KEUBLER et al. 2020). These methods improve 

“our capacity to characterize behavioural changes with ill health” (RICHARDSON 

2015). Telemetry, as one possible method, has been proven to be a useful tool for 

home-caged-based assessment of welfare ((ARRAS et al. 2007), see ‘Telemetry as 

a tool to assess welfare’).  

 

2.2. Legislative background of animal experimentation and welfare 

assessment 

In Germany, researchers working with animals are legally required to reduce any 

potential pain, suffering, distress or lasting harm to an absolute minimum since 1972 

(GERMANY 1972; HERRMANN and FLECKNELL 2019). After the “Directive 

2010/63/EU on the protection of animals used for scientific purposes” (EUROPEAN 

UNION 2010) came into force, the ethical principles of the 3R, which had already 

been embedded into German legislation, were listed and emphasized. In the 

following, the main legal components are summarized. 

Beyond the general animal welfare protection requirements, § 7 of the German 

animal welfare act serves to protect animals used in animal experimentation or for 

tissue or organ harvesting for scientific purposes. Animal experiments are defined as 

procedures or treatments for experimental purposes, which may cause pain, 

suffering or harm (GERMANY 2006).  

A prerequisite for animal experimentation is the indispensability. Accepted purposes 

determining an indispensability are defined in § 7a, including, for example, basic 

research or research for treatment of a disease. The ethical justification of each 

experiment is further to be demonstrated by relating the study outcome to the harm 

applied to the animals and the availability of alternative methods to achieve the same 

gain of knowledge.  
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Moreover, the experimenter is required to prospectively and retrospectively grade all 

scientific procedures to whether they induce a mild, moderate or severe condition of 

pain, distress, suffering or lasting harm in the animals. The fourth category “non-

recovery” describes experiments performed and also terminated by euthanasia under 

continuous general anesthesia (EUROPEAN UNION 2010; GERMANY 2013). For 

the prospective grading of procedures, some experimental procedures have 

exemplarily been classified in Annex VIII of the EU directive according to the degree 

of pain, suffering, distress or lasting harm which are expected to be experienced by 

an individual animal. However, Annex VIII is claimed to be fragmentary and therefore 

not applicable to every scientific purpose (SMITH et al. 2018). The retrospective 

grading requires a reliable assessment of impaired welfare in animals.  

 

2.3. Animal welfare and its impairments 

Welfare, which is often also named as well-being, was initially defined as minimal 

standards for farm animals and known as the “five freedoms” (freedom from thirst, 

hunger, and malnutrition, freedom from discomfort, freedom from pain, injury and 

disease, freedom to express normal behavior, freedom from fear and distress; 

(COUNCIL FOR FARM ANIMAL WELFARE 1993; WEBSTER 1994)). This definition 

considered the absence of unfulfilled physiological and behavioral needs as the main 

requirements of animal welfare. However, welfare is a more complex issue. Since the 

introduction of the five freedoms, many diverging definitions of animal welfare 

followed (CLARK et al. 1997). For example, welfare was defined as an animal's 

“state as regards its attempts to cope with its environment” (BROOM and JOHNSON 

1993) or as the presence of positive experiences, pleasures or happiness 

(TANNENBAUM 2002). Today's understanding of welfare comprises coping with 

environmental conditions as well as the presence of positive experiences in addition 

to the absence of negative states (BOISSY et al. 2007; JIRKOF 2014a). The 

investigation of negative states is already challenging, as has been stated before, 

however, the investigation of positive experiences and emotions is far more 

demanding and has not been addressed as extensively as the analysis of the 
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negative states (BOISSY et al. 2007). Further augmenting the complexity of 

assessing positive emotions in animals is the notion that “the core unit of animal 

welfare is the subjective perception of an individual” (JIRKOF et al. 2019). 

Even though the definition of welfare is highly debated, it can be stated that “welfare 

can be defined as a state of harmony between an individual and its environment and 

as the balance between positive and negative affective states” (JIRKOF 2014a). 

Throughout all definitions, the main factors introducing these negative states are 

pain, distress, suffering, and lasting harm which are also embedded in the current 

legislation (GERMANY 2006; EUROPEAN UNION 2010), as stated above. 

Therefore, pain, stress, distress, and suffering often go along with each other (ANIL 

et al. 2002) and their definitions are overlapping and blurred (OLDHAM 1985). 

Nevertheless, these welfare impairments, as well as the methods to detect them, are 

separately described in the following. Lasting harm did not occur during the course of 

any experiment conducted in this thesis; it is therefore not described or discussed in 

further detail. 

 

2.3.1. Pain 

Pain in humans has been defined as an “…unpleasant sensory or emotional 

experience associated with actual or potential tissue damage or described in terms of 

such damage” (INTERNATIONAL ASSOCIATION FOR THE STUDY OF PAIN 1979). 

In animals, pain is defined as “an aversive sensory experience caused by actual or 

potential injury that elicits protective motor and vegetative reactions, results in 

learned avoidance behaviour, and may modify species-specific behaviour, including 

social behaviour” (ZIMMERMANN 1986). The results of several researchers proved 

that animals are able to sense a difference between painful and not painful conditions 

(DANBURY et al. 2000; NATIONAL RESEARCH COUNCIL COMMITTEE ON 

RECOGNITION AND ALLEVIATION OF PAIN IN LABORATORY ANIMALS 2009). 

Pain has a naturally protective function, e.g. as a warning of dangerous stimuli or by 

inducing altered behavior in order to protect an injured region of the body. The 
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physiology behind the perception of pain is a very complex response to nerval 

stimuli. It involves nociceptors (specialized sensory nerves), a network of neurons, 

the spinal cord and different areas in the brain to nerval stimuli. The response to the 

stimuli leads to physiological and behavioral reactions of the organism such as 

reduced food and water intake, altered behavior, reduction of sleep, slow recovery 

from surgery and results in endocrine and metabolic changes (NATIONAL 

RESEARCH COUNCIL COMMITTEE ON RECOGNITION AND ALLEVIATION OF 

PAIN IN LABORATORY ANIMALS 2009). The intensity and duration of the pain have 

a major impact on the manifestation of these reactions (DOBROMYLSKYJ 2000).  

In 1985, first attempts were made to assess pain, distress, and discomfort by clinical 

scoring by evaluating a range of unspecific parameters (MORTON and GRIFFITHS 

1985; NATIONAL RESEARCH COUNCIL COMMITTEE ON RECOGNITION AND 

ALLEVIATION OF PAIN IN LABORATORY ANIMALS 2009). However, most 

parameters are rarely consistent (STASIAK et al. 2003), not pain-specific (ANIL et al. 

2002) and animals, especially prey animals, hide signs of pain up to a moderate 

degree (STASIAK et al. 2003). Furthermore, several studies point out that species’ 

and even individuals vary in their response to pain. Consequently, the criteria for 

assessing pain in different species differ as well (MORTON et al. 2005; KOHN et al. 

2007). Considering all the above, it can be stated that pain is challenging to detect 

and pain recognition is based on anthropomorphism in many cases (KOHN et al. 

2007). 

To overcome these issues, objectively measurable parameters need to move into 

focus. In the following, the impact of pain on objectively assessable, physiological 

parameters will be discussed in detail as these are going to be evaluated within this 

thesis. HR was shown to be increased due to painful stimuli in lambs (PEERS et al. 

2002). However, increased HR can also be caused by reactions of the organism to 

other stressors than pain, such as stress or distress (SHARP et al. 2002; MEIJER et 

al. 2006; CHEN et al. 2009), or be caused by increased Act (VAN DEN BUUSE et al. 

2001). In fact, the National Research Council even proposes HR to be an unspecific 

parameter as it is not only influenced by several factors unrelated to pain but has 
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also been shown not to consistently increase in response to painful conditions 

(NATIONAL RESEARCH COUNCIL COMMITTEE ON RECOGNITION AND 

ALLEVIATION OF PAIN IN LABORATORY ANIMALS 2009). However, the 

combination of an increased HR with a decreased HRV has been shown to indicate 

an activation of the sympathetic-adrenergic system, which is a sign of long-lasting 

pain (ARRAS et al. 2007). 

Act is another objective, physiological parameter assessed within this thesis. It can 

for example be measured as locomotor Act in the home cage or as voluntary wheel 

running and has been shown to be reduced under painful conditions in rats and mice 

(FLECKNELL and LILES 1991; CLARK et al. 2004).  

 

2.3.2. Stress - distress 

Stress has been defined as “…the nonspecific response of the body to any demand” 

in 1936 (SELYE 1936). Therefore, stressful experiences can be caused by emotional 

(e.g. fear and anxiety) or physical (e.g. exercise) components as well as a 

combination thereof (e.g. pain; (MELLOR and STAFFORD 1999)). Regardless of the 

cause, these stressors are novel, challenging, or threatening (HERD 1991). Any of 

these stimuli result in a non-specialized autonomic stress response by activating the 

sympathetic nervous system and the hypothalamic-pituitary-adrenocortical system.  

A stress response does not necessarily harm the organism. Selye defined the terms 

eustress and distress. Eustress is defined as positive stress an animal can cope with. 

It increases the attention and performance without introducing a negative impact on 

the organism (SELYE 1956). Distress, in contrast, is defined as negative stress 

during which the adaptive response is insufficient and the organism cannot cope with 

or adjust to the stressors (SELYE 1956). This condition is often associated with 

frustration, anxiety, fear, anger or depression (FEDERATION OF EUROPEAN 

LABORATORY ANIMAL SCIENCE ASSOCIATION WORKING GROUP ON PAIN 

AND DISTRESS 1994). For this state of distress, it is of no relevance if the stressor 

is short-lasting (e.g. injections (SHARP et al. 2002)) or long-lasting (e.g. single 
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housing (SHARP et al. 2002); (NATIONAL RESEARCH COUNCIL COMMITTEE 

FOR THE UPDATE OF THE GUIDE FOR THE CARE AND USE OF LABORATORY 

2011)). Distress leads to an impairment of an animal’s welfare, reduced performance 

and finally results in diseases (SELYE 1956). Biological functions can therefore be 

altered and may be interpreted as indicators of distress (KEUBLER et al. 2020).  

Stressor-induced changes in the autonomic nervous system result in increased 

amounts of adrenalin and noradrenalin as well as increased glucocorticoid derivates 

and other stress hormones. These endocrine changes lead to alterations in 

respiration, HR, arterial blood pressure and metabolic rates (ZHANG et al. 2004). In 

line with this, HR has been shown to increase due to several stressful conditions 

(HERD 1991; BOUWKNECHT et al. 2000; NATIONAL RESEARCH COUNCIL 

COMMITTEE ON RECOGNITION AND ALLEVIATION OF PAIN IN LABORATORY 

ANIMALS 2009) and the strength of cardiac contractions has also been found to 

increase (HERD 1991). Furthermore, hyperthermia has been revealed as a response 

to stress (BOUWKNECHT et al. 2000; BOUWKNECHT et al. 2007). However, the 

stress response varies according to the type, duration, and intensity of a stressor 

(ZHANG et al. 2004) and furthermore, depends on the individual which is subjected 

to the stressful stimulus (HERD 1991). Consequently, distress as a state of impaired 

welfare is difficult to be assessed and monitored (NATIONAL RESEARCH COUNCIL 

COMMITTEE FOR THE UPDATE OF THE GUIDE FOR THE CARE AND USE OF 

LABORATORY 2011).  
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2.3.3. Suffering 

Suffering is “a highly unpleasant emotional response” (ANIL et al. 2002) which can 

be induced by a variety of different influences. Throughout literature, suffering is 

usually associated with pain and distress (KAHN and STEEVES 1986) and is 

sometimes even used synonymously to distress (ANIL et al. 2002). Hence, suffering 

constitutes a cumulative emotional state which is an outcome of different other states 

like pain (physically or mentally applied), distress and anxiety (ANIL et al. 2002). This 

mental state cannot be differentiated from pain and distress as the definitions are 

blurred and overlapping (KAHN and STEEVES 1986). As these subjective states 

cannot be measured directly but depend on the interpretation of physiological and 

behavioral derivations, the investigation is challenging (PAUL et al. 2019).  

 

2.4. Telemetry as a tool to assess welfare 

Telemetry (greek: tele: far off, metron: measure) was first described in 1869 

(KRAMER et al. 2001) and describes the transmission of values recorded by a 

sensor to a spatially separated remote receiver (HONIG 1965). Initially, telemetry 

was used for the monitoring of weather and later on was applied in jet fighter pilots 

for medical purposes in 1954. It was first applied in animal-based research in 1957. 

These devices, used for monkey, cats and dogs, were not implanted but attached to 

the animal’s back via backpacks. The first implantable devices were developed for 

recordings of Temp in 1959 and cardiovascular measurements in 1965 (KRAMER et 

al. 2001). Table 1 outlines the advantages and disadvantages of implantable devices. 
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Table 1 - Advantages and disadvantages of radio telemetry using implantable 

devices (adapted from (KRAMER et al. 2001))  

Advantages Disadvantages 

 Eliminates artifacts and variability from 
restraint stress, caretakers nearby or 
chemical restraint necessary in non-
invasive methods 

 Represents a humane method for 
monitoring of physiologic parameters in 
conscious animals, reduces distress 

 Reduced movement artifacts, e.g. due to 
exteriorized cables (MORTON et al. 2003) 

 Reduces animal use in research 

 Eliminates the risk of infection from exit 
sites 

 Allows for automated data collection 
around-the-clock  

 Gives high temporal resolution to detect 
short term deviations of parameters 
(KUMSTEL et al. 2020) 

 Available for a wide range of species  

 No special maintenance required  

 Virtually no labor required during 
postsurgical recovery  

 Allows for chronic instrumentation of a 
colony of animals  

 Improves data quality compared to those 
collected using conventional measurement 
techniques  

 Animals can be reused in successive 
studies 

 Requires surgery; impact on welfare that 
goes along with a surgical procedure 

 High initial costs for equipment purchase  

 Suitable for monitoring in a confined area 
only  

 Possibility of long-term drift with some 
types of measurements 

 Measurement of just one animal per time 
point in small animal technique 
(MORTON et al. 2003) 

 The physical impact of transmitters 
(MORTON et al. 2003) 
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The primary advantage is the possibility for observer-independent measurements of 

several physiological parameters in conscious animals over long periods of time 

(KRAMER and KINTER 2003; NIEMEYER 2016). The primary disadvantage is the 

requirement of surgical implantation of the device.  

Today, telemetry is used to monitor autonomic functions, including HR, blood 

pressure or Temp in various species (POPOVA et al. 2017). Using the derived 

electrocardiogram (ECG), parameters such as the HRV, which is the assessment of 

the varying length of heartbeat intervals, can be calculated and analyzed in addition 

to the HR. The HRV is regulated by the autonomic nervous system. It is a measure of 

the degree of ability to which the heart can flexibly respond to stressors by changing 

the HR. It therefore, received attention as a parameter to assess stress (KIM et al. 

2018) and the vagal tone (BOISSY et al. 2007). The changes in HRV were 

discovered in humans and proved to be “a strong and independent predictor of 

mortality following an acute myocardial infarction” (TASK FORCE OF THE 

EUROPEAN SOCIETY OF CARDIOLOGY AND THE NORTH AMERICAN SOCIETY 

OF PACING AND ELECTROPHYSIOLOGY 1996). Furthermore, the determination of 

the influences of the autonomic nervous system on cardiac functions was described 

to provide additional information for the reliable assessment of pain. Therefore, the 

assessment of the response of cardiac parameters to an altered autonomic nervous 

system may “represent a valuable alternative method to catecholamine 

measurements” (RIETMANN et al. 2004). 

The main application of telemetrically measured parameters is in biomedical 

research. It is, for example, used for the evaluation of efficacy and safety of 

pharmaceuticals, and in electrocardiographic-based research (KRAMER et al. 2001) 

and also in the assessment of an animal’s welfare and the severity of procedures 

(MORTON et al. 2003; ARRAS et al. 2007). Primarily in mice, several experimental 

procedures were investigated regarding animal welfare impairments using telemetry. 

An overview of the impact of a selection of procedures on telemetrically measured 

HR, HRV, Act, and Temp is given in Table 2. 
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Table 2 - The impact of experimental procedures on telemetrically measured 

parameters  

Experimental 

Procedure 
Heart rate 

Heart rate 

variability 
Activity 

Body 

temperature 

Surgery 

↑ increased 
(KRAMER et al. 
1993; ARRAS et 

al. 2007; 
CESAROVIC et 
al. 2011; HEIDER 
2018; KUMSTEL 
et al. 2020)  

↓ decreased 
(ARRAS et al. 

2007; HEIDER 
2018; KUMSTEL 
et al. 2020) 

↓ decreased 
(GREENE et al. 
2007; 

CESAROVIC et 
al. 2011; HEIDER 
2018; KUMSTEL 
et al. 2020) 

↓ decreased 
(HEIDER 2018) 

↑ increased 
(ARRAS et al. 
2007) 

Injection 

↑ increased 
(MEIJER et al. 
2006; VAN 
BOGAERT et al. 
2006) 

 
↑ increased 
(MEIJER et al. 
2006) 

 

Cage Change 

↑ increased 
(VAN BOGAERT 
et al. 2006; 
MELLER et al. 
2011) 

   

Handling 

↑ increased 
(KRAMER et al. 
1993; 
BATURAITE et al. 
2005; VAN 

BOGAERT et al. 
2006) 

 
↑ increased 
(CLEMENT et al. 
1989) 

↑ increased 
(CLEMENT et al. 
1989) 

Restraint 

stress 

↑ increased 
(MEIJER et al. 
2006; CHEN et al. 

2009)  

 ↑ increased 
(MEIJER et al. 
2006) 

↑ increased 
(CHEN et al. 

2009) 

Anesthesia 

↓ decreased 
(KRAMER et al. 
1993) 
=stable 
(CESAROVIC et 
al. 2010) 

  
=stable 
(CESAROVIC et 

al. 2010) 

Anxiety  
↑ increased 
(ZHANG et al. 

2004) 
 

↓ decreased 
(ZHANG et al. 

2004) 
 

Sepsis 
↓ decreased 
(KNAPE et al. 
2019) 

  
↓ decreased 
(KNAPE et al. 
2019) 
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HR has been shown to be increased after stressful procedures, e.g. surgery, injection 

or handling (for further details see Table 2). In contrast, HRV was found to be 

decreased after surgery (see Table 2). For Act measurements, the results are 

inconsistent. In detail, after surgical procedures, Act has been shown to be 

decreased, whereas after other stressful procedures, such as an injection or restraint 

stress, Act has been found to increase (see Table 2). Temp also increased as a 

reaction to stressful procedures but the increase has not been shown to be as strong 

and as reliable as the increase of HR (MEIJER et al. 2006). In some cases, an 

increase in Act was accompanied by an increase in Temp (CLEMENT et al. 1989) 

which might be explained by higher muscular metabolism due to Act which in turn 

might lead to an increased Temp (VAN BOGAERT et al. 2006). Furthermore, the 

environmental conditions have a strong impact on Temp as well as the condition of 

the animal. Apart from hyperthermia, also decreased Temp was described as 

reaction to stressful procedures. More specifically, a decrease in Temp after surgery 

was reported, which already started during the surgical procedure due to the clipping 

of the animal’s fur, the disinfection of the skin leading to evaporation chill as well as 

heat convection from the opened abdomen during the laparotomy itself (HEIDER 

2018). 

All in all, telemetric methods have been proven to be important and valuable, 

objective readout parameters to assess the animals’ state of welfare. 
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2.5. Further methods to assess welfare 

As mentioned previously, Morton and Griffiths proposed clinical scoring as a method 

to assess welfare in 1985. This method implies that the animals are investigated by 

an experimenter during the daily routine in the lab (MORTON and GRIFFITHS 1985). 

Assessment of the clinical score and the body weight afterwards became the gold 

standard approach to assess an animal’s state of welfare and their parameters 

provide the basis to define humane endpoints in many experiments. However, a bias 

might be introduced by subjective scoring. Furthermore, the presence of an observer 

in the room has been shown to influence the animals, thereby masking the actual 

grade of a welfare concern (HAWKINS 2002). Additionally, some clinically assessed 

parameters might be influenced by factors unrelated to the experiment itself.  

Recently, more evidence-based procedures, mainly based on behavioral testing, 

have been proposed useful for welfare assessment. Examples for such methods are 

the assessment of species-specific burrowing (DEACON 2006; JIRKOF 2014b; 

KOSKA et al. 2019; SEIFFERT et al. 2019), the assessment of nesting behavior 

(JIRKOF 2014b; MÖLLER et al. 2018; SCHWABE et al. 2019), the analysis of 

grimace scales (LANGFORD et al. 2010; SOTOCINAL et al. 2011; HÄGER et al. 

2017) and the application of the open-field test (GOULD et al. 2009). However, these 

procedures often require a change in the environment such as novel surroundings 

and new social constellations as well as the necessity of an interaction with the 

experimenter. 

To obtain more objective and observer-independent data, distinct home-cage-based 

methods, besides telemetry, have been introduced. For example, the assessment of 

voluntary wheel running behavior was introduced and has been proven to be feasible 

and sensitive in numerous animal models, e.g. colitis or stress, by revealing changes 

in the animals’ Act (HÄGER et al. 2018; WEEGH 2019). Furthermore, a cluster 

model using body weight and voluntary wheel running data was developed to classify 

and grade the severity implemented by the applied procedure (HÄGER et al. 2018). 

This cluster model for assessment of welfare was further tested in a model of 

cognitive depression in mice (MALLIEN et al. 2019) as well as a pancreatic cancer 
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study with surgery and chemotherapy in mice (WEEGH 2019), revealing good 

viability of the parameter. Nevertheless, it must be considered that voluntary wheel 

running is not sensitive to one specific welfare concern. It is decreased by any 

negative impact and is also easily influenced by drugs, social impact or other 

environmental impacts (TAPPE-THEODOR et al. 2019). 

Furthermore, several other home-cage-based techniques were introduced for 

automatized behavioral analysis, such as analysis of video recordings (DE VISSER 

et al. 2006), assessing the weight shift within the cage (GOULDING et al. 2008), 

using techniques based on piezoelectric (FLORES et al. 2007), microwaves 

(GENEWSKY et al. 2017) or electrical capacitance of electrodes (IANNELLO 2019). 

In camera-based methods, the analysis is challenging and time-consuming (MILLER 

et al. 2011). Therefore, pattern recognition software has been used to detect food 

intake, water consumption and specific mouse behaviors like rearing, sniffing and 

hanging (STEELE et al. 2007; ROUGHAN et al. 2009; MILLER et al. 2011; MOCHEL 

et al. 2012). To automatize the analysis of mouse grimace scales, an algorithm was 

developed to improve the analysis of the recorded videos (ERNST et al. 2019a; 

ERNST et al. 2019b). Furthermore, Kunczik et al. introduced a contactless approach 

to assess HR and respiration rate from standard videos via analysis of pulsatility of 

specific regions on the animals which are useful for vital recognition (2019).  

 

2.6. Impact of surgical interventions on animal welfare 

Surgical interventions are complex procedures that might impact animals due to 

several factors. In general, anesthesia, surgical technique and quality, postsurgical 

pain and discomfort, possible wound complications and inflammations must be 

considered. Additionally, in case of the implantation of a foreign body (e.g. a 

telemetric device or intracranial electrodes), the impact introduced by it has to be 

taken into account. Furthermore, the impact introduced by surgical interventions 

differs in animals depending on age, sex, and individual sensitivity (POPOVA et al. 

2017). The surgeries used in this study are classified as moderate according to 

Annex VIII of the EU directive (EUROPEAN UNION 2010). 
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In mice, telemetry, and therefore the implantation of the telemetric device are 

frequently used and have been analyzed in several studies regarding animal’s 

welfare. The results of these studies revealed that the implantation resulted in 

changes of telemetrically measured parameters when compared to the recovered 

animals (ARRAS et al. 2007; HEIDER 2018; KUMSTEL et al. 2020). Furthermore, 

reduced Act (BAUMANS et al. 2001; HEIDER 2018), reduced species-specific 

behavior (BAUMANS et al. 2001; KUMSTEL et al. 2020), reduced body weight 

(KRAMER et al. 1993; BAUMANS et al. 2001; LEON et al. 2004; ARRAS et al. 2007; 

HEIDER 2018; KUMSTEL et al. 2020) and reduced food intake (LEON et al. 2004) 

have been found after transmitter implantation.  

It has been shown for mice, that the surgical technique, especially the choice of 

positioning of the telemetric device, impacts recovery. The flank approach for 

intraperitoneal transmitter implantation reduces the negative impact compared to 

choosing a midline approach (CHAPPELL et al. 2011). A possible complication of 

intraperitoneal positioning of the transmitter is peritonitis (HELWIG et al. 2012). 

Noteworthy in mice is the size of the transmitters in relation to the body weight 

(LEON et al. 2004). Transmitter volumes and weight have been decreased during 

ongoing development but, in a mouse weighing 20-30 g, the transmitter weight still 

represents 5-7 % of a mouse’s body mass (POPOVA et al. 2017).  

In rats, however, neither the transmitter implantation nor the anesthesia exerted a 

negative impact on body weight (LEON et al. 2004; GREENE et al. 2007). In 

contrast, telemetrically measured Act and mean arterial pressure have been shown 

to be impacted over three days after intraperitoneal transmitter implantation 

(GREENE et al. 2007). Additionally, the daily circadian rhythm was affected for up to 

ten days by the surgical implantation, whereas anesthesia alone had no impact 

(PRUDIAN et al. 1997). 
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So far, implantation of telemetric devices in sheep has not been described in the 

literature. Consequently, no details exist about the impact of the implantation in 

sheep, and prospective evaluation can therefore only rely on the general impact of a 

surgical procedure described in literature (PAULL et al. 2012; FAURE et al. 2017; 

HÄGER et al. 2017). 
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3. Aims of the thesis 

 

The aim of this thesis was to detect and analyze the negative impacts of surgical 

interventions on the welfare of laboratory animals using telemetry in order to further 

improve an objective, gradable, and species-independent assessment of the severity 

of applied experimental procedures. 

In the first part of the present work, the changes of the telemetrically measured 

parameters after surgical interventions were investigated in three species. Therefore, 

the parameters were analyzed regarding their suitability and sensitivity in a multi-

species approach. Furthermore, the telemetrically measured data were compared 

with the findings of clinical examinations. 

In the second part of the thesis, the impact of surgical interventions on welfare as 

well as further experimental procedures were investigated and graded. For this 

purpose, a Support Vector Machine (SVM) on the basis of k-means class-labeled 

telemetric data was trained, which enabled the classification of the data obtained 

after surgery with regard to the respective experimental severity.  

The results of the present work aim to improve the assessment of welfare and the 

severity of procedures; they are, therefore, intended to improve the detection of pain, 

suffering, and distress experienced by laboratory animals and to contribute to the 

successful implementation of refinement measures. 

Central questions were: 

1. Are the telemetrically measured parameters HR, HRV, Act and Temp suitable for 

welfare assessment in different species? 

2. Do the alterations in parameters differ according to the burden of a procedure and 

enable grading of the procedures? 

3. Can a combination of parameters improve welfare assessment? 
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4. Materials and Methods 

 

4.1. Ethical statement 

All animal experiments of the present thesis were carried out in accordance with the 

European Directive 2010/63/EU and with the German Animal Welfare Act, including 

approval by local authorities and an animal ethics committee. The experiments were 

approved by the Lower Saxony State Office for Consumer Protection and Food 

Safety (LAVES: for license numbers, see Table 3).  

All efforts were made to minimize the pain or discomfort of the animals undergoing 

procedures.  

Table 3 - Approving authorities and license numbers of experiments 

Experiment Approving authority, license number 

Rat model LAVES, license 33.12-42502-04-18/2837 

Mouse model LAVES, license 33.19-42502-04-15/1905 

Sheep model LAVES, license 33.19-42502-04-17/2739 

 

4.2. Animals and housing 

4.2.1. Rats  

Eight male Crl:CD(SD) rats (SD) were obtained from Charles River, Charles River 

Laboratories, Germany, and seven male BDIX/UImHanZtm rats (BDIX) were 

obtained from the Central Animal Facility, Hannover Medical School, Hannover, 

Germany, all at the age of seven weeks. Rats were housed in groups of four in  

type-III cages (Techniplast, Italy) during the time of adaption and subsequently 

single-housed in the course of the experiments in the same cages. The bedding 

(softwood shavings, Espentiereinstreu AB P3, AsBe-wood GmbH; Gransee, 

Germany) was changed once a week. The cages were placed in a ventilated cabinet 

(ScanTainer ®, Scanbur, Denmark) which provided controlled environmental 
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conditions (temperature: 22±2 °C, humidity: 55±10 %). The light/dark cycle was 

14 h:10 h (06:00-20:00 h lights on). 

SD rats were fed restrictively with pelleted diet (1324 TPF from Altromin Spezialfutter 

GmbH&Co. KG, Lage, Germany). Only during the first three days after surgeries, 

food was supplied ad libitum. BDIX rats were continuously fed ad libitum. All animals 

had unrestricted access to tap water. The rats were handled by grasping with both 

hands around the chest. The access to the animal room was restricted to 

experimenters.  

All rats were free of the viral, bacterial and parasitic pathogens listed in the 

recommendations of the Federation of European Laboratory Animal Science 

Association (MÄHLER et al. 2014). Their health status was monitored by a sentinel 

program throughout the experiments. 

 

4.2.2. Mice 

Thirty female C57BL/6J.129P2-Il10tm1Cgn+/+ (B6J IL10+/+) mice were obtained from the 

Central Animal Facility of Hannover Medical School, Hannover, Germany, at the age 

of eight weeks. 

Mice were housed in pairs in type-II cages (Techniplast, Italy) and the autoclaved 

bedding provided (softwood shavings, poplar wood, AB 368P, AsBe-wood GmbH, 

Buxtehude, Germany) was changed once a week. The mice additionally received 

paper nesting material (AsBe-wood GmbH, Buxtehude, Germany) and two cotton 

nesting pads (AsBe-wood GmbH, Buxtehude, Germany). Room conditions were 

standardized (temperature: 22±1 °C, humidity: 50-60 %; 14:10 h light/dark cycle, 

400 Lux). Standard rodent chow (Altromin 1324, Altromin, Lage, Germany) and 

autoclaved water (135 °C/60 minutes) were provided ad libitum. 
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Rooms were entered exclusively by designated staff wearing protective clothing. 

Mice were handled via cup handling (HURST and WEST 2010) by two female staff 

members in reference to Sorge and colleagues (SORGE et al. 2014).  

All mice were free of the viral, bacterial and parasitic pathogens listed in the 

recommendations of the Federation of European Laboratory Animal Science 

Association (MÄHLER et al. 2014). Their health status was monitored by a sentinel 

program throughout the experiments. 

 

4.2.3. Sheep 

Four mature German Black-headed mutton ewes were obtained from country Sheep 

Breeders' Association of Lower Saxony, Hannover, Germany. The ewes were four to 

five years with a weight between 77-115 kilograms. They were housed in groups of 

two and had unrestricted access to hay and tap water. A pelleted sheep feed (Mawel 

Schaffutter, Equovis GmbH, Münster, Germany) was fed restrictively at 8.30 AM and 

4 PM. The pelleted feed was provided by hand, to adapt the animals to the human 

presence and handling procedures. Around the time of surgery (two weeks 

preoperatively - three weeks postoperatively), the sheep were housed in a covered 

stable with straw bedding (2.60 x 3.20 m; =indoor housing). Three weeks after the 

second surgery, the sheep were moved to an outdoor stable with straw bedding 

(3.50 x 3.20 m; =outdoor stable), where additional access to a livestock run was 

provided.  

The health status of the sheep was examined on the day of arrival by a veterinarian 

and regularly checked during the course of the experiments. 

The sheep were exclusively handled by three designated staff members. All handling 

procedures were conducted in a consistent, arranged manner wearing protective 

clothing of the same color and appearance. 
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4.3. Materials 

All consumable supplies, drugs, programs, laboratory equipment, and other materials 

used during the experiments are listed in the supplements (see ‘Lists of used 

materials’). 

 

4.4. Study design 

4.4.1. Rats - study design 

After one week of habituation, socialization, and adaptation the adult male rats 

(8 weeks, 180 g) underwent surgery for subcutaneous implantation of a telemetric 

device to enable continuous measurements of ECG, Act, and Temp (for a detailed 

description of the surgery see ‘Rats - subcutaneous transmitter implantation’). After 

two weeks of recovery, the rats were randomly assigned to different experimental 

procedures for maintenance (handling, cage change) as well as procedures for 

severity assessment (Rat Grimace Scale – according to Sotocinal et al. (2011), 

burrowing – according to Deacon (2006), social interaction – according to Möller et 

al. (2018)). Between all procedures, a minimum recovery period of one day was 

allowed. 

Four weeks after transmitter implantation, the SD rats (n=8) were subjected to a 

stereotactic implantation of two intracranial electrodes. At the same time point, BDIX 

rats (n=7) underwent a stereotactic intracranial injection of BT4Ca cells for 

intracranial glioblastoma formation (for the description of the surgery see ‘Rats - 

intracranial surgery’). Throughout the whole study, rats were monitored daily by 

clinical scoring and weighing. Additionally, monitoring of telemetric parameters was 

conducted after the surgeries and after subsequent experimental procedures (for the 

detailed experimental setup see Figure 1). 
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Figure 1 - Experimental setup in rats 
The experimental setup with a timeline of the experiment; days with telemetric acquisitions 
are indicated by color-coded boxes (turquoise: transmitter implantation; gray: experimental 
procedures; dark green: intracranial electrode implantation; purple: intracranial tumor cell 
injection); AB - antibiotics, BSL - baseline, BUR - burrowing, Car - carprofen,  
Exp. - experimental, inj. - subcutaneous injection, RGS - Rat Grimace Scale, TI - transmitter 
implantation. 
 

 

4.4.2. Mice - Study design  

After one week for habituation, socialization, and adaption, the mice (9 weeks, 

20±2 g) were subjected to either intraperitoneal transmitter implantation or sham 

surgery (for a detailed description of the surgery see ‘Mice - intraperitoneal 

transmitter implantation ’). The groups of transmitter-implanted and sham-treated 

mice were randomly subdivided into groups of carprofen- or metamizole-sodium-

treated (further named as metamizole) mice (for details regarding application and 

dosages see ‘Mice - anesthesia and analgesia’). Table 4 provides an overview of the 

animal numbers in each group and subgroup.  
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Table 4 - Group setup of the mouse model 

Group  Transmitter-

implanted (15) 

Sham-treated 

(15) 

Subgroup 

(numbers 

of animals) 

Met  

(8) 

Car  

(7) 

Met 

(8) 

Car 

 (7) 

The experiment comprises two groups (transmitter-implanted and sham-treated mice), 
each subdivided into two groups for different analgesic regimens (carprofen (Car) and 
metamizole (Met)); n numbers are provided in brackets. 
 

Throughout the whole study, the mice were monitored daily by clinical scoring and 

weighing. Additionally, during the postsurgical recovery phase, the mice were 

monitored by analysis of telemetrically measured parameters and were, furthermore, 

subjected to burrowing tests (according to Deacon (2012)) on the specified days 

(burrowing test data are not part of the current thesis; details on the time schedule 

see Figure 2).  

 

Figure 2 - Experimental setup in mice 
The experimental setup with a timeline of the experiment starting from transmitter 
implantation; days with telemetric acquisitions are indicated as boxes; X indicates application 
of analgesics or submission to the burrowing test. 
 

  



Materials and Methods 

26 
 

4.4.3. Sheep - study design 

After arrival of the sheep, a two-week period was allowed for habituation, 

socialization, and adaption. During this time, the animals were regularly handled and 

fed by hand to adapt them to human caretaking. After one week, saliva sample 

collection was introduced to the ewes. During this time period and until after 

completion of the recovery period following the second surgery, the sheep were 

housed in the indoor housing. 

Following habituation, the sheep underwent surgery for the subcutaneous 

implantation of the telemetric transmitter in the right neck region (for a detailed 

description of the method see ‘Sheep - subcutaneous transmitter implantation’). After 

three weeks of recovery from the transmitter implantation, the sheep were subjected 

to surgery for the tendon ablation of the left Musculus infraspinatus from the proximal 

greater tuberosity of the proximal humerus (for a detailed description of the surgery 

see ‘Sheep - tendon ablation of Musculus infraspinatus’). 24 h prior to surgery, food 

was withheld from the sheep while access to water remained unrestricted. Three 

weeks after the tendon ablation surgery, the ewes were moved to the outdoor stable 

with access to livestock run. 

Throughout the whole study, the sheep were monitored daily by clinical investigation 

(including clinical scoring and determination of the Temp, breathing rate and HR) 

and, on the preselected days, by the analysis of telemetrically measured parameters 

(for the detailed experimental setup see Figure 3). Furthermore, saliva samples were 

taken on the days of telemetric acquisitions (these data are not part of the current 

thesis). During the first week after surgery, video recordings of the animals were 

made in the absence of all human staff and analyzed with regard to pain-related 

behavioral signs (these data are not part of the current thesis).  
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Figure 3 - Experimental setup in sheep 
The experimental setup with a timeline of the experiment: after habituation, the sheep 
underwent transmitter implantation (TI); after a subsequent reconvalescence period the 
baseline (BSL) was measured and the tendon ablation of the left Musculus infraspinatus from 
the proximal greater tuberosity of the proximal humerus was performed, followed by another 
period of reconvalescence and a stable change; on days 2 and 3 after both surgeries the 
sheep perceived subcutaneous injections of carprofen (Car inj.); days with telemetric 
acquisitions are indicated as boxes.  
 

4.5. Anesthesia, analgesia, and surgical interventions in rats  

4.5.1. Rats - anesthesia and analgesia 

General anesthesia was induced by an intraperitoneal injection of chloral hydrate 

(initially 360 mg/10 ml/kg, reinjection: up to 1/3 of initial dose; Sigma-Aldrich Chemie 

GmbH, Steinheim, Germany). Additionally, a local anesthetic (2 % xylocaine, 

AstraZeneca GmbH, Wedel, Germany) was injected along the incision sites. The 

corneas were protected with eye ointment (Bepanthen® eye and nose ointment, 

Bayer Vital GmbH, Leverkusen, Germany). The anesthesia was monitored by a 

designated staff member during surgery. The rectal Temp as well as the breathing 

rate, and the interdigital reflexes, were assessed regularly. 
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For analgesia, carprofen (RIMADYL®, Pfizer GmbH, Berlin, Germany) was injected 

subcutaneously 30 minutes prior to surgery and on the two days following the 

procedure (5 mg/kg preoperatively, 2.5 mg/kg postoperatively). 

Rats with intracranial electrode implantation were additionally provided with 

antibiotics via subcutaneous injection starting two days prior to surgery and received 

antibiotics until day five after surgery (marbofloxacin, Marbocyl® FD 1 %; Vétoquinol 

GmbH, Ismaning, Germany). 

 

4.5.2. Rats - subcutaneous transmitter implantation 

In rats, the prepared telemetric transmitter (ETA-F10; Data Sciences International 

(DSI), Harvard Bioscience, Inc.; see ‘Transmitter ETA-F-10’) was implanted 

subcutaneously in the left flank (see Figure 4) under chloral hydrate anesthesia (see 

‘Rats - anesthesia and analgesia’).  

The abdomen of the rats was shaved and disinfected (Softasept®N, B. Braun, 

Melsungen, Deutschland), and the rat was placed on the right lateral side on a 

heating mat (PhysioSuite®, Kent Scientific Corporation, Torrington, USA). After 

confirmed absence of the interdigital reflex, an incision with a length of approximately 

2 cm long was made on the left flank, lateral to the spine. While choosing the exact 

site, the movement of the knee was taken into consideration to prevent interference 

with the transmitter. The subcutaneous tissue was bluntly dissected to prepare a 

subcutaneous pocket. Using a small incision (~0.5 cm) to the left of the costal arch, 

the ECG electrodes were tunneled subcutaneously towards the abdomen. The 

positive electrode was placed approximately 1 cm lateral to the left side of the 

Processus xiphoideus. Using another small incision, the negative electrode was 

tunneled subcutaneously to the right pectoral region, where it was embedded in the 

right Musculus pectoralis major under visual control (see Figure 4A). Both electrodes 

were secured with a suture at their designated locations using non-absorbable suture 

material (4-0 Mersilene, Ethicon, Johnson & Johnson Medical, USA). The incisions 

were closed with absorbable suture (VICRYL 5-0, Ethicon, Norderstedt, Deutschland) 
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and medical clips (B. Braun, Aesculap AG, Tuttlingen, Germany) and were covered 

with aluminum spray (CP Pharma, Burgdorf, Germany). The duration of surgery was 

approximately 20 minutes. After surgery, animals remained on the heating mat for 60 

minutes before being returned to their home cages.  

(A) 

 

 

 

 

 

 

 

(B) 

  

Figure 4 - Transmitter implantation in rats 
Schematic illustration of a transmitter after subcutaneous implantation in the left flank and of 
the subcutaneous positioning of the electrodes in rats (exemplarily shown in SD rat); the 
colorless (negative) electrode is embedded into the Musculus pectoralis major; the red 
(positive) electrode is placed approximately 1 cm left lateral to the Processus xyphoideus 
(A); subcutaneously implanted transmitter in the left flank of a BDIX rat; conscious animal 
two days after surgery (B). 
 

4.5.3. Rats - intracranial surgery 

The following parts of the thesis were conducted in collaboration with the Department 

of Neurosurgery, Hannover Medical School. SD rats were subjected to intracranial 

electrode implantation, while BDIX rats were subjected to intracranial tumor cell 

injection. Both surgeries were performed stereotactically on a heating mat under 

general chloral hydrate anesthesia. The rats were fixed in the stereotaxic frame in a 

flat skull position and the skin on the head was opened with a medial incision. The 

surgical site was prepared and the Bregma was defined and used as a reference 

point.  
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For the intracranial electrode implantation, the target coordinates were -3.8 mm in the 

anterior/posterior direction and ±2.5 mm in the mediolateral direction. The two burr 

holes were drilled to implant the platinum-iridium electrodes into the subthalamic 

nucleus (dorsoventral: −8.0 mm). The electrodes were attached to the skull by dental 

acrylic cement (Paladur®, Heraus Kulzer GmbH, Hanau, Germany) and four 

anchoring screws. The duration of electrode implantation was approximately 60 

minutes. 

For the intracranial tumor cell injection, the target coordinates were +2.6 mm in the 

anterior/posterior direction and +2.5 mm in the mediolateral direction. A small burr 

hole was drilled at these coordinates. Using a Hamilton syringe (SEG Analytical 

Science Pry. Ltd., Victoria, Australia), the cell suspension with 104 BT4Ca cells taken 

up in 3 µl phosphate-buffered saline was injected at a depth of 2.8 mm with a velocity 

of 1 µl/min. The skin incision was closed with suture clips. The duration of tumor cell 

injection was approximately 20 minutes. 

 

4.6. Anesthesia, analgesia, and surgical interventions in mice  

4.6.1. Mice - anesthesia and analgesia 

General anesthesia was induced in an induction chamber (15 x 10 x 10 cm) with 

5 vol% isoflurane (Isofluran CP®, CP Pharma, Burgdorf, Germany) and an oxygen 

flow (100 %oxygen) of 6 l/min. After confirmed absence of the righting reflex and 

removal from the chamber, anesthesia was maintained via inhalation mask with 1.5-

2.5 vol% isoflurane and an oxygen flow of 1 l/min. The corneas were protected with 

eye ointment. Anesthesia was monitored by a designated staff member during 

surgery. The rectal Temp, as well as the breathing rate, and the interdigital reflex, 

were regularly monitored. 

For analgesia, the animals were subcutaneously injected 30 minutes prior to surgery 

with the respective analgesic (depending on the group; carprofen – 5 mg/kg or 

metamizole – 200 mg/kg [Novaminsulfon-ratiopharm® 1 g/2 ml solution for injections, 

ratiopharm GmbH, Ulm, Germany]). On the two days following surgery, the mice of 
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the carprofen group received carprofen via subcutaneous injections (2.5 mg/kg, twice 

per day), while the mice of the metamizole group received the treatment (200 mg/kg; 

Novaminsulfon® 500 mg Lichtenstein, Zentiva Pharma GmbH, Frankfurt am Main, 

Germany) via drinking water. 

 

4.6.2. Mice - intraperitoneal transmitter implantation  

In mice, the prepared telemetric transmitter (ETA-F-10; see ‘Transmitter ETA-F-10’) 

was implanted intraperitoneally under isoflurane anesthesia (see ‘Mice - anesthesia 

and analgesia’).  

The abdomen of the mouse was shaved and disinfected and the animal was securely 

placed in dorsal position on a sterile surgical cloth positioned on a heating mat (see 

Figure 5A).  

After confirmed absence of the interdigital reflex, a midline incision of approximately 

1.8 cm in length was made caudal to the Sternum. The subcutaneous tissue was 

bluntly dissected towards the right Musculus pectoralis major as well as the left 

lateral side caudal to the rib cage to facilitate the electrode placement (see below). 

The transmitter was implanted via median laparotomy (incision length in the Linea 

alba: 1.5 cm) into the peritoneal cavity. The electrodes were threaded through the 

abdominal wall at the caudal edge of the incision using an 18 Gauge needle for 

guidance. The abdominal cavity was flushed with 0.5 ml warm, sterile saline (NaCl 

0,9 %, B. Braun, Melsungen, Deutschland) and then closed with single sutures using 

absorbable material. During this process, the transmitter was attached to the 

abdominal wall with one single suture using non-absorbable material. The electrodes 

were then tunneled subcutaneously along the prepared sites. To facilitate the 

embedding of the negative electrode into the musculature of the right Musculus 

pectoralis major, a small skin incision was made at the respective location, allowing 

correct placement under visual control. The positive electrode was placed on the left 

side of the body, approximately 1 cm lateral to the Processus xyphoideus without  
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additional fixation (see Figure 5B). The skin was closed with single sutures and 

medical clips and the incisions were covered with aluminum spray. The duration of 

surgery was approximately 20 minutes. After surgery, animals remained on the 

heating mat for 60 minutes, before being returned to their home cages.  

 

 (A)  (B) 

Figure 5 - Transmitter implantation in mice 
Prepared mouse and prepared transmitter for surgery (A); schematic illustration of 
intraperitoneally implanted transmitter and subcutaneous positioning of the electrodes in 
mice; the colorless (negative) electrode was embedded into the Musculus pectoralis major; 
the red (positive) electrode was placed on the left side of the body approximately 1 cm lateral 
to the Processus xyphoideus(B). 
 

The sham-operated mice underwent the same laparotomy procedure, including the 

same sutures, suture materials and the subcutaneous tunneling for electrode 

placement but without the implantation of the telemetric device.  
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4.7. Anesthesia, analgesia, and surgical interventions in sheep  

4.7.1. Sheep - anesthesia and analgesia 

Before surgery, the sheep were premedicated with midazolam per intravenous 

catheter (0.2 mg/kg; Midazolam-ratiopharm®; ratiopharm, Ulm, Germany) for 

sedation. Five minutes later, general anesthesia was induced by propofol via 

intravenous catheter (5 mg/kg; Narcofol®, CP-Pharma GmbH, Burgdorf, Germany). 

Anesthesia was maintained with propofol (1-2 mg/kg) during the preparation of the 

animal. The sheep were intubated endotracheally and a rumen tube was inserted. 

During surgery, the anesthesia was maintained with 1.9-2.4 vol% isoflurane, 1 l/min 

of 100 % oxygen and 1 l/min of ambient air by inhalation and the sheep were 

artificially respirated (breathing rate: approximately 12 breaths/min; tidal volume: 

600 ml to 1 l (6-10 ml/kg); positive inspiratory pressure: approximately 15 cmH20, 

inspiration: expiration: 1:2). Additionally, a local anesthetic (2 % xylocaine) was 

administered along the incision sites. During surgery, the sheep received an 

intravenous infusion of Ringer’s lactate solution (5-10 ml/kg/h; Ringer-Lactat-Lösung 

ad us. vet.®; WDT, Garbsen, Germany).  

During the course of the tendon ablation surgery, the sheep received an additional 

injection of fentanyl via intravenous catheter (0,01 mg/kg preoperatively, followed by 

0,001-0,005 mg/kg every 20-40 minutes; Rotexmedica, Trittau, Germany) and an 

intramuscular buprenorphine injection at the end of surgery (0,01 mg/kg; 

Buprenovet®, Bayer Vital GmbH, Leverkusen, Germany). The anesthesia was 

monitored by a designated staff member during surgery. 

For analgesia, carprofen (4 mg/kg preoperatively, 2 mg/kg postoperatively for two 

days) was injected subcutaneously during preparation for surgery and on the two 

days following surgery. The animals received an additional subcutaneous injection of 

metamizole-sodium (40 mg/kg/daily, Vetalgin®; MSD Tiergesundheit, 

Unterschleißheim, Germany) if surgery-related pain was detected.  

Additionally, three subcutaneous injections of antibiotics (amoxicillin, 15 mg/kg every 

two days; Duphamox® LA, Zoetis Deutschland GmbH, Berlin, Germany) were given 

as a prophylactic measure post-surgery.   
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4.7.2. Sheep - subcutaneous transmitter implantation 

In sheep, the prepared telemetric device (M01; PhysioTel Telemetry System DSI; 

Harvard Bioscience, Inc.; see ‘Transmitter M01’) was subcutaneously implanted in 

the right neck region under isoflurane anesthesia (see ‘Sheep - anesthesia and 

analgesia’).  

For implantation, the ewes were placed in supine position with the head turned to the 

left side and the right forelimb flexed and rearward to expose the implantation site 

(see Figure 6).  

 

Figure 6 - Transmitter implantation in sheep - positioning and schematic 
illustration 
Positioning of the sheep during implantation of the telemetric device and schematic 
illustration of the implanted telemetric device and its electrodes; the transmitter is 
subcutaneously implanted in the right neck region and the electrodes were implanted 
inverted because of the electrode length; the red (positive) electrode was implanted at the 
right cranial pectoral region and the colorless (negative) one at the left caudal pectoral 
region. 
 

The surgical field was shaved, washed and disinfected with Braunoderm® (B. Braun 

Melsungen AG, Melsungen, Germany). Equidistant between head and shoulder, an 

incision of approx. 5 cm was made dorsolateral on the right side of the neck. The 

movement of the shoulder was taken into consideration to prevent interference of the 

movements by the transmitter. The subcutaneous tissue was dissected bluntly, to 
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create a pocket for the transmitter (see Figure 7A). For implantation of the 

electrodes, a small (~1 cm) incision was made at the Apertura thoracis and both 

electrodes were tunneled subcutaneously from the pocket into this incision using a 

urinary catheter (WDT, Garbsen, Germany; see Figure 7B). Afterward, the electrodes 

were tunneled separately from this incision to the appropriate location. Because the 

length of the red, positive electrode was insufficient to reach the left caudal pectoral 

region, the electrodes positions were interchanged. Hence, the red, positive 

electrode was implanted in the right cranial pectoral region and the colorless, 

negative electrode was positioned in the left caudal pectoral region (see Figure 6). At 

the required locations, a small skin incision (approx. 2.5 cm) was made and the 

subcutaneous tissue was bluntly dissected until the Musculus pectoralis major was 

visible and the electrodes could be embedded into the muscle (see Figure 7C-D). For 

embedding, the Deschamps ligature needle (B. Braun, Aesculap AG, Tuttlingen, 

Germany) was guided under the cranial or caudal margin of the Musculus pectoralis 

and the muscle fibers were bluntly divided (see Figure 7C). The electrode was 

threaded in the needle and pulled back through the musculature. The wire was 

exposed and kinked to a loop around the small part of the muscle. The wire loop, as 

well as the silicon surrounding, were attached using non-absorbable suture material 

(see Figure 7D). 
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 (A)  (B) 

 (C)  (D) 

Figure 7 - Transmitter implantation in sheep - surgical steps 
Steps of transmitter implantation in sheep: blunt dissection of subcutaneous tissue for 
pocket formation in the neck region (location of transmitter body at the end of surgery; (A)), 
tunneling of electrodes subcutaneously using a urinary catheter (B), placement of the 
Deschamps ligature needle underneath the Musculus pectoralis (C), embedding of the 
electrode into the musculature (D).  
 

The remaining electrode material was pulled back into the subcutaneous pocket. In 

the last step, the antenna was embedded subcutaneously. The antenna and the 

transmitter were secured in their subcutaneous position using non-absorbable suture 

material. All incisions were closed using absorbable sutures in two layers and 
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covered with aluminum spray. The duration of surgery was approximately 

60 minutes. As soon as the animals displayed spontaneous breathing and were able 

to swallow, they were extubated, the rumen tube was removed, and they were 

returned to their stable. The wake-up phase was observed, and the animals were 

supported during attempts to stand up to prevent fall injuries.  

 

4.7.3. Sheep - tendon ablation of Musculus infraspinatus 

Tendon ablation was conducted by our collaboration partners from the Department of 

Orthopaedic Surgery, Hannover Medical School, and the Lower Saxony Centre for 

Biomedical Engineering, Implant Research and Development (NIFE), Hannover 

Medical School as part of their research into treatment methods of chronic tendon 

ruptures. To analyze the treatment method and its influence on the healing, a tendon 

defect at the shoulder girdle (Musculus infraspinatus) was conducted.  

After covering the animal with sterile surgical drapes, the surgical field was 

disinfected with Braunoderm®. The skin in the appropriate shoulder area was opened 

with an incision of approximately 20 cm. After severing the superficial deltoid muscle, 

the Musculus infraspinatus was dissected. The end of the tendon was separated 

from its osseous muscle insertion on the proximal greater tuberosity together with a 

bone fragment of approximately 1 x 1 x 1 cm. The tendon stump was coated with a 

sterile plastic material to prevent reattachment to the bone structures during the 

healing process. The plastic was secured with non-absorbable suture material. 

Subsequently, the wound was closed layer by layer with absorbable suture material 

(single sutures) and medical clips. The wound was covered with aluminum spray. 

After surgery, the animals were returned to their stable and brought into a prone 

position. The wake-up phase was observed, and the animals were supported during 

attempts to stand up to prevent fall injuries 
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4.8. Clinical Scoring 

In all species, the animals’ condition was assessed daily using specific clinical score 

sheets (clinical score rats see Table 5, mice see Table 6, and sheep see Table 7). In 

addition to this, mice and rats were weighed daily.  

Table 5 - Clinical score sheet for rats 

Score Locomotion Social behavior Fur 
condition 

1 Very 
active 

Strong and fast 
movements 

Normal social behavior Smooth and 
shiny fur 

2 Active Strong and fast 
movements with 
occasional interruptions 
in movements 

Normal social behavior Blunt fur 

3 Less 
active 

movements with many 
interruptions, 
appropriate reaction to 
the environment 

Poor social behavior Untended 
fur 

4 Slow Slow movements Poor social behavior Ruffled fur 

5 Lethargic no movement No social behavior Ruffled fur 
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Table 6 - Clinical score sheet for mice 

Score Activity Body 
Weight 

General Condition Behavior 

0 Very 
active 

± 3 % Smooth and shiny fur, 
clear and bright eyes,  

Alert, fast movements 

1 Active Reduction 
3-5 % 

Smooth and shiny fur, 
clear and bright eyes, 

Alert, fast movements 

2 Active Reduction 
6-12 % 

Smooth and shiny fur, 
clear and bright eyes, 

Alert, fast movements 

3 Active Reduction 
13-15 % 

Defective fur (minor 
grooming), eyes 
completely opened  

Alert, occasional 
interruptions in movements 

4 Less 
Active 

Reduction 
16-18 % 

Defective fur (minor 
grooming), eyes not 
completely opened 
anymore 

Less alert, occasional 
interruptions in movements 

5 Less 
Active 

Reduction 
19-20 % 

Blunt, unsorted fur, 
eyes not completely 
opened anymore, 
muscle hypertonia 

Animal calm, sufficient 
reaction to environment 

6 Barely 
active 

Reduction 
 20 % 

Dirty fur, sticky or wet 
body orifice, hunched 
back, high muscle 
tone  

Isolation, lethargy, just 
slow activity 

6+ Lethargic  Cramp, paralysis, 
shallow breathing, 
cold body  

No activity at all,  

no responsiveness to 
environment  
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Table 7 - Clinical score sheet for sheep 

                              Observation Points Score 

Vocalization none 0  
 
 
 
 

none = 0 points 
mild = 1-3 points 
moderate = > 3 
points or single 
score of 2  
severe = > 3 
points or single 
score of 2 for 
more than 24 h  

 

occasional teeth grinding 1 

frequent teeth grinding, 
groaning or buzzing during 
exspiration 

2 

Activity sleeping and resting 0 

frequent changes of position or 
attempts to get up or reduced 
activity 

1 

restless, directionless walking, 
throw down or inactive 

2 

Food/water 
intake 

unimpacted, normal rumination 0 

reduced 1 

inappetence, no rumination 2 

Facial expression alert, sniffing and looking for 
straw, hay or water 

0 

downcast, turning head to the 
wound 

1 

flehming, staring into space 2 
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4.9. Telemetry 

4.9.1. Telemetry system 

The telemetric acquisitions were performed using the data acquisition and analysis 

software Ponemah data 6.41 (component of the PhysioTel Telemetry System by DSI, 

Harvard Bioscience, Inc.). The system contains the transmitters and receivers which 

are connected to further data transmitting devices and the computer. For 

measurements of rats and mice, one receiver was placed underneath each cage. In 

case of the ewes, two receivers were installed at a 90° angle to each other within the 

stable. The signal is transduced within the Data Exchange Matrix and sent to the 

computer. The received signal is displayed by the software and saved as real-time 

data on the computer. 

Prior to the start of acquisitions, the transmitters and the respective animals need to 

be labeled, defined, and annotated to the receivers within the software program.  

 

4.9.2. Telemetric devices and derived parameters 

The telemetric devices contain a transmitter body, encapsulated in biocompatible 

silicone, and two flexible electrodes. The transmitter body contains the electricity, the 

battery, a magnetic switch, and a temperature sensor. The electrodes consist of 

silicone-surrounded wire.  

The devices used in this thesis are able to derive an ECG via the electrodes. The HR 

(in beats per minute (bpm)) and the Standard Deviation of Normal-to-Normal 

intervals (SDNN; in milliseconds (ms)) were derived and calculated from the ECG 

curves. The SDNN is the standard deviation of the calculated normalized RR 

intervals per definite time point and therefore, represents a parameter for heartrate 

variability.  

Furthermore, the devices are able to measure Act (in counts per minute (cpm)). In 

the system used for the rodents, the Act is generated by the matrix from the strength 

of the alternating signal sent from the transmitter to the receiver’s antennas. Thereby 
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the generated Act is dependent on distance and speed. In the large animal system, 

the Act is calculated in a three-dimensional space via accelerometry. The Act is 

calculated using the location of the transmitter on hypothetical X-, Y- and Z-axes. 

Therefore, changes in Act can also be detected in the vertical direction. As the 

transmitter, even if the animal is resting, is never located in a “zero position” but 

somewhere within the three-dimensional space, it always transmits x, y and z values. 

Therefore, the Act values of resting states calculated by accelerometry start at values 

of approximately 20000 counts/min and are never zero. In both systems, stationary 

movements like grooming and stretching are not recorded as Act. Furthermore, the 

Act data cannot be transformed into the distance moved. 

The Temp (°C) is measured by the sensors within the body of the telemetric device. 

Therefore, the measured Temp is in accordance with the core Temp, if the device is 

implanted intraperitoneally, as performed in mice. As the transmitters were implanted 

subcutaneously in rats and sheep, environmental changes might have impacted 

Temp measurements in these species. 

 

4.9.2.1. Transmitter ETA-F-10  

The transmitter type used in rodents is the model ETA-F-10. It is especially designed 

and reduced in volume and weight to be suitable for use in mice. The device has a 

weight of 1.6 g, a volume of 1.1 ccm and a battery capacity which allows 

measurements for approximately two months. 

Before implantation, the transmitters were prepared according to the DSI manual. 

Transmitter electrodes were shortened, and the silicone cover was removed at the 

end, exposing approximately 1 cm of the wire. A small cap of silicon remained at the 

very end of the lead. And both silicon tube ending were secured using non-

absorbable suture material. Long threads were kept at the end of the electrodes for 

better handling during surgery (see Figure 8). Prior to surgery, the transmitter and its 

electrodes were placed in sterile, warm saline, ensuring that the surrounding silicone 

absorbs fluid and does not withdraw fluid from the animal’s tissue after surgery.  
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Figure 8 - Prepared transmitter type ETA-F-10 for rodents 
The transmitter is prepared prior to surgery; the electrodes are shortened and stripped of the 
silicone cover, exposing 1 cm of wire at the end. After the wire is exposed; the isolating 
silicon-tubing is secured at either side of the stripped part using non-absorbable suture 
material. Long threads are kept at the end of the electrodes for better handling during 
surgery. 
 

4.9.2.2. Transmitter M01 

The transmitter type used in sheep is the model M01. The device has a weight of 

13.7 g, a volume of 11 ccm and the battery capacity allows for a measurement period 

of approximately 40 days. 

In preparation of the telemetric device for surgical implantation, it was covered in 

non-absorbable mesh (Ethicon, Norderstedt, Deutschland; see Figure 9). The mesh 

provides a better surface for the surrounding tissue to adhere to, thereby preventing 

subcutaneous migration of the transmitter. Furthermore, it was assured that the 

electrodes did not cross the antenna by securing them diagonally to the antenna 

within the mesh. The transmitter and its electrodes were also placed in sterile, warm 

saline prior to surgery, ensuring that the silicone absorbs fluid and does not withdraw 

fluid from the animal’s tissue after surgery.  
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Figure 9 - Prepared transmitter type M01 for sheep 
The transmitter is covered in non-absorbable mesh prior to the surgery; the electrodes are 
fixed at diagonally opposite corners of the mesh, ensuring that they do not cross the antenna 
of the transmitter. 

 

4.9.3. Telemetric data acquisitions and analysis 

Telemetric data (ECG, Act, Temp) were measured for 24 h on all days of interest (for 

detail see ‘Study design’). As baseline measurements of the telemetrically recorded 

data cannot be made prior to implantation, data are related to a baseline measured 

after recovery. This baseline was determined at the earliest when the physiological 

condition was stable again and at the latest before starting further experiments (rats: 

two weeks after surgery; mice: four weeks after surgery; sheep: three weeks after 

surgery). In rodents, data acquisition was started one hour after surgery after 

confirmation of full recovery from anesthesia. In sheep, the acquisition was started as 

soon as the animals were returned to their stable. 

The calculated ECG data were cleaned for transmitted noise by visual inspection. In 

case of significant noise impact, data were excluded from the analysis. 
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For the presentation of data in the light (11-21 h)/dark (21-7 h) overview, data were 

evaluated with a logging rate of 5 minutes. As experimenter-unbiased data is 

required for analysis, the time for regular maintenance from 7-11 AM was omitted. 

Data are shown as means, with the exclusion of Act which is shown as the sum. For 

the SVM in rodents, data were evaluated with a logging rate of 30 seconds.  

 

4.10. Statistics 

4.10.1. Statistical analysis 

Statistical analysis was performed using GraphPad Prism software (version 8; La 

Jolla, California). 

If not stated otherwise, all values are displayed as mean and standard error of the 

mean. The hypothesis of normally distributed data was tested using the Shapiro-Wilk 

test. The Bartlett's test was used to test for unequal variances between days 

(homoscedasticity) with. For homoscedastic and normally distributed data of rats and 

sheep, a repeated measures (RM) one-way ANOVA with Greenhouse-Geisser 

correction followed by Dunnett’s multiple comparisons posthoc test against baseline 

was carried out. Otherwise, Friedman test followed by Dunn's multiple comparisons 

posthoc test against baseline was performed.  

For the comparisons of the homoscedastic and normally distributed data of mice 

(subdivided into four subgroups by two variables), a RM two-way ANOVA with 

Greenhouse-Geisser correction using a linear mixed-effects model with restricted 

maximum likelihood method with subjects as random effects was performed because 

of missing values. The two-way ANOVA was followed by the Sidak posthoc test for 

pairwise comparisons or a Tukey posthoc test for a comparison of more than two 

groups. To compare data of each group to its baseline, a RM one-way ANOVA with 

Greenhouse-Geisser correction was used. In the carprofen-treated mice, a linear 

mixed-effects model with restricted maximum likelihood method was used because of 

missing values. Both analyses were followed by Dunnett’s multiple comparisons 

posthoc test. 
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For comparison between two groups at a singular time point, an unpaired t-test was 

performed on normally distributed data 

P<0.05 was considered significant. In all figures, one symbol indicates P<0.05, two 

symbols indicate P<0.01, and three symbols indicate P < 0.001. 

 

4.10.2. Support Vector Machine model 

Within this thesis, a SVM was trained using telemetrically measured HR and Act data 

of each species.  

The following analyses were performed using R Studio (R Core Team (2019), R: A 

language and environment for statistical computing, R Foundation for Statistical 

Computing, Vienna, Austria). In each species, data of baseline, a data set acquired 

after an Act-inducing intervention, and a burden-related data set were randomly 

partitioned into a training and test set (70 %/30 %). A scree analysis was done with 

the blinded training set and revealed an optimum number of clusters, which was used 

to class-label the blinded training set with unsupervised k-means clustering. 

Afterward, a SVM with a radial basis kernel was trained using the class-labeled 

training data. The SVM used 5-times 10-fold cross-validation and hyperparameter 

tuning. The decision boundaries are shown as a “map” of different shades of gray for 

each species and strain. The SVM was validated using the test data.  

To validate the model, allocations of remaining data to the respective classes were 

predicted using the SVM model. The fractions of data points lying in different classes 

were counted and compared regarding their allocations to the different classes. 

Furthermore, the procedures were ranked and statistically compared using a Fisher’s 

exact test performed in R Studio. 

In rats, data collected over 10 minutes at seven indicated time points (10 minutes, 

20 minutes, 30 minutes, 60 minutes, 180 minutes, 240 minutes after application of a 

procedure) were used. The logging rate was 30 seconds and the HR was averaged 

over 10 minutes (mean) and the Act was given as the sum of 10 minutes. The 
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training and test set (70 %/30 %) consisted of baseline (in SD rats n=56, consisting of 

8 animals at 7-time bins; in BDIX rats n=49 consisting of 7 animals at 7-time bins), 

cage change (n=56/49, as Act-inducing procedure, necessary caretaking), and 

intracranial surgery (n=56/49, classified as moderate by the authority and therefore, 

used as burden-related data set) data. To validate the trained SVM, data of 18 further 

acquisitions in SD rats (56 data points per acquisition in SD rats) and 12 in BDIX rats 

(49 data points per acquisition in BDIX rats) were used.  

In mice, data of 10 minute-intervals during the dark phase were used. The logging 

rate was 30 seconds and the HR was averaged over 10 minutes (mean) and the Act 

was given as the sum of 10 minutes. The training and test set (70 %/30 %) consisted 

of baseline (week four after transmitter implantation, n=354, consisting of 6 animals 

at 60-time bins), d5 after transmitter implantation with implementation of burrowing 

(n=354, as Act-inducing procedure), and d1 after transmitter implantation (n=354, 

classified as moderate by the authority and therefore, used as burden-related data 

set) data. To validate the trained SVM, data of six further days measured after 

transmitter implantation (n=354 data points per acquisition) were used.  

In sheep, data of 5 minute-intervals during the light phase were used. The logging 

rate was five minutes and the means of HR and Act were used. The training and test 

set (70 %/30 %) consisted of data of baseline (measured in advance of tendon 

ablation, n=772, consisting of 4 animals at 193-time bins), stable change (n=460 

(4 x 115), as Act-inducing procedure), and d1 after tendon ablation (n=372 (4 x 93), 

classified as moderate by the authority and therefore, used as burden-related data 

set). To validate the trained SVM, data of twelve further days measured after 

transmitter implantation (n=570 data points per acquisition) were used. The differing 

n-values in the sheep data are due to data exclusions after visual inspection.  
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5. Results 

 

5.1. Monitoring of postsurgical recovery in SD and BDIX rats 

As outlined in the experimental set up (Figure 1), the welfare status of SD and BDIX 

rats was monitored after subcutaneous transmitter implantation and after intracranial 

surgery by clinical scoring, body weight measurements, and the telemetrically 

derived parameters HR, HRV, Act, and Temp.  

After surgery, the clinical score remained at a score of 1, indicating an unaffected 

state of the animals (Figure 10; for a detailed explanation of clinical score see  

‘Table 5 - Clinical score sheet for rats’). Therefore, strain-dependent differences were 

also not revealed by the clinical score. 
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Figure 10 - Clinical scores after surgical interventions in rats 
Clinical score of SD rats after subcutaneous transmitter implantation (A) and after 
intracranial electrode implantation (B) as well as the clinical score of BDIX rats after 
subcutaneous transmitter implantation (C) and after intracranial tumor cell injection (D; 
turquoise: transmitter implantation SD rats; turquoise with cross: transmitter implantation 
BDIX rats; dark green: intracranial electrode implantation; purple: intracranial tumor cell 
injection). 
 

Monitoring the body weight of SD rats revealed that body weight did not decrease 

after both surgical interventions but showed a continuous increase compared to 

baseline (Figure 11A & B; transmitter implantation: F(1.382, 9.675)=64.60, P<0.0001; 

P<0.0001; electrode implantation: F(2.696, 18.87)=10.93, P=0.0003; P<0.01). In contrast, 

BDIX rats showed significantly reduced body weight on day one after both surgical 

interventions (Figure 11C & D; transmitter implantation: F(1.578, 9.471)=261.7, P<0.0001; 

P<0.05; tumor cell injection: F(1.438, 8.628)=1.802, P=0.2202; P<0.05). After the initial 
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drop following the transmitter implantation, body weight of the BDIX rats showed a 

steady increase compared to baseline (F(1.578, 9.471)=261.7, P<0.0001; P<0.05), while 

it returned to and remained at baseline level after the intracranial surgery for tumor 

cell injection. 

 

Figure 11 - Body weight changes after surgical interventions in rats 
Body weight change (BW; %) of SD rats after subcutaneous transmitter implantation (A) and 
after intracranial electrode implantation (B) as well as body weight change of BDIX rats after 
subcutaneous transmitter implantation (C) and after intracranial tumor cell injection (D; 
turquoise: transmitter implantation SD rats; turquoise with cross: transmitter implantation 
BDIX rats; dark green: intracranial electrode implantation; purple: intracranial tumor cell 
injection); * P<0.05, ** P<0.01, *** P<0.001, and **** P<0.0001 (RM one-way ANOVA with 
Greenhouse-Geisser correction, followed by Dunnett’s multiple comparisons as posthoc test 
for testing against baseline); data are shown as mean ± SEM. 
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5.1.1. Heart rate after surgical interventions in rats 

Transmitter implantation as well as intracranial surgery resulted in elevation of HR in 

both strains of rats. After transmitter implantation, the HR of the SD rats was elevated 

on all measurement days of the first week during light and dark phase (Figure 12A-B; 

light phase: F(2.322, 16.25)=73.76, P<0.0001; P<0.001 ; dark phase: F(2.781, 19.47)=118.8; 

P<0.0001; P<0.0001). After intracranial electrode implantation, HR was significantly 

increased from day one until day three in the light phase (Figure 12A; F(2.934, 

20.54)=36.02, P<0.0001; P<0.05). In the dark phase of day one, HR was also 

increased but did not reach statistical significance (Figure 12B, F(3.215, 22.50)=3.359, 

P=0.0342; P>0.05). The highest HR of 410.8±17.84 bpm was reached on day one 

after transmitter implantation during the light phase. 

 

Figure 12 - Telemetrically measured heart rate of SD rats after surgical 
interventions 
Mean heart rate (HR; bpm) of SD rats after subcutaneous transmitter implantation (indicated 
as turquoise) and after intracranial electrode implantation (indicated as dark green) in the 
light (A) and the dark phase (B); * P<0.05, *** P<0.001, and **** P<0.0001 (RM one-way 
ANOVA with Greenhouse-Geisser correction, followed by Dunnett’s multiple comparisons as 
posthoc test for testing against baseline); data are shown as mean ± SEM. 
 

  



Results 

52 
 

Similar to the SD rats, BDIX rats showed a significant increase of the HR in the light 

phase during the first week after transmitter implantation (Figure 13A; F(1.317, 

7.904)=50.03, P<0.0001; P<0.05). In the dark phase, the HR was solely elevated on 

the first postsurgical day (Figure 13B; F(2.888, 17.33)=6.276, P=0.0048; P<0.05). After 

intracranial tumor cell injection, the HR displayed a statistically significant increase 

exclusively on day one in the light phase compared to baseline (Figure 13A; F(1.610, 

9.660)=17.61, P=0.0009; P<0.05). Furthermore, data of day four in the light and data of 

week one in the dark phase even revealed a significantly reduced HR (Figure 13A-B; 

light phase: F(1.610, 9.660)=17.61, P=0.0009; P<0.05; dark phase: F(2.881, 17.29)=3.954, 

P=0.0270; P<0.05). Similar to SD rats, the highest HR in BDIX rats was reached on 

day one (416±22.39 bpm) after transmitter implantation during the light phase.  

 

Figure 13 - Telemetrically measured heart rate of BDIX rats after surgical 
interventions 
Mean heart rate (HR; bpm) of BDIX rats after subcutaneous transmitter implantation 
(indicated as turquoise) and after intracranial tumor cell injection (indicated as purple) in the 
light (A) and dark phase (B); * P<0.05, ** P<0.01, and *** P<0.001 (RM one-way ANOVA with 
Greenhouse-Geisser correction, followed by Dunnett’s multiple comparisons as posthoc test 
for testing against baseline); data are shown as mean ± SEM. 
 

Overall, SD rats showed a significant lower baseline HR when compared to BDIX 

rats (light phase: P<0.01; dark phase: P<0.0001). The mean baseline HR of SD rats 

in the light phase was 312±11.95 bpm and 301±17.22 bpm in the dark phase. The 

mean baseline HR of BDIX rats in the light phase was 329.9±7.63 bpm and 

369.3±14.37 bpm in the dark phase.  
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5.1.2. Heart rate variability after surgical interventions in rats 

The SDNN describes the HRV which was calculated from ECG recordings (for further 

details on the SDNN see ‘Telemetry as a tool to assess welfare’). The monitoring of 

this parameter revealed that the HRV was reduced following all surgical interventions 

in both strains. However, the effect of the transmitter implantation was more 

pronounced than intracranial surgery. In SD rats, the SDNN was significantly 

decreased on all measurement days after transmitter implantation in the light phase 

(Figure 14A; F(2.799, 19.59)=62.43, P<0.0001; P<0.01). During the dark phase, a 

reduction was revealed on day one, three and four (Figure 14B; F(2.724, 19.07)=7.947, 

P=0.0015; P<0.05). After intracranial electrode implantation, the SDNN of the SD rats 

was decreased from day one to day four during the light phase but statistically 

significant differences to baseline were only found on day three and four (Figure 14A; 

F(1.487, 10.41)=3,726, P=0.0697; P<0.05). In the dark phase, the HRV displayed a 

tendency to be decreased on day one without reaching statistical significance (Figure 

14B; F(2.787, 19.51)=4.164, P=0.0214; P>0.05). 

Figure 14 - Telemetrically derived heart rate variability of SD rats after surgical 
interventions 
Mean heart rate variability parameter (SDNN; ms) calculated from the ECG after 
subcutaneous transmitter implantation (indicated as turquoise) and after intracranial 
electrode implantation (indicated as dark green) in the light (A) and dark phase (B); * P<0.05, 
** P<0.01, *** P<0.001, and **** P<0.0001 (RM one-way ANOVA with Greenhouse-Geisser 
correction, followed by Dunnett’s multiple comparisons as posthoc test for testing against 
baseline); data are shown as mean ± SEM. 
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In BDIX rats, the SDNN was more stable after surgical interventions than in SD rats. 

The HRV was solely decreased on day one in the light phase after transmitter 

implantation (Figure 15A; F(2.042, 12.25)=8.349, P=0.0050; P<0.0001) while no 

deviations were found during the dark phase (Figure 15B). After intracranial tumor 

cell injection, the SDNN also remained stable during the light phase (Figure 15A). 

However, in contrast to the decreases of SDNN observed in all previously described 

constellations, the SDNN in BDIX rats after tumor cell injection was significantly 

increased on all measurement days (Figure 15B; F(2.421, 14.53)=16.8, P<0.0001, 

P<0.05). 

 

Figure 15 - Telemetrically derived heart rate variability of BDIX rats after 
surgical interventions 
Mean heart rate variability parameter (SDNN; ms) calculated from the ECG after 
subcutaneous transmitter implantation (A, B) and after intracranial tumor cell injection (C, D) 
in the light (A, C) and dark phase (B, D); * P<0.05, ** P<0.01, and **** P<0.0001 (RM one-
way ANOVA with Greenhouse-Geisser correction, followed by Dunnett’s multiple 
comparisons as posthoc test for testing against baseline); data are shown as mean ± SEM. 
 

In general, the mean baseline SDNN of SD rats was significantly higher compared to 

BDIX rats (light phase: P<0.01; dark phase: P<0.001). The mean baseline SDNN of 

SD rats was 8.28±0.86 ms in the light phase and 7.32±1.05 ms in the dark phase. 

The mean baseline SDNN of BDIX rats was 6.44±1.36 ms in the light phase and 

4.89±0.81 ms in the dark phase. 
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5.1.3. General activity after surgical interventions in rats 

The monitoring of general Act revealed decreases compared to the baseline solely in 

SD rats during the light phase, following both surgical interventions. After transmitter 

implantation, the Act in the light phase was significantly reduced until day four 

compared to baseline (Figure 16A; F(2.528, 17.69)=14.60, P<0.0001, P<0.05). After 

intracranial electrode implantation, a reduction of Act during the light phase was 

revealed on day one and again one week after transmitter implantation (Figure 16A; 

F(3.073, 21.51)=6.019, P=6.019; P<0.05). The Act measured during the dark phase was 

not decreased compared to baseline after both surgeries (Figure 16B). However, the 

Act was increased on day four and one week after transmitter implantation in the 

dark phase (Figure 16B; F(2.557, 17.90)=4.313, P=0.0226; P<0.05). In BDIX rats, the Act 

did not show any statistically significant differences to baseline after either surgery 

(Figure 17). However, after intracranial tumor cell injection, the Act showed a 

tendency to decrease over time in the light as well as the dark phase. 

 

Figure 16 - Telemetrically measured activity of SD rats after surgical 
interventions 
Summated activity (Act; counts/min) of SD rats after subcutaneous transmitter implantation 
(indicated as turquoise) and after intracranial electrode implantation (indicated as dark green) 
in the light (A) and dark phase (B); * P<0.05 and ** P<0.01, (RM one-way ANOVA with 
Greenhouse-Geisser correction, followed by Dunnett’s multiple comparisons as posthoc test 
for testing against baseline); data are shown as mean ± SEM. 
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Figure 17 - Telemetrically measured activity of BDIX rats after surgical 
interventions 
Summated activity (Act; counts/min) of BDIX rats after subcutaneous transmitter implantation 
(indicated as turquoise) and after intracranial tumor cell injection (indicated as purple) in the 
light (A) and dark phase (B); data are shown as mean ± SEM. 
 

The mean baseline Act of SD rats was 470.8±168.5 counts/min in the light phase and 

407.6±167.2 counts/min in the dark phase. The mean baseline Act of BDIX rats in 

the light phase was 208.4±60.45 counts/min and 648.4±178.9 counts/min in the dark 

phase. In the comparison of the strains, SD rats were significantly more active in the 

light phase (P<0.01), whereas BDIX rats showed significantly more Act in the dark 

phase (P<0.05).  
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5.1.4. Body temperature after surgical interventions in rats 

The Temp of rats was measured subcutaneously and showed at least a tendency for 

reduction in both strains during the light phase following all surgical interventions. 

After transmitter implantation in the SD rats, the Temp in the light phase displayed a 

tendency to be decreased on day one without reaching statistical significance (Figure 

18A; F(1.929, 13.50)=7.729, P=0.0061; P>0.05). After intracranial electrode implantation, 

the Temp was significantly reduced in the light phase on day one (Figure 18A; F(1.792, 

12.54)=28.53, P<0.0001; P<0.05). On the following postsurgical days, the Temp was 

elevated compared to baseline with statistically significant differences on individual 

days (Figure 18A-B; transmitter implantation: light phase: F(1.929, 13.50)=7.729, 

P=0.0061; P<0.01; dark phase: F(3.188, 22.31)=7.124, P=0.0014; P<0.05; electrode 

implantation: light phase: F(1.792, 12.54)=28.53, P<0.0001; P<0.05; dark phase: F(2.310, 

16.17)=4.427, P=0.0252; P<0.01).  

 

Figure 18 - Telemetrically measured body temperature of SD rats after surgical 
interventions 
Mean body temperature (Temp; °C) of SD rats after subcutaneous transmitter implantation 
(indicated as turquoise) and after intracranial electrode implantation (indicated as dark green) 
in the light (A) and dark phase (B); * P<0.05 and ** P<0.01 (RM one-way ANOVA with 
Greenhouse-Geisser correction, followed by Dunnett’s multiple comparisons as posthoc test 
for testing against baseline); data are shown as mean ± SEM. 
 

  



Results 

58 
 

In BDIX rats, the Temp in the light phase was decreased on day one after transmitter 

implantation with no statistically significant difference to baseline and displayed a 

statistically significant decrease on day two in the dark phase (Figure 19A-B; light 

phase: F(1.436, 8.613)=7.021, P=0.0207; P>0.05; dark phase: F(2.872, 17.23)=6.121, 

P=0.0054; P<0.05). After intracranial tumor cell injection, the Temp data did not 

display any changes compared to baseline (Figure 19A-B). 

 

Figure 19 - Telemetrically measured body temperature of BDIX rats after 
surgical interventions 
Mean body temperature (Temp; °C) of BDIX rats after subcutaneous transmitter implantation 
(indicated as turquoise) and after intracranial tumor cell injection (indicated as purple) in the 
light (A) and dark phase (B); data are shown as mean ± SEM. 
 

Overall, SD rats showed a significant lower baseline Temp when compared to BDIX 

rats (light phase: P<0.01; dark phase: P<0.001). The mean baseline Temp of SD rats 

was 35.99±0.34 °C in the light phase and 36.06±0.46 °C in the dark phase. The 

mean baseline Temp of BDIX rats was 36.51±0.28 °C in the light phase and 

37.18±0.32 °C in the dark phase.  
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5.2. Monitoring of postsurgical recovery in mice 

As outlined in the study design (see ’Mice - Study design’), the welfare status of 

female B6J IL10+/+ mice was monitored after intraperitoneal transmitter implantation 

performed under two different analgesic regimens. The assessed parameters were 

the clinical score including the body weight (for details on the clinical score see Table 

6 - Clinical score sheet for mice), and the telemetrically derived parameters HR, 

HRV, Act, and Temp.  

Overall, the clinical score of transmitter-implanted mice showed increases, whereas 

the score of sham-treated animals did not show statistically significant differences 

compared to baseline (Figure 20A). In more detail, the comparison of transmitter-

implanted to sham-treated mice revealed statistically significant differences until day 

seven in carprofen-treated mice and until day five in metamizole-treated mice 

(F(3, 26)=19,01, P<0.0001, P<0.05). When compared to baseline, transmitter-

implanted, carprofen-treated mice demonstrated a significantly elevated clinical score 

until day two (Friedman-test statistics: χ2=153.7; P<0.05) and metamizole-treated 

animals until day four (Friedman-test statistics: χ2=189.3; P<0.05). Overall, the 

clinical score was mainly altered due to changes in the body weight as shown in 

detail in Figure 20.  

Analysis of body weight changes revealed a higher impact of the surgery in 

transmitter-implanted mice compared to sham-treated animals (Figure 20B). 

Statistically significant differences of transmitter-implanted to sham-treated mice 

were seen until day six in carprofen-treated mice and until day five in metamizole-

treated mice (F(3, 26)=1.250, P=0.3119; P<0.05).  

Compared to baseline, the body weight was significantly reduced until day four and 

again on day six in transmitter-implanted, carprofen-treated mice, until day five in 

transmitter-implanted, metamizole-treated mice and until day two in sham-

metamizole-treated mice (F(6.465, 166.5)=247.1, P<0.0001; P<0.05). The sham-

carprofen-treated mice did not display statistical significances when compared to 

baseline. Starting at day ten after transmitter implantation, the body weight of all 

groups was steadily increasing above baseline levels.   
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Figure 20 - Clinical score and body weight change after transmitter 
implantation in mice 
Clinical score (A) and its main driver body weight change (%; B) after intraperitoneal 
transmitter implantation in mice. Comparison to baseline with RM one-way ANOVA with a 
linear mixed-effects model with a restricted maximum likelihood method and with 
Greenhouse-Geisser correction, followed by Dunnett’s multiple comparisons as posthoc test: 
o indicating significant differences of transmitter-implanted carprofen-treated animals, 
* indicating significant differences of transmitter-implanted metamizole-treated animals, 
& indicating significant differences of sham-carprofen-treated animals, $ indicating significant 
differences of sham-metamizole-treated animals, x indicating significant differences of all four 
groups. Comparison between treatments with RM two-way ANOVA with Greenhouse-
Geisser correction, followed by Tukey test: + indicating significant differences of carprofen-
treated transmitter-implanted versus sham-treated animals, § indicating significant 
differences of metamizole-treated transmitter-implanted versus sham-treated animals; 
number of symbols indicate: * P<0.05, ** P<0.01, *** P<0.001, and **** P<0.0001; data are 
shown as mean ± SEM. 
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5.2.1. ECG-derived parameters after transmitter implantation in mice 

The HR was increased after transmitter implantation regardless of the analgesic 

regimen. In the light phase, HR was significantly elevated compared to baseline until 

day five in the carprofen-treated mice, and until day three and again on day five in 

the metamizole-treated mice (Figure 21A; F(3.364, 41.21)=131.9, P<0.0001; P<0.05). In 

the dark phase, HR was elevated on day one, two, and five in the carprofen-treated 

mice and until day three and again on day five in the metamizole-treated mice 

(Figure 21B; F(4.211, 51.58)=30.09, P<0.0001; P<0.05). All mice reached the highest HR 

on day one in the light phase (carprofen: 658.3±27.74 bpm, metamizole: 

622.9±32.75 bpm).  

The monitoring of HRV after transmitter implantation revealed a decreased SDNN 

independent of analgesic regimens. In comparison to baseline, the SDNN was 

significantly decreased for one week during the light phase in both groups (Figure 

21C; F(3.144, 38.51)=136.4, P<0.0001; P<0.01). Comparing the analgesic regimens after 

transmitter implantation, the transmitter-implanted, carprofen-treated animals showed 

significantly lower SDNN values on day one during the light phase than transmitter-

implanted, metamizole-treated mice (F(1, 13)=3.088, P<0.1024; P<0.05). During the 

dark phase, the SDNN showed a reduction until day six in metamizole-treated mice, 

while the decrease in the carprofen-treated animals was shown for all days of week 

one (Figure 21D; F(3.060, 37.49)=59.13, P<0.0001; P<0.01).  
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Figure 21 - ECG-derived parameters of mice after transmitter implantation 
Mean heart rate (HR; bpm) in the light (A) and dark phase (B) and mean heart rate variability 
(SDNN; ms) calculated from the ECG in the light (C) and dark phase (D) after transmitter 
implantation; black indicates carprofen-treated animals and purple indicates metamizole-
treated animals; comparison to respective baseline (BSL; measured four weeks after 
transmitter implantation) with RM one-way ANOVA with a linear mixed-effects model with a 
restricted maximum likelihood method and with Greenhouse-Geisser correction, followed by 
Dunnett’s multiple comparisons as posthoc test: o indicating significant differences of 
carprofen-treated animals, * indicating significant differences of metamizole-treated animals; 
comparison between groups with RM two-way ANOVA with a linear mixed-effects model with 
a restricted maximum likelihood method and with Greenhouse-Geisser correction, followed 
by Sidak’s test as posthoc test: # indicating significant differences between analgesic 
regimens; number of symbols indicate: * P<0.05, ** P<0.01, *** P<0.001, and **** P<0.0001; 
data are shown as mean ± SEM. 
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5.2.2. General activity after transmitter implantation in mice 

When compared to baseline, general Act showed a decrease in the dark phase until 

day four in the carprofen-treated and until day three in the metamizole-treated mice 

(Figure 22B; F(3.126, 38.29)=34.76, P<0.0001; P<0.05). In the light phase, the Act was 

significantly reduced solely on day one after transmitter implantation in the 

metamizole-treated mice (Figure 22A; F(4.116, 50.42)=10.04, P<0.0001; P<0.05).  

 

Figure 22 - Telemetrically measured activity of mice after transmitter 
implantation 
Summated activity (Act; counts/min) in the light (A) and dark phase (B) after transmitter 
implantation; black indicates carprofen-treated animals and purple indicates metamizole-
treated animals; comparison to respective baseline (BSL; measured four weeks after 
transmitter implantation) with RM one-way ANOVA with a linear mixed-effects model with a 
restricted maximum likelihood method and with Greenhouse-Geisser correction, followed by 
Dunnett’s multiple comparisons as posthoc test: o indicating significant differences of 
carprofen-treated animals, * indicating significant differences of metamizole-treated animals; 
number of symbols indicate: * P<0.05, ** P<0.01, *** P<0.001, and **** P<0.0001; 
comparison between groups with RM two-way ANOVA with a linear mixed-effects model with 
a restricted maximum likelihood method and with Greenhouse-Geisser correction, followed 
by Sidak’s test as posthoc test revealed no differences between analgesic regimens; data 
are shown as mean ± SEM. 
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5.2.3. Body temperature after transmitter implantation in mice 

In comparison to baseline, the core Temp measured via the intraperitoneally 

implanted telemetric device was significantly increased from the second to the fifth 

postsurgical day in the light phase regardless of analgesic regimens with the 

exception of day four in the carprofen-treated mice (Figure 23A; F(1.665, 20.40)=29.52, 

P<0.0001; P<0.05). In the dark phase, the core Temp was decreased in the 

carprofen-treated mice on day one, three and four (Figure 23B; F(4.315, 52.86)=11.64, 

P<0.0001; P<0.05), while metamizole-treated mice revealed no significant alterations 

compared to baseline. 

 

Figure 23 - Telemetrically measured body temperature of mice after transmitter 
implantation 
Mean body temperature (Temp; °C) in the light (C) and dark phase (D) after transmitter 
implantation; black indicates carprofen-treated animals and purple indicates metamizole-
treated animals; comparison to respective baseline (BSL; measured four weeks after 
transmitter implantation) with RM one-way ANOVA with a linear mixed-effects model with a 
restricted maximum likelihood method and with Greenhouse-Geisser correction, followed by 
Dunnett’s multiple comparisons as posthoc test: o indicating significant differences of 
carprofen-treated animals, * indicating significant differences of metamizole-treated animals; 
number of symbols indicate: * P<0.05, ** P<0.01, *** P<0.001, and **** P<0.0001; 
comparison between groups with RM two-way ANOVA with a linear mixed-effects model with 
a restricted maximum likelihood method and with Greenhouse-Geisser correction, followed 
by Sidak’s test as posthoc test revealed no differences between analgesic regimens; data 
are shown as mean ± SEM. 
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5.2.4. Comparison of analgesic regimens 

The comparison of the two analgesic regimens did not reveal statistically significant 

differences in any of the investigated parameters on any of the investigated days with 

two exceptions. First, the transmitter-implanted, carprofen-treated mice showed 

significantly lower SDNN values on day one than transmitter-implanted, metamizole-

treated mice (F(1, 13)=3.088, P<0.1024; P<0.05). Second, transmitter-implanted, 

metamizole-treated mice displayed a significantly lower maximum HR 

(622.9±32.75 bpm) than transmitter-implanted, carprofen-treated mice 

(658.3±27.74 bpm) on day one after transmitter implantation (P<0.05).  

Furthermore, Table 8 summarizes the statistical comparisons of both analgesic 

regimens to the corresponding sham animals and to the respective baseline. These 

results indicate that the measured parameters did not detect consistent differences 

between the two analgesic regimens (for further details see Table 8). 
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Table 8 - Results of statistical comparison of transmitter-implanted mice of 

both analgesic regimens to corresponding sham-treated animals and baseline 

Parameter Carprofen group  Metamizole group 

Clinical score to sham until day 7  until day 5 

to BSL ↑ Increased until day 2  ↑ Increased until day 4 

Body weight to sham until day 6  until day 5 

to BSL ↓ decreased until day 4 
and on day 6 

 ↓ decreased until day 5 

HR light to BSL ↑ Increased until day 5  ↑ Increased until day 3 and on 
day 5 

HR dark to BSL ↑ Increased until day 2 
and on day 5 

 ↑ Increased until day 3 and on 
day 5 

SDNN light to BSL ↓ decreased until 1 week  ↓ decreased until 1 week 

SDNN dark to BSL ↓ decreased until 1 week  ↓ decreased until day 6 

Act light to BSL no changes  ↓ decreased on day 1 

Act dark to BSL ↓ decreased until day 4  ↓ decreased until day 3 

Temp light to BSL ↑ Increased day 2-3 and 5  ↑ Increased day 2-5 

Temp dark to BSL ↓ decreased on day 1,3,4  no changes 

Indicated are the time points until which these comparisons revealed statistically significant 
differences; ↑ displays increased data compared to baseline; ↓ displays decreased data 
compared to baseline Act - activity; bpm - beats per minute; HR - heart rate; Temp - body 
temperature; SDNN - Standard Deviation of Normal to Normal intervals (heart rate 
variability). 
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5.3. Monitoring of postsurgical recovery in sheep 

As outlined in the experimental setup (Figure 3), the welfare status of sheep was 

monitored after intraperitoneal transmitter implantation and after tendon ablation of 

the Musculus infraspinatus by clinical scoring, and by use of the telemetrically 

derived parameters HR, HRV, Act, and Temp.  

The clinical score was elevated in one of four sheep on day one and two after 

transmitter implantation and in two sheep on day one after tendon ablation. 

Occasional teeth grinding was the decisive parameter for the changes in the clinical 

score. 

 
Figure 24 - Clinical score after surgeries in sheep 
Clinical score of individual sheep after transmitter implantation (A) and after tendon ablation 
of the Musculus infraspinatus (B); individuals are color-coded. 
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5.3.1. Telemetrically derived parameters in sheep 

The implantation of the telemetric devices was performed without complications and 

enabled a perfect ECG-derivation (Figure 25). Noteworthy, even though 

interchanging the ECG electrodes resulted in a more complex analysis, the quality of 

the derived data was not compromised.  

 

Figure 25 - Example of ECG derived from sheep 
Six heartbeats displayed as ECG derived from a sheep; all parts of the ECG are labeled 
exemplarily in the first interval; afterward, R is marked, as it provided the basis for further 
calculations. 
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All clinically and telemetrically measured baseline parameters are listed in Table 9. 

Sheep 1, 3 and 4 displayed similar data whereas sheep 2 had a higher HR and a 

lower SDNN.  

Table 9 - Baseline parameters of individual sheep 

Parameter (BSL) Phase Sheep 1 
 

Sheep 2 Sheep 3 Sheep 4 

Age  5 years 4 years 4 years 4 years 

Body weight  77-85 kg 103-115 kg 84-91 kg 78-90 kg 

         Body temperature  38.7 °C 39.1 °C 38.8 °C 39.0 °C 

         Heart rate  72 bpm 71 bpm 74 bpm 83 bpm 

         Heart rate light 62 bpm 74 bpm 61 bpm 67 bpm 

dark 54 bpm 66 bpm 56 bpm 60 bpm 

         SDNN light 97 ms 62 ms 119 ms 66 ms 

dark 103 ms 61 ms 100 ms 73 ms 

         Activity x 104 light 417 cpm 467 cpm 416 cpm 277 cpm 

dark 280 cpm 342 cpm 364 cpm 289 cpm 

         Body temperature light 38.1 °C 38 °C 37.2 °C 37.6 °C 

dark 38 °C 37.7 °C 36.8 °C 37.2 °C 

Abbreviations: bpm - beats per minute, BSL - baseline, Clin. - clinically assessed 
parameters; cpm - counts per minute, kg - kilograms, °C - degrees in Celsius. 
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5.3.2. Heart rate after surgical interventions in sheep 

After surgery for transmitter implantation and surgery for tendon ablation of the 

Musculus infraspinatus at its osseous muscle insertion, the HR showed a tendency to 

be elevated during the light phase on day one without reaching statistical significance 

compared to baseline (Figure 26A; transmitter implantation: F(1.755, 5.265)=5.505, 

P=0.054; P>0.05; tendon ablation: F(1.808, 5.425)=16.28, P=0.0055; P>0.05). After 

tendon ablation, a tendency for an increased HR was also observed during the dark 

phase of day one (Figure 26B). No other changes compared to baseline could be 

detected (Figure 26A-B).  

The HR of sheep 2 (indicated with yellow triangles in Figure 26) increased to a mean 

of 116 bpm on day one after tendon ablation, which was the maximum HR reached 

after the surgeries compared to the HR from other sheep (77-92 bpm) and the HR 

elevations after the transmitter implantation (70-85 bpm). 

To avoid complications, the animals were fasted prior to surgery. Interestingly, the 

HR of the “diet day” measured prior the tendon ablation was significantly reduced 

during the light and dark phase compared to baseline (Figure 26A-B; light phase: 

F(1.808, 5.425)=16.28, P=0.0055; P<0.05; dark phase: F(1.950, 5.850)=3.928, P=0.0834; 

P<0.01). 
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Figure 26 - Telemetrically measured heart rate of sheep after surgical 
interventions 
Heart rate (HR; bpm) of individual sheep after subcutaneous transmitter implantation (on the 
left) and after tendon ablation of the Musculus infraspinatus (on the right) in the light (A) and 
dark phase (B); individuals are color- and symbol-coded (sheep 1: red squares; sheep 2: 
yellow triangles; sheep 3: blue circles; sheep 4: green diamonds); * P<0.05 and ** P<0.01 
(RM one-way ANOVA with Greenhouse-Geisser correction, followed by Dunnett’s multiple 
comparisons as posthoc test for testing against baseline); box plots show median, upper and 
lower quartiles ± min/max. 
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5.3.3. Heart rate variability after surgical interventions in sheep 

The monitoring of the HRV did not reveal any alterations to baseline, independent of 

light/dark phase or type of surgery (Figure 27). On the “diet day”, the SDNN was 

increased in the dark phase without reaching a statistically significant difference 

compared to baseline (Figure 27D; F(1.227, 3.680)=1.700, P=0.2787; P>0.05).  

 

Figure 27 - Telemetrically derived heart rate variability of sheep after surgical 
interventions 
Heart rate variability parameter (SDNN; ms) calculated from the ECG of individual sheep 
after subcutaneous transmitter implantation (on the left) and after tendon ablation of the 
Musculus infraspinatus (on the right) in the light (A) and dark phase (B); individuals are color- 
and symbol-coded (sheep 1: red squares; sheep 2: yellow triangles; sheep 3: blue circles; 
sheep 4: green diamonds); box plots show median, upper and lower quartiles ± min/max. 
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5.3.4. General activity after surgical interventions in sheep 

In comparison to baseline, the general Act showed a tendency to be decreased on 

day one in the light phase after both surgeries without reaching statistical significance 

(Figure 28A; transmitter implantation: F(1.466, 4.398)=8.403, P=0.0348; P>0.05; tendon 

ablation: F(1.943, 5.829)=3.638, P=0.0949; P>0.05). However, sheep 2 (indicated as 

yellow triangles) displayed the greatest decreases in Act during the light phase after 

either surgery (Figure 28A). In the dark phase after either surgery, the Act did not 

reveal any changes compared to baseline (Figure 28B).  

 

Figure 28 - Telemetrically measured activity of sheep after surgical 
interventions 
Summated activity (Act; counts/min) of individual sheep after subcutaneous transmitter 
implantation (on the left) and after tendon ablation of the Musculus infraspinatus (on the 
right) in the light (A) and dark phase (B); individuals are color- and symbol-coded (sheep 1: 
red squares; sheep 2: yellow triangles; sheep 3: blue circles; sheep 4: green diamonds); box 
plots show median, upper and lower quartiles ± min/max. 
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5.3.5. Body temperature after surgical interventions in sheep 

The subcutaneously measured Temp in sheep was reduced for several days after 

transmitter implantation but did not display any changes after tendon ablation  

(Figure 29). In detail, the Temp was significantly reduced after transmitter 

implantation during the light phase on day one (Figure 29A; F(1.545, 4.634)=39.72, 

P=0.0014; P<0.05) and subsequently recovered to baseline level over the following 

five days. In the dark phase, the decrease of Temp on day one and its progression 

back to baseline until day five was also detectable but did not reach statistical 

significance compared to baseline (Figure 29B; F(1.953, 5.858)=14.19, P=0.0058; 

P>0.05). 
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Figure 29 - Telemetrically measured body temperature of sheep after surgical 
interventions 
Mean body temperature (Temp; °C) of individual sheep after subcutaneous transmitter 
implantation (on the left) and after tendon ablation of the Musculus infraspinatus (on the 
right) in the light (A) and dark phase (B); individuals are color- and symbol-coded (sheep 1: 
red squares; sheep 2: yellow triangles; sheep 3: blue circles; sheep 4: green diamonds); 
* P<0.05 (RM one-way ANOVA with Greenhouse-Geisser correction, followed by Dunnett’s 
multiple comparisons as posthoc test for testing against baseline); box plots show median, 
upper and lower quartiles ± min/max 
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5.4. Demarcation of individual time-dependent stress reactions by 

k-means class-labeled machine learning 

For the analysis of HR and Act patterns related to compromised welfare, a machine 

learning algorithm was applied. The development of the k-means class-labeled 

Support-Vector-Machine (SVM) is exemplarily described in the following for the SD 

rat data. However, the machine-learning algorithm was also applied to BDIX rat, 

mouse and sheep data. Minor adjustments made to tailor the algorithm to these 

species do not affect the general mathematical principle of the method. To increase 

the variety of factors which influence the telemetrically derived data, the results of 

measurements after procedures such as cage change or burrowing tests (see ’Rats - 

study design’) were included in the analysis of rat data. 

In SD rats, plotting HR and Act data of different procedures in a scatter plot revealed 

procedure-dependent characteristic locations of data points (Figure 30A-C). Baseline 

measurements revealed stable HR and Act values at a low level (Figure 30A). After 

cage change, values of HR and Act were increased for up to 60 minutes and 

displayed a slow progression back to baseline-level within 240 minutes (Figure 30B). 

However, after intracranial electrode implantation, HR was increased for more than 

240 minutes independent of Act (Figure 30C).  

For further analysis of the procedure-dependent HR and Act patterns, a machine 

learning algorithm was applied. A training set (consisting of baseline data, data after 

cage change and data after intracranial electrode implantation) was compiled (Figure 

30A-C). The scree analysis revealed an optimum number of three clusters for k-

means clustering procedure (see Suppl. Figure 1A), which was used to class-label 

the blinded training data (see Suppl. Figure 1B). These class-labeled training data 

were then used to train the SVM with a radial basis function kernel. The three 

respective classes were characterized by low HR/low Act, high HR/high Act and high 

HR/low Act in SD rats (Figure 30D). 
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Reapplication of these classes onto the training data set (Figure 30A’-C’) highlighted 

the baseline data points within the low HR/low Act class (light gray). The data 

acquired after cage change were first allocated to the high HR/high Act class (mid 

gray) but returned to the low HR/low Act class (light gray) over time. The majority of 

data points after intracranial electrode implantation was allocated to the high HR/low 

Act class (dark gray). The accuracy of the SVM was 100 % in SD rats, with a 95 % 

confidence interval of the training set [0.9315, 1] and test set [0.9687, 1]. 
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Figure 30 - Development of SVM classification model in SD rats 
Telemetrically measured heart rate (HR; bpm) and activity (Act; counts/min) data, measured 
until 4h after baseline (A), cage change as Act-inducing procedure (B) and intracranial 
electrode implantation as burden-related data set (C); (A), (B) & (C) were used blinded as 
training data set for development of SVM (D); SVM identified three classes: high HR/low Act 
(dark gray), high HR/high Act (mid gray); low HR/low Act (light gray); entering the training 
data on „SVM decision boundary map“ highlights different allocations of data of different 
procedures to the three classes (A‘, B‘, C‘); HR is shown as mean in beats per minute (bpm) 
and Act as sum in counts/min over 10 minutes; in (A)-(C) time points measured after 
application of the respective procedure are color-coded and symbols indicate individual 
animals; in D black data points represent blinded training data set and symbols indicate 
different data groups. 
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5.5. Validation of SVM: Classification of surgical interventions and 

short-lasting experimental procedures using the SVM 

classification model in SD rats 

In the next step, the applicability of the trained SVM as a tool to assess the impact of 

different surgical interventions as well as the impact of short-lasting experimental 

procedures was tested. Thereby, a ranking of experimental procedures based on 

their impact on animals’ welfare was enabled.  

The SVM model was applied to the validation data set which included data measured 

after different experimental procedures such as burrowing, social interaction, Rat 

Grimace Scale, handling, subcutaneous injections (see ‘Rats - study design’) and 

days of the postsurgical recovery after transmitter implantation and intracranial 

surgery (three procedures are exemplarily shown in Figure 31A-C). The resulting 

allocations of data points to the respective classes were counted and ranked 

according to the fractions within the high HR/low Act class (Figure 31D). 

After the surgical interventions, the majority of the data allocated to the high HR/low 

Act class and these interventions, therefore, ranked highest (Figure 31D). 

Specifically, on day one after transmitter implantation (TI d1), all data were allocated 

to the high HR/low Act class (100 %), followed by day one after intracranial electrode 

implantation (EI d1; 98.21 %). However, no statistically significant difference was 

revealed between day one after transmitter implantation and day one after tendon 

ablation (for results of Fisher’s exact test see Suppl. Figure 2; P>0.05). All days 

following the surgical interventions (starting on day two) showed significantly lower 

counts in the high HR/low Act class than day one (P<0.05). Except for day one, the 

days following the transmitter implantation displayed significantly more counts in the 

high HR/low Act class than the days following the electrode implantation (P<0.001). 

For the data of week one, analysis revealed no further statistically significant 

differences to baseline (P>0.05). 
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Interestingly, the SD rats did not engage in burrowing when presented with the test 

setup. The data measured after this phenomenon (indicated as “no Bur” in Figure 

31D) ranked significantly higher (P<0.001) than data measured after cage change, 

injection or other procedures used for welfare assessment. Data of “no Bur” animals 

even ranked above data acquired on day two after electrode implantation, however, a 

statistically significant difference was not revealed (P>0.05). The data of the other 

tested experimental procedures did not significantly differ from each other (P>0.05) 

and displayed only a few allocations to the high HR/low Act class. 

Analysis of surgery-related injections of carprofen and antibiotics revealed a 

difference between the first presurgical subcutaneous injection of antibiotics 

(indicated as “AB d-2” in Figure 31D) and the following presurgical injection. The first 

injection was ranked significantly higher (P<0.001) than the second presurgical 

injection, which in turn was not significantly different from baseline (P>0.05).  
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Figure 31 - Evaluation of SVM as a tool to classify severity in SD rats 
Exemplarily depicted validation data (data measured after handling (A), on day two after 
transmitter implantation (B) and on day two after intracranial electrode implantation (C)) of 
SD rats were plotted on SVM decision boundaries; SVM identified three classes: high HR/low 
Act (dark gray), high HR/high Act (mid gray), low HR/low Act (light gray); stacked bars 
indicate fractions of data points allocated to the different classes which allow ranking of all 
experimental procedures and recovery days according to the fractions of data points 
allocated to the high HR/low Act class (D; from left to right); HR is shown as mean in beats 
per minute (bpm) and Act as sum in counts/min over 10 minutes; in (A)-(C) time points 
measured after application of the respective procedure are color-coded and symbols indicate 
individual animals; abbreviations: AB - subcutaneous injection of antibiotics, BSL - baseline, 
Car - subcutaneous injection of carprofen, CG - cage change, d - day, div. - divers 
experimental procedures, EI - intracranial electrode implantation, Handl - handling, Inj. - 
subcutaneous injection, No Bur - animals that did not burrow, GS - Rat Grimace Scale, SI - 
social interaction, Sur. - surgical intervention days, TI - transmitter implantation. 
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5.6. Classification of surgical interventions and experimental 

procedures using the SVM classification model in another rat 

strain 

The suitability of the previously applied SVM as a tool to assess and rank the impact 

of experimental procedures and surgical interventions on animals’ welfare was, 

furthermore, investigated in a BDIX rat glioma model. The training set consisted of 

baseline data, data measured after cage change, and data collected on day one after 

intracranial tumor cell injection (for development of SVM in BDIX rats see Suppl. 

Figure 3). Consistent with the result from the SD rat data described above, the scree 

analysis revealed an optimum number of three clusters for k-means (see Suppl. 

Figure 4). Consequently, in BDIX rats, the respective three classes detected by SVM 

were also characterized by low HR/low Act, high HR/high Act and high HR/low Act 

(Figure 32A; Suppl. Figure 3). 

When highlighting the training data set within the SVM classes, data measured after 

cage change were found to allocate to the high HR/high Act class (mid gray) and the 

low HR/low Act class (light gray) with a few allocations to the high HR/low Act class 

(dark gray; Figure 32B&D). The data of day one after intracranial tumor cell injection 

were mainly allocated to the high HR/low Act class (dark gray) with fewer allocations 

to the low HR/low Act class (light gray; Figure 32C&D). Baseline data were located in 

the low HR/low Act class (Figure 32D). The accuracy of the SVM was 100 % in BDIX 

rats, with a 95 % confidence interval of the training set [0.9229, 1] and test 

set [0.9641, 1]). 

The results of the ranking of different experimental procedures in BDIX rats were 

comparable to the results of the SD rats. The days after surgical interventions ranked 

at the top, with day one after transmitter implantation ranking first (TI d1), followed by 

day one after intracranial tumor cell injection but the statistical test revealed no 

significant difference between the two interventions (TuIn d1; P>0.05; Figure 32D; for 

results of Fisher’s exact test see Suppl. Figure 5). The data of “no Bur” BDIX rats 

ranked third with a significantly lower number of allocations to the high HR/low Act 

class. Nevertheless, “no bur” was ranked highest in comparison to all other 
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experimental procedures with a statistically significant difference compared to each 

(P<0.05). With the exception of day two after transmitter implantation, the data 

measured after both surgeries (starting on day two) and after all further experimental 

procedures were not significantly different compared to baseline. 

Figure 32 - SVM classification model in BDIX rats 
Telemetrically measured heart rate (HR; bpm) and activity (Act; counts/min) data of blinded 
training data (indicated in black) were used for development of SVM (A); SVM identified three 
classes: high HR/low Act (dark gray), high HR/high Act (mid gray), low HR/low Act (light 
gray); exemplarily depicted training data (data measured after cage change (B) and on day 
one after intracranial tumor cell injection (C)) were plotted on SVM decision boundaries; 
allocations of data of all procedures and recovery days to the different classes are displayed 
in the stacked bar chart (D) enabling a ranking according to the fractions of data points 
allocated to the high HR/low Act class (D; from left to right); HR is shown as mean in beats 
per minute (bpm) and Act as sum in counts/min over 10 minutes; in (B)-(C) time points are 
color-coded and symbols indicate individual animals; abbreviations: BSL - baseline, Bur - 
burrowing, Car - subcutaneous injection of carprofen, CG - cage change, d - day, div. - divers 
experimental procedures, GS - Rat Grimace Scale, Handl - handling, Inj. - subcutaneous 
injection, No Bur - animals that did not burrow, SI - social interaction, Sur. - surgical 
intervention days, TI - transmitter implantation, TuIn -intracranial tumor cell injection. 
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5.7. Proof of concept: Classification of recovery data after 

transmitter implantation in mice using the SVM classification 

model  

The applicability of the SVM, as a tool to assess animals’ welfare in the postsurgical 

recovery, was shown not only for different strains of rats but also for another species: 

the mouse. For the development of the SVM in mice, it had to be considered that 

mice displayed very low levels of Act in the light phase (see Figure 22A). Therefore, 

data of the dark phase were used to train the SVM. The training set consisted of 

baseline data (week four after transmitter implantation), data of day five after 

transmitter implantation with burrowing and data of day one after transmitter 

implantation (for development of SVM in mice see Suppl. Figure 6). The scree 

analysis revealed an optimum number of four clusters for k-means (see Suppl. Figure 

7). The respective four classes detected by SVM were characterized by low HR/low 

Act, high HR/high Act, intermediate HR/intermediate Act and high HR/low Act (Figure 

33A; Suppl. Figure 6).  

Allocations of the training data set into these classes revealed that data of day one 

after transmitter implantation were mainly allocated to the high HR/low Act class 

(dark gray) and intermediate HR/intermediate Act class (light gray) with a few 

allocations to the low HR/low Act class (white; Figure 33B&C). The data of day five 

after surgery were scattered across all four classes, however, the majority allocated 

to the high HR/low Act class (dark gray) and the intermediate HR/intermediate Act 

class (light gray; Figure 33B&D). Baseline data were mainly spread across the low 

HR/low Act class (white), the intermediate HR/intermediate Act class (light gray) and 

the high HR/high Act class (mid gray; Figure 33B&E). The accuracy of the SVM was 

99.38 % for the training set and 98.79 % for the test set in mice, with a 95 % 

confidence interval of the training set [0.9778, 0.9992] and test set [0.9771, 0.9944]. 

In general, the ranking procedure (Figure 33B) revealed highest rankings for all days 

with burrowing tests (day one, two, three and five). Within these days, d1 after 

surgery ranking highest. Over time, the allocations to the high HR/low Act class (dark 

gray) changed to the high HR/high Act class (mid gray) and the low HR/low Act class 
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(white). On baseline day (four weeks after transmitter implantation) most data were 

allocated to the high HR/high Act class (mid gray). 

Noteworthy is the distribution of data within the intermediate HR/intermediate Act 

class (light gray; Figure 33). Whereas baseline data (Figure 33E) were scattered 

across the whole area of this class, data of day one after transmitter implantation 

(Figure 33C) were mainly allocated on the left edge of the class, indicating very low 

Act. Therefore, in contrast to baseline, intermediate HR in the first postoperative days 

was not accompanied by increased Act levels. Furthermore, data collected at later 

time points after transmitter implantation demonstrate that lower Act data was 

accompanied by lower HR and vice versa. 
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Figure 33 - SVM classification model in mice 
Telemetrically measured heart rate (HR; bpm) and activity (Act; counts/min) data of blinded 
training data (indicated in black) were used for the development of SVM (A); SVM identified 
four classes: high HR/low Act (dark gray), high HR/high Act (mid gray), intermediate 
HR/intermediate Act (light gray), low HR/low Act (white); allocations of data measured on 
days after transmitter implantation to the different classes are displayed in the stacked bar 
chart (B); the allocations enabled ranking of days after transmitter implantation according to 
the fractions of data points allocated to the high HR/low Act class (B; from left to right); data 
of the training data (data measured on day one (C), day five (D) and after four weeks after 
transmitter implantation used as baseline data (E)) are highlighted exemplarily on the SVM 
decision boundaries; HR is shown as mean in beats per minute (bpm) and Act as sum in 
counts/min over 10 minutes; data measured during the dark phase on the respective days 
after transmitter implantation are shown; colors show different days; symbols indicate 
different animals; in A black data points represent blinded training data set and symbols 
indicate different groups of data. 
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5.8. Proof of concept: Classification of surgical interventions using 

the SVM classification model in four individual sheep 

The applicability of the trained SVM as a tool for assessing the impact of different 

procedures on the animals’ welfare and thereby as a tool to rank experiments based 

on their severity was tested in a non-rodent species: the sheep. For the development 

of the SVM in sheep, it had to be considered that sheep display low Act movements 

in 30 seconds intervals. Therefore, a logging rate of five minutes was used. The 

training set consisted of baseline data, data measured after the stable was changed 

and of day one after tendon ablation (for development of SVM in sheep see Suppl. 

Figure 8). The scree analysis revealed an optimum number of four clusters for k-

means (see Suppl. Figure 9). In sheep, the respective four classes detected by SVM 

were characterized by low HR/low Act, intermediate HR/intermediate Act, high 

HR/high Act and high HR/low Act (Figure 34A).  

Allocations of the training data set into these classes revealed that baseline data 

were spread across the low HR/low Act class (white) and the intermediate 

HR/intermediate Act (light gray; Figure 34B&C). The data measured after the stable 

was changed were mainly allocated to the low HR/low Act class (white) as well as to 

the intermediate HR/intermediate Act class (light gray) and displayed the highest 

counts in the high HR/high Act class (mid gray) compared to all other procedures 

(Figure 34B&D). The data of day one after tendon ablation were mainly allocated to 

the high HR/low Act class (dark gray) and intermediate HR/intermediate Act (light 

gray) with a few allocations to the low HR/low Act class (white; Figure 34B&E). The 

accuracy of the SVM of sheep was 98.93 % for the training set and 99.29 % for the 

test set, with a 95 % confidence interval of the training set [0.9769, 0.9961] and test 

set [0.9845, 0.9974]. 

Increased allocations to the high HR/low Act class (dark gray) were only revealed for 

day one after tendon ablation and day one after transmitter implantation (Figure 

34B). In detail, day one after tendon ablation displayed more counts in the high 

HR/low Act class (dark gray) than day one after transmitter implantation (Figure 

34B&E-F) and therefore, ranked highest. Interestingly, most of the counts in the high 
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HR/low Act class (dark gray) on day one after tendon ablation represented sheep 2 

(Figure 34E; indicated as yellow triangles). During tendon ablation in this sheep, 

complications had occurred, and results of video analysis showed that sheep 2 was 

restless and had problems laying down. These attempts to lay down were 

accompanied by teeth grinding and flehming. Consequently, the ewe was provided 

an additional dose of carprofen at lunchtime to the dose in the morning. However, 

some data points of sheep 2 were still allocated to the high HR/low Act class on day 

two after surgery (dark gray; Figure 34G).  

After transmitter implantation, sheep 3 (indicated as blue circles in Figure 34) 

displayed the highest number of counts in the high HR/low Act class (dark gray) 

which was also matching to clinical observation of teeth grinding in this sheep (Figure 

34F). However, none of the other sheep reached the HR level of sheep 2 after 

tendon ablation. Data measured on the fasting day prior to surgery were mainly 

allocated to the low HR/low Act cluster with values below their respective baseline 

(Figure 34B&H). 
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Figure 34 - SVM classification model in sheep 
Heart rate (HR; bpm) and activity (Act; counts/min) data of blinded training data (indicated in 
black) were used for development of SVM (A); SVM identified four classes: high HR/low Act 
(dark gray); high HR/high Act (mid gray); intermediate HR/intermediate Act (light gray), low 
HR/low Act (white); allocations of data measured after surgical interventions to the different 
classes are displayed in the stacked bar chart (B) enabling a ranking according to the 
fractions of data points allocated to the high HR/low Act class (B; from left to right); the 
training data set of baseline (C), stable change (D); day one after tendon ablation (E); 
validation data of day one after transmitter implantation (F), day two after tendon ablation (G) 
and the diet day (H) are highlighted exemplarily on the SVM decision boundaries; HR and 
Act are shown as mean of five minutes measured in the light phase after surgical 
interventions at indicated days; colors and symbols indicate different animals; abbreviations: 
BSL - baseline, SG - stable change, TA - Tendon ablation, TI - Transmitter implantation. 
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6. Discussion 

 

Assessment of animal welfare and the refinement of experimental conditions and 

procedures are of major importance in biomedical science and should always be 

implemented according to the 3R principle introduced by Russell and Burch (1959). 

The assessment of welfare requires the detection and grading of pain, suffering, 

distress and lasting harm an animal might experience during an experiment. 

However, evidence-based methods and scales have not yet been established 

(BLEICH and TOLBA 2017). In this thesis, the suitability of telemetrically measured 

physiological parameters for the assessment of welfare was investigated. Therefore, 

telemetric data collected after surgical interventions in rats, mice, and sheep and 

after several other experimental procedures in rats were analyzed. The aim was to 

evaluate telemetry as an objective, cross-species approach for evidence-based 

welfare assessment and additional severity grading of the experimental procedures. 

The main results of this thesis were: 

- telemetry showed great advantages compared to other severity assessment 

methods; 

- the telemetrically measured parameters HR, HRV, Act, and Temp were suitable for 

welfare assessment but differed in their suitability between species; 

- the alterations of parameters allowed grading of procedures according to their 

severity; 

- the transmitter implantation itself had a considerable impact on animal welfare, 

especially in rodents. 

In the following, the cross-species suitability of the respective parameters for welfare 

assessment, the applicability of a SVM model using a combination of two 

telemetrically measured parameters as well as the advantages and disadvantages of 

using telemetry for welfare assessment are debated. 
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6.1. Suitability of the individual parameters for welfare assessment 

6.1.1. Cardiac parameters 

Monitoring the HR after surgical interventions revealed a procedure-dependent 

elevation in all species. In rats, the HR was the parameter displaying the longest-

lasting alterations, while in mice, only the HRV showed longer-lasting changes. In 

sheep, HR appeared to be most suitable as a parameter to detect individual 

reactions to the surgical procedures. 

An elevated HR has already been described as a physiological indicator for post-

operative pain in various species (KRAMER et al. 1993; ARRAS et al. 2007; 

NATIONAL RESEARCH COUNCIL COMMITTEE ON RECOGNITION AND 

ALLEVIATION OF PAIN IN LABORATORY ANIMALS 2009; CESAROVIC et al. 

2011; KUMSTEL et al. 2020). Furthermore, an elevated HR was described as a 

response to restraint (SHARP et al. 2002; MEIJER et al. 2006; CHEN et al. 2009), 

handling (KRAMER et al. 1993; BATURAITE et al. 2005; VAN BOGAERT et al. 

2006), as well as injections (MEIJER et al. 2006; VAN BOGAERT et al. 2006). 

Therefore, HR can be suggested as an indicator of stress and pain. 

Apart from stress-induced HR elevations, increases in HR can also be caused by 

enhanced Act, e.g. during the exploration of a novel environment (VAN DEN BUUSE 

et al. 2001) or after cage change, which also includes a novel environment (SHARP 

et al. 2002; VAN BOGAERT et al. 2006; MELLER et al. 2011). Thus, the recognition 

of increased HR due to pain, distress or suffering could be impaired by elevated HR 

due to Act (ADLAM et al. 2011; ANDREEV-ANDRIEVSKIY et al. 2014). In this study, 

elevated HR accompanied by elevated Act were observed during the dark phase of 

rodents which were unaffected by experimental procedures. Consequently, the 

impact of Act in the dark phase might mask changes in the HR as a response to an 

applied procedure. However, after surgery, the HR was increased and the Act was 

decreased at the same time, revealing HR elevations due to pain and stress. 

Because the study design for the mice included burrowing tests on day one, two, 

three and five after surgery, the influence of Act and/or pain on the observed HR 

elevations is more blurred. On day one and two after surgery, the burrowing activity 
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of transmitter-implanted mice was very low compared to day three and five (data not 

shown). The HR, however, was increased until day five with an obvious reduction on 

day four (a day without burrowing). This indicates that burrowing conducted on day 

three and five likely induced increases in HR due to increases in Act. Consequently, 

the elevations of HR despite low Act on days one, two and four can be attributed to 

the impact of transmitter implantation. It needs to be considered that this correlation 

became obvious when burrowing test results were included in the analysis. Due to 

the burrowing movements being mainly stationary (DEACON 2009), the receiver was 

not able to fully detect this Act and Act data derived from these measurements are 

low despite high burrowing activity.  

In sheep, HR revealed a tendency to be more elevated after tendon ablation than 

after transmitter implantation, suggesting a higher burden due to tendon ablation. 

The transmitter implantation comprised several skin incisions as well as 

subcutaneous tunneling, whereas during tendon ablation, a muscle was dissected 

and a bone fragment was severed for the tendon ablation. Therefore, the transmitter 

implantation procedure can be assumed to be less invasive and consequently to 

introduce fewer welfare impairments to the sheep. In line with these results, it was 

shown that increases in HR correlate with increasing invasiveness of surgery in 

sheep (FAURE et al. 2017).  

In this study, the SDNN was assessed as the HRV parameter. The SDNN is a time-

domain parameter to estimate the overall HRV (TASK FORCE OF THE EUROPEAN 

SOCIETY OF CARDIOLOGY AND THE NORTH AMERICAN SOCIETY OF PACING 

AND ELECTROPHYSIOLOGY 1996). It is a commonly used predictor for mortality 

and a sensitive parameter for cardiac problems in humans (BILCHICK et al. 2002; 

BENNETT et al. 2018). It has already been proposed useful for the assessment of 

impaired welfare in mice (ARRAS et al. 2007).  

The monitoring of HRV after surgical interventions revealed a decreased SDNN in 

rats and mice for several days. In mice, the HRV was the parameter displaying the 

longest-lasting alterations, while in rats, only the HR was altered for a longer period. 

In sheep, the HRV was not altered after the surgical interventions. 
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HRV was described to be a sensitive parameter for the assessment of pain and 

emotions in humans (KOENIG et al. 2014; TRACY et al. 2018). Thereafter, it was 

also increasingly investigated in animal research to assess fear (LIU et al. 2014) and 

pain (ARRAS et al. 2007) in mice, and in general for the assessment of stress and 

welfare of farm and laboratory animals (VON BORELL et al. 2007). Vagal-

parasympathetic activity, which influences the HRV and can, therefore, be assessed 

by HRV alterations, has been shown to decrease in response to pain (KOENIG et al. 

2014). Furthermore, in human patients, HRV was proven to detect differences in pain 

intensity (TRACY et al. 2018). It is of great importance for HRV analysis to acquire all 

measurements at the same time of day and therefore, during periods with similar 

behavioral and Act patterns (HANSEN 1999) as changes in cardiac parameters are 

especially sensitive to changes in Act and behavior (PHYSICK-SHEARD et al. 2000). 

In rats, the results of the present thesis showed longer alterations of HR and HRV 

compared to baseline after transmitter implantation than after intracranial surgery for 

electrode implantation or tumor cell injection. This indicates that intracranial surgery 

is less painful and has an overall lower impact than transmitter implantation. One 

reason for that might be that the brain itself has no pain receptors (MONITTO et al. 

2011). Additionally, a large part of the body was affected by the transmitter 

implantation as it was implanted in the flank and the electrodes were tunneled 

subcutaneously to the chest. The large amount of affected tissue is likely to cause 

great postsurgical discomfort and possibly explains the greater impact compared to 

intracranial surgery, where tissue damage is minimal. Comparably, in human 

patients, the electrodes for deep brain stimulation are usually implanted in the awake 

patient using only local anesthesia whereas a pacemaker, which includes 

subcutaneous tunneling of the electrode`s lead to the sub-clavicular region, is 

implanted under general anesthesia (CHEN et al. 2017).  

The BDIX rats generally displayed smaller decreases in HRV and higher HR. After 

intracranial tumor cell injection, however, BDIX rats displayed increased HRV during 

the dark phase which was accompanied by a decrease in HR and Act over time 

compared to baseline. HR and HRV might, therefore, be inversely correlated which 
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has not been described so far. This would lead to the conclusion that the reduced Act 

was the reason for a decrease in HR (as explained above) and the low HR resulted 

in increased HRV. A further explanation for the observed increase in HRV may be 

aging because HRV has been described to slowly increase over time (BENNETT et 

al. 2018). However, this is unlikely to result in a sudden increase in HRV and SD rats 

of the same age, which were not subjected to the tumor cell injection, did not show 

an increase in HRV over time. Consequently, the reasons for the increases in HRV in 

the BDIX rats remain speculative. 

The sheep were fasted prior to surgery. Interestingly, the HR was significantly 

reduced on the “diet day” and the SDNN increased accordingly, again demonstrating 

the inverse correlation of these parameters. These results, however, do not reveal 

that one day of fasting introduces welfare impairments to the sheep. In line with this, 

a study investigating the impact of surgery and its related procedures revealed no 

changes in cortisol concentrations as well as in the activity of the vegetative nervous 

system due to food restriction (FAURE et al. 2017).  

Generally, HR and HRV revealed similar results concerning the impact of surgical 

interventions. These findings are in line with other studies investigating both 

parameters after transmitter implantation (ARRAS et al. 2007), leading to the overall 

suggestion that both parameters are equally suitable to assess welfare.  

 

6.1.2. General activity 

The analysis of general Act after surgical interventions revealed a significant 

decrease in mice and tendencies towards a reduction in the other species. In 

literature, mice have been described to reduce their movement to a minimum in 

response to pain (GOECKE et al. 2005). In line with that, Act has been reported to be 

reduced under painful conditions introduced by surgical interventions like 

nephrectomy and jugular cannulation (FLECKNELL and LILES 1991), vasectomy 

(WRIGHT-WILLIAMS et al. 2007) and intraperitoneal transmitter implantation in rats 

and mice (GREENE et al. 2007; CESAROVIC et al. 2011; KUMSTEL et al. 2020). 
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The reduction of Act observed in this thesis after surgical procedures might, 

therefore, also be interpreted as an indicator for pain. 

However, after the initial postsurgical drop, the Act increased in both, mice and rats, 

over time. This might either indicate insufficient analgesic regimen or might be due to 

an extra load introduced by the transmitter mass as an underlying cause for the 

decrease in Act. This is of high importance in mice as the size of the transmitters is 

biggest in relation to the body weight (LEON et al. 2004) compared to both other 

species. Furthermore, it was implanted intraperitoneally possibly presenting a bigger 

mechanical obstacle than the subcutaneously implanted transmitter in the flank of the 

rats. This issue is discussed in detail in ‘Telemetry for welfare assessment: 

Disadvantages and refinement considerations’.  

In BDIX rats, a decrease in Act was seen after intracranial tumor cell injection. 

However, this decrease was not seen on the first postsurgical days. The decrease, 

therefore, does not seem to be related to the impact of surgery itself, as in all other 

species, an immediate decrease after surgery was observed. In detail, on day one 

after tumor cell injection, baseline or increased Act was observed but with increasing 

tumor size, the Act slowly decreased over time. Noteworthy the decrease did not 

reach statistical significance one week after tumor cell injection. In literature, this 

impact has not been described so far. A possible explanation could be an impact, 

e.g. by compression, of the growing tumor mass on a specific Act-related area of the 

brain. It has been shown that electrical stimulation of specific brain areas elicits 

locomotion (PARKER and SINNAMON 1983), therefore, a physical influence on brain 

matter may be a cause for behavioral changes. However, as the tumor size can be 

assumed to be relatively small at one week after cell injection, only minor alterations 

in behavior can be expected.  

Generally, in this study, Act was suitable for the assessment of welfare after surgical 

interventions and might possibly help in prediction of tumor growth in the brain. 
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6.1.3. Body temperature 

After surgical interventions, the Temp revealed a tendency to be decreased on day 

one during the light phase in all species. After transmitter implantation in mice and 

sheep, the Temp was also decreased in the dark phase. Hypothermia after surgery is 

a common complication that is due to intraoperative heat emission from the core to 

the periphery and from the skin to the environment and is challenging to prevent 

(SESSLER 2008; MIYAZAKI et al. 2019).  

SD rats showed a stronger decrease in Temp than the BDIX rats, particularly after 

intracranial electrode implantation. The sharp decrease of Temp in SD rats after 

electrode implantation in comparison to transmitter implantation and to intracranial 

surgery in BDIX rats might be explained by the duration of surgery. The intracranial 

electrode implantation is a very complex procedure with an average duration of 60 

minutes, whereas intracranial tumor cell injection, as well as subcutaneous 

transmitter implantation, were finished within approximately 20 minutes. It has been 

shown that the duration of general anesthesia, surgery, and the preoperative Temp 

have an impact on the severity of the hypothermia (CHON and LEE 2012).  

Following the first postsurgical day with decreased Temp, SD rats and mice 

displayed an increase of Temp in light and/or dark phase. However, the increase did 

not reach a level expected in case of fever or infection. This hyperthermia might be 

an overcompensation of the previous hypothermia or a general stress reaction to the 

surgical procedure. In line with this, hyperthermia has already been described to be 

induced by stress (BOUWKNECHT et al. 2000; PASCUAL-ALONSO et al. 2017; 

OKA 2018). In fact, the initial decrease in Temp due to intra-surgical heat loss might 

also mask initial stress-related hyperthermia.  

The sheep displayed a higher decrease in Temp after transmitter implantation than 

after tendon ablation. This might be related to the shearing of the sheep before 

surgery, as for the transmitter implantation, a larger surface had to be sheared. The 

data revealed that the sheep needed five days to adapt to the changes in 

thermoregulation. 
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When analyzing and comparing the measured Temp, it must be considered that the 

transmitters in rats and sheep were implanted subcutaneously, whereas in mice, an 

intraperitoneal implantation was performed. Temp measured subcutaneously likely is 

lower than the core Temp, as it is influenced by the environmental temperature. 

However, there might be a difference between a subcutaneously implanted 

transmitter in rats and sheep due to differences in isolation related to skin thickness, 

amount of subcutaneous fat as well as the differences between fur and fleece.  

Generally, the Temp can be altered by environmental climate and by an increase in 

Act (CLEMENT et al. 1989). Because these additional factors cannot always be 

standardized, the Temp is not as reliable as, for example, the HR (MEIJER et al. 

2006). Furthermore, the alterations of Temp did not indicate impairments as long-

lasting as the other parameters. Consequently, Temp was not a very suitable 

parameter for the welfare assessment after surgical interventions in this study but 

remains a useful tool for inflammation monitoring.  

 

6.1.4. The broader picture - influences across all study parts 

The evaluated parameters (HR, HRV, Act, and Temp) revealed pronounced 

differences between the light and the dark phase, as all parameters, except for Act in 

mice, generally revealed more statistically significant alterations during the light 

phase. A likely reason is the differing impact depending on the time point of 

intervention, which could either fall into the resting or the activity period of the 

animals (KRAMER et al. 2001). For example, the responses to stress have been 

proven to be stronger during an animals resting period (SCHNECKO et al. 1998). 

Furthermore, the parameters in this thesis deviated depending on the applied 

procedures, showing a varying amplitude and duration of alterations to baseline. In 

line with this, alterations have been found to deviate regarding the degree of stress 

intensity of the corresponding procedure (MEIJER et al. 2006; VAN BOGAERT et al. 

2006). 
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In rats, all parameters revealed strain-dependent differences during periods of no 

interventions as well as after experimental procedures or surgeries. For instance, in 

contrast to BDIX rats, SD rats did not show a classical circadian rhythm and even 

displayed a higher HR in the light phase than in the dark phase. This might be 

explained by the restrictive feeding of SD rats, as this has been shown to influence 

the circadian rhythm (BODOSI et al. 2004).  

After surgical interventions, the time needed for recovery was shorter in BDIX than in 

SD rats and therefore, BDIX rats appeared to be less affected by the surgeries than 

SD rats. Different responses of rat and mouse strains to stress have already been 

reported in other studies (TANG et al. 2005; VAN BOGAERT et al. 2006; SZCZEPEK 

et al. 2018). Moreover, different reactions to surgical interventions might be due to 

different pain sensitivities of the two strains or to a different reactivity of the HPA axis, 

as it has been shown for the comparison of Fisher344 and Lewis rats (CHAOULOFF 

et al. 1995).  

In sheep, the parameters generally displayed only minor deviations from baseline. 

After both surgeries, however, the individuals responded differently to the procedures 

and individual responses mainly determined the alterations to baseline. When 

comparing the individual animals, several general differences must be considered. 

Sheep 2 was younger and heavier and revealed a higher HR and a lower SDNN than 

the other sheep. In previous studies, it has already been reported for rats that 

telemetric measurements are highly dependent on the age of an animal (FERRARI et 

al. 1991; ZHANG and SANNAJUST 2000). Therefore, the results of the present study 

might indicate an age-dependency of ECG-derived data also for sheep. A weight-

dependency of HR or Temp could not be shown (MORTOLA and LANTHIER 2004). 

In the other species, the chosen animals were highly standardized and therefore, 

these considerations are unnecessary. 
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6.2. Quantitative severity assessment using the SVM algorithm  

A recent suggestion for best assessment performance regarding welfare is a 

combination of suitable parameters (TALBOT et al. 2019; KEUBLER et al. 2020). 

According to this, the individual parameters provide different information, which, in 

combination, enable a more reliable and therefore, superior evaluation of severity 

compared to the separate analysis of single parameters. In this thesis, ECG-derived 

parameters HR and HRV as well as Act were found to be the most suitable 

parameters. Of the ECG-derived parameters, which were equally suitable to detect 

welfare impairments by analysis of their alterations, HR offers the advantage of being 

immediately derived from the ECG without further calculations and was, therefore, 

used for advanced analyses.  

HR and Act correlate with each other under physiological conditions, e.g. increases 

in HR can be caused by enhanced Act (VAN DEN BUUSE et al. 2001; SHARP et al. 

2002; VAN BOGAERT et al. 2006; MELLER et al. 2011). As shown in the current 

thesis, this correlation is lost under painful conditions. Consequently, a combination 

of these two parameters is superior to using a single parameter, as the combination 

enables recognition of HR elevations caused by pain, distress or suffering.  

For the analysis of these altered correlations, the parameters were plotted against 

each other and a SVM analysis was performed. SVM is able to detect patterns and 

regularities in a huge amount of data measured in biological systems (BEN-HUR et 

al. 2008). Therefore, it was hypothesized to be a useful tool for welfare assessment 

and grading of the severity of different procedures. 

 

Development of SVM 

First, the SVM model was developed using training data of SD rats, which were 

analyzed using k-means labeling with subsequent SVM algorithm. Training data 

consisted of HR and Act data from baseline measurements, of data acquired after an 

Act-increasing procedure and of data acquired after surgery, to include a procedure 

which is known to negatively affect the animals. In rats, the SVM was not only used 
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on postsurgical recovery but also on experimental procedures for behavioral testing, 

subcutaneous injections as well as procedures for maintenance. These procedures 

were hypothesized to only have a mild impact on an animal’s welfare state and 

therefore, to only cause short-lasting alterations of the parameters. For analysis, 

intervals of ten minutes were chosen, and a time window of four hours was chosen to 

be analyzed after each experimental procedure and on each postsurgical day.  

Later, the developed SVM model was adapted to the individual characteristics of the 

other species. In this process, the importance of choosing periods with high Act 

under baseline conditions had to be considered to ensure correct interpretation of a 

high HR. In detail, as mice showed very low Act during the light phase, data of the 

dark phase were used. In sheep, longer logging rates were chosen because the 

detection of Act differed between the large and small animal systems and the Act 

counts measured in shorter time intervals were very low. 

Depending on the species, k-means and subsequent SVM computed three to four 

different classes within the plotted HR and Act training data. The classes low HR/low 

Act, high HR/high Act and high HR/low Act were identified in all species. In mice and 

sheep, a fourth class of intermediate HR/intermediate Act was additionally identified. 

In the following, the results of the application of SVM on HR and Act data are 

discussed in detail regarding impaired welfare, as well as its suitability to grade 

different surgeries and experimental procedures. 

 

Allocations of surgical interventions to classes computed by the SVM 

The data of the first postoperative day showed the most counts in the high HR/low 

Act class in all three species. Allocations to this class are interpreted to be pain-

related since enhanced HR and reduced Act have been reported after painful 

procedures as described above. Anesthesia may also contribute to these allocations, 

as isoflurane anesthesia has been described to have a mild impact on the animals’ 

welfare (HOHLBAUM et al. 2017).  
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In rats, almost all data of the first postoperative day after transmitter implantation as 

well as after intracranial surgeries were allocated to the high HR/low Act class. As 

stated above, in contrast to mice and sheep, only a four-hour period after the applied 

procedures was investigated. Within this short investigation period, rats did not fully 

recover which is indicated by an allocation of most data points to the high HR/low Act 

class. Considering the data distribution of the following days, it became obvious that 

the rats needed several days to recover from the applied surgical interventions. 

In more detail, the SVM revealed longer recovery periods needed after subcutaneous 

transmitter implantation than after intracranial surgery. Furthermore, even between 

the intracranial surgery for electrode implantation and the surgery for tumor cell 

injection, differences were detected. After electrode implantation in SD rats, the SVM 

revealed increased allocations to the high HR/low Act class until day six, whereas in 

BDIX rats, differences compared to baseline were only revealed for day one. This 

might be due to the different complexities of the intracranial surgeries. The 

intracranial electrode implantation in SD rats required two cranial burr holes for the 

insertion of the electrodes as well as several screws in the skull as reinforcement for 

a head stage. The intracranial injection of tumor cells, on the other hand, required 

one cranial burr hole for the injection of the tumor cells. As stated above, the brain 

itself, in contrast to the skull, does not have pain receptors (MONITTO et al. 2011) 

and consequently, more manipulation on the skull might result in an increase of pain. 

Furthermore, the differing pain sensitivity of the different strains might be another 

reason for the detected differences between the two surgeries.  

As has been shown for the rats, most data recorded during the first dark phase after 

transmitter implantation in mice are allocated to the high HR/low Act class. However, 

a large amount of data is also allocated to the intermediate HR/intermediate Act 

class, even though, the animals depict no or very low Act. This allocation, therefore, 

depends exclusively on the increased HR of these animals. The intermediate 

HR/intermediate Act class, however, includes not only data in the transition from low 

to high Act but also data in the transition from low to high HR independent of 

amounts of Act. This leads to a challenging interpretation of animals allocated to this 
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class but an interpretation can be achieved by the following comparison between 

affected and unaffected animals. At four weeks after surgery, any mice allocated to 

the intermediate HR/intermediate Act class show an increased HR along with an 

increased Act. Therefore, these data represent the physiological interaction of an 

increased HR due to increased Act and indicate uncompromised welfare. The above-

mentioned data of animals acquired after surgery, however, indicate that animals are 

in a resting state (low Act), while still demonstrating an increased HR (similar to the 

animals in the high HR/low Act class) and therefore, welfare is most likely 

compromised. This assumption is corroborated by a comparison to fully recovered 

animals in a resting state, as no data of these animals are allocated to the 

intermediate HR/intermediate Act class but only to the low HR/low Act class. In 

conclusion, in the case of post-surgically collected data, the data allocated into the 

intermediate HR/intermediate Act class indicate disturbed welfare and are, therefore, 

allocated to a “higher” class. 

The SVM of mice highlights the steady increase in Act over the course of the 

recovery phase. This might be due to decreasing pain as well as to the adaption to 

the sudden high extra load of the transmitter as discussed in ’Telemetry for welfare 

assessment: Disadvantages and refinement considerations’. 

Generally, in sheep, transmitter implantation, as well as tendon ablation, indicated 

low impact when considering changes in HR, HRV, Act and Temp as well as the 

results of the SVM analysis. The low impact might indicate that the animals were 

sufficiently supplied with analgesics for the treatment of any pain introduced by the 

surgical interventions. However, individual differences became obvious and need to 

be considered during data interpretation. The response of sheep 2 to complications 

which occurred during tendon ablation increased the amount of data initially allocated 

to the high HR/low Act class. In combination with the results of the video analysis 

during this period, it was hypothesized that the analgesics did not sufficiently cover 

the pain caused by surgical complications. A drawback of video analyses is that it is 

time-consuming and influenced by observer-bias which results in subjective and 

delayed interventions, e.g. the deferred supply of additional pain medication. 
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Consequently, telemetry as a method to assess welfare appears superior to the 

video analysis because it is able to provide an immediate and objective, real-time 

analysis of the data. The SVM might, therefore, present a benefit for welfare 

assessment in individual animals and contribute to analgesic refinement. 

It has to be taken into account that in sheep, the results of the SVM are preliminary, 

due to the low number of animals, which might result in insufficient robustness of the 

results. Consequently, the SVM algorithm for sheep still has to be further validated 

and refined in future studies. Nevertheless, the results shown here proved that the 

SVM algorithm is not only applicable for small animals, such as rodents, but it is also 

valid for use in large animals. 

Interestingly, sheep, rats, and mice received carprofen after the transmitter 

implantation but only in sheep, the regimen appeared to be sufficient to relieve the 

induced pain. This might indicate that the pain induced by the transmitter 

implantation in sheep is lower than the implantation in rodents, possibly due to the 

lower transmitter to body size ratio and the location of implantation. It could also 

indicate that the dosage of analgesic used in rats and mice is insufficient, even 

though carprofen has been shown to be a sufficient analgesia for laparotomy in rats 

(LILES and FLECKNELL 1994; ROUGHAN and FLECKNELL 2001). The analgesic 

regimens used for transmitter implantation are further discussed in ‘Telemetry for 

welfare assessment: Disadvantages and refinement considerations’. 

In summary, the detailed analysis of the combination of HR and Act data using k-

means labeled SVM algorithm highlights increases in HR caused by compromised 

welfare in rats, mice, and sheep. Thereby, the welfare state of individual animals can 

be assessed throughout the recovery phase after application of surgical 

interventions. Furthermore, even relevant differences during the resting phase have 

been recognized. Additionally, SVM analysis enabled a ranking of the surgical 

procedures, revealing a higher impact of the transmitter implantation compared to the 

intracranial surgeries. Therefore, a moderate impact could be assumed for the 

implantation procedure. In sheep, however, the pain caused by the applied surgical 

procedures generally seemed to be covered sufficiently by the analgesics. A minor 
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disadvantage is the challenging interpretation of the intermediate HR/intermediate 

Act class, especially within the mouse SVM model; here, more data are still needed 

for better differentiation and more precise allocation of data. 

 

Allocations of experimental procedures to computed classes 

In addition to the severity grading of surgical interventions, experimental procedures 

have been investigated using the developed SVM algorithm in rats and mice. As has 

been described above, increases in HR have been reported after different 

experimental procedures (like restraint, handling or injection). The Act measured as 

voluntary wheel-running in mice has been described to be reduced after repeated 

restraint stress (HÄGER et al. 2018), whereas it was shown to be increased during 

the exploration of novel and unfamiliar situations (GALANI et al. 2001), e.g. after 

cage change (VAN BOGAERT et al. 2006) or as a response to handling (CLEMENT 

et al. 1989). These experimental procedures have been shown to cause a stress-like 

reaction (SHARP et al. 2002). Some procedures, e.g. subcutaneous injections, have, 

therefore, been concluded to mildly impact an animal’s welfare (EUROPEAN UNION 

2010). 

One of these applied procedures was the species-specific burrowing behavior test, 

which has already been described as method to detect pain and disturbed welfare in 

mice (DEACON 2006; JIRKOF 2014b), and also as an indicator for disturbed welfare 

in rats (SEIFFERT et al. 2019). Within this study, telemetric measurements were 

performed after rats were submitted to the burrowing procedure. Interestingly, all SD 

rats and almost all BDIX rats did not perform burrowing during the first trial. The 

telemetric data of these rats were mainly allocated to the high HR/low Act class. 

Such allocations were interpreted to be due to pain and distress after the surgical 

interventions. After burrowing, these allocations to the high HR/low Act class could, 

therefore, be interpreted as distress or anxiety. Anxiety has been shown to result in 

elevated HR and decreased Act (ZHANG et al. 2004). In the burrowing setup, anxiety 

might be provoked by the new environment (empty cage) and the unknown subject 
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(burrowing tube). In contrast, the data of rats that performed burrowing showed an 

Act-related increase of HR and were, therefore, allocated to the high HR/high Act 

class. The data of the SVM indicated that burrowing, using this specific setup, might 

negatively impact the welfare of rats that do not burrow.  

Within the scope of the intracranial electrode implantation, several subcutaneous 

injections of antibiotics and analgesics had to be performed and were analyzed 

regarding welfare impairments using the SVM algorithm. After the first subcutaneous 

injection of antibiotics, performed two days prior to surgery, the data were allocated 

to the high HR/low Act class. Interestingly, the data measured after the second 

subcutaneous injection of antibiotics, performed the next day, did not differ from 

baseline. Consequently, no cumulative effect of repeated injections could be 

detected. This is in line with unpublished observations detecting no effect of repeated 

multiple injections on voluntary wheel-running behavior in mice. In contrast, in a 

study investigating two regimens of buprenorphine for pain medication in mice, body 

weight has been shown to decrease after mice had been injected three times a day 

on several consecutive days (JIRKOF et al. 2015). In our study, rats received only 

one injection per day. Furthermore, rats might habituate better to handling and 

distress-related procedures than mice.  

In rats, the impact of social interaction and the procedure for the assessment of the 

Rat Grimace Scale were also analyzed. These procedures did not substantially differ 

in the SVM from routine animal handling and cage change and therefore, indicated 

no signs of impaired welfare. In detail, most of the procedures initially triggered Act 

and were, therefore, allocated to the high HR/high Act class. In the hours following 

the procedures, the data gradually returned to baseline level.  

In mice subjected to the burrowing test (on day one, two, three and five), the SVM 

revealed more allocations to the high HR/low Act class. It has to be noted that the 

burrowing test coincided with the postsurgical recovery phase and therefore, clear 

differentiation of the respective influences cannot be made. Nevertheless, the higher 

ranking of day-five-data (with burrowing) compared to day-four-data (no burrowing) 

indicates that burrowing introduces an additional impact on an animal’s welfare. For 
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burrowing, the mice were single-housed, which is known to introduce an impact on 

an animal's welfare state (CHAPMAN 1992; ANIL et al. 2002) and has been shown to 

result in increased HR (SPÄNI et al. 2003). In contrast to the rats, all mice had 

already been adapted to the burrowing procedure and engaged in burrowing when 

the measurements were taken. Consequently, the anxiety-related behavior 

recognized in rats can be excluded as a confounding factor in mice. However, SVM 

results of burrowing in mice might not be reliable because the Act induced by 

burrowing in mice is not detected by the transmitter (as has been explained in 

‘Cardiac parameters’) and the Act is of major importance for the SVM model. 

Therefore, the high HR on day five is likely due to the increased Act during burrowing 

and not a sign of stress or anxiety. Nevertheless, the allocations to the high HR/low 

Act class on day one and two indicate signs of pain because the animals did not 

burrow on the respective days in contrast to the previously discussed day five (as 

has been explained in ‘Cardiac parameters’). 

According to the allocations of experimental procedures within the SVM classes, the 

results indicate that all applied experimental procedures, except for burrowing and 

the first injection, do not introduce welfare impairments. In these states of 

uncompromised welfare, the increase in HR is correlated with an increase in Act and 

is interpreted as a common response to stressors in line with the definition of a 

stress-like response (SHARP et al. 2002). Furthermore, as the animals return to 

baseline values within a short time frame, the stress response can be assumed to be 

eustress which the animals are able to fully cope with. Burrowing and a single 

subcutaneous injection, however, might be interpreted to induce mild welfare 

impairments as the Act remained low while the HR was, nevertheless, increased. 

The assessment of the impact of experimental procedures underlines the benefit of 

using the SVM algorithm to recognize regularities in changes of HR and Act and to 

differentiate between increased HR due to distress or due to increased Act.  
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Summarized results in three species 

Highlighting the data of the training data set within the computed classes revealed 

that data from procedures known to induce pain and negatively affect welfare, 

(e.g. surgery) were allocated to the high HR/low Act class. However, procedures 

which increase Act such as cage or stable change and burrowing were spread, as 

expected, across the low HR/low Act class, the intermediate HR/intermediate Act 

class and the high HR/high Act class. As described above, these results were due to 

increased Act naturally being accompanied by increases in HR. The baseline data 

were mainly allocated in the low HR/low Act and the intermediate HR/intermediate 

Act class. Quantification of data allocations to the different classes allowed a ranking 

of the data and procedures.  
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6.3. Telemetry for welfare assessment: Advantages and potentials 

In this thesis, telemetry was shown to be superior to clinical scoring and clinical 

investigations regarding welfare assessment. In detail, telemetrically measured 

parameters were altered for a longer period and are, therefore, more suitable than 

the clinical scores in all three species. In sheep, the clinical score was solely altered 

due to occasional teeth grinding, which has been described to display pain in sheep 

(BRAUN et al. 1992; KANIA et al. 2006). However, sheep, as well as rodents, are 

prey animals and mask compromised welfare (STASIAK et al. 2003). Consequently, 

the assessment of the clinical signs, like occasional teeth grinding, is challenging and 

might not be seen during clinical investigations, as the presence of an investigator is 

necessary in most cases. This is underlined by the comparison of the telemetrically 

measured HR and Temp with those measured in clinical investigations in sheep. It 

clearly revealed that the parameters solely increased due to the interaction with the 

animals during the clinical investigations and thus, they are highly biased. Therefore, 

the advantage of telemetry as a tool to measure welfare due to the contactless and 

observer-unbiased monitoring has to be highlighted again, corroborating the results 

of several other studies (KRAMER et al. 1993; NIJSEN et al. 2003; ARRAS et al. 

2007; CESAROVIC et al. 2011)  

In comparison to the body weight, even single telemetrically measured parameters 

were superior to assess welfare. In mice, the body weight, which, like telemetry, is an 

objective, observer-independent parameter, was decreased until day five or six. 

HRV, however, was impaired for a longer period and showed an impact until at least 

one week after surgery. In rats, the body weight was not markedly affected, which 

was also seen in another study investigating the impact of transmitter implantation on 

rats (LEON et al. 2004). It has to be kept in mind that the body weight of mice is 

influenced by various factors; therefore, it is a very unstable parameter (GOECKE et 

al. 2005; POPOVA et al. 2017; TALBOT et al. 2019). The main factors influencing the 

body weight are appetite, food intake, metabolism, the energy expenditure of the 

organisms, and malabsorption, all of which are in a complex relationship with each 

other (TALBOT et al. 2019). Furthermore, analgesics or other drugs might also affect 

body weight (GOECKE et al. 2005). Additionally, for the measurement of body 
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weight, the animals need to be handled causing stress responses in the animals 

(CLEMENT et al. 1989; BATURAITE et al. 2005) which can be avoided using 

telemetry. Another advantage of telemetry is that the telemetrically measured data 

can be monitored in real-time. Thus, it is superior to other assessment methods such 

as body weight or food intake, as these are analyzed retrospectively and therefore, 

result in delayed refinement during an experiment (LILES and FLECKNELL 1992, 

1993).  

Furthermore, telemetrically measured data are applicable in a very high temporal 

resolution (KUMSTEL et al. 2020). Data measured every second facilitate the 

opportunity to sensitively detect acute impacts and minor deviations, which has been 

demonstrated in this thesis for the impact of injections and burrowing.  

In sheep, telemetric measurements highlighted the individuality of stress responses. 

Thereby, individual animals react with different intensity to the same procedures. This 

underlines that pain, as well as welfare, are subjective perceptions, as has already 

been described (INTERNATIONAL ASSOCIATION FOR THE STUDY OF PAIN 

1979; JIRKOF et al. 2019). The high resolution of data might make analysis of 

individual alterations more reliable and sensitive as the data set for each animal is 

large and therefore, the impact of any artifacts is counterbalanced. Another 

advantage of using telemetry is that the transmitters are able to measure several 

parameters simultaneously, providing another benefit for the analysis of welfare 

impairments in individuals as shown by application of SVM model. 
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6.4. Telemetry for welfare assessment: Disadvantages and 

refinement considerations 

The greatest disadvantage of telemetry is the necessary surgical implantation of the 

transmitter. In this thesis, accordingly, analysis of telemetrically measured 

parameters revealed that the transmitter implantation exerted a moderate impact on 

rodents. Despite the applied analgesics, the parameters showed significant changes. 

In other studies investigating the impact of transmitter implantation, diverse 

preemptive and postsurgical analgesic regimens, like ketamine/buprenorphine 

(ARRAS et al. 2007), fentanyl/buprenorphine (BAUMANS et al. 2001), indomethacin 

(HELWIG et al. 2012), carprofen/metamizole (KUMSTEL et al. 2020), were used. 

However, all studies revealed an impact of the transmitter implantation. These results 

might either indicate an insufficiency of the analgesic regimens or that not only pain 

but also the transmitter mass itself introduces an impact. 

Regarding the sufficiency of pain relief, a study in mice revealed that the body weight 

required fourteen days to recover to presurgical levels after transmitter implantation 

when no analgesia was used; however, after a laparotomy without transmitter 

implantation the body weight was only decreased for five days (LEON et al. 2004). In 

comparison to that study, the sham-treated and transmitter-implanted mice of both 

analgesic regimens investigated within this thesis recovered considerably faster, with 

the sham-treated animals reaching baseline levels earlier than the transmitter-

implanted mice. Even though, small decreases in body weight were also seen in 

sham-treated animals. This might lead to the conclusion that the pain medication was 

considerably more sufficient for sham-treatment, again pointing to either a higher 

pain level after transmitter implantation or a substantial impact of the transmitter 

mass as discussed in the following. 

Especially in mice, it is likely that the extra load introduced by the transmitter impacts 

the animals. In rats, gain of body weight was found to be reduced after a belt with an 

extra 20 % of their body weight was strapped onto the animals (KAINULAINEN et al. 

1990). This indicates that especially sudden extra load can negatively affect the 

animals. In further studies, the use of either bigger mice or a smaller transmitter 
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revealed less impact on body weight, food intake, water intake, Act, and voluntary 

running patterns (HELWIG et al. 2012; POPOVA et al. 2017). However, it has to be 

noted that the mice used in this thesis were comparably small, and even though a 

small transmitter model was used, it was still equivalent to approximately 8 % extra 

load for the mice. Besides the reduction of food and water intake and, consequently, 

body weight, this extra load has been described to also cause distress by showing a 

corresponding increase of adrenalin (KAINULAINEN et al. 1990). Furthermore, it 

might also be possible that the impact is caused by the transmitter acting as a 

mechanical obstacle the animals have to adapt to. Although the transmitter is 

miniaturized, it has still a volume of 1.1 ccm. The steady increase of Act during the 

postsurgical recovery phase, underlined by the SVM results showing a progression 

from the high HR/low Act class to the high HR/high Act class, might point to such a 

continuous adjustment to altered patterns of movement. However, as the impact of 

other factors mentioned above (decreasing post-surgical pain and the cessation of 

the stress response to the extra load) cannot be clearly distinguished, the reason for 

the impact introduced by a transmitter can only be hypothesized at this point and 

warrants further investigation. 

Therefore, in future studies, it should be considered if the outcome of telemetric 

measurements outweighs the burden applied to an animal by the implantation of the 

transmitter. The Working Group on Refinement concluded that “on a case-by-case 

basis, any adverse effects associated with implantation purely for monitoring 

purposes should be considered against the potential to refine the endpoint and the 

predicted level and duration of suffering that this will prevent. Animals should not be 

implanted with telemetry devices that are scientifically unnecessary to the study 

unless it is certain that they will benefit, and the balance of harms and benefits will 

need to be fully critically considered in each case by the scientists as well as by the 

relevant ethics or animal care and use committee” (HAWKINS et al. 2004). 

However, the acquired parameters itself and especially the parameter combination 

have been proven to refine the assessment of welfare, especially regarding mildly 

impacting procedures. Alternatively, this could be achieved using other recording 
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techniques for HR and Act. For measurements of Act on a home-cage basis, several 

different techniques have been established (analysis of video recordings (DE 

VISSER et al. 2006), assessing the weight shift within the cage (GOULDING et al. 

2008), using techniques based on piezoelectric (FLORES et al. 2007), microwaves 

(GENEWSKY et al. 2017) or electrical capacitance of electrodes (IANNELLO 2019)). 

The more challenging parameter to assess on a home cage basis is HR. Without 

implantation, HR can be measured using standard belts or clips which can easily be 

applied to the animal (VON BORELL et al. 2007). However, the devices are easily 

assessable and removable by the animals and thereby can be assumed to be easily 

manipulated leading to data loss or in the necessity of acquisitions under human 

observation. Consequently, new techniques have recently been proposed for 

observer-independent assessment of HR. One attempt was the installation of a 

“multi-dry-electrode plates sensor system to monitor ECG/HR” to the mice’s cage 

(SATO 2019). These plates were able to detect an ECG whenever more than two 

feet were in contact with the electrodes. The ECG recording detected QRS 

complexes but was not able to constantly monitor the parameters, as measurements 

were fragmentary due to animals movements and insufficient electrode-foot contacts 

(SATO 2019). Another technique to assess HR is complementary to the assessment 

of Act. Thereby HR was proven to be measurable from standard video recordings by 

analyzing the pulsatility of specific regions on the animals which are useful for vital 

recognition (KUNCZIK et al. 2019). So far, this has only been performed on 

anesthetized animals. However, if HR and Act data could both be obtained from 

video recordings, this would, in most or even all respects, be able to replace invasive 

transmitter implantation and therefore, improve animals’ welfare and refine the 

assessment to a great extent.  
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6.5. Conclusion 

The results showed that telemetry is a useful tool to assess welfare impairments in 

rats, mice, and sheep. It has been shown that the parameters can be altered not only 

due to pain and distress but also by changes in Act and by changes in environmental 

conditions. One advantage of using telemetry is the ability of the transmitter to 

simultaneously measure several parameters. In this thesis, the combination of two 

parameters was shown to be a useful complement to individual analysis. This 

combination resulted in reliable recognition of increased HR due to impaired welfare, 

which enabled detection of slight deviations from normal conditions that prey animals 

like rodents or sheep do not show with an observer close by. Furthermore, the 

combination of parameters enabled a ranking and grading of procedures. It can be 

concluded that the analyses of single parameters might not cover welfare 

assessment to the full extend. Therefore, a combination of parameters and in the 

future, an analysis of multifactorial composite scales might allow assessing the 

multidimensional burden inflicted on an animal. For this purpose, telemetrically 

measured data are best suited and of major importance. However, it also has been 

shown that the transmitter implantation exerts a moderate impact on the animals. 

Therefore, the thorough consideration of the indispensability of using telemetry is 

always required and must again be highlighted. 
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7. Summary 

 

Laura Wassermann 

Telemetry-based severity assessment after surgical interventions in 

mice, rats, and sheep 

Assessment of animal welfare and the refinement of experimental conditions and 

procedures are of major importance and legally and ethically demanded in 

biomedical science, according to the 3R principle. To achieve good welfare, the 

investigation of the degree of pain, suffering, distress, and lasting harm is crucial and 

several methods have been introduced. However, no objective and unbiased method 

to assess an animal’s welfare state has been developed so far and an improvement 

is still essential. This is of special relevance in prey animals mainly used in animal-

based research as they conceal signs of pain and distress until a moderate degree.  

Telemetry has been proposed as one tool for welfare assessment. It offers the great 

advantage of contactless, observer-unbiased monitoring with simultaneous recording 

of various physiological parameters. Therefore, telemetry can comply with the recent 

suggestion to combine suitable parameters in order to improve welfare assessment.  

The aim of this thesis was to improve the monitoring of physiological parameters 

using telemetry as well as the analysis of telemetrically measured data to enable an 

objective, cross-species approach for evidence-based assessment of welfare which 

additionally allows grading of applied experimental procedures. 

Therefore, in the first part of the present work, the impact of transmitter implantation 

in rats, mice, and sheep, intracranial implantation of electrodes and intracranial tumor 

cell injection in rats as well as the tendon ablation of the Musculus infraspinatus in 

sheep on telemetrically measured parameters (heart rate (HR), heart rate variability 

(HRV), activity (Act), and body temperature (Temp)) were analyzed, with Temp 

revealing no beneficial results. However. the parameters HR, HRV, and Act were 

revealed to be highly suitable for assessment of welfare after surgical interventions in 
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all three species as they demonstrated longer-lasting alterations compared to the 

results of clinical investigations. These telemetrically measured parameters were 

shown to be altered not only due to pain and distress but also by changes in Act and 

by changes in environmental conditions. 

In the second part of the thesis, the parameters HR and Act were combined and 

analysed using k-means labeling with subsequent SVM algorithm. This enabled 

recognition of patterns within the data which revealed reliable detection of HR 

increases due to impaired welfare. The allocations of data to the respective classes 

allowed ranking of the applied procedures, revealing that transmitter implantation has 

a moderate impact. The intracranial surgeries appeared to have a lower impact than 

the transmitter implantation. Additionally, differences between two different 

intracranial surgeries could be detected. Subcutaneous injection and burrowing 

testing were shown to introduce mild impairment, whereas for Rat Grimace Scale 

testing, social interaction, and procedures for maintenance no impact could be 

revealed. Furthermore, a cumulative effect of repeated subcutaneous injections could 

not be demonstrated. In sheep, the SVM analysis has been proven to be a suitable 

tool for the individual assessment of welfare.  

In conclusion, the analyses of single parameters might not cover welfare assessment 

to the full extend. Therefore, a combination of parameters as demonstrated in this 

thesis, and in the future, an analysis of multifactorial composite scales might allow 

the assessment of the multidimensional burden an animal is suffering from. For this 

purpose, telemetrically measured data are best suited and of major importance. 

However, it also has been shown that the transmitter implantation has a moderate 

impact on the animals. Therefore, the benefit of using telemetry for welfare 

assessment is required to always outweigh the burden introduced by the transmitter 

and thorough consideration of this, on a case-by-case basis, is essential.  
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8. Zusammenfassung 

 

Laura Wassermann 

Telemetrie-basierte Belastungsbeurteilung nach chirurgischen Eingriffen an 

Mäusen, Ratten und Schafen 

Mit besonderem Hinblick auf das 3R-Prinzip sind die Belastungsbeurteilung von 

Versuchstieren sowie die Verfeinerung von Versuchsbedingungen und -verfahren in 

der biomedizinischen Wissenschaft von großer Bedeutung und darüber hinaus 

sowohl rechtlich als auch ethisch gefordert. Dabei sind insbesondere das Erkennen 

sowie die Graduierung von Schmerzen, Leiden, Ängsten und dauerhaften Schäden 

notwendig. Es wurden bereits diverse Methoden zur Belastungsbeurteilung 

empfohlen, jedoch konnte bisher keine objektive Methode, die selber keinen weiteren 

Einfluss auf die Tiere hat, entwickelt werden. Folglich ist eine weitere Untersuchung 

und Entwicklung solcher Methoden unerlässlich. Vor allem ist dies bei Beutetieren, 

wie sie hauptsächlich in der Tierforschung eingesetzt werden, von besonderer 

Bedeutung, da diese Anzeichen von Schmerzen und Ängsten bis zu einem gewissen 

Grad verbergen.  

Die Telemetrie wird als eine dieser Methoden zur Belastungsbeurteilung in Betracht 

gezogen. Der Vorteil der Telemetrie liegt in der Möglichkeit der kontaktlosen, 

beobachter-unabhängigen Überwachung des Tieres mit gleichzeitiger Aufzeichnung 

verschiedener physiologischer Parameter. Dies bietet zudem die Gelegenheit, 

geeignete Parameter zur Belastungsbeurteilung zu kombinieren, um so eine bessere 

Belastungsbeurteilung zu erreichen.  

Im ersten Teil der vorliegenden Dissertation wurden die Einflüsse verschiedenster 

operativer Eingriffe, wie die Transmitterimplantation bei Ratten, Mäusen und 

Schafen, intrakranielle Implantation von Elektroden sowie die intrakranielle Injektion 

von Tumorzellen bei Ratten und die Ablösung des Musculus infraspinatus von 

seinem knöchernen Muskelansatz bei Schafen auf die telemetrisch gemessenen 
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Parameter (Herzfrequenz, Herzfrequenzvariabilität, Aktivität und Temperatur) 

analysiert, wobei sich die Temperatur als wenig sensitiv erwies. Die Parameter 

Herzfrequenz, Herzfrequenzvariabilität und Aktivität erwiesen sich jedoch in allen drei 

Spezies als sehr geeignet. Des Weiteren zeigten die Parameter einen längeren 

Einfluss der chirurgischen Eingriffe an, als mit klinischen Untersuchungen erkannt 

werden konnte. Es zeigte sich, dass die telemetrisch gemessenen Parameter nicht 

nur durch Schmerz und Stress beeinflussbar sind, sondern auch durch Änderungen 

in der Aktivität und der Umwelt. 

Im zweiten Teil der Arbeit wurden die Parameter Herzfrequenz und Aktivität 

kombiniert und mit Hilfe eines k-means Clustering mit anschließendem SVM-

Algorithmus analysiert. Die dabei festgestellte Erkennung von Mustern innerhalb der 

Daten machte eine zuverlässige Erkennung von Herzfrequenzerhöhungen aufgrund 

negativer Einflüsse möglich. Die Zuordnung und Auszählung der Daten der 

jeweiligen Klassen ermöglichte es, die Prozeduren hinsichtlich der verursachten 

Belastungen zu klassifizieren. Dabei konnte dargestellt werden, dass die 

Transmitterimplantation eine moderate Belastung verursacht und die intrakraniellen 

Eingriffe einen geringeren Einfluss als die Transmitterimplantation hervorriefen. Des 

Weiteren konnten sogar Unterschiede zwischen den jeweiligen intrakraniellen 

Eingriffen festgestellt werden. Für subkutane Injektionen und Burrowing konnte 

gezeigt werden, dass sie zu einer geringgradigen Beeinträchtigung der Tiere führten. 

Dahingegen konnte für Rat Grimace Scale, sowie Social Interaction und 

tierpflegerisch notwendige Maßnahmen kein Einfluss aufgezeigt werden. Eine 

kumulative Wirkung wiederholter subkutaner Injektionen konnte ebenfalls nicht 

nachgewiesen werden. Bei Schafen hat sich die SVM-Analyse als ein gutes 

Instrument zur Beurteilung von Einzeltieren erwiesen. 

Zusammenfassend lässt sich sagen, dass die Analysen einzelner Parameter die 

Beurteilung des Wohlbefindens möglicherweise nicht in vollem Umfang abdecken. 

Die Kombination zweier Parameter ermöglicht die Beurteilung der 

multidimensionalen Belastung, unter welcher ein Tier leidet. Zukünftig sollte die 

Analyse um weitere Parameter zu einer multifaktoriellen Belastungsbeurteilungsskala 
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erweitert werden. Zu diesem Zweck sind telemetrisch gemessene Daten sehr gut 

geeignet. Es wurde jedoch auch aufgezeigt, dass die Tiere nach 

Transmitterimplantation unter einer mittelgradigen Belastung leiden. Daher müssen 

die durch die Telemetrie gebrachten Nutzen für die Überwachung und 

Belastungsbewertung von Labortieren im Einzelfall gegen die durch die 

Transmitterimplantation zugeführte Belastung abgewogen werden. 
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10. Supplements  

 

10.1. Lists of used materials 

10.1.1. Used devices 

Device Name Manufacturer 

Animal scales Taschenwaage CM 320-
1N, 0.1-320 g 

KERN® + Sohn GmbH, 
Balingen, Germany 

Magnet to activate 
sensor 

Magnet Data Sciences 
International, 
Minneapolis, USA 

Telemetry system PhysioTel Telemetry 
System 

Data Sciences 
International, 
Minneapolis, USA 

Telemetric device ETA F10 Data Sciences 
International, 
Minneapolis, USA M01 

 

10.1.2. Used Software 

Software used for Name  Manufacturer 

Writing  Microsoft® Word 2010  Microsoft Corporation, 
Redmond, USA Data analysis Microsoft® Excel 2010 

Presentation of graphs Microsoft® Power Point 
2010 

Screenshot software Snipping Tool 

Statistics GraphPad Prism® 8 GraphPad Software, Inc., 
La Jolla, CA, USA 

R Studio R Core Team, R 
Foundation for Statistical 
Computing, Vienna, 
Austria 

Telemetrical acquisition 
and analysis 

DSI Ponemah 6.41  Data Sciences 
International, Harvard 
Bioscience, Inc. 
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10.1.3. Used materials for surgery 

Material Name  Manufacturer 

Several surgical 
instruments 

  B. Braun, Aesculap AG, 
Tuttlingen, Germany 

18 Gauge needle Sterican® 1,20x40 mm 
18G x 1 1/2 

B. Braun Melsungen AG, 
Mesungen, Germany 

Absorbable suture 
material 

Vicryl RapideTM 5-0 Ethicon, Johnson & Johnson 
Medical GmbH, Norderstedt, 
Germany 

Anesthesia machine Anesthesia Vaporizer 
Delta 

Penlon, Abington, Great 
Britain 

Clipper Aesculap® Isis GT-
420 

B. Braun, Aesculap Suhl 
GmbH, Suhl, Germany 

Dental acrylic cement Paladur® Heraus Kulzer GmbH, 
Hanau, Germany 

Evaporator for 
anesthesia 

Dräger Vapor® 2000 Drägerwerk AG & Co KGaA, 
Lübeck, Germany 

Hamilton syringe Hamilton syringe SEG Analytical Science Pry. 
Ltd., Victoria, Australia 

Heating mat PhysioSuite®  Kent Scientific Corporation, 
Torrington, USA 

Intravenous catheter Intravenous catheter Rotexmedica, Trittau, 
Germany 

Ligature needle ligature needle after 
Deschamps 

B. Braun, Aesculap AG, 
Tuttlingen, Germany 

Medical clips Wundklammern 
Michel 7,5x1,75 mm 

B. Braun, Aesculap AG, 
Tuttlingen, Germany 

Non-absorbable suture 
material 

MersileneTM 4-0 Ethicon, Johnson & Johnson 
Medical GmbH, Norderstedt, 
Germany 

Sterile gloves for 
surgery 

Latex Biogel® 

 Surgeons 
Mölnlycke Health Care 
GmbH, Düsseldorf, 
Germany 

Swabs Zelletten® Lohmann & Rauscher 
International GmbH & Co. 
KG, Rengsdorf, Germany 

Urinary catheter Urinary catheter WDT, Garbsen, Germany 
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10.1.4. Used drugs 
 

Name  Manufacturer 

Aluminium-Spray Aluminium-Spray CP Pharma, Burgdorf, 
Germany 

Analgesia Rats/mice/ 
sheep 

carprofen RIMADYL® Pfizer GmbH, Berlin, 
Germany 

Mice 
metamizole 

Novaminsulfon-
ratiopharm® 1g/2ml 
solution for injections; 
Novaminsulfon® 500mg 

ratiopharm GmbH, Ulm, 
Germany 
Lichtenstein, Zentiva 
Pharma GmbH, Frankfurt 
am Main, Germany 

Sheep 
intrasurgical 

buprenorphine, 
Buprenovet® 

Bayer Vital GmbH, 
Leverkusen, Germany 

Sheep 
occasional 

Metamizole, Vetalgin® MSD Tiergesundheit, 
Unterschleißheim, 
Germany 

Anesthesia  Rats Chloral hydrate Sigma-Aldrich Chemie 
GmbH, Steinheim, 
Germany 

Mice/ Sheep isoflurane, Isofluran CP® CP Pharma, Burgdorf, 
Germany 

Sheep 
Premedi-
cation 

Midazolam-ratiopharm® ratiopharm, Ulm, Germany 

Anesthesia 
induction 

Propofol, Narcofol® CP-Pharma GmbH, 
Burgdorf, Germany 

Antibiotics Rats marbofloxacin, 
Marbocyl® 

FD 1%; Vétoquinol GmbH, 
Ismaning, Germany 

Sheep Amoxicillin, Duphamox® 

LA 
Zoetis Deutschland GmbH, 
Berlin, Germany 

Desinfection 
for skin 

Rodents Softasept® N B. Braun Melsungen AG, 
Melsungen, Germany 

Sheep Braunoderm® B. Braun Melsungen AG, 
Melsungen, Germany 

Eye ointment Bepanthen® eye and 
nose ointment 

Bayer Vital GmbH, 
Leverkusen, Deutschland 

Infusion  Sheep Ringer-Lactat-Lösung ad 
us. vet.® 

WDT, Garbsen, Germany 

Local anesthetic 2% xylocaine AstraZeneca GmbH, 
Wedel, Germany 

Saline NaCl 0,9% B. Braun Melsungen AG, 
Melsungen Germany 
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10.2. Supplemental figures 

(A) 

 

 

 

 

 

(B) 

  

 

Suppl. Figure 1 - Results of scree analysis and respective k-means clustering 
of training data in SD rats 
Scree plot analysis of telemetrically measured heart rate (HR; bpm) and activity (Act; 
counts/min) data of the training set revealed an optimum number of three clusters (A); 
respective k-means class-labeling of blinded training data (B); colors indicate different 
classes. 
 

 

Suppl. Figure 2 - Statistical comparison of severity fractions of procedures in 
SD rats 
The fractions of data of diverse experimental procedures allocated to class high HR/low Act 
were statistically compared using a Fisher’s exact test; for SD rats; * P<0.05, ** P<0.01, 
*** P<0.001 and **** P<0.0001; abbreviations: AB - injection of antibiotics, BSL - baseline, 
CG - cage change, d - day, EI - intracranial electrode implantation, Handl - handling,  
No BUR - animals that did not burrow, RGS - rat grimace scale, SI - social interaction,  
TI - transmitter implantation. 
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Suppl. Figure 3 - Development of SVM classification model in BDIX rats 
Telemetrically measured heart rate (HR; bpm) and activity (Act; counts/min) data, measured 
until 4h after baseline (A), cage change as Act-inducing procedure (B) and intracranial tumor 
cell injection as burden-related data set (C); (A), (B) & (C) were used blinded as training data 
set for development of SVM (D); SVM identified three classes: high HR/low Act (dark gray), 
high HR/high Act (mid gray), low HR/low Act (light gray); entering the training data on „SVM 
decision boundary map“ highlights different allocations of data of different procedures to the 
three classes (A‘, B‘, C‘); HR is shown as mean in beats per minute (bpm) and Act as sum in 
counts/min over 10 minutes; in (A)-(C) time points measured after application of the 
respective procedure are color-coded and symbols indicate individual animals; in D black 
data points represent blinded training data set and symbols indicate different data groups. 
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(A)  

 

 

 

 

 

 

 

(B) 

  

 

Suppl. Figure 4 - Results of scree analysis and respective k-means clustering 
of training data in BDIX rats 
Scree plot analysis of telemetrically measured heart rate (HR; bpm) and activity (Act; 
counts/min) data of the training set revealed an optimum number of three clusters (A); 
respective k-means class-labeling of blinded training data (B); colors indicate different 
classes. 
 

 

Suppl. Figure 5 -Statistical comparison of severity fractions of procedures in 
BDIX rats 
The fractions of data of diverse experimental procedures allocated to class high HR/low Act 
were statistically compared using a Fisher’s exact test; for BDIX rats; * P<0.05, ** P<0.01, 
*** P<0.001 and **** P<0.0001;  
abbreviations: BSL - baseline, BUR - burrowing, CG - cage change, d - day,  
Handl - handling, No BUR - animals that did not burrow, RGS - rat grimace scale, SI - social 
interaction, TI - transmitter implantation, TuIn - intracranial tumor cell injection 
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Suppl. Figure 6 - Development of SVM classification model in mice 
Telemetrically measured heart rate (HR; bpm) and activity (Act; counts/min) data, measured 
during the dark phase of day 1 after transmitter implantation as burden-related data set (A), 
of day five when the animals were subjected to burrowing testing as Act-inducing procedure 
(B) and four weeks after transmitter implantation used as baseline (C); (A), (B) & (C) were 
used blinded as training data set for development of SVM (D); SVM identified four classes: 
high HR/low Act (dark gray), high HR/high Act (mid gray), intermediate HR/intermediate Act 
(light gray), low HR/low Act (white); entering the training data on „SVM decision boundary 
map“ highlights different allocations of data of different procedures to the four classes (A‘, B‘, 
C‘); HR is shown as mean in beats per minute (bpm) and Act as sum in counts/min over 10 
minutes; in (A)-(C) symbols indicate individual animals and colors show different days; in D 
black data points represent blinded training data set and symbols indicate different data 
groups. 
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(B) 

  

Suppl. Figure 7 - Results of scree analysis and respective k-means 
clustering of training data in mice 
Scree plot analysis of telemetrically measured heart rate (HR; bpm) and activity (Act; 
counts/min) data of the training set revealed an optimum number of four clusters (A); 
respective k-means class-labeling of blinded training data (B); colors indicate different 
classes. 
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Suppl. Figure 8 - Development of SVM classification model in sheep 
Telemetrically measured heart rate (HR; bpm) and activity (Act; counts/min) data, measured 
after baseline (A), stable change as Act-inducing procedure (B) and tendon ablation as 
burden-related data set (C); (A), (B) & (C) were used blinded as training data set for 
development of SVM (D); SVM identified four classes: high HR/low Act (dark gray), high 
HR/high Act (mid gray), intermediate HR/intermediate Act (light gray), low HR/low Act 
(white); entering the training data on „SVM decision boundary map“ highlights different 
allocations of data of different procedures to the four classes (A‘, B‘, C‘); HR and Act are 
shown as mean in beats per minute (bpm) over 5 minutes; in (A)-(C) symbols and colors 
indicate individual animals; in D black data points represent blinded training data set and 
symbols indicate different data groups. 
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Suppl. Figure 9 - Results of scree analysis and respective k-means 
clustering of training data in sheep 
Scree plot analysis of telemetrically measured heart rate (HR; bpm) and activity (Act; 
counts/min) data of the training set revealed an optimum number of four clusters (A); 
respective k-means class-labeling of blinded training data (B); colors indicate different 
classes. 
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