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ABSTRACT 

EVALUATION OF PAIN-RELATED FACIAL EXPRESSIONS AND BEHAVIOUR TO 
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Emilie A. Paterson 

University of Guelph, 2021

Advisor(s): 

Dr. Patricia V. Turner 

Dr. Geoffrey Wood 

 

Research primates may experience pain due to veterinary or experimental procedures and 

effective perioperative care is essential from a welfare and scientific standpoint. The aim of this 

work was to (1) create and validate a macaque grimace scale, and (2) assess analgesic therapeutic 

efficacy during the night. Video recording of cynomolgus macaques (Macaca fascicularis) 

(n=43) pre- and post-surgery was conducted, 1940 images were scored by observers (n=12), and 

detailed day (111 h) and night (224 h) behaviours were assessed. A novel grimace tool was 

developed and results indicated overall good inter-rater reliability (ICCaverage mean±SD: 

0.67±0.28). Construct/criterion validity was established as grimace scores increased significantly 

up to 17 h post-op compared to baseline (p<0.001), and behavioural trends correlated with 

grimace scores (rho=0.22-0.35, p<0.001). General and pain-associated night time behaviours 

significantly differed from baseline (p<0.05), but not social behaviour. These findings are 

important to refine perioperative care of research primates. 
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1 CHAPTER 1: LITERATURE REVIEW 

 

1.1 Introduction 

Primates involved in research often undergo invasive procedures that result in moderate to 

severe pain. There is an ethical, scientific and regulatory responsibility for all those working with 

primates in research to provide adequate analgesics to minimize pain (CCAC, 2019; EC, 2010; 

USDA, 2015). Post-operative pain management is essential to ensure good animal welfare; 

however, effective pain management requires an objective and valid method of pain 

identification and that currently doesn’t exist for primates. This review will bring together 

scientific information related to pain physiology and behaviour, investigate the challenges in 

pain identification and mitigation in primates, and summarize current recommendations on the 

use of analgesic/anesthesia in primates. This information will help with the development of an 

objective pain assessment tool for the cynomolgus macaque (Macaca fascicularis), a commonly 

used primate in research (CCAC, 2019; NIH, 2018). 

1.2 Pain 

Pain is a complex response that varies widely between individuals of a species, different 

circumstances, and duration of noxious events, all of which will be discussed in the following 

paragraphs. The International Association for the Study of Pain (IASP) defines pain as: “An 

unpleasant sensory and emotional experience associated with, or resembling that associated with, 

actual or potential tissue damage” (Raja et al., 2020). The emotional component of pain is 

subjective and differs based on various factors including genetics, sex, psychological state, and 

attentional modulation (i.e., reduced pain perception when attention is directed away from the 

noxious stimuli) (Starr et al., 2010; Kim et al., 2004; Nielsen et al., 2008; Bantick et al., 2002). 

Considering this variability, recognizing and evaluating the intensity of pain is challenging in 

both humans and animals. Despite this, it is important to have an objective measure of pain, to 

effectively treat animals.  

The sensory response to pain is an adaptive mechanism that most vertebrate and 

invertebrate animals possess, which alerts the individual to a potential noxious stimulus. The 
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noxious stimulus creates short and long term behavioural changes to potentially reduce 

immediate and future damage. For example, a monkey that jumps from a platform and hurts a 

limb will limit limb usage to enable recovery (short term response) and will most likely avoid 

jumping off the platform again (long term response). The long term response is hypothesized to 

be linked to the emotional component of pain due to its close association with memory (Malin 

and McGaugh, 2006). Behavioural changes associated with pain could be a disadvantage 

specifically for prey species due to decreased appearance of fitness. Thus, these species often 

tend to hide overt signs of negative states in the presence of a potential threat (Gaither et al., 

2014). Returning to the previous example, the primate might choose to ambulate using the 

painful limb to stay with others in a group to avoid showing compromised fitness to a potential 

predator. This demonstrates that the pain response can be consciously manipulated for survival 

purposes and should be considered when assessing pain. 

Pain can vary in duration depending on the origin, amount of damage and intensity of the 

stimulus. A recent review distinguishes acute from chronic pain based on the different 

underlying mechanisms. In research animals, acute pain is commonly caused by procedures and 

has physiological benefits such as allocating bodily resources to areas of need and restoring 

homeostasis (Foley et al., 2019). In human medicine, acute pain is commonly classified as a 

duration lasting up to seven to 30 days (Kent et al., 2017). If acute pain is not treated adequately 

it can lead to chronic pain, which is associated with central sensitization, and a long term impact 

on various aspects of animal health, including the immune system, the circadian cycle, and social 

behaviour (Foley et al., 2019; Peterson et al., 2017). This demonstrates the importance of 

recognizing and adequately treating pain during the acute phase. 

1.2.1 Neurophysiology  

The sensory aspect of pain has been studied extensively in human and animal medicine 

and incorporates a series of processes including transduction, transmission, perception as well as 

modulation, which will be described below. Pain is initiated by a noxious stimulus (e.g., acidic or 

basic chemical substances, extreme temperatures, mechanical damage), which is detected by 

nociceptors (i.e., sensory neurons that detect potential noxious stimuli) situated in various 

tissues, including the skin, muscles, and other organs (Taguchi et al., 2013; Cain et al., 2001; 
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Chaban., 2008). Once the nociceptors are stimulated, signal transduction begins, neuronal ion 

channels open and Ca2+ and Na+ enter the cell, causing depolarization of the membrane, and if 

the threshold is high enough, an action potential occurs(Caterina et al., 1999). The nociception 

signals are conveyed along axons through primary afferent neurons to the central nervous 

system, a process known as signal transmission (Fox, 2013). First order neurons synapse with 

second order neurons in the dorsal horn of the spinal cord (Fox, 2013). To enable the 

continuation of neural conduction, neurotransmitters such as substance P, calcitonin gene-related 

peptide, aspartate and glutamate are released from the primary nerve endings and act on N-

methyl-D aspartate receptors in second order neurons (Kangrga et al., 1990). Second order 

neurons go through the spinothalamic tract to synapse with third order neurons situated in the 

thalamus (Dermot et al., 2001). The thalamus conveys the signal to the somatosensory cortex 

(located in the contralateral hemisphere from where the noxious stimulus occurred) where the 

origin of the tissue damage causing pain can be perceived (i.e., location, type, and intensity) 

(Mathews et al., 2018; Orenius et al., 2017). Neural signals are also sent to the limbic system, 

specifically the insula, potentially linked to the emotional component of pain (Dolensek et al., 

2020). In this review, mechanical tissue damage is of interest as together with inflammation, they 

are the primary causes of post-surgical pain. When tissue damage occurs, the arachidonic acid 

pathway is activated and produces prostanoids, including prostaglandins and other chemical 

mediators that initiate inflammation, causing an increase in sensitivity of the nociceptors and 

resulting in augmentation of pain sensation (Bian et al., 2016; Cohen and Perl, 1990). Pain is also 

modulated by descending pathways to minimize pain sensation. The main descending pathway 

related to pain is the endogenous analgesic pathway, which acts primarily in the dorsal horn. The 

periaquedactal grey matter is the main control center of the inhibitory process (Da Silva et al., 

2020). Descending projections from the periaquedactal grey matter induces the release of 

endogenous opioids and other neurotransmitters, such as serotonin, noradrenaline, and glycine in 

the dorsal horn of the spinal cord (Chalermkitpanit et al., 2017). The opioids and 

neurotransmitters inhibit the process between the first and second order neurons in the ascending 

pathway, minimizing neural conduction (Mathews et al., 2018; Ohashi et al., 2019). Thus, the 

descending pathway can modulate neural transmission and decreases the intensity of pain 

perception.   
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 1.2.2 Pain Identification and Assessment  

Pain is a subjective state that cannot be directly quantified by an observer, and inferences 

are made using subjective and, often, indirect assessments. These assessments include, 

physiologic parameters such as heart rate, respiratory rate, and temperature, as well as behaviour, 

including facial grimacing, and vocalization, which will be discussed in more detail below. Two 

or more methods are generally recommended to be used together to increase the accuracy of the 

assessment and any findings need to be interpreted with caution, because any changes noted may 

not be directly related to pain (CCAC, 2019; Hernandez-Avalos et al., 2019; NRC, 2009). 

Methods of pain identification need to be studied to ensure the assessment can adequately 

identify when an animal is experiencing pain to avoid false negatives (i.e., sensitivity problems) 

or false positives (i.e., specificity problems) (Garner, 2005; Mclennan et al., 2016). Baseline 

references of the different assessments are needed for each individual or species so that when 

pain is thought to be present, the specific assessment can be conducted again and compared to 

baseline. Proceeding in this manner limits subjectivity, and if changes are consistent between 

animals, the pain assessment technique can potentially be validated (McLennan et al., 2019).  

1.2.2.1 Physiologic Parameters 

Acute pain can generate a fight or flight response that originates from the sympathetic 

nervous system and is responsible for a number of physiologic changes, such as increased blood 

pressure, heart rate and respiratory rate, as well as increased body temperature (Allison et al., 

2007; Cambridge et al., 2000). These parameters are influenced by increased levels of 

catecholamines and glucocorticoids released by the adrenal gland (Stewart et al., 2010). 

Assessing pain using physiological parameters is often invasive (for example, requiring blood 

collection or instrumentation for blood pressure measurements) and requires constraints thus 

potentially biasing the outcome and contributing to additional negative affective states (Lambeth 

et al., 2006). The least invasive method would be to measure heart rate from a distance using 

advanced technology such as imaging photoplethysmography as well as measuring cortisol 

levels in saliva, urine, or feces (Chen  et al., 2017; Pfefferle et al., 2018; Tiefenbacher et al., 

2004; Unakafov et al., 2018). Moreover, parameters that are indicative of pain can also be 

present when experiencing other states, such as stress and arousal (Ash et al., 2018; Behie et al., 
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2010). Thus, increased cardiovascular or cortisol measures are not specific to pain and need to be 

interpreted in context as well as compared to other measurements of pain.  

1.2.2.2 Infrared Thermography 

Infrared thermography is a physiological based technology that uses infrared cameras to 

detect changes in subcutaneous temperature and is becoming a common tool to assess animal 

welfare in many settings like zoos, farms, and laboratories (McManus et al., 2016). In the event 

of injury with extravasation of blood, reflexive vasoconstriction redirects blood flow to the 

internal organs to prevent excessive blood loss, leading to a decrease in peripheral temperature 

(Blessing, 2003). However, if peripheral damage is not extensive the body will redirect blood 

flow towards the damaged tissue and peripheral temperature surrounding the affected area will 

increase (Blessing, 2003). For example, it was demonstrated that the placement of electronic ear 

tags in lambs was more painful than plastic ear clips based on lower ear temperatures for the 

latter (Karaku and Karaku, 2017). This demonstrates that infrared thermography can detect the 

origin and severity of potential pain.  

Infrared-thermography is non-invasive and is a quantifiable measure of pain; however, 

the downside is that the equipment is expensive, results can be influenced by an increase in 

movement, and there are no validated assays for pain assessment in animals (Chotard et al., 

2018). However, studies are ongoing to examine how infrared thermography compares to other 

methods of temperature measurements. For example, it has been demonstrated that rectal, 

telemetry and infrared thermography measures were comparable in cynomolgus macaque 

(Laffins et al., 2017). In addition, there is evidence in primates that stress-induced emotions such 

as fear can decrease the temperature of the nose (Kuraoka and Nakamura, 2011; Nakayama et al., 

2005). This suggests that infrared thermography could be a useful tool in assessing the sensory 

and emotional components of pain in primates, although like other physiologic measurements, 

the data from the technique should be used along with other pain assessment methods. 

1.2.2.3 Behaviour 

Animal welfare is commonly quantified using behavioural assessments (Sneddon et al., 

2014). Assessing pain through behavioural observations is inexpensive and noninvasive; 
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however, it requires knowledge of an individual’s normal state, is very time consuming, and 

direct observation of animals by humans can bias behavioural outcomes (Gaither et al., 2014). In 

the context of pain, there are general behaviours that should be evaluated, such as social 

interactions, self-injurious actions, vocalizations, sleep patterns, lethargy, and restlessness 

(Wiseman-Orr et al., 2006). It is also important to evaluate species-specific behaviour that the 

animal is motivated to perform, for example, nest quality scores in mice (Gaskill et al., 2013). To 

quantify behaviours, various unidimensional and multidimensional scales have been created to 

assess pain in different species specifically in a clinical setting for cats and dogs (Hernandez-

Avalos et al., 2019). For example, post-ovariectomy pain in dogs can be evaluated directly using 

a visual analogue scale, in which pain is evaluated from zero to 10 ranging from no pain to 

excruciating pain (Afshar et al., 2017). Alternatively, pain in dogs can be assessed using a more 

objective scale such as the Melbourne Pain Scale that assesses behaviours and other pain indices, 

such as vocalization, response to palpation (i.e., guarding), activity levels, mental status (from 

submission to aggression), posture and physiologic parameters (Afshar et al., 2017). As 

technology is evolving, software such as Observer XT enables the quantification of different 

behaviours using species-specific ethograms, for example, assessing pain related behaviours to 

compare to other methods of pain assessment such as a grimace scale (Keating et al., 2012; 

Langford et al., 2010; Rialland et al., 2014; Sinclair et al., 2015; Viscardi et al., 2017). The use 

of specialized software’s to quantify behaviour in the studies mentioned above highlights the 

importance of creating quantitative tools to ensure that measures are accurate and objective. 

1.2.2.4 Facial Grimace Analysis  

Using facial expressions to recognize and evaluate the magnitude of pain that mammals 

are experiencing is becoming more common in research, agricultural, and companion animals 

(Descovich et al., 2017). For example, facial grimace scales have been developed for mice 

(Langford  et al., 2010), rats (Sotocinal et al., 2011), rabbits (Keating et al., 2012), horses (Dalla 

Costa et al., 2014), lambs (Guesgen et al., 2016), sheep (Mclennan et al., 2016), piglets (Di 

Giminiani et al., 2016; Viscardi et al., 2017), ferrets (Reijgwart et al., 2017), and cats 

(Evangelista et al., 2019). This suggests that in many fields there is an ongoing interest in 
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developing grimace scales due to their capacity to improve animal welfare as well as being low 

cost and requiring minimal training and labor. 

Generally, three to five facial action units related to pain are identified for facial grimace 

scoring and are scored on a scale from not present, partially present, or obviously present. The 

facial action units are specific to each species; however, there are certain components to each 

facial grimace scale that are common, such as changes in the eye aperture, cheek and nose 

tightening, and ear placement (Descovich et al., 2017). Thus, there are specific facial action 

units, that when combined and interpreted together, can be representative of pain and 

demonstrates that specific aspects of facial expressions related to pain are common and have 

evolved among many mammalian species.  

To date, the mouse, rat, and cat grimace scales are the only facial grimace scales 

validated (i.e., compared against an accurate measure of pain) for cage side monitoring or 

clinical use (Leung et al., 2016; Miller and Leach, 2015; Evangelista et al., 2020). For example, 

the mouse and rat grimace scales have been used to assess post-operative pain and to determine 

the efficacy of different analgesics. The results of validation studies demonstrated that the 

grimace scales adequately identify pain during cage-side observations in both species as well as 

showing that some analgesic protocols may provide insufficient pain mitigation (Cho et al., 

2019; Leung et al., 2016; Philips et al., 2017). The development and validation of grimace scales 

demonstrates that grimace scales are practical, objective, and noninvasive tools that enable the 

refinement of pain management.  

Using facial expressions to assess emotions is not a new concept. Facial Action Coding 

Systems (FACS) were originally created to examine facial muscle movement in relation to 

emotions in humans. Later, FACS were examined in the context of pain in adults (Prkachin, 

1992) as well as other age groups including neonates (Ahola Kohut and Pillai Riddell, 2009), 

nonverbal infants (Ahola Kohut et al., 2012), and children (Vervoort et al., 2011). FACS have 

been created for various nonhuman animals including macaques (Julle-Danière et al., 2015). This 

demonstrates the ongoing evolution of research on facial expressions in relation to emotions. 

The use of facial expressions to assess pain can have limitations in terms of practicability, 

external influences as well as scalability. A recent review examining the utility of grimace scales 
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for practical pain assessment in research animals discusses these limitations in depth (Mota‐rojas 

et al., 2020). Most grimace scales have been created by using retrospective scoring of still 

images by multiple observers. Differences in scores obtained from retrospective still images 

before and after a painful stimulus have been demonstrated to be statistically significant, but that 

does not mean that differences in scores are always clinically significant. Recent research has 

focused on validating grimace scales for direct use and is currently limited to mice, rats, and 

more recently cats (Leung et al., 2016; Faller et al., 2015; Evangelista et al., 2020). To improve 

clinical significance, researchers are attempting to establish intervention thresholds that can be 

used to indicate need for additional analgesic being administered to an animal that has a grimace 

score above the established threshold. For example, a grimace score of 0.67/2 in rats and 0.39/1 

in cats (Oliver et al., 2014; Evangelista et al., 2019) have been demonstrated to be suitable 

thresholds for action. There are other factors that can influence facial expressions, such as the 

use of an inhalant anesthetic. For example it has been demonstrated in rats that exposure to 

isoflurane may increase grimace scores above baseline for several hours after exposure (Miller et 

al., 2016). Additionally, post-operative body temperature can influence grimace scores. It has 

been demonstrated, that grimace scores increase when rats are hypothermic in the post-operative 

period (Klune et al., 2020). Another external confounding factor is that other positive and 

negative emotional states can generate similar facial expressions. In horses, it was found that the 

facial action unit pertaining to the ears was scored high in a fearful situation similar to what was 

seen in a presumed painful context (Dalla Costa et al., 2017). In a resident intruder test in mice 

(i.e., fear and aggression context), the presence of orbital tightening and ear flattening were 

noted, which are similar to what is seen for facial action unit changes in a pain context (Defensor 

et al., 2012). To date, there are no studies in primates examining facial expressions and their 

relation to different emotions; however, it is understood that as in people, primates can 

communicate with visual cues and this includes facial expressions. Thus, facial action units in a 

context of pain are expected to overlap with other emotional states (Petersen et al., 2018). Once 

again, this serves to emphasize the importance of assessing facial action units related to pain 

together with other measures of pain. Finally, with a large population of animals in a research 

setting, it can be very labor intensive to assess every animal, leading to the problem of 

scalability. Recent research is attempting to address this issue by capturing automated facial and 
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behavioural indicators of pain (Andresen et al., 2020; Ellen et al., 2016). This demonstrates that 

similar to other pain assessment methods, grimace scales have limitations and more research of 

real-time applicability of the tool is needed.  

1.2.2.5 Vocalizations 

Vocalizations are behaviours that can occur when an animal is in pain to attract 

conspecifics for help or to indicate the presence of danger (Fischer and Price, 2017). For 

example, vocalizations related to pain have been reported in many species, including mice, rats, 

piglets, dogs, cats as well as humans (Merola and Mills, 2016; Harris et al., 2018; Leidig et al., 

2009; Han et al., 2005; Williams et al., 2008; Lautenbacher et al., 2017). This demonstrates again 

that there are cross species similarities in the many ways that animals express pain (Suthers et al., 

2016).  

Vocalizations can be quantified by recording and analyzing sound frequencies. For 

example, pigs that are castrated without analgesics may vocalize at higher frequency (>1000 Hz), 

for longer durations, and more frequently compared to procedures conducted with adequate 

analgesia (Prunier et al., 2013). Comparably, rats vocalize at 22,000 Hz when an unanticipated 

noxious stimulus occurs, although this frequency is not unique to painful stimuli, it is also 

emitted during aggression and social defeat (Takahashi et al., 2010). Limited data is available for 

primates, but it was found that cynomolgus macaques perform vocalizations that are high pitched 

when a painful stimulus occurs (Palombit, 1992). These same tones, may be expressed during an 

aggressive encounter or distressing event (Palombit, 1992). Vocalizations are quantifiable but 

can be nonspecific, and differentiating pain vocalization from other vocalizations (i.e., fear, 

anxiety, excitement) can be difficult without appropriate equipment (Mogil, 2009). This 

demonstrates that to have an accurate measure of pain, multiple parameters need to be assessed 

and compared to ensure that there is consistency and that what is being assessed is in fact pain.  

1.3 Surgical Procedures for Research Primates  

Primates undergo different types of procedures varying in complexity for research 

purposes, including catheter implants, craniotomies, laparotomies, thoracotomies, and orthopedic 

procedures (Coulter et al., 2009). Although scientific papers usually report the type of surgery, 
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there is a lack of reporting of detailed post-operative pain management protocols. For example, a 

study reviewing 178 peer-reviewed articles that included invasive procedures conducted on 

primates found that, only 23.4% of authors adequately reported post-operative care (Bertrand et 

al, 2018). It is unknown whether the lack of reporting in this case was due to analgesics not being 

employed or underreporting of actual use. It is hoped that as new methods of pain assessment are 

developed and stricter publication regulations are implemented (e.g., ARRIVE guidelines, see 

Sert et al., 2019) that research will provide veterinarians and researchers with further insight into 

improving pain management in research primates. 

1.3.1 Evidence of Pain in Research Primates 

Extensive research has focused on examining the similarities between humans and 

primates in all areas, including pain, resulting in increased evidence that primates are good 

animal models for preclinical research. For example, it has been demonstrated that similar 

superior cortical structures are activated when humans and primates experience acute pain, using 

functional MRI, indicating that primates can experience pain in a similar way to humans (Chen 

et al, 2011). Similar studies using fMRI have been conducted in rodent models and reveal similar 

neurophysiological pain pathways as seen in primates and humans (Da Silva and Seminowicz, 

2019; Hubbard et al., 2016; Wang et al., 2017). However, in terms of translatability to humans, 

large animal models are preferred due to their complexity and greater similarities to humans 

(Henze and Urban, 2009). There remain uncertainties in human and veterinary medicine about 

the pathophysiology of pain as well as the perception of pain. Thus, it is generally well accepted 

in veterinary medicine that if a procedure would cause pain in humans and that pain would be 

treated, then the potential pain should be treated similarly in animals (Aldridge, 2011; NRC, 

2009). This emphasizes that further research is needed to understand pain in animals and to 

develop accurate measures of pain that can allow for individualized pain recognition and 

treatments.  

1.3.2 Assessment of Pain in Research Primates  

There is currently no validated objective pain assessment tool for primates; however, 

animal care committees in various institutions implement pain assessment guidelines based on 

the current literature and advice of veterinarians to develop scoring systems (Tardif et al., 2013). 
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This demonstrates that there may be differences across institutions and potential variability in the 

quality of post-operative care, highlighting the importance of validating measurements to 

standardize and improve animal welfare. There are various indices that have been reported to be 

used for post-operative pain assessment in primates, which will be discussed in the following 

section.  

1.3.2.1 Physiologic Parameters 

Physiologic parameters are commonly assessed using quantifiable measures that 

represent body functions; however, they can be invasive to conduct and only represent a specific 

moment in time. To assess a stress-related response in primates, the least invasive methods that 

are most frequently used are saliva and urine assays for glucocorticoid (i.e., cortisol) level 

assessment (Behringer and Deschner, 2017). For example, macaques will voluntarily chew on a 

cotton swab or thin rope and the saliva can be collected. This method has been demonstrated to 

produce levels of glucocorticoids similar to those seen when plasma is collected (Lutz et al.,  

2000). Similarly, urine collection techniques have been developed in which urine pans are placed 

under the primates cage or pen unit, causing minimal disturbance (Behringer and Deschner, 

2017). This suggests that cortisol levels can be measured without restraint or the use of more 

invasive techniques, decreasing the confounding factors caused by other states such as fear and 

anxiety. Although quantifying cortisol levels is objective it is limited for real-time assessment of 

pain thus it’s application could be useful to validate other cage side measures. 

1.3.2.2 Behavioural Indices 

Behaviour is currently the method of choice to assess pain in primates as it is non-

invasive and is supported by clinical evidence. For example, a study in rhesus macaques 

examined behaviour and facial grimaces in the post-operative period and observed, increased 

chewing, decreased locomotion, decreased alertness, head leaning, and body shaking  in animals 

thought to be painful (Descovich et al., 2019). This suggests that there may be common 

behavioural changes in macaques when in a suspected state of discomfort or pain. 

Pain can cause changes in species-specific behaviour in macaques, specifically, social 

behaviours, as macaques typically spend a large proportion of their daily time budget interacting 
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with or in proximity to a conspecific (Baker et al., 2012). For example, significant changes in 

behaviour directed towards cage-mates and humans (i.e., increased aggression or avoidance) 

could occur in a state of pain, as well as a painful animal may perform excessive allo-grooming 

due to its biological calming effect (Aureli and Yates, 2010; Holton et al., 2001). This also 

suggests that measurements of pain may be possible or even easier in pair- or group-housed 

animals providing additional behaviours to be evaluated.  

Pain in primates can lead to maladaptive or abnormal behaviours. These can be divided 

into different categories including whole-body, self-directed, and self-injurious behaviours 

(Novak et al., 2012). For example, in some case studies it has been demonstrated that there is an 

association between neuropathic pain and self-injurious behaviour (Clemmons et al., 2015). As 

for self-directed behaviour, such as self-scratching, it has been demonstrated to occur in some 

negative affective states. For example, low-ranking female Barbary macaques (Macaca sylvanus) 

who are presumed to experience more anxiety perform significantly more self-scratching 

(Kaburu et al., 2012). In rhesus macaques, it was found that when food was restricted (frustration 

and hunger) and when aggression in the group rises (anxiety) that self-scratching increased, and 

after reconciliation self-scratching decreased (Kaburu et al., 2012). This highlights the 

importance of understanding an animal’s behaviour and social status in a normal state before a 

potential painful event occurs, but also of being aware of potential confounders when attempting 

to use behaviour to assess pain. 

Assessing behaviour during the daytime is important; however, research animals are 

maintained in facilities during the night time, too. In the human literature, examining the link 

between sleep duration/quality and pain experience has been an important area of research for 

better understanding pain management (see review Moldofsky, 2001). In a cross-sectional study 

of 971 people who underwent sleep assessment, it was found that reported hours of sleep during 

the previous night was a highly significant predictor of the current day’s pain intensity, and 

conversely, better pain management predicted a longer duration of sleep (Edwards et al., 2008). 

This study concluded that physicians need to consider sleep duration and quality when assessing 

and treating pain. By extrapolation, this may also be an important consideration in other primate 

species when experiencing pain. Primate sleep behaviour has been studied in the wild and in the 
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context of thermoregulation and social interaction. Wild macaques tend to sleep in large groups 

for thermoregulation and safety purposes, which provides them with a sense of comfort 

(Anderson, 1998; Hunt and Hambly, 2006; Mochida and Nishikawa, 2014). For example, it was 

found that dominant ranking animals tend to sleep in the middle of primate huddles and they 

benefit from the position that generates most heat (Campbell et al., 2018). Even though no 

research has examined sleep in relation to pain in primates, it is known from human research that 

it is important for recovery as well as in diminishing the perceived duration of and intensity of 

pain.  

1.3.2.3 Physical Measures 

Physical measures are generally representative of overall health but can be influenced by 

acute and chronic pain. Commonly used measures in primates to evaluate signs of welfare are 

body condition, body weight, appetite, hydration, coat quality, posture, and feces/urine 

appearance (CCAC, 2019). For example, a body condition scoring scale has been validated in 

rhesus macaque, and ranges from emaciation to obesity on a scale from one to five (Clingerman 

and Summers, 2012). Pain and pain treatments tend to make animals lose weight and have 

decreased body condition scores due to lack of appetite and dehydration (Brennan et al., 2009). 

Thus, significant pain must have occurred and for some time to see changes in these parameters, 

meaning that these can only be used as retrospective measures of inadequate pain control. Other 

physical measures that may be more reflective of the current state include animal posture, 

appetite, and feces production. For example, in a state of pain feces production or elimination 

will generally slow down as energy resources are not allocated towards this biological process 

and/or pain treatment such as opioids are known to inhibit gastrointestinal emptying (Murphy et 

al., 2012).  In a recent study examining wellness indicators of  rhesus macaques in the post-

operative period compared to the animals normal state, it was demonstrated that in the post-

operative period rhesus macaques had significantly more hunched postures (Descovich et al., 

2019). However, these indicators are not specific to pain and could be influenced by other 

factors, such as sedation leading to slumped posture, highlighting the importance of using 

multiple measures of pain.  
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1.3.3 Challenges in Pain Assessment in Primates 

There are many challenges when assessing pain in primates because they are cognitively 

complex, non-domesticated animals, and prey species. The pain response can vary depending on 

the area of the body affected, for example, following a craniotomy, behaviours could be directed 

towards the head (i.e., rubbing head against the wall or head pressing) compared to a laparotomy, 

which could cause hunched positions or guarding of the abdomen (Mancini et al, 2014; Roughan 

and Flecknell, 2003). Variation can also be caused by differences in pain sensitivity depending 

on the animal’s individual pain tolerance threshold, life experience, social support and/or 

hierarchical rank, as well as sex, and age (Winston et al., 2014; Langford et al., 2010; Guesgen et 

al., 2013; Yezierski, 2012). As many factors affect the pain response, pain treatments will also 

vary between individuals of the same species. For example, some primates may react differently 

than others to the same analgesic treatment, by demonstrating more sedative effects in certain 

individuals than in others (Descovich et al., 2019). This illustrates the challenges of pain 

treatment variability and discerning sedative effects from other pain-related behaviours. Finally, 

macaques are prey species and tend to hide signs of negative states from perceived threats such 

as humans and dominant conspecifics for survival purposes (Gaither et al., 2014). This suggests 

that indirect observations would increase the accuracy of pain assessment, but this is not always 

possible. 

1.3.3.1 Adequacy of Pain Mitigation  

Managing pain in animals is difficult given that there are still gaps in how well pain is 

managed in human medicine. A review by Karas (2006) examined the biggest challenges to 

overcome pain management for research animals including primates. The results showed that 

there is a lack of evidence and reporting on pain assessment methods, monitoring, and 

treatments, there is some resistance of committees overseeing research to change protocols, and 

continuing education for technicians, scientists, and veterinarians on laboratory animal pain 

could be improved (Karas, 2006). Similarly, a study investigating views of veterinarians and 

scientists on pain mitigation of research animals demonstrated similar results and identified 

inconsistencies across institutions in terms of pain management standards and protocols 

(Fenwick et al., 2014). These views on pain management are in line with recent findings on a 
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survey given to veterinarian members of the Association of Primate Veterinarians and European 

Primate Veterinarians (Paterson EA. and Turner PV. 2021, in prep.). The survey results showed 

that there is variability in regulated policies and procedures surrounding pain management as 

well as the need for objective methods of pain assessment to improve pain mitigation in 

primates. Together, these studies demonstrate the need to standardize education, analgesic 

recommendations, and pain assessment tools to improve pain management in animals across 

institutions (see additional reviews with similar conclusions Carbone and Austin, 2016; Coulter 

et al., 2009). Animal care committees, scientists and veterinarians need to continually work 

together to overcome these challenges. Furthermore, pain assessment methods need to be 

developed and compared to pharmacokinetics data to ensure that therapeutic levels of analgesics 

are being reached. 

1.4 Analgesia for Pain Management in Primates 

The use of analgesics in veterinary medicine aims to create a balanced state by using a 

multimodal approach to minimize pain without inducing substantial secondary effects (Corletto, 

2007). In this section of the review, the analgesics that are primarily used to treat post-operative 

pain in primates will be presented as well as therapeutic doses, efficacy testing, and side effects.  

1.4.1 Opioids 

Opioids are generally the mainstay of post-operative analgesic treatments in primates 

(Murphy et al., 2012). Opioid receptors are situated in the peripheral tissues and the central 

nervous system and when a noxious stimulus occurs endogenous opioids and synthetic opioids 

(if administrated) will modulate the pain response by inhibiting or partially inhibiting signal 

transmission (Chahl, 1996; Chalermkitpanit et al., 2017). The most reported opioids used in 

primates are buprenorphine, oxymorphone, butorphanol, and tramadol (Bertrand et al., 2018). 

Buprenorphine is a partial opioid agonist that has a high affinity for µ-opioid receptors and a 

longer lasting effect due to its slow dissociation properties, enabling effective analgesia at low 

blood concentrations (Virk et al., 2009). Pharmacokinetics of buprenorphine (0.01 mg/kg and 

0.03 mg/kg; IM) were examined in the cynomolgus and rhesus macaques (Nunamaker et al., 

2013). The dose of 0.01 mg/kg of buprenorphine demonstrated a half-life of 2.6 h with a Cmax 

of 8.1 ng/ml and a suggested administration frequency of every 6-8 h and the dose of 0.03 mg/kg 
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demonstrated as half-life of 5.3 h, a Cmax of 40.7 ng/mL and a suggested administration 

frequency of every 12 h (Nunamaker et al., 2013). Within this study, the researchers also 

examined the pharmacokinetics of buprenorphine slow-release formulation (0.2 mg/kg: SC) and 

reported a half-life of 42.6 h, a Cmax of 15.3 ng/mL, and a suggested administration frequency 

of every five days (Nunamaker et al., 2013). This suggests that slow-release buprenorphine could 

be more beneficial in terms of long-term analgesia maintenance. As for the efficacy of these 

doses, a study in olive baboons (Papio anubis) receiving buprenorphine (0.01 mg/kg; IM) for 

post-operative pain mitigation demonstrated elevated heart rate and reduced standing compared 

to the group that received buprenorphine (0.01 mg/kg; IM) and carprofen (2.2 mg/kg; IM) 

combined (Allison et al., 2007). Thus, the importance of targeting different processes in the pain 

pathway using multiple drug categories. Buprenorphine’s known side effects in dogs include 

reduced appetite, respiratory depression, pica, and sedation (Steagall et al., 2020). The regular 

formulation of buprenorphine has no reported short term side effects in macaques and the slow-

release buprenorphine has shown minor skin irritation at the site of injection in some individuals 

(Kelly et al., 2014; Nunamaker et al., 2013). This demonstrates that this opioid is relatively safe 

to use, although pain should be assessed regularly to ensure appropriate pain mitigation as well 

as monitoring potential side effects. There is limited literature on the pharmacokinetics of 

opioids in primates as well as efficacy testing, thus future research needs to direct effort towards 

this subject to create evidence of therapeutic doses. 

1.4.2 Nonsteroidal Anti-Inflammatory Drugs 

In primates, nonsteroidal anti-inflammatory drugs (NSAIDs) are frequently used for 

minor trauma as well as in combination with opioids for more comprehensive post-operative 

pain mitigation (Murphy et al., 2012). NSAIDs work by inhibiting cyclooxygenase (COX), an 

enzyme responsible for the formation of prostaglandins in the arachidonic acid pathway (Praveen 

et al., 2008). COX-1 and COX-2 are responsible for maintaining homeostasis in renal, 

cardiovascular and gastrointestinal processes as well as producing proinflammatory 

prostaglandins respectively (Dirig et al., 1998; Praveen Rao and Knaus, 2008). The most 

commonly reported NSAIDs used in primates are carprofen and meloxicam (Bertrand et al., 

2018). Carprofen has anti-inflammatory, analgesic and antipyretic properties inhibiting primarily 
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COX-2 (Beretta et al., 2005). It has been demonstrated by using physiologic (cortisol levels and 

temperature), physical measurements (body weight and food consumption), and behavioural data 

(activity levels) that carprofen provides adequate post-operative analgesia for a laparotomy in the 

olive baboon (Papio anubis) when administered at 2.2 mg/kg perioperatively followed by 

repeated doses twice daily for three consecutive days via IM injection (Allison et al., 2007). This 

demonstrates that carprofen can be an effective post-operative analgesic for relatively minor 

surgical procedures in some primates. There is no pharmacokinetic information available for 

carprofen in primates but there is for meloxicam, a similar acting NSAID. Cynomolgus 

macaques receiving meloxicam 0.2 mg/kg; IM demonstrated a half-life of 13.6 h, a Cmax of 

2134.2 ng/mL, and an administration recommendation frequency of 24 h (Bauer et al 2014). 

When meloxicam 0.1 mg/kg; PO was administered to cynomolgus macaques pharmacokinetic 

values demonstrated a half-life of 14.1 h, a Cmax of 440.7 ng/mL, and a recommended 

administration frequency every 8-12 h (Bauer et al., 2014). This demonstrates that multiple doses 

are commonly required, which could disturb primates during their recovery. In this case, opting 

for a slow-release formulation in primates might be more suitable. A slow-release formulation of 

meloxicam (0.6 mg/kg; SC) administered to cynomolgus macaques demonstrated a half-life of 

13.1 h, Cmax of 3183.2 ng/mL, and a suggested administration frequency of 48 h to 72 h (Bauer 

et al., 2014). Given that carprofen and meloxicam act primarily on COX-2, homeostasis remains 

relatively stable (Beretta et al., 2005). As mentioned, efficacy testing and side effects are rarely 

reported in primates. In dogs, toxic effects can include hepatic failure, renal failure, 

gastrointestinal ulceration, vomiting and diarrhea, lethargy, and reduced appetite (MacPhail et 

al., 1998; Mansa et al., 2007).  

1.4.3 Local Anesthetics  

Local or topical anesthetics are used in combination with other systemic analgesics in 

primates (Murphy et al., 2012). Local anesthetics can be administered SC (local infiltration) or 

trans dermally in proximity to specific nerves. Local anesthetics inhibit the sodium channels of 

the nerve cells, stopping neural conduction to the central nervous system, and creating local 

insensitivity to a potential painful stimulus (Frankhuijzen, 2017).  
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Lidocaine, bupivacaine, and EMLA cream are the most used local anesthetics in primates 

(Murphy et al., 2012). They are amide-type anesthetics, but the strength and duration of these 

drugs differ. Bupivacaine is more lipid soluble and has higher protein binding properties than 

lidocaine, therefore, it is more potent and longer lasting (1-2 h versus 4-12 h) (Ikeda et al., 2010). 

EMLA cream is a transdermal anesthetic mixture of lidocaine and prilocaine, and the time of 

contact with the dermis will determine the duration of effect which can vary between 60 to 120 

minutes (Kumar et al., 2015). Clinical doses of these local anesthetics have rarely been reported 

to have adverse effects; however, when administered centrally, the therapeutic window is narrow 

and high serum levels could cause neurotoxicity or cardiotoxicity (Di Salvo et al., 2015). This 

suggests that these local anesthetics should be used appropriately and combined with other 

analgesics for surgical purposes. 

1.4.4 Other 

Ketamine is commonly used with primates to immobilize, anesthetize, and provide 

minimal analgesia (Murphy et al., 2012). Ketamine acts to block N-Methyl-D-aspartate receptors 

and the release of glutamate, an excitatory neurotransmitter (Mion and Villevieille, 2013; Zanos 

et al., 2018). To provide sedation and analgesia for a traumatic injury (e.g., finger amputation 

following fighting) in macaques, ketamine can be combined with medetomidine (selective α2-

adrenergic agonist) to provide appropriate sedation and analgesia (Lee et al., 2010). In primates,  

ketamine has been reported to have a number of side effects including vomiting, signs of nausea, 

psychoses, ataxia, hypersalivation, difficulty sitting upright, and decreased eye aperture 

(Bertrand et al., 2016). It has been shown to depress the appetite of  rhesus macaques for up to 

four days following injection (10 mg/kg: IM) (Springer and Baker, 2007). This suggests that 

ketamine is practical but must be used at low frequencies to avoid substantial side effects.  

1.4.5 Multimodal Approach for Pain Mitigation 

Using a combination of analgesics improves pain relief by targeting different points in 

the pain pathway as well as lowering the doses for the individual drugs, minimizing their side 

effects (Allison et al., 2007; Bauer et al., 2014; Murphy et al., 2012). To optimize pain 

mitigation, analgesic should be given before the onset of pain to allow better control of the pain 

response (Jirkof, 2017; Murphy et al., 2012). Specifically, in primates undergoing invasive 
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procedures, it is recommended to administer a combination of buprenorphine with an NSAID 

pre-operatively or intra-operatively, and the surgical location should be locally anesthetized. 

Following the first dose of analgesics, top-up doses should be administered according to their 

proposed  frequency of administration. The required interval will depend on the individual’s 

reaction to pain and analgesics as well as study protocol restrictions (Murphy et al., 2012). To 

date, there are no reported multimodal analgesic protocol pharmacokinetic values or efficacy 

testing in primates. This demonstrates the importance of understanding the different mechanisms 

of action of analgesics as well as illustrates the lack of research of multimodal regimens in 

primates, thus individual pain assessment and corresponding treatments should always be 

performed.  

1.5 Study Rationale 

There are currently no validated, objective, and practical pain assessment tools for 

primates, which may potentially lead to inadequate individual pain recognition, evaluation, and 

treatment. Since it is challenging to objectively assess pain in primates with current tools, it is 

difficult to improve therapeutic recommendations for analgesic choices and doses. As a result, 

veterinarians must make decisions based on anecdotal and empirical evidence. This thesis project 

will attempt to create and validate a cynomolgus macaque grimace scale to enable veterinarians, 

technicians, and scientists to objectively evaluate post-operative pain to enhance individualized 

pain assessment and management. The project will be conducted in a two-step process, starting 

with a pilot study to demonstrate proof of concept followed by a validation study. Additionally, 

the assessment of night time post-operative behaviour will be explored as a method of pain 

recognition/evaluation and efficacy testing of an analgesic protocol. 

1.6 Hypotheses and Objectives 

1.6.1 Hypotheses: 

1) Specific facial action units will significantly differentiate post-operatively compared to 

baseline measures;  
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2) There will be an association between behavioural measures and the facial grimace scores 

during the respective post-operative period and compared to baseline, with scores being 

higher in the post-operative period; 

3) The CMGS will demonstrate to be a reliable tool when used by blinded observers; 

4) There will be an increase in “pain-associated” behaviour during the night time post-

operative period due to breakthrough pain when compared to baseline night time behaviour. 

1.6.2 Objectives: 

1) To identify facial action units that are associated with pain during the post-operative period 

in the cynomolgus macaque; 

2) To determine if the cynomolgus macaque grimace scale is a valid tool to assess post-

operative pain by evaluating the association between facial grimace scores and behavioural 

indices of pain during the post-operative period and comparing to baseline; 

3) To demonstrate that the cynomolgus macaque grimace scale is a reliable tool to assess 

post-operative pain by assessing inter- and intra-observer reliability; 

4) To explore the effects of pain on night time behaviour by comparing night time behaviour 

of primates in their healthy state to primates in recovery.  
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2 CHAPTER 2: DEVELOPMENT AND VALIDATION OF A CYNOMOLGUS 

MACAQUE GRIMACE SCALE USING FACIAL EXPRESSIONS IN THE POST-

OPERATIVE PERIOD COMPARED TO NORMAL STATE 

 

2.1 Abstract  

Research primates may undergo surgical procedures that can result in pain. Research 

primates may undergo surgical procedures that can result in pain. To ensure adequate treatment, 

robust means of assessing pain are necessary; however, no validated methods are available to 

evaluate pain in primates. In the past decade, using facial expressions to evaluate pain in animals 

has become more common and has been demonstrated to be a valid and objective method of pain 

assessment in a research setting with mice and rats. The aim of this study was to create and 

validate a Cynomolgus Macaque Grimace Scale (CMGS). Primates (n=43) were video recorded 

before (24 h) and for 48 h after surgery. Images (n=1940) were extracted from videos at time 

points for which breakthrough pain might be expected based on the pharmacokinetics of the 

analgesics provided and images were scored by observers blinded to animals, times, and 

conditions (n=12). To validate the tool, detailed behavioural analysis was conducted by a blinded 

observer and compared to grimace scores. Four action units were identified related to potential 

pain, including orbital tightening, eyebrow lowering, lip tightening, and hunched posture. Results 

demonstrate that the tool has good inter- (ICCaverage action unit mean± SD: 0.67± 0.28) and 

intra- (ICCsingle mean± SD: 0.79±0.14) observer reliability. Grimace scores increased 

significantly (p<0.0001) in the first four post-operative time points compared to baseline, and 

behavioral trends correlated with grimace scores (rho range=0.22-0.35, p<0.001). An analgesic 

intervention threshold of 0.58 was determined. Construct validity was established as grimace 

scores were in line with predicted breakthrough pain periods and criterion validity was 

demonstrated as predicted behavioural trends correlated with grimace scores. More research is 

needed to assess the external validity of the tool as well as assess the performance of the 

proposed analgesic threshold estimate. This tool will be useful to help refine analgesic protocols 

and post-operative care for primates.  
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2.2 Introduction 

To provide effective pain treatment, it is essential to recognize and evaluate pain. Facial 

expressions have been used to evaluate pain in human medicine for non-verbal patients and more 

recently in veterinary medicine (Ahola Kohut and Pillai Riddell, 2009; Ahola et al., 2012; 

Prkachin, 1992; Vervoort et al., 2011). The mouse grimace scale was the first grimace scale 

developed for animals (Langford et al., 2010) and was followed by many more, including rats 

(Sotocinal et al., 2011), rabbits (Keating et al., 2012), ferrets (Reijgwart et al., 2017), lambs 

(Guesgen et al., 2016), sheep (Mclennan et al., 2016), piglets (Di Giminiani et al., 2016; Viscardi 

et al., 2017), horses (Dalla Costa et al., 2014), and cats (Evangelista et al., 2019). Recent 

research is focused on refining and validating these scales for real-time use for various types of 

procedures or pain (Evangelista et al., 2020). For example, the mouse and rat grimace scales 

have been validated for cage-side use as well as efficacy testing. Through the use of these scales 

it was demonstrated that commonly used analgesic dose recommendations were insufficient, 

ultimately helping to improve pain management in these species (Faller et al., 2015; Leung et al., 

2016; Matsumiya et al., 2012). This suggests that grimace scales are practical to use in a research 

setting and demonstrate that they are valid, reliable, and relatively easy to use.  

Generally, grimace scales are composed of three to five facial action units that are related 

to pain and scored on a numerical scale from 0 to 2 (0: not present, 1: moderately present, 2: 

obviously present) or from 0 to 1 (0: not present, 1: obviously present) to achieve an overall pain 

score. There are some similarities among facial action units across species, for example, all the 

grimace scales mentioned above use orbital tightening and ear positioning to quantify pain. In 

contrast, there are also some species differences, for example, cheek bulging in piglets (Viscardi 

et al., 2017) and mice (Langford et al., 2010) versus cheek and nose flattening in rats (Sotocinal 

et al., 2011) and horses (Dalla Costa et al., 2014). There is no validated grimace scale in 

primates, however, a recent study in rhesus macaques examining wellness indicators in the post-

operative period demonstrated an increase in orbital tightening and lip tightening in the post-

operative period as well as increased hunched posture, all of which are potential indicators of 

pain in primates (Descovich et al., 2019). This highlights the importance of creating species-

specific pain assessment tools. 
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Grimace scales are developed using still images and are evaluated by observers 

retrospectively to enable the measurement of different constructs such as validity and reliability. 

Construct validity needs to be assessed to ensure that a tool is measuring what it is supposed to 

measure, in this case, pain. To do so, grimace scores are compared to validated measures of pain. 

For example, the feline grimace scale compared grimace scores obtained in presumably painful 

cats to pain scores obtained with the Glasgow composite measure pain scale-feline, a validated 

pain assessment instrument in cats (Calvo et al., 2014; Evangelista et al., 2019). Primates do not 

have a validated pain assessment tool, thus currently behaviour is the gold standard comparison 

(Descovich et al., 2019; NRC, 2009). However, assessing behaviour can be labor intensive with 

a large group of animals in a laboratory setting. Another downside is that human presence can 

alter behaviour in prey species, where signs of negative states are generally hidden, emphasizing 

the importance of assessing behaviour indirectly (Gaither et al., 2014). The reliability of each 

grimace scale needs to be examined to ensure that a tool can produce repeated measures over 

time and when used by different individuals. To do so, multiple individuals blinded to the 

experiment, score the same set of images to assess if each individual can produce similarly 

reliable results as others (Zhang et al., 2019). Values related to validity and reliability are 

essential; however, they do not always translate to clinical significance. When developing or 

refining grimace scales, it is preferred to apply them in a clinical setting and use opportunistic 

sampling (i.e., animals involved in ongoing studies/procedures) so that the research can be easily 

translatable, has clinical relevance as well as contribute to the reduction of animals used in 

research.  

Research primates may undergo painful procedures in protocols. These procedures are 

regulated and in Canada are classified by level of invasiveness (CCAC, 2019; Tardif et al., 

2013). Provision of analgesics is almost always mandated (Carbone, 2011; Peterson et al., 2017). 

Veterinarians and scientists do the best they can with the information currently available on pain 

management in primates. There are very few pharmacokinetic and efficacy studies demonstrating 

therapeutic analgesic levels in primates, and none of which are combined (Bertrand et al., 2018; 

Stokes et al., 2009). Most analgesic recommendations are extrapolated from other species and it 

has been demonstrated that these extrapolations are not always accurate due to factors such as 

species-specific metabolism (Carlson et al., 2016). Furthermore, there has been a lack of 
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reporting of analgesic protocols in papers, in part, due to the lack of pain assessment tools that 

would justify pain treatments (Karas, 2006). There are many challenges in treating pain in 

animals due to interpretation challenges, the lack of validated pain assessment methods, 

unknown species-specific pharmacokinetic data, and no specific analgesia efficacy testing. 

Even when human or animal patients are treated with analgesics, there is a probability 

that breakthrough pain will occur (Descovich et al, 2019). Breakthrough pain has been reported 

to occur in human patients following surgery despite the use of analgesics from 1 to 8 h post-op 

and up to 24 h post-op (Ismail et al., 2018; Walker et al., 2003). It would be unethical to conduct 

surgery on animals without providing adequate analgesia relief to develop a pain assessment 

tool. However, these time points when breakthrough pain might be present is the only 

opportunity in which pain might be expected and assessed. This approach was used in a recent 

study in which an attempt was made to correlate pain associated behaviours with facial 

expressions in rhesus macaques before subsequent doses of analgesics were administered 

(Descovich et al., 2019).  

This study was conducted in two parts, first a proof-of-concept study followed by a 

validation study and aimed to develop a Cynomolgus Macaque Grimace Scale (CMGS) to detect 

acute or breakthrough pain in the post-surgical period. More specifically the objective was to (1) 

determine action units related to post-surgical pain in the cynomolgus macaque to create a 

CMGS; (2) examine the construct validity and the reliability of the CMGS; (3) to assess the 

criterion validity of the CMGS by using behavioural analysis as the gold standard measure of 

pain during the baseline and post-operative period and compare behaviour results to the grimace 

scores obtained within these periods. 

We hypothesized that (1) when breakthrough pain is probable, specific facial or postural 

features will be present that can be used to differentiate from the individual’s normal state; (2) 

when primates experience breakthrough pain in the post-operative period, grimace scores will be 

higher compared to baseline and that the scores from the same observer (intra-observer 

reliability) and different observers (inter-observer reliability) will be similar; and (3) there will 

be an increase in pain-associated behaviours and a decrease in overall activity as well as elevated 
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grimace scores in the post-operative period when compared to baseline, demonstrating that the 

grimace scale has good criterion validity. 

2.3 Methods 

2.3.1 Animals and procedures  

All animal use and procedures were reviewed and approved by the Charles River 

Senneville (CR-SEN) Institutional Animal Care and Use Committee (IACUC) (protocol # 

30768) and conducted at the Charles River Laval (CR-LAV) facility. The pre-clinical facility is 

accredited by the Canadian Council on Animal Care and AAALAC International. All procedures 

were conducted as per Standard Operating Procedures (SOPs) and followed Good Laboratory 

Practices (GLP). Opportunistic sampling was employed for this study and the animals used were 

undergoing a planned surgery (telemetry transmitter instrumentation for electroencephalograph 

(EEG) and electromyograph (EMG) monitoring; CCAC Category C).  

2.3.2 Animals and husbandry 

Forty-three captive-bred juvenile, surgery-naïve, cynomolgus macaques (Macaca 

fascicularis) (22 males and 21 females), of an average age of 2.15 years old (range: 2.11-2.25 

years) and an average body weight of 1.97 kg (range: 1.7-2.4 kg) were part of this study (see 

Appendix A for subject characteristics). Primates had a health assessment and a tuberculosis test 

(intradermal injection of tuberculin) at least once after arriving at the Canadian facility. Multiple 

methods of identification were employed including chest tattoos from the provider (K F 

(Cambodia) Ltd.), unique shaving patterns on the limbs or back, and unique green marker 

patterns (Stoelting green animal marker, fine tip, Non-toxic, Wood Dale, IL, USA). A within 

subject study design was employed and animals were their own controls. There were 43 primates 

total housed in 19 cages that were part of two conditions (baseline-healthy and post-op-

recovery). Primates were socially housed in pairs (n=14), trios (n=4), or quartets (n=1) during the 

baseline and post-operative periods except for one male that had to be separated approximately 

12 h post-surgery due to behavioural issues, but was eventually socially housed (see Appendix A 

for social groups). Group size was established prior to this study by the facility based on 

randomization, number of primates, number of cages available, and social compatibility. 
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Primates were housed in stainless steel primate cages with four quadrants (each quadrant: 

internal surface of 0.38 m2; internal volume of 0.31 m3; height of 0.83 m (pairs had access to 

only two horizontal quadrants) (Allentown, Allentown, NJ, USA). Pairs had access to two metal 

perches (i.e., platform) approximately 20 cm from the cage floor and trio/quartets had access to 

four perches in which three were 20 cm from the cage floor and one was 1 m from the cage floor. 

Each cage had at least one manipulatable item per animal (Bio-Serv, Flemington, NJ, USA). 

Males and females were housed in the same room with male cages on one side of the room and 

females on the other side, thus they had visual and auditory contact but no physical contact. The 

room environment was set to maintain a temperature of 21±3°C, relative humidity of 50±20%, 

and the light cycle was 12 h/12 h light: dark (light’s on: cohort 1: 07:00, cohort 2: 06:30). Room 

maintenance was performed every day between 9:00-11:00 which consisted of spraying the 

cages with water, water system checks, and washing the floors. Water (UV-treated, reverse 

osmosis water) was available ad libitum from multiple lixits (i.e., drinkers) in the cage. Standard 

certified chow (Envigo Teklad Certified Hi-Fiber Primate Diet #7195C, Indianapolis, USA) was 

provided twice daily. Certified treats (Bio-Serv, Flemington, NJ, USA) and fresh or frozen fruits 

were given daily as part of the enrichment program. Nutritional support was provided at least 

three days prior to surgery and for at least one week post-surgery consisting of bananas and 

certified chow mixed together (Envigo Teklad Certified Hi-Fiber Primate Diet #7195C, 

Indianapolis, USA), a daily bowl of three different fruits/vegetables, and a multivitamin 

(Flintstones Vitamins, Bayter Inc, Mississauga, ON, Canada).  

2.3.3 Surgical procedure and perioperative care 

A similar surgical procedure is described as Bassett et al., (2014). The veterinary team 

from the CR-LAV performed the surgeries. Briefly, a sterile transmitter is inserted in the 

abdomen and from this transmitter, EEG leads are tunneled subcutaneously to a neck incision. A 

linear groove is made on the cranial cortical bone to secure the metal part of the electrodes on the 

cranium. EMG electrodes are positioned parallel to the longitudinal axis of the neck muscle. 

Surgery for cohort 1 took place in October 2020 and cohort 2 surgery took place January 2021. 

To sedate primates for transport to surgery (in a holding box), a mix of ketamine hydrochloride 

(Ketalean, Bimeda-MTC Animal Health Inc, Cambridge, ON, Canada; 10 mg/kg) and 
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acepromazine (Acevet 25, Vetoquinol, Lavaltrie, QC, Canada; 1 mg/kg) was injected IM. The 

surgical sites were shaved and prepared aseptically using chlorhexidine gluconate 4% and 70% 

isopropyl alcohol under sedation prior to surgery. Isoflurane in oxygen (AErrane, Baxter 

Corporation, Mississauga, ON, Canada) was used to maintain anesthesia during surgery. 

Prophylactic antibiotic treatment was provided to all animals: penicillin G procaine (Vetoquinol, 

Lavaltrie, QC, Canada; 0.1 mL/kg, 300,000 IU/mL) IM, at least 30 min prior to surgery and then 

twice daily, and enrofloxacin (Baytril, Bayer Health Care, Toronto, ON, Canada; 5 mg/kg) IM, at 

least 15 min prior to surgery and then once daily. As for the analgesic multimodal regimens, 

these slightly differed between cohort 1 and cohort 2 and are as follows (summarized in Table 

2.1). Primates from cohort 1 received buprenorphine (Ceva Inc, Cambridge, ON, Canada; 0.06 

mg/animal), IM at least 10 min prior to surgery. During surgery, a topical anesthetic of 50:50 

bupivacaine:lidocaine (Marcaine, Apsen Pharmacare, Oakville, ON, Canada, 0.25%: Lidocaine 

NEAT, Animalytix LCC, Kirkland, QC, Canada; 20 mg/mL: SC – max 0.1mL/site). Post-

surgery, cohort 1 primates received buprenorphine (Vetergesic, Ceva Inc, Cambridge, ON, 

Canada; 0.06 mg/animal), IM approximately every 12 h for three days, and meloxicam 

(Boehringer Ingelheim, Burlington, ON, Canada; 0.2 mg/kg), SC once after surgery. Cohort 2 

primates received meloxicam (Metacam, Boehringer Ingelheim, Burlington, ON, Canada; 0.20 

mg/kg), SC provided at least 30 min prior to surgery as well as buprenorphine IM (Vetergesic, 

Ceva Inc, Cambridge, ON, Canada; 0.02 mg/kg). During surgery, bupivacaine (Marcaine, 

Hospira, Montreal, QC, Canada, 0.25%, 0.5 mL: max of 1.2 mL/site, up to 2.4 mL) was 

administered SC at the abdominal and cranial surgical sites. Slow-release buprenorphine 

(Sublocade, Pharma Importing Inc, Toronto, ON, Canada; 0.2 mg/kg) was administered SC 

within 30 min of surgery completion. Post-surgery, cohort 2 primates received meloxicam 

(Metacam, Boehringer Ingelheim, Burlington, ON, Canada; 0.10 mg/kg) PO approximately 22 h 

to 24.5 h after surgery for a minimum of three doses. Primates were monitored during surgery to 

ensure vitals (heart rate, body temperature, and respiratory rate) every 10 min until they woke up 

and were responsive. Once the surgery was completed primates were brought to the post-

operative room and were extubated approximately 15 min to 30 min after the surgery end time. 

They were brought back to their home cage approximately 1 h after the surgery’s end time. The 

delay was to ensure that body temperature was above 37.0°C before returning to their home 
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cage. The average time of surgery for cohort 1 was approximately 2 h and cohort 2 was 

approximately 1 h 30 min. 

2.3.4 Experiment 1 – Proof of Concept Study 

2.3.4.1 Image capture and grimace scale development  

One person unblinded to condition (pre- and post-op) selected frontal, profile, and whole-

body images from video recordings. Video recordings were viewed using VLC (VLV Media 

Player, version 3.0.8, Creative Commons., Mountain View, CA, USA) and screenshots were 

taken when the primate was in profile or directly facing the camera, omitting times when 

primates performed directed behaviour such as eating, grooming, vocalizing, or sleeping as well 

as when humans were in the animal room. Images were selected each hour between 16:00 to 

19:00 (cohort 1), 16:00 to 18:30 (cohort 2) following surgery and on the following morning 

during the first hour of light, that evening from 17:00 to18:00 (approximately 24 h post-op) and 

the following morning during the first hour of light (approximately 36 h post-op) (see Figure 

2.1). Images were excluded if they fell within 2 h of returning to their home cage post-op to 

avoid facial expressions influenced by sedation. Images were retrieved from baseline video 

recordings at the same time points (relative to clock time mentioned above). Frontal and profile 

images were cropped to include the face only and edited for brightness and sharpness in 

PowerPoint (Microsoft PowerPoint, version 2015, Microsoft, Redmond, CA, USA). A total of 

1940 images were collected (see Appendix B). 

To create the cynomolgus macaque grimace scale, images of cynomolgus macaque faces 

and bodies were compared at different time points post-surgery (at times where breakthrough 

pain was suspected based on the pharmacokinetics of analgesics) to the images pulled from the 

baseline video recordings (where the primates were in their natural state and no pain is 

presumed). Features that were consistently different were marked as facial action units and these 

include eyebrow lowering, orbital tightening, and lip tightening as well as a postural indicator, 

hunched posture. These action units were later used and described in a training manual (see 

Appendix C) and to create the CMGS (see Figure 2.2). Eyebrow lowering, orbital tightening, and 

hunched posture were set to a 3-point scale (0-2) and lip tightening was set to a 2-point scale (0-
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1). The maximum pain score using the CMGS is seven and values were transformed into a 

proportion for interpretation.  

2.3.4.2 Image scoring of the CMGS  

Twelve observers attended a 45-minute virtual training session and were provided with 

the CMGS (see Figure 2.2) and the training manual (see Appendix C). In this training session, 

background information on the subject was provided, identifying action units were described as 

well as the challenges in assessing them, to finish with a group practice session where six 

different images were shown, and individuals were asked to participate and discuss. The team of 

observers was blinded to animals, times, and condition (pre- and post-op) and was comprised of 

five males and seven females with the following characteristics: three laboratory animal 

veterinarians, five animal welfare/behaviour specialists, and four research technicians. The team 

had worked on average with primates for 11 years (two years to 30+ years). Images were 

randomized using a random sequence generator (random.org) and split into nine documents 

using PowerPoint (Microsoft PowerPoint, version 2015, Microsoft, Redmond, CA, USA) and 

randomly assigned to participants (~216 images in each document). Within these documents, 

three images were randomly selected using the same random sequence generator to be repeated 

to evaluate intra-observer reliability. Participants were grouped and randomized into three 

cohorts and scored approximately 649 images over a period of three weeks. The observers were 

provided with an Excel document where image numbers corresponded to numbers on the Excel 

sheet and entered their scores in the respective rows. If the participants judged that they could 

not score a facial action unit or posture due to image quality, or the positioning of the face, they 

were instructed to indicate “not possible to score”. If more than one participant indicated “not 

possible to score” for a specific parameter, it was omitted from the inter-rater reliability analysis 

of the cohort. At the end of the three weeks, participants were asked to complete an anonymous 

survey pertaining to their experience and the process of training and image scoring (Appendix 

D). 
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2.3.5 Experiment 2 – Validation Study 

2.3.5.1 Behavioural recording and scoring  

Primates (n=43) were recorded for 24 h in their home environment (n=19) up to one 

week prior to surgery and then immediately after surgery for 48 h using high-definition 

surveillance cameras (5 megapixels PoE Fixed Bullet RLC-410-5MP, Reolink Digital 

Technology Co., Ltd., China) mounted on a custom stainless steel and plexi-glass frame that 

attached to the home cage (see Appendix A for subject characteristics and social housing 

composition). Prior to recording baseline behaviour, the custom mount was attached to the cage 

doors for a 24 h habituation period before recording. Behaviour was scored using continuous 

focal animal sampling of all of the behaviour patterns listed in the ethogram adapted from 

previous studies and post-surgical behaviour research (see Table 2.2) (Descovich et al., 2019). 

Primates were their own controls and behaviour was scored at the individual level thus the total 

sample size is 43 and the potential effect of cage is accounted for with the statistics. This was 

performed for the first 15 min of every hour (at the start of the hour) for the selected time points 

by the main observer blinded to primate identification, time point, day, and time (see Figure 2.3) 

using Observer XT (version 15.0.1200: Noldus Information Technology, Wageningen, the 

Netherlands). Although blinded efforts were made, primates were shaved for surgery and this 

was readily identified thus the observer was not blinded to condition (pre- vs post-op). This bias 

was discussed, and the observer made efforts to remain as objective as possible. Time points 

were selected based on the literature related to possible breakthrough pain, the pharmacokinetics 

of the analgesics being used, and previous research on post-operative behaviour in primates 

(Descovich et al., 2019; Ismail et al., 2018). Clock time was chosen and not relative time to 

surgery for consistency, avoiding times in which people were busy in rooms. Video recordings 

were randomized using a random number generator program (random.org) and blinded to time 

and day by another individual. A total of 111 h of continuous focal data was observed and scored 

for this study (i.e., sum of 15 min/time point/animal).  

2.3.5.2 Sampling strategy  

In order to determine a sampling strategy, the main observer scored 3 h of behaviour at 

three different time points (i.e., two baseline time points, and one post-op time point) for three 
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different cages and six individual primates at sampling durations of 5, 10, and 15 min (See 

Appendix E for subject characteristics and time points). Behaviour scoring consisted of 

continuously recording all occurrences of behaviour (not mutually exclusive) listed in the 

ethogram (Table 2.2). Behaviour was scored for 60 min at each time point and then the 

percentage of time engaged in those behaviours patterns for the first 5, 10, and 15 min of the 

hour was compared to the entire 60 min period using a Spearman’s rank correlation. It was 

determined that the first 15 min was the most representative of the 60 min of behaviour, 

matching 74% of the behaviour that occurs during a 1 h period (rho=0.74, p<0.05) (Daigle and 

Siegford, 2014). Thus, behaviour scoring was conducted using a sampling duration of 15 min/h 

at the start of the hour for each time point. 

2.3.5.3 Analgesic threshold determination 

To determine the analgesic threshold score, three veterinarians experienced in primate 

medicine but unfamiliar with the CMGS, scored 295 randomized images (profile, frontal and 

whole body), blinded to time point. Images included seven time points (one baseline, six post-

op) of every animal (n=43) and images or time points were classified as ‘pain’ or ‘no pain’ based 

on the behavioural analysis and expert opinion. The following time points 1B (pre-op), 5P (24 h 

post-op), and 6P (36 h post-op) were classified as not painful given that behaviour changes were 

not significantly different from baseline. Time points 1P (3 h post-op), 2P (4 h post-op), 3P (5 h 

post-op), 4P (17 h post-op) were classified as painful since most behaviour categories 

significantly differed from baseline. Experts were asked to independently score images and 

choose the option “not possible to score” if image quality made then inapt to assess pain.  

2.3.6 Statistical analysis 

R studio (R core team, R Foundation for Statistical Computing, Boston, MA, USA) was 

used for all analyses. A threshold of p<0.05 was used as the criteria for statistical significance. 

2.3.6.1 Reliability 

The reliability of CMGS scores was assessed using the interclass correlation coefficient. 

The reliability of each action unit for every image was assessed, calculated for each cohort 

independently (comparing four observers) using a two-way random effects model for absolute 
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agreement, based on a single and average measure with a 95% confidence interval. If two or 

more individuals chose the option “not possible to score” for an action unit, this action unit was 

not evaluated for the given image for the specific cohort. The reliability within the individual 

observer (intra-observer reliability) was assessed by repeating three images per week for a total 

of nine repeated images and analyzing the individual action unit for every image using a two-

way mixed effects model for absolute agreement, based on a single measure with a 95% 

confidence interval. Both ICCs were interpreted as follows; a score below 0.5 was regarded as 

poor reliability, between 0.5 and 0.75 was regarded as moderate reliability, between 0.75 and 0.9 

was regarded as good reliability, and 0.9 excellent reliability (Koo and Li, 2016).  

2.3.6.2 Gender Bias  

A nonparametric test (Mann Whitney U test) with ICC as the numeric value and gender 

as the binary factor was used to evaluate gender bias.  

2.3.6.3 Internal consistency 

Cronbach’s alpha coefficient was used to evaluate internal consistency and calculated for 

the final CMGS as well as each action unit based on the average score of all observers, 

recalculating the coefficient by removing each action unit. The interpretation was conducted as 

follows, an alpha value less than 0.65 is deemed unsatisfactory, 0.65-0.69 is deemed fair, 0.7-

0.74 is deemed moderate, 0.75-0.79 is deemed good, and above 0.8 is deemed excellent 

(Ponterotto and Ruckdeschel, 2007).  

2.3.6.4 Construct validity 

In order to assess the difference between CMGS at different time points (CMGS changes 

through time) a Gaussian linear mixed model and a pairwise comparison was conducted. CMGS 

scores are composed of the average of all action units scored for a given animal at a specific time 

point. CMGS were assessed for normality using a Q-Q plot. Time points represent the specific 

time a pain score was assessed and thus incorporates condition (pre- vs post-op) as the research 

question pertains to the change of potential pain through time. CMGS scores was the response 

variable. An ANOVA was used to examine the effects of time point per condition, sex and 

cohort (slightly different analgesic protocols, see Table 2.1) on CMGS scores. A significant 
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effect of time point, sex and cohort were found on CMGS scores and included to calculate the 

Least-Square means (LS means). An interaction between sex and time point per condition as a 

fixed effect was tested in the model and there was no significant effect on CMGS scores and thus 

removed. Gaussian linear mixed model with time point per condition, sex, and cohort as fixed 

effects and a random effect of subject nested within cage was used to calculate LS means. The 

random effect of subject nested within cage takes into consideration the repeated measures of the 

individual subject housed in a cage in which cage is the experimental unit. Pre- and post-op 

CMGS scores were compared with a pairwise comparison with time point per condition, sex and 

cohorts as fixed effects and subject nested within cage as the random effect. P values were 

corrected for multiple comparison using a Tukey’s adjustment. 

2.3.6.5 Criterion validity  

Descriptive analysis of all behaviours examined was performed and behaviours to include 

into the model were selected (i.e., behaviours with too many zeros were excluded including 

drink, aggression, abnormal repetitive behaviour, rub face, tremor, bruxism, and head lean). 

Normality was assessed by visually examining Q-Q plots and all behaviours did not meet the 

assumption of the linear mixed model (homogeneity of variance) and were square-root 

transformed except for proportion of time spent active/inactive that was distributed normally. 

Behaviours were the response variables in the model described below. Time points represent the 

specific time the behaviour analysis was conducted and thus incorporates condition (pre- vs post-

op) as the research question pertains to the change of potential pain related behaviour through 

time. The interaction between sex and time point was tested in the models as a fixed effect and 

did have an effect on some behaviours thus was kept in the final model. A Gaussian linear mixed 

model with time point per condition, sex, the interaction between sex and time point per 

condition, and cohort as fixed effects and a random effect of subject nested within cage was used 

to determine the LS means and compare pre- and post-operative measures using a pairwise 

comparison with a Tukey’s adjustment. The within subject design or repeated measures of an 

animal at different time points is controlled statistically using the random effect of subject nested 

within cage in which cage is the experimental unit. The proportion of duration (time a specific 

behaviour is observed/time of the video recording observed) of behaviours that were assessed 
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with the Gaussian linear mixed model were grouped into four categories and summed (values 

may be higher than 1); positive species-typical behaviour includes forage, play, and manipulation 

of cage resources; general activity/maintenance includes active/inactive and eat; social behaviour 

includes embrace/huddle and allo-grooming, and pain-associated behaviour includes movement 

directed towards the wound, hunched, and self-groom. A Pearson correlation was used to assess 

the relationship between CMGS scores and the four categories of behaviour (rho and p values are 

presented).  

2.3.6.6 Analgesic threshold  

To determine the analgesic threshold, we conducted a receiver operating characteristics 

(ROC) curve analysis. An Area Under the Curve (AUC) of 0.5 was used to compare the area 

under the ROC curve (AUC) (Streiner and Cairney, 2007). Specificity and sensitivity values are 

presented with 95% confidence intervals. The ability of the analgesic intervention threshold to 

discriminate CMGS scores or images of primates that would in retrospect potentially require 

additional analgesic top-op in conjunction with their pre-established analgesic treatment was 

examined using a scatter plot. 

2.4 Results 

2.4.1 Experiment 1 – Cynomolgus Macaque Grimace Scale Proof-of-Concept 

 All primates demonstrated stable physiologic parameters during surgery and no major 

adverse responses were observed during the peri-anesthetic period. One female primate died in 

the post-op period before waking up from anesthesia for unknown reasons and this primate’s 

baseline data was not used in the analysis. The surviving cage mate was paired with another 

female from cohort 2 post-surgery for the length of the study and behaviour was not scored for 

the healthy cohort 2 female. The newly paired primates were given 1 h to habituate to each other 

through a metal grid and were assessed for compatibility. Out of the four categories of behaviour 

assessed it is likely that only social behaviour could have been influenced by this re-pairing but 

no outliers were identified for the cohort 1 primate post-surgery compared to conspecifics in the 

same condition. Anesthetic duration (from induction to the stop time of isoflurane) for cohort 1 

was 3 h 12 min ±2.76 min and for cohort 2 was 2 h 39 min ±1.56 min. Surgery duration (from 
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the first incision to the closure of the last incision) for cohort 1 was 2 h 1 min ±1.32 min and for 

cohort 2 was 1 h 24 min ±0.78 min. Extubating and re-establishment of physiological parameters 

duration (finish time of surgery to the time back to home cage and start of video recording) for 

cohort 1 was 1 h 19 min ±1.08 min and for cohort 2 was 1 h 11 min ±0.78 min.  

2.4.1.1 Reliability  

Observers scored a total of 1940 images from 10 time points (four baseline, six post-op) 

collectively. From these results, inter-observer reliability (i.e., ability to achieve the same score 

between individuals) was assessed. The inter-observer reliability of the CMGS scores varied 

overall across action units demonstrating that some action units were more reliable than others. 

The single Inter-Class Correlation Coefficient (ICCsingle) is representative of the individual score 

of one observer compared to the other participants’ scores within a cohort. The average Inter-

Class Correlation Coefficient (ICCaverage) is representative of the individual score of one observer 

compared to the average score within the cohort. Both single and average ICC’s are presented in 

Table 2.3. ICCaverage scores demonstrated higher reliability than the ICCsingle for each action unit 

and the overall CMGS scores meaning that when multiple observers assess the same animal the 

CMGS score is more reliable. Lip tightening demonstrated poor reliability (ICCaverage range for 

all weeks: 0.09-0.46). Eyebrow lowering demonstrated moderate reliability (ICCaverage range for 

all weeks: 0.54-0.78). Orbital tightening demonstrated good reliability (ICCaverage range for all 

weeks: 0.78-0.84). Hunched posture demonstrated excellent reliability (ICCaverage range for all 

weeks: 0.92-0.93). Both the reliability of each action unit and whether the observer is using the 

ICCsingle or ICCaverage needs to be considered when using the tool (see Table 2.3).  

The intra-observer reliability (i.e., ability to achieve the same score over time by the same 

individual) was also assessed. Intra-observer reliability of the CMGS scoring was good overall 

(above 0.6) for all raters and ranged from 0.66 to a perfect score of 1 (Table 2.4). Male raters had 

significantly lower intra-observer reliability compared to female raters (p=0.049).  

2.4.1.2 Internal consistency 

Cronbach’s alpha coefficient calculated for the overall CMGS scores was 0.81 indicating 

excellent internal consistency, meaning that only 19% of the final CMGS is due to error variance 
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and that 81% of the score is due to internal consistency. In other words, the composite score 

achieved with the CMGS demonstrates reliability as the individual action units are related to one 

another. To assess how each individual action unit contributed or changed the reliability of the 

overall score, the coefficient was recalculated taking each action unit out. The recalculated 

values were: eyebrow lowering (αremoved=0.78), orbital tightening (αremoved=0.77), lip tightening 

(αremoved=0.84), and hunched posture (αremoved=0.79). The low variability between the recalculated 

coefficients and the overall coefficient demonstrates that all action units contribute similarly to 

the final score and do not decrease consistency within the tool. 

2.4.1.3 Construct validity  

To assess construct validity, a pairwise comparison with a Tukey’s adjustment was used 

to compare baseline CMGS scores to the respective post-operative time points (see Table 2.5). 

There was a significant cohort and sex effect on the CMGS scores (p<0.05), with male primates 

and cohort 2 primates (slightly different analgesic protocols between cohorts, see Table 2.1) 

having higher CMGS scores. Thus, LS means of CMGS scores are presented in Table 2.5 to take 

into consideration the effect that sex and cohort can have on the results. The four baseline time 

points CMGS score range from 0.19 to 0.21. It was found that the first four post-operative time 

points (1P (16:00-17:00: 3 h post-op), 2P (17:00-18:00: 4 h post-op), 3P (18:00-19:00: 5 h post-

op), and 4P (approximately 7:00: 17 h post-op) had significantly higher CMGS scores when 

compared to their respective baseline time points (2B (16:00-17:00), 3B (17:00-18:00), 4B 

(18:00-19:00), and 1B (approximately 7:00) (p<0.0001) (see Table 2.6). This meaning that 

potential breakthrough pain may have occurred during these post-op time points. When 

comparing the two last post-operative time points 5P (17:00-18:00: 24 h post-op), and 6P 

(approximately 7:00: 36 h post-op) to their respective baseline time points (3B (17:00-18:00), 

and 1B (approximately 7:00)), no significant differences were found (p>0.05) (see Table 2.6), 

meaning that potential breakthrough pain was likely not present for the majority of the primates 

during those time points. The raw data of CMGS scores are presented using a box plot, showing 

the median, the interquartile differences as well as min and max values across time points 

(Figure 2.4). 
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2.4.1.4 Survey 

Overall, participants had an average of 11 years of experience with primates (low: 2 

years; high: +30 years). Of the 12 participants, 11 (92%) reported that this tool would be useful 

at their research facility. The majority of participants reported that the time to score the 216 

images every week was approximately 1-2 h. Subjective confidence levels in using the CMGS 

varied through the three weeks of scoring. The majority of participants reported being confident 

in using the tool, but a small proportion did report not being confident and others highly 

confident. According to the participants, not all action units were equally straight forward to 

score. Nine of the 12 participants indicated that lip tightening and three out of 12 indicated that 

eyebrow lowering were the hardest action units to evaluate. Five out of 12 participants indicated 

that hunched posture, four out of 12 indicated that orbital tightening, and three out of 12 

indicated that eyebrow lowering were the easiest action units to assess.   

2.4.2 Experiment 2 - Validation Study  

2.4.2.1 Behavioural observation after surgery 

Video recordings proceeded without any technical issues, however, room maintenance or 

other study related activities (body weights, detailed examination) where primates needed to be 

taken out of the cage momentarily did result in a total of 7h of footage to not be assessable as the 

camera was not directed towards the cage or turned off. The identification of primates using 

unique shave markings and color markings were mostly used compared to the tattoo due to 

visibility issues.  

The analysis demonstrated that there was an effect of sex on the following behaviours, 

where males performed more climbing, self-grooming, inactivity, manipulation of cage 

resources, and play (p<0.05). The fixed effect of the interaction term between time point and sex 

demonstrated that males performed more self-grooming, spent more time hunched, less time 

active, and more time embracing in the post-operative period compared to females (p <0.05). 

The interaction effect of time point per condition and sex also demonstrates that males engage in 

manipulation of cage resources and play significantly more than females pre-op and post-op 

(p<0.05).  There was also an effect of cohort on the following behaviours where primates from 
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cohort 2 performed more inactivity and foraging (cohort 2: p<0.05). There was an effect of time 

point on all behaviours and are discussed below. These were included in the analysis and data 

was combined to calculate LS means (instead of standard means) to take these factors (i.e., sex, 

cohort, and time point per condition*sex) into consideration since they may influence the 

outcomes (see Table 2.7, raw behaviour data see Appendix F). Primates demonstrated significant 

behaviour changes in the post-operative period (i.e., less general activity and positive species-

typical behaviour as well as increased pain-associated behaviours and social behaviours), when 

compared to the baseline period up to 5 h post-op (3P:18:00-19:00) (p<0.05) (see Table 2.8). 

Behaviours within the categories of positive species-typical behaviours (manipulation of cage 

resources), social behaviour (embrace/huddle), and pain-associated behaviour (self-groom) were 

significantly different in the post-op period (i.e., less manipulation of cage resourced, increased 

embracing/huddling and pain-associated behaviours) compared to the baseline period up to 24 h 

(5P:17:00-18:00) post-surgery (p<0.05) (see Table 2.8). Behavioural category data was 

examined using a boxplot across the different time points (see Figure 2.5). 

2.4.2.2   Correlation between CMGS and behaviour 

 There was a significant positive relationship between CMGS scores and pain-associated 

behaviour (rho=0.35, p<0.0001), and social behaviour (rho=0.23, p<0.0001). There was a 

significant negative relationship between CMGS scores and general activity (rho=-0.38, 

p<0.0001), and positive species-typical behaviour (rho=-0.22, p<0.0001). Unrelated to pain, a 

significant positive relationship was noted between human presence in the animal room and 

primates climbing to a higher level within their enclosure (rho=-0.33, p<0.0001). 

2.4.2.3 Analgesic threshold setting  

The experts’ classification of 295 images from seven different time points pre- and post-

surgery are presented in Table 2.9. Only eight images were discarded as two or more raters noted 

that they were not possible to score due to image quality. Across all images and time points, 

raters fully agreed on “no pain” on 92 occasions, agreed on “pain” on 62 occasions, and 

disagreed (one or more raters had different scores for the same image), on 140 occasions (see 

Appendix G). The ROC curve was generated by plotting the true positives (sensitivity) on the y 

axis and false positives (1-specificity) on the x axis. The true state of primates was determined 



 

 

39 

 

based on the behavioural results from this study. If a primate image is classified by the experts as 

pain when the image corresponds to time point classified as pain, a true positive is obtained. If a 

primate image is classified by the experts as pain when the images correspond to time point 

classified as no pain, a false positive is generated. The AUC was determined to be 0.59 (95% CI: 

0.55-0.62, p<0.001). The cut-off score of 0.58 was established based on the value that had the 

best balance between sensitivity (51.7 (95% CI: 47.2-56.1)) and specificity (65.6 (95% CI: 60.6-

70.4)) (Appendix H). 

2.5 Discussion 

Through the development process of the CMGS four action units related to acute post-

surgical pain were identified. Once integrated into a formal grimace scale (Figure 2.2), the use of 

the CMGS demonstrated that it was able to discriminate painful versus non painful macaques 

and that this was consistent between and within observers. The validity of the CMGS was 

established as detailed behaviour analysis (gold standard comparison) correlated with CMGS 

scores. Finally, with the help of three primate experts, an estimate analgesic threshold was set. 

In this study, four parameters to evaluate pain have been identified and are composed of 

three facial action units and one postural measure. These include orbital tightening, eyebrow 

lowering, lip tightening, and hunched posture. Similar facial action units related to pain have 

been identified and evaluated in other species. Orbital tightening has been described in many 

grimace scales of the following species; mice (Langford et al., 2010), rats (Sotocinal et al., 2011) 

rabbits (Keating et al., 2012), ferrets (Reijgwart et al., 2017), piglets (Viscardi et al., 2017), and 

cats (Evangelista et al., 2019). Eyebrow lowering has not been described in the context of pain in 

any other nonhuman species. A recent study in humans, that aimed to develop a pain intensity 

prediction model using facial expressions and electromyography, identified two main muscles 

that were activated when participants reported being in the most pain, one of which is the 

corrugator supercilia, the muscle responsible for eyebrow lowering (Mieronkoski et al., 2020). In 

the detailed description of macaque facial muscles in MaqFACS (Macaque Facial Action Coding 

Scheme), the corrugator supercilia is described as the glabella lowerer (AU41) related to 

eyebrow lowering in macaques (Julle-Danière et al., 2015). Lip tightening has not been directly 

described in other species’ grimace scales, however, the horse (Dalla Costa et al., 2014), cat 
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(Evangelista et al., 2019), lamb (Guesgen et al., 2016), and sheep (Mclennan et al., 2016) 

grimace scales have reported changes in the mouth shape when in a potential pain state. In the 

human study mentioned above, the subsequent muscle activated in a state of reported pain is the 

levator labii superioris responsible for lip tightening (Mieronkoski et al., 2020). MaqFACS 

describes the levator labii superioris as the upper lip raiser (AU10) in macaques (Julle-Danière et 

al., 2015). AU10 is usually observed to be combined with the AU9 that is responsible for 

forming wrinkles in the infra-orbital triangle (Julle-Danière et al., 2015). The formation of 

wrinkles around the mouth area was also observed in some of the images from this study of 

macaques presumed to be in pain. Finally, hunched posture or head position in relation to the 

shoulders is described in other species including cats (Evangelista et al., 2019), sheep (Mclennan 

et al., 2016), and horses (Dalla Costa et al., 2014) and although not a facial feature it is important 

for pain assessment. In a recent study examining wellness indicators of rhesus macaques 

(Macaca mulatta) in the post-operative period, it was found that orbital and lip tightening as well 

as hunched posture increased in the post-surgical period compared to baseline, which is in line 

with the results of this study (Descovich et al., 2019). There are many factors that can influence 

action units and these factors are important to consider, these are discussed further in this 

chapter. 

It was determined that some action units are more reliable compared to others. It was also 

found that average ICC values are higher than single ICC values. It is important to report both 

values, as described in Koo and Li (2016), as it informs users how reliable their score will be if 

one or multiple individuals assess a primate with the CMGS. In a research setting, you would 

normally have multiple observers assessing an animal in presumed pain such as a technician, a 

veterinarian, and a principal investigator. The use of the average ICC values of eyebrow 

lowering, orbital tightening, and hunched posture demonstrated moderate, good, and excellent 

reliability, respectively (Table 2.3). Conversely, lip tightening demonstrated poor reliability 

(Table 2.3). Similarly, in the cat, sheep, and horse grimace scales, the area of the mouth/lip 

region of the face has lower inter- and intra-observer reliability in relation to other areas of the 

face (Evangelista et al., 2019; Mclennan et al., 2016; Dalla Costa et al., 2014). In the current 

study, participants reported that lip tightening was the hardest action unit to score compared to 

other action units of the CMGS. This could be because the change in this area of the face is more 



 

 

41 

 

subtle or ambiguous. For this reason, the action unit lip tightening was scored on a 2-point scale 

(0-1) whilst other action units of the CMGS were scored on a 3-point scale (0-2). Another 

possible explanation is that the observers would have needed to have knowledge of the animal’s 

normal state to be able to compare and discriminate changes in that area of the face. Due to the 

typical process of grimace scale development (i.e., looking at images pre- and post-op 

separately), this was not possible. This could suggest that it is important to know the individual’s 

normal state and listening to daily caretakers’ observations. 

Intra-observer reliability of all action units was determined to be good across all 

participants. This study found gender bias in which men had lower intra-observer reliability than 

women. The effects of observer’s gender has not been studied in the context of grimace scale 

research as most papers report that female observers participated in the development process. In 

veterinary medicine, it has been demonstrated that males tend to perceive and achieve lower pain 

scores than women when assessing a potential painful animal (Beswick et al., 2016). It has also 

been suggested that men may lack emotional sensitivity specifically the perception of affective 

facial expressions compared to females (Montagne et al., 2005). This could explain the lower 

intra-observer reliability of males and this bias should be taken into consideration when using the 

tool. Future research should further examine this gender bias related to pain recognition and 

assessment using the CMGS and other grimace scales.  

It has been demonstrated that inter- and intra-observer reliability can vary depending on 

the rigor of training. In studies involving rats and cats, it was demonstrated that longer or 

repeated training of observers as well as levels of experience with the species increased 

reliability scores (Evangelista and Steagall, 2021; Zhang et al., 2019). Although an effort was 

taken to describe the training session in this study as well as the primate experience of the 

observers, different types of training, length or frequency of training as well as different levels of 

familiarity with primates were not explored.  

The CMGS demonstrated excellent internal consistency (α=0.81) and is similar to other 

scales including the mouse (α=0.89) (Langford et al., 2010), rat (α= 0.84) (Sotocinal et al., 

2011), and feline (α=0.89) (Evangelista et al., 2019) grimace scales. 
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The second part of this study was to assess the validity of the tool by comparing CMGS 

scores to periods when pain was presumed to be present (construct validity) and to detailed 

behavioural analysis (criterion validity). As for construct validity, breakthrough pain was 

presumed to be present in the first few hours following surgery despite the use of analgesics. In 

human patients, following a moderately invasive procedure, breakthrough pain has been self-

reported to occur although provided with robust pain treatment from one to eight hours after 

surgery and up to 24 h post-op (Ismail et al., 2018; Walker et al., 2003). The results from this 

study demonstrated a significant increase in CMGS scores in the first four post-operative time 

points, with the highest scores in the 3-5 h post-surgery period as well as the next morning 

during the first hour of light. This could suggest that the primates experienced pain during these 

periods and is in line with predictions. The CMGS scores decrease to almost baseline levels 24 h 

and 36 h post-surgery. This suggests that the majority of macaques were not experiencing pain 

during these periods. Baseline grimace scores in this study were around 0.2. As demonstrated 

with other grimace scales, baseline grimace scores are rarely zero. This has been examined with 

the mouse grimace scale by Miller and Leach (2015), in which baseline grimace scores were 

obtained from live and retrospective images of different sex, strains, and ages of mice and 

reported baseline grimace scores ranging from 0.2 to 0.3. Thus, the results from this study 

suggests that the average baseline grimace score for macaques is around 0.2, however, further 

examination is needed. 

Another important aspect to considerer is the variability between individuals and how 

they experience pain or respond to pain treatment differently. For example, in the first 4 h post-

surgery, the average grimace score was the highest with a value of 0.49, however, during the 

same time point the minimum grimace score was around 0.1 and the maximum at 1.0 (Figure. 

2.4). It has been demonstrated in the olive baboons (Papio Anubis) that have undergone the same 

surgery and analgesic treatment (buprenorphine) that some individuals had elevated clinical 

signs of pain (elevated heart rates) whereas others did not (Allison et al., 2007). Pharmacokinetic 

evidence in macaques administered with buprenorphine (0.03 mg/kg) demonstrated high 

standard deviations of maximum concentration between individuals (Cmax 40.7± 48.7 ng/mL) 

suggesting a variation in therapeutic effect (Nunamaker et al., 2013). This emphasizes the 

importance of individualized pain recognition, assessment, and treatment.  
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This study used behaviour as the gold standard comparison to ensure that the CMGS is 

measuring pain based on predicted behaviour outcomes before and after surgery. Using 

behaviour as a subsequent measure of pain for the validation of grimace scales has been used for 

the rat (Klune et al., 2019), the piglet (Viscardi et al., 2017), and the cat (Evangelista et al., 2019) 

grimace scales. However, the behaviours examined in those studies were mostly part of validated 

composite scales that included behavioural and clinical measures of pain. Although primates do 

not have a validated behaviour pain scale, behaviours related to pain and species-typical 

behaviour have been reported in primates (Descovich et al., 2019). It is important to note that 

behaviour categories such as social behaviour and general activity are performed at high 

frequencies. Thus, proportions are higher compared to the behavioural category of pain-

associated behaviour that are performed at low frequencies and are discrete resulting in lower 

proportions of time but are equally important. For example, when 219 experts where asked to 

assess the type of analgesic protocol rats were given based on behaviour indicators via indirect 

observation, participants were able to identify the pain treatment 50% of the time when general 

behaviour was used but were able to identify the analgesic protocols correctly more than 80% of 

the time when they used behaviour that they thought to be related to pain (Roughan and 

Flecknell, 2006). This demonstrates that although pain-associated behaviours are performed at 

low frequencies, they can be a better indicator of the animal’s state. Also, the behaviours 

described in this paper are not pain-specific and even the pain-associated behaviours can occur in 

other states, thus highlighting the importance of evaluating multiple indicators of potential pain 

(positive and negative associated behaviours) to make inferences about the individual’s state.  

The behavioural changes observed in this study, are correlated to CMGS scores at the 

respective time points suggesting that the tool has good criterion validity. More specifically, 

there was a low and moderate correlation between CMGS scores with social behaviours and 

pain-associated behaviours, respectively. There was also a low and moderate inverse correlation 

between CMGS scores with positive species-typical behaviour and general/maintenance 

behaviours, respectively. Although these correlations were low to moderate, they are important, 

especially considering that the primates in this study were treated with a multimodal analgesic 

regimen. Despite analgesic administration, these significant trends could still be measured.  
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Similarly, these behaviour trends have been observed in Descovich and colleagues (2019) 

where overall activity and arboreal behaviours decreased in the post-operative period and pain-

like behaviours such as self-directed behaviour (i.e., self-grooming and movement directed 

towards the wound) increased. There is no evidence of examining positive species-typical 

behaviour such as play and foraging or social behaviour in the context of pain in primates. In this 

study, positive species-typical behaviour decreased in the post-operative period. This 

demonstrates the importance of providing primates with the opportunity to express species-

typical behaviour by giving them resources to do so (i.e., cage mate, foraging material, in cage 

resources) to be able to evaluate this variable. This measure could be comparable to evaluating 

nest quality in mice to make inferences about the animal’s state. For example, it has been 

demonstrated that mice build lower quality nests when in pain compared to baseline (Gallo et al., 

2020). The increase in social behaviour also highlights the importance of social housing and 

specifically in the post-operative period. Again, there is no evidence on the benefits of post-

operative social housing due to the lack of research and reporting on this subject, however, it 

could be predicted based on the literature that social behaviour increases because it allows 

primates to thermoregulate more effectively and also provides them with a sense of comfort and 

security (Morrison, 2016; Campbell et al., 2018). In industry, it is common to separate animals in 

the post-operative period out of fear of companions picking each others’ wounds. In this study, 

there were two visible incision sites (cranial and abdominal). The main observer, reports seeing 

primates picking mostly at their own wounds and not their cage mates’ wounds although the later 

was not quantified (see Table 2.7, MDTW). More research is needed on this subject to 

demonstrate that post-operative social housing is beneficial for primates and other species and 

post-operative social housing conditions should be reported more often.  

To improve the clinical significance of the CMGS an analgesic threshold was established 

in which the values can be used to guide the use of rescue analgesia in primates. The cut-off for 

analgesia for the CMGS is 0.58 and is based on the best balance between sensitivity and 

specificity. A similar methodology to the rat and the cat grimace scales was used to perform this 

analysis (Evangelista et al., 2019; Oliver et al., 2014). However, the animals evaluated for the 

threshold in this study were treated with analgesia. Thus, the interpretation of the threshold is 



 

 

45 

 

slightly different, where images of the primates scored above the threshold would have 

potentially needed a top-up of analgesics in retrospect.  

To obtain the analgesic threshold three primate veterinarians classified images as pain or 

no pain. Results demonstrated that the agreement was lower than the disagreement in the 

classification of the images. This higher number of disagreements demonstrates the complexity 

of recognizing pain. It also demonstrates that the use of an objective tool like the CMGS leads to 

higher agreement between raters thus potentially a more accurate pain recognition and 

assessment is possible. It is also important to note that it is not because a rater classified an 

image as “pain” that the expert would have opted for treatment, and the same goes for 

significantly higher grimace scores compared to baseline or above the suggested analgesic 

threshold. In veterinary medicine, as in human medicine, when treating pain many factors need 

to be considered, such as study restrictions and secondary effects of analgesics, and that the goal 

is to achieve a balanced state allowing the animals to be comfortable (Murphy et al., 2012). 

CMGS users are encouraged to use the threshold to examine how well it performs in practice via 

indirect observation. 

In this study, there was both an animal cohort and sex effect on the CMGS scores. It was 

found that cohort 2 and male primates had significantly higher grimace scores. In this study, both 

cohort 1 and 2 primates received similar analgesic protocols (i.e., a multimodal regimen with an 

NSAID, opioid, and local anesthetic); however, the major difference is that cohort 1 primates 

received buprenorphine the morning of surgery and cohort 2 also received buprenorphine the 

morning of surgery at a lower dose and received slow-release buprenorphine during surgery. 

Although meloxicam and buprenorphine were administered prior to surgery the doses may have 

not been sufficient. Research has demonstrated that slow-release buprenorphine takes longer to 

achieve the same serum concentration compared to regular buprenorphine. For example, in dogs 

undergoing an ovariectomy it was demonstrated that when both formulations of buprenorphine 

are administered at the same time, it takes 4 h for the slow-release formulation to get to the same 

serum concentration as buprenorphine in the first hour (Nunamaker et al., 2014). This could 

explain why grimace scores were initially higher for cohort 2 macaques.  
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In this study, male macaques demonstrated higher CMGS scores compared to female 

macaques. This potentially indicated that males experience more pain or expressed more pain 

compared to females. However, a sex by condition (pre- vs post-op) interaction was not 

significant indicating that grimace scores for males were higher at baseline and post-op. This 

could be explained by the fact that males inherently have higher grimace scores even during 

baseline. This was demonstrated in mice in which males had significantly higher baseline 

grimace scores compared to female mice (Miller and Leach, 2015). Although no significance 

was found, sex differences need to be considered. Research on sex differences in relation to pain 

in human medicine have different conclusions with some reporting females having a higher 

sensitivity to pain, some show no sex difference, and others show that men experience more pain 

(Vetrhus et al., 2005; Rosseland and Stubhaug, 2004; Chia et al., 2002). There is also evidence 

that pain receptivity and analgesic action mechanisms differ between sexes (Averbuch and 

Katzper, 2000). Both the neurophysiological sex difference and the analgesic mechanisms of 

action could explain the sex differences in this study, but these were not evaluated. Another 

possibility could be that facial expressions of pain in females are more suppressed for fitness 

purposes. In other words, females are usually of lower social status than males in a group of 

macaques and females are at higher risk of predation in general compared to males thus, females 

could show less signs of pain compared to males to decrease the appearance of reduced fitness 

(Amici et al., 2019; Kaburu et al., 2012).  

The effects of sex and cohort on certain behaviours could be explained by similar reasons 

stated above. Sex differences were observed in males in which they exhibited more play, 

manipulation of cage resources, climbing, self-grooming, and inactivity. When observing the 

macaques in their normal state, males demonstrated more play and manipulation of cage 

resources both pre and post-op (indicated by the interaction effect of sex and time point on these 

behaviours). This is in line with field literature demonstrating that young male macaques play 

more and are more exploratory than females of the same age and is performed in order to 

develop motor skills and social bonds (Amici et al., 2019). Males and cohort 2 primates 

demonstrated less activity in the post-operative period. Cohort 2 primates may have experienced 

more pain in the first few time points demonstrated by the reduced activity due to the time at 

which the slow-release buprenorphine was administered (as per the explanation above). Males 
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demonstrated less activity compared to females indicated by the interaction effect of sex and 

time point on inactivity. It could be predicted that based on behaviour observations (less activity 

post-op) that males experienced more pain or choose to show it more than females during the 

post-operative period. This could be explained by the biological sex differences in pain 

perception or the neurophysiological action mechanism of analgesics that differs between sexes 

leading to a higher perception of pain or less pain control in males or differences in behavioural 

patterns of pain expression in males (Averbuch and Katzper, 2000; Vetrhus et al., 2005; 

Rosseland and Stubhaug, 2004; Chia et al., 2002) (see explanation above for sex differences in 

CMGS scores). Perhaps these findings also suggest that indirect behaviour assessment is a more 

accurate method (although more time consuming) to detect pain compared to the CMGS method 

as the sex difference pre- and post-op was not significant for CMGS scores. Although not part of 

the models males demonstrated more climbing overall in this study compared to females which 

is the opposite of what was found in Descovich and colleagues (2019). As mentioned, males 

engage in more play and active behaviours that can simultaneously include climbing compared 

to females. Climbing was not included in the analysis in relation to pain as there was a 

correlation found between climbing and human presence. This demonstrates that there is a flight 

response when humans are present as they can perceive them as threats and should not be 

evaluated in the context of pain at least not via cage-side observation. This also emphasizes the 

importance of indirect observation when assessing pain in primates.  

There are some development limitations to this study. For ethical reasons, this study did 

not have a control group with no analgesia. Thus, time points where breakthrough pain was 

suspected to occur based on the pharmacokinetics of the drugs used were chosen to evaluate 

pain. For this reason, the CMGS scores and behavioural correlations may be masked and not as 

high as other grimace scales due to the partial or full pain control. It could be predicted that 

CMGS scores, behaviour trends, and correlations with CMGS scores would be higher if primates 

would not have been treated with analgesics. There is a lack of evidence of therapeutic efficacy 

in primates and many are extrapolated from other species which are not always translatable and 

make this piece challenging. Responsiveness of the CMGS was not evaluated as humans were 

present in the rooms at times around when top-up analgesics were administered. Further research 

should use the CMGS opportunistically when an emergency case occurs, and veterinary 



 

 

48 

 

intervention is delayed as there would be the opportunity to evaluate pain using the CMGS 

without analgesics as a confounding factor. Furthermore, this could help examining whether the 

tool can measure a decrease in pain when analgesics are administered via indirect observation. 

Opportunistic sampling was used for this study, consequently there were ongoing main study 

activities that were performed such as room maintenance, clinical observations, and analgesic 

administration. Although an effort was made to avoid analyzing times where humans were most 

likely to be present in the animal rooms to avoid any bias in facial expressions or behaviour 

changes, this may still have had an impact on the outcomes. Additionally, the validation method 

(behavioural gold standard comparison) is a relatively objective way to assess pain when 

quantified using specialized software’s and blinding, however, the behaviours examined are not 

specific to pain thus caution needs to be taken when interpreting results and multiple behaviour 

categories should be used to ensure coherence. 

Some limitations are related to the external validity of the CMGS. This study only used 

one surgical model of acute mainly peripheral pain. Different types of locations, duration, and 

tissue damage can result in different perceptions of pain. Thus the external validity of the CMGS 

needs to be assessed using different models of acute pain. In the same vein, only one species of 

macaque of the same age was used and there could be variation in facial expressions due to these 

factors. Moreover, it is known that there is an impact of training on the reliability and use of the 

grimace scale (Zhang et al., 2019). In this study, training methods were described in detail, but 

this study did not compare between different training methods and/or retention through time. 

Another factor that could influence the reliability of the CMGS scores is image quality and face 

angles. Although high-quality images were retrieved, sometimes there was variance due to 

lighting, and the cleanliness of the plexi-glass within the cage, or the position of the primates in 

the cage. In practice, indirect observation should be employed when using the CMGS and these 

factors need to be considered.  

Other limitations were related to the factors affecting facial expressions within and out of 

the context of pain. Some of which have not been investigated in macaques such as the effects of 

anesthetics, body temperature, and other states eliciting similar facial expressions. For example, 

in rats it has been demonstrated that grimace scores increase with the administration of inhalant 
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anesthetics even in healthy animals (Miller et al., 2016). To avoid the confounding factor of 

sedation effects on facial expressions or behaviour these were not analyzed within 2 h following 

surgery, but future research is needed to determine if and what effect anesthetics have on the 

CMGS scores. Other factors such as post-operative hypothermia (warmed versus unwarned rats) 

has been demonstrated to increase grimace scores (Klune et al., 2020). Although in this study a 

body temperature of 37°C was achieved before returning to the home cage and environmental 

conditions were controlled, no supplemental heat was provided and this could have influenced 

CMGS scores if the primates felt cold. In this study, companions were available to all animals 

thus allowing them to thermoregulate with body heat. However, a social companion could 

potentially influence pain perception through behavioural cues and facial expressions adding a 

potential confounding factor but this confounder is currently unknown in primates. In mice, it 

was found that when one mouse would come back from a battery test (painful stimuli) that the 

subsequent mice in the cage would have an increased reaction to pain, which later the researchers 

found that mice were communicating pain through facial expressions and the subsequent mouse 

would anticipate pain creating hypersensitivity to the painful stimulus (Langford et al., 2010). 

The latter could also be true in primates but was not examined in this study. Finally, another 

component that could influence grimace scores is additional or similar facial action units related 

to other affective states that overlap with pain facial action units. For example, it was found in 

horses and mice that stressful events/fear would provoke similar facial changes to pain (Dalla 

Costa et al., 2017; Defensor et al., 2012). These limitations show the challenges of the grimace 

scale development process and the factors to consider when evaluating pain using facial 

expressions. 

2.6 Conclusions 

To conclude, this was a two-part study consisting of first a proof-of-concept study to 

develop the CMGS followed by a validation study in which behavioural trends were compared 

and correlated to grimace scores. To improve the clinical relevance of the tool an analgesic 

threshold was established as a cut-off point for rescue analgesia and future research of the use of 

the CMGS should attempt to use it and report its accuracy. As demonstrated by the many 

development challenges as well as many factors that influence facial expressions there is further 
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research needed to test the internal and external validity of this tool. This is the first objective 

and validated pain assessment tool for primates, and it could be used in research facilities via 

indirect observation, and it is encouraged to report its use to further validate the tool. Primate 

pain management is challenging, once further validation is done the CMGS could help with 

efficacy testing of old and new analgesic protocols in primates to examine if the current 

therapeutic recommendations are sufficient with the goal of improving primate welfare and the 

quality of science. Further research could focus on developing an automated system using the 

components of the CMGS and behaviour in this study to avoid human error/bias and make it 

generalizable/scalable to a large population of primates. 
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Figure 2.1.  Twenty-four-hour baseline (B 0-24) and 48 h post-operation (P 0-24, P 24-48) 
image capture representation of cohort 1 (A) and cohort 2 (B) with different day light cycles. 
Cohort 1: 07:00 to 19:00; Cohort 2: 06:30 to 18:30, dark phase indicated by the grey squares. 
Every square represents one hour (except cohort 2, 06:30 and 18:30 squares represent 30 
minutes). Green squares indicate image capture during baseline, red squares indicate image 
capture during the post-operative period, and yellow squares indicate the surgical period. 
Analgesic provision is indicated by a (*), and during the surgical period (yellow squares), 
analgesics were provided, the administration to the individual animal was between 11:00 to 
14:00.  
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Figure 2.2. Cynomolgus Macaque Grimace Scale with descriptions of each action unit 
evaluated, three facial action units; orbital tightening, eyebrow lowering, and lip tightening, and 
one postural measure; hunched posture. Each action unit was scored on a 3-point scale based on 
whether it is not present (score of 0), moderately present (score of 1), or present (score of 2) 
except lip tightening scored on a 2-point scale based on absent (score of 0) or present (score of 
1).  
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Figure 2.3.Twenty-four-hour baseline (B 0-24) and 48 h post-surgery (P 0-24, P 24-48) video 
recording capture representation of cohort 1 (A) and cohort 2 (B). Cohort 1 day light cycle: 
07:00 to 19:00; cohort 2 day light cycle: 06:30 to 18:30, dark phase indicated by grey squares. 
Every square represents an hour (unless indicated otherwise). Green squares indicate the 15 
minute period of the hour that was observed and scored during baseline, red squares indicate the 
15 minute period of the hour that was observed and scored during the post-operative period, and 
yellow squares indicate the surgical period. The approximate time of analgesic provision is 
indicated by a (*) and varies per individual during the surgical period. 
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Figure 2.4. Boxplot demonstrating median (solid line) and the interquartile range of the 
Cynomolgus Macaque Grimace Scale (GMGS) scores across time points pre- and post-op. The 
whiskers indicate the range and circles the extreme values. The line in the x axes demonstrates 
that the time points are not spread proportionally across time. Times points start from up to 168 h 
before surgery (1B: 06:30-7:30 (cohort 1) or 07:00-08:00 (cohort 2), 2B:16:00-17:00, 3B:17:00-
18:00, 4B:18:00-19:00) and up to 36 h post-surgery ((1P:16:00-17:00 (3 h post-op), 2P:17:00-
18:00 (4 h post-op), 3P: 18:00-19:00 (5 h post-op), 4P: 06:30-07:30 (cohort 1) or 07:00-8:00 
(cohort 2)(17 h post-op), 5P: 17:00-18:00 (24 h post-op) and 6P: 1B: 06:30-07:30 (cohort 1) or 
07:00-08:00 (cohort 2) (36 h post-op)). 
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Figure 2.5. Boxplot showing the proportion of time of selected behaviours across time points 
from up to 168 h prior to surgery to 24 h post-surgery (n=43 animals). The solid line indicates 
the median, the grey box indicates the interquartile range, the whiskers indicate the range, and 
the circles indicate the extreme values. Times points start from up to 168 h before surgery (1B: 
06:30-07:30 (cohort 1) or 07:00-08:00 (cohort 2), 2B: 12:00-13:00, 3B:16:00-17:00, 4B:17:00-
18:00, 5B:18:00-19:00) and up to 24 h post-surgery ((5P:16:00-17:00 (3 h post-op), 6P:17:00-
18:00 (4 h post-op), 7P:18:00-19:00 (5 h post-op), 20P: 06:30-07:30 (cohort 1) or 07:00-08:00 
(cohort 2)(17 h post-op), 21P: 12:00-13:00 (20 h post-op), and 22P: 17:00-18:00 (24 h post-op)).  
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Figure 2.6. Scatter plot of the Cynomolgus Macaque Grimace Scale scores (n=301) categorized 
by “no pain” (0) and “pain” (1) assignment based on the significant behaviour changes where 
pain was suspected at time points 1P, 2P, 3P, and 4P and the others (B, 5P, 6P) were classified as 
“no pain”. A subset of primate faces and whole-body images were scored by experts for every 
animal and every time point based on subjective pain assessment to create the analgesic 
threshold (0.58) represented by the dashed horizontal line (created with a receiver operating 
characteristics (ROC) curve). Primates were treated with a multimodal analgesic regimen. Time 
points start from up to 168 h before surgery for baseline measures (B) and post-operative time 
points are the following ((1P:16:00-17:00 (3 h post-op), 2P:17:00-18:00 (4 h post-op), 3P:18:00-
19:00 (5 h post-op), 4P: 06:30-07:30 (cohort 2) or 07:00-08:00 (cohort 1) (17 h post-op), 5P: 
17:00-18:00 (24 h post-op) and 6P: 1B: 06:30-07:30 (cohort 2) or 07:00-08:00 (cohort 1) (36 h 
post-op)). 
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Table 2.1. Multimodal analgesic regimen for cohort 1 and cohort 2 animals pre, during, and post 
surgery. 

Cohort 1 Drug Dose (Conc.) Frequency Route 
Pre-emptive ketamine HLC + 

acepromazine 
10 mg/kg + 

1 mg/kg 
1 IM 

buprenorphine 0.06 mg/animal 
 

1 IM 

Perioperative 50:50 bupivicaine 
and lidocaine 

max of 0.1 
mL/site (0.25%: 

20 mg/mL) 

1 SC 

Post-operative buprenorphine 0.06 mg/animal Every 12 h for 
3 days 

IM 

meloxicam 0.2 mg/kg 
 

1 SC 

Cohort 2 
Pre-emptive ketamine HCL + 

acepromazine 
10 mg/kg + 

1 mg/kg 
1 IM 

meloxicam 0.2 mg/kg 
 

1 SC 

 buprenorphine 0.02 mg/kg 
 

1 IM 

Perioperative bupivacaine 0.25%,0.5 mL 
(max of 1.2 

mL/site, up 2.4 
mL) 

1 SC 

buprenorphine 
slow-release 

0.2 mg/kg 1 SC 

Post-operative meloxicam 0.1 mg/kg Every 22 to 
24.5 h 

(minimum 3 
doses) 

PO 

 

IM: Intra-muscular, SC: Subcutaneous, PO: Per os or Oral, HCL: hydrochloride 
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Table 2.2. Ethogram used to score primate behaviour, grouped into locomotion, self-
maintenance, resource directed, affiliative, agonistic, abnormal, sedation, and pain (adapted from 
Descovich et al., 2019). 

Category Behaviour Descriptions Duration or 
Frequency 

Locomotion Climbing Climb vertically or descent vertically, hanging from cage top 
or cage enrichment and limbs are not touching the cage floor 
or main perch 

Duration 

Inactive  The primate is sitting without movement or appears to be 
sleeping 

Duration 

Self-
maintenance 

Self-groom The primate is manipulating fur with hands or mouth, 
displacing the fur, picking, plucking, licking, scratching, or 
thoroughly examining skin or fur 

Duration 

Forage  The primate searches for food Duration 
Eat The primate consumes food Duration 
Drink The primate consumes water from lixit or cage floor. Duration 

Resource 
directed 

Manipulate cage 
resources 

The primate uses hands, feet or mouth to manipulate or carry 
resources provided in or on the exterior of the cage 

Duration 

Affiliative Allo-grooming The animal manipulates a cage mates’ fur with hands or 
mouth, displacing the fur, picking, plucking, licking, or 
thoroughly examining skin or fur 

Duration 

Play Animals will pull, poke or mock bite a cage mate Duration 

Embrace/huddle Ventral-ventral, dorsal-ventral, or distal/proximal surface of 
body touching or holding of companion 

Duration 

Agonistic Aggression Primate performs aggressive behaviour towards a cage mate 
(i.e., displacement, chase, mount, threat, bite) 

Duration 

Abnormal Abnormal repetitive 
behaviour 

The primate performs abnormal repetitive behaviour which 
may be a locomotor stereotypy, appetitive stereotypy, self-
directed or self-injurious 

Duration 

Sedation  Rub face Primate rubs a part of its face using hands or feet Duration 

Tremor Rhythmic movements of shivering or quivering Duration 
Ataxia The primate is stumbling, falling, and has overall 

uncoordinated movement 
Duration 

Pain  Movement directed 
towards the wound  

Primate directs its behaviour towards the surgical site our area 
of the body that was implicated in a procedure (i.e., 
scratching, licking, touching) 

Duration 

Bruxism Teeth grinding or jaw clenching can be observed by a 
chewing motion 

Duration 

Body shake Shaking up or down the body as if to remove particles or 
water 

Frequency 

Hunched Sitting with back curved, shoulders slumped, head may be 
lower than shoulders, chest may rest on knees and head may 
rest on cage bars (out of a social resting context) 

Duration 

Head lean The primate rests its head on a cage or cage furniture surface Duration 
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Table 2.3. Inter-observer reliability of the cynomolgus macaque grimace scale across three 
cohorts (n=12 raters). 

Action unit Cohort 1 
ICC (95% CI) 

Cohort 2 
ICC (95% CI) 

Cohort 3 
ICC (95% CI) 

Orbital 
tightening  

Week 1 ICCsingle 0.57 (0.45-0.67) 0.46 (0.34-0.58) 0.63 (0.52-0.72) 
ICCaverage 0.84 (0.76-0.89) 0.78 (0.66-0.85)  0.87 (0.81-0.91) 

Week 2 ICCsingle 0.43 (0.29-0.56) 0.42 (0.24-0.57) 0.56 (0.35-0.70) 
ICCaverage 0.75 (0.61-0.84) 0.74 (0.52-0.85) 0.83 (0.66-0.91) 

Week 3 ICCsingle 0.45 (0.33-0.58) 0.54 (0.36-0.68) 0.54 (0.36-0.68) 
ICCaverage 0.77 (0.65-0.85) 0.83 (0.67-0.90) 0.83 (0.67-0.90) 

All 
Weeks 

ICCsingle 0.49 (0.39-0.58) 0.48 (0.33-0.59) 0.58 (0.43-0.68) 
ICCaverage 0.80 (0.72-0.85) 0.78 (0.64-0.86) 0.84 (0.74-0.90) 

Eyebrow 
lowering  

Week 1 ICCsingle 0.40 (0.29-0.51) 0.32 (0.20-0.43) 0.54 (0.45-0.63) 
ICCaverage 0.72 (0.60-0.81) 0.65 (0.47-0.76) 0.82 (0.76-0.87) 

Week 2 ICCsingle 0.32 (0.23-0.43) 0.21 (0.08-0.34) 0.49 (0.37-0.60) 
ICCaverage 0.66 (0.53-0.75) 0.51 (0.15-0.7) 0.80 (0.69-0.86) 

Week 3 ICCsingle 0.35 (0.22-0.47) 0.18 (0.07-0.30) 0.34 (0.20-0.48) 
ICCaverage 0.68 (0.51-0.79) 0.47 (0.15-0.67) 0.68 (0.45-0.80) 

All 
Weeks 

ICCsingle 0.35 (0.27-0.43) 0.23 (0.13-0.33) 0.46 (0.37-0.55) 
ICCaverage 0.69 (0.59-0.76) 0.54 (0.29-0.69) 0.78 (0.68-0.84) 

Lip 
tightening  

Week 1 ICCsingle 0.05 (-0.02-0.13) -0.00 (-0.05-0.07) 0.23 (0.14-0.33) 
ICCaverage 0.16 (-0.10-0.38) -0.00 (-0.24-0.22) 0.54 (0.38-0.66) 

Week 2 ICCsingle 0.11 (0.03-0.21) 0.04 (-0.02-0.10) 0.18 (0.08-0.29) 
ICCaverage 0.33 (0.12-0.51) 0.13 (-0.12-0.35) 0.49 (0.18-0.65) 

Week 3 ICCsingle 0.05 (-0.00-0.13) 0.03 (-0.03- 0.10) 0.10 (0.01-0.19) 
ICCaverage 0.18 (-0.10-0.40) 0.10 (-0.15-0.32) 0.31 (-0.08-0.55) 

All 
Weeks 

ICCsingle 0.07 (0.03-0.12) 0.02 (-0.01-0.06) 0.17 (0.09-0.25) 
ICCaverage 0.23 (0.05-0.38) 0.09 (-0.08-0.24) 0.46 (0.21-0.61) 

Hunched 
posture  

Week 1 ICCsingle 0.67 (0.54-0.78) 0.71 (0.57-0.13) 0.83 (0.76-0.88) 
ICCaverage 0.89 (0.82-0.94) 0.91 (0.84-0.95) 0.95 (0.93-0.97) 

Week 2 ICCsingle 0.70 (0.58-0.80) 0.79 (0.69-0.87) 0.69 (0.58-0.79) 
ICCaverage 0.90 (0.85-0.94) 0.94 (0.90-0.96) 0.90 (0.83-0.94) 

Week 3 ICCsingle 0.81 (0.73-0.88) 0.84 (0.77-0.90) 0.70 (0.59-0.79) 
ICCaverage 0.95 (0.92-0.97) 0.96 (0.93-0.97) 0.90 (0.85-0.94) 

All 
Weeks 

ICCsingle 0.74 (0.66-0.80) 0.78 (0.73-0.83) 0.75 (0.69-0.80) 
ICCaverage 0.92 (0.89-0.94) 0.93 (0.91-0.95) 0.92 (0.90-0.94) 
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Table 2.4. Intra-observer reliability of the cynomolgus macaque grimace scale (n=12 raters). 

Cohort 1 2 3 
Rater 3 6 10 12 5 7 8 9 1 2 4 11 
Gender F M F M F M F M F F F M 
ICCsingle 
(95% CI) 

0.94 
(0.85-
0.97) 

0.71 
(0.34-
0.87) 

0.62 
(0.17-
0.85) 

0.67 
(0.33-
0.86) 

0.79 
(0.58-
0.91) 

0.66 
(0.35-
0.84) 

0.86 
(0.71-
0.94) 

0.68 
(0.34- 
0.85) 

0.85 
(0.60-
0.95) 

1 
(-) 

1 
(-) 

0.66 
(0.25-
0.87) 

 

ICC: Inter Class Correlation, CI: Confidence Interval 
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Table 2.5. Facial grimace scores in relation to pre- and post-surgical time points (N=43 
primates). 

 Time  
points 

Absolute time Time 
relative to 
surgery (h) 

LS Mean 
(Lower-Upper  
CI 95%) 

Standard  
Error 

Baseline 1B 16:30-7:30 
27:00-8:00 

-72 - 168 0.21 (0.14-0.28) 0.02 

2B 16:00-17:00 -72 -168 0.19 (0.11-0.26) 0.02 
3B 17:00-18:00 -72 -168 0.20 (0.13-0.27) 0.02 
4B 18:00-19:00 -72 -168 0.19 (0.13-0.27) 0.02 

Post-Op 1P 16:00-17:00 +3 0.47 (0.39-0.54) 0.02 
2P 17:00-18:00 +4  0.49 (0.42-0.56) 0.02 
3P 18:00-19:00 +5  0.48 (0.41-0.54) 0.02 
4P 16:30-7:30 

27:00-8:00 
+17  0.36 (0.29-0.42) 0.02 

5P 17:00-18:00 +24  0.27 (0.20-0.33) 0.02 
6P 16:30-7:30 

27:00-8:00 
+36 0.28 (0.21-0.35) 0.02 

 

-Indicative of pre-surgical period 
+Indicative of post-surgical period 
1Cohort 1 animals (different time due to different light cycle) 
2Cohort 2 animals (different time due to different light cycle) 
BBaseline period 
PPost-operative period 
LS: Least-square mean, CI: Confidence Interval  
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Table 2.6. Pre- and post-operative Cynomolgus Macaque Grimace Scale (CMGS) score 
respective time interval comparison. 

Time point 
comparison 

Absolute time 
comparison 

Size effect estimate (±SE) (p*) 

1P-2B 16:00-17:00 0.28 (0.03) (p<0.0001) 
2P-3B 17:00-18:00 0.29 (0.03) (p<0.0001) 
3P-4B 18:00-19:00 0.28 (0.03) (p<0.0001) 
4P-1B 16:30-7:30 

27:00-8:00 
-0.15 (0.03) (p<0.0001) 

5P-3B 17:00-18:00 -0.07 (0.03) (p=0.208) 
6P-1B 16:30-7:30 

27:00-8:00 
-0.07 (0.03) (p=0.188) 

 

* Significant effects (after post hoc Tukey test (p< 0.05) are indicated in bold 
1Cohort 1 animals (different time due to different light cycle) 
2Cohort 2 animals (different time due to different light cycle) 
BBaseline period 
PPost-operative period 
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Table 2.7. Pre- and post-operative least square means (95% CI) of behaviour duration proportion across time points. 

 
 

 

 

 

 

 

 

  

Behaviour 
category 

Behaviour Time points 
1B 2B 3B 4B 5B 5P 6P 7P 20P 21P 22P 
16:30-
7:30 
27:00-
8:00 

12:00-
13:00 

16:00-
17:00 

17:00-
18:00 

18:00-
19:00 

16:00-
17:00 

17:00-
18:00 

18:00-
19:00 

16:30-
7:30 
27:00-
8:00 

12:00-
13:00 

17:00-
18:00 

Positive 
species-
typical  

Forage 0.15 
(0.10-
0.19) 

0.08 
(0.04-
0.13) 

0.09 
(0.05-
0.14) 

0.17 
(0.12-
0.22) 

0.17 
(0.12-
0.22) 

0.03  
(-0.014-
0.08) 

0.02  
(-0.03-
0.06) 

0.01  
(-0.04-
0.06) 

0.06 
(0.01-
0.11) 

0.03  
(-0.02-
0.09) 

0.08 
(0.03-
0.12) 

Play 0.24 
(0.19-
0.28) 

0.07 
(0.03-
0.12) 

0.05  
(0.00-
0.10) 

0.08 
(0.03-
0.13) 

0.11 
(0.07-
0.16) 

0.03  
(-0.02-
0.08) 

0.00  
(-0.05-
0.05) 

0.00  
(-0.04-
0.05) 

0.00 
 (-0.05-
0.05) 

0.06 
(0.00-
0.10) 

0.05 
(0.00-
0.10) 

MCR* 0.18 
(0.12-
0.23) 

0.12 
(0.06-
0.17) 

0.14 
(0.09-
0.19) 

0.18 
(0.13-
0.24) 

0.26 
(0.21-
0.31) 

0.04  
(-0.02-
0.09) 

0.02  
(-0.04-
0.07) 

0.02 (-
0.30-
0.08) 

0.04  
(-0.02-
0.09) 

0.04 
 (-0.02-
0.10) 

0.02 
 (-0.03-
0.08) 

General 
activity/ 
maintenance 

Active 0.97 
(0.91-
1.03) 

0.93 
(0.87-
0.99) 

0.99 
(0.93-
1.05) 

0.96 
(0.90-
1.03) 

0.97 
(0.91-
1.03) 

0.76 
(0.70-
0.82) 

0.78 
(0.72-
0.84) 

0.74 
(0.67-
0.79) 

0.96 
(0.91-
1.02) 

0.90 
(0.84-
0.97) 

0.88 
(0.82-
0.95) 

Eat 0.34 
(0.24-
0.43) 

0.40 
(0.31-
0.49) 

0.49 
(0.40-
0.59) 

0.54 
(0.44-
0.63) 

0.46 
(0.37-
0.55) 

0.25 
(0.16-
0.34) 

0.26 
(0.16-
0.35) 

0.18 
(0.09-
0.27) 

0.31 
(0.22-
0.40) 

0.38 
(0.27-
0.48) 

0.39 
(0.29-
0.48) 

Social 
interactions 

Allo-
grooming 

0.71 
(0.70-
0.73) 

0.74 
(0.72-
0.76) 

0.73 
(0.71-
0.76) 

0.72 
(0.70-
0.73) 

0.73 
(0.71-
0.75) 

0.72 
(0.70-
0.74) 

0.72 
(0.70-
0.74) 

0.73 
(0.71-
0.75) 

0.77 
(0.75- 
0.79) 

0.72 
(0.70-
0.74) 

0.74 
(0.72-
0.76) 

Embrace/ 
huddle 

0.31 
(0.21-
0.42) 

0.27 
(0.17-
0.37) 

0.18 
(0.07-
0.29) 

0.20 
(0.10-
0.31) 

0.17 
(0.07-
0.27) 

0.44 
(0.33-
0.54) 

0.43 
(0.33-
0.53) 

0.48 
(0.38-
0.58) 

0.41 
(0.31-
0.51) 

0.26 
(0.14-
0.37) 

0.57 
(0.47-
0.67) 

Pain-
associated 
behaviours  

MVTW* 0.01  
(-0.02-
0.03) 

0.00 (-
0.03-
0.03) 

0.01 
(-0.17-
0.04) 

0.01  
(-0.02-
0.04) 

0.00  
(-0.03-
0.03) 

0.05 
(0.03-
0.08) 

0.07 
(0.05-
0.10) 

0.07 
(0.04-
0.09) 

0.12 
(0.09-
0.15) 

0.06 
(0.03-
0.09) 

0.06 
(0.03-
0.09) 

Hunched 0.02  
(-0.03-
0.09) 

0.01 (-
0.05-
0.07) 

0.05 (-
0.01-
0.11) 

0.00 (-
0.06-
0.06) 

0.01 (-
0.05-
0.07) 

0.22 
(0.16-
0.28) 

0.17 
(0.11-
0.23) 

0.22 
(0.03-
0.28) 

0.05 
(0.01-
0.11) 

0.08 
(0.01-
0.15) 

0.11 
(0.05-
0.17) 

Self-groom 0.10 
(0.07-
0.13) 

0.03 
(0.00-
0.06) 

0.06 
(0.02-
0.09) 

0.05 
(0.02-
0.08) 

0.06 
(0.03-
0.09) 

0.07 
(0.04-
0.10) 

0.06 
(0.03-
0.09) 

0.09 
(0.06-
0.11) 

0.17 
(0.14-
0.20) 

0.09 
(0.06-
0.13) 

0.12 
(0.09-
0.15) 

 
*MVTW: Movement Directed Towards the Wound; MCR: Manipulation of Cage Resources 
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Table 2.8. Comparison of pre- and post-operative behaviour effect size estimates (mean ± SE) of respective time  
interval comparison (absolute values presented). 

 Behaviour Category 
Positive species-typical General 

activity/maintenance 
Social interactions Pain-associated behaviours 

Time point 
comparison 

Absolute 
time 
comparison 

Forage Play MCR* Active Eat Allo-
grooming 

Embrace/ 
huddle 

 MVTW* Hunched Self-
groom 

5P-3B 16:00-17:00 0.06 
(0.03) 

p=0.8041 

0.02 
(0.03) 

p=1.0000 

0.10 
(0.04) 

p=0.1708 

0.23 
(0.04) 

p<0.0001 

0.25 
(0.07) 

p=0.0098 

0.00 
(0.01) 

p=1.0000 

0.26 
(0.07) 

p=0.0130 

0.04 
(0.02) 

p=0.5520 

0.17 
(0.04) 

p=0.0034 

0.01 (0.02) 
p=1.0000 

6P-4B 17:00-18:00 0.16 
(0.03) 

p=0.0002 

0.08 
(0.03) 

p=0.3542 

0.17 
(0.04) 

p=0.0005 

0.17 
(0.04) 

p=0.0014 

0.28 
(0.07) 

p=0.0013 

0.00 
(0.01) 

p=1.000 

0.23 
(0.07) 

p=0.0502 

0.06 
(0.02) 

p=0.0683 

0.17 
(0.04) 

p=0.0023 

0.01 
(0.02) 

p=1.0000 
7P-5B 18:00-19:00 0.16 

(0.03) 
p=0.0001 

0.12 
(0.03) 

p=0.0174 

0.24 
(0.04) 

p<0.0001 

0.24 
(0.04) 

p<0.0001 

0.28 
(0.06) 

p=0.0010 

0.00 
(0.01) 

p=1.0000 

0.31 
(0.07) 

p=0.0004 

0.07 
(0.02) 

p=0.0391 

0.20 
(0.04) 

p<0.0001 

0.03 
(0.02) 

p=0.9765 
20P-1B 16:30-7:30 

27:00-8:00 
0.09 

(0.03) 
p=0.2530 

0.23 
(0.03) 

p<0.0001 

0.14 
(0.04) 

p=0.0057 

0.00 
(0.04) 

p=1.0000 

0.02 
(0.06) 

p=1.0000 

0.06 
(0.01) 

p=0.0003 

0.10 
(0.07) 

p=0.9577 

0.11 
(0.02) 

p<0.0001 

0.02 
(0.04) 

p=1.0000 

0.07 
(0.02) 

p=0.0510 
21P-2B 12:00-13:00 0.05 

(0.04) 
p=0.9780 

-0.02 
(0.04) 

p=1.0000 

0.08 
(0.04) 

p=0.6437 

0.02 
(0.04) 

p=1.0000 

0.02 
(0.07) 

p=1.0000 

0.02 
(0.01) 

p=0.9848 

0.01 
(0.07) 

p=1.0000 

0.06 
(0.02) 

p=0.2311 

0.08 
(0.04) 

p=0.7879 

0.06 
(0.02) 

p=0.2196 
22P- 4B 17:00-18:00 0.10 

(0.03) 
p=0.1274 

0.03 
(0.03) 

p=0.9989 

0.16 
(0.04) 

p=0.0012 

0.07 
(0.04) 

p=0.7864 

0.15 
(0.07) 

p=0.4828 

0.02 
(0.01) 

p=0.8482 

0.36 
(0.07) 

p<0.0001 

0.05 
(0.02) 

p=0.2910 

0.11 
(0.04) 

p=0.3135 

0.08 
(0.02) 

p=0.0201 
 
*MVTW: Movement Directed Towards the Wound; MCR: Manipulation of Cage Resources 
Significant effects (p< 0.05) are indicated in bold 
1Cohort 1 animals (different time due to different light cycle) 
2Cohort 2 animals (different time due to different light cycle) 
BBaseline period 
PPost-operative period 
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Table 2.9. Expert rater classification of 295 images of pain versus non pain (n= 3 raters). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Rater Pain No pain 

1 133 162 
2 99 196 
3 160 135 
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3 CHAPTER 3: POST-SURGICAL ASSESSMENT OF ANALGESIC EFFICACY AND 

SLEEP QUALITY IN CYNOMOLGUS MACAQUES (MACACA FASCICULARIS) 

 

3.1 Abstract 

 Sleep is an important contributor to good physical and mental health and is an important 

component of post-surgical recovery. The assessment of dark phase (‘night time’) behaviour can 

provide insight into the efficacy of analgesic treatments and should be considered when 

assessing pain mitigation in animals. This study aimed to characterize dark phase behaviours and 

sleep patterns in healthy, young adult cynomolgus macaques (Macaca fascicularis) maintained 

in either pens (n=9) or cages (n=19). The night time behaviour of macaques was then examined 

following surgery and treatment with multimodal analgesia. It was hypothesized that primates 

housed in pens would sleep more deeply (i.e., as evidenced by reduced activity) than those 

housed in cages. It was also hypothesized that despite the use of a robust analgesic program, 

breakthrough pain or discomfort would occur in post-surgical animals, as can happen in humans 

and other species, resulting in less sleep and more activity and pain-associated behaviours 

compared to baseline. Macaques housed in cages (n=43) were filmed during a 12 h dark phase 

before and following surgery. A sampling strategy was determined (15 min/h) and video 

recordings were randomized, blinded, and scored with a detailed ethogram using Observer XT. 

Another cohort of macaques housed in pens (n=21) were video recorded during a 12 h dark 

phase for comparison. A linear mixed model and pairwise comparison was used to analyze 

behaviour data. When comparing control macaques housed in pens and cages, primates housed 

in pens were consistently more active in the first hour of the dark period compared to macaques 

housed in cages. The opposite was observed from midnight until 7 am (0:00-07:00, approx. 7 h) 

for primates in cages in which they engaged in more activity. When examining the potential for 

post-surgical discomfort or breakthrough pain on dark phase behaviour, findings suggest that 

primates were significantly more active during the post-operative dark phase for up to 5 h 

(p<0.05) and they engaged in significantly more pain-associated behaviour (p<0.05). The 

proportion of social behaviour was high across the dark phase for both housing systems as well 

as post-surgery, emphasizing the importance of huddling or clasping a social partner for comfort 
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during sleep. These results help to inform recommendations for optimal post-operative care 

specific to the dark phase of research macaques, to enhance recovery, primate welfare, and 

scientific outcomes.  

3.1 Introduction  

Sleep has been widely studied in humans in relation to health, illness and overall well-

being (reviewed in Dolezal et al., 2017; Ratcliff and van Dongen, 2009; Watson et al., 2015). 

What these studies and reviews have in common is demonstration of how quality of sleep can 

impact different elements of physical and mental health. Sleep is defined as a “behavioral state of 

perceptual disengagement from and unresponsiveness to the environment” (Keenan and 

Hirshkowitz, 2011). In human clinical trials, good sleep quality (i.e., continuous, non-

fragmented, and of adequate frequency and duration) has been demonstrated to have a positive 

effect on health such as improved cardiovascular health, hormone regulation, decreased mental 

health illness-like depression and Alzheimer’s, as well as improve cognitive abilities (Coleman 

and  Pierre, 2014; Jing, Xu et al., 2020; Gava et al., 2019; Thase, 2006; Grandner et al., 2013; 

Barthélemy et al., 2020; Marin et al., 2005; Ratcliff and van Dongen, 2009). Many factors can 

influence the quality of sleep including genetics, pharmaceutical agents, adverse health issues, 

and the environment (Goel and Dinges, 2011; Johnson et al., 2018; Zulter and C. Holty, 2011).  

The neurophysiological details of sleep are beyond the scope of the current study, but are 

important to understand in the context of pain. Briefly, four sleep stages have been identified via 

electroencephalograph (EEG) recordings (Adnane et al., 2012). Stage 1 or light sleep, in which 

EEG patterns demonstrate mostly high amplitude waves (theta) (Adnane et al., 2012). Stage 2 or 

moderate depth of sleep, in which body temperature and heart rate drop, and EEGs demonstrate 

low amplitude waves (spindles) and burst or electrical activity (K complex) (Adnane et al., 

2012). Stage 3 or deep sleep, in which EEGs are characterized by high amplitude waves (delta). 

This phase is thought to be an important stage for overall restfulness and growth hormones are 

released, which enable protein synthesis, tissue healing, and physical recovery (Van Cauter and 

Copinschi, 2000). Finally, stage 4 or rapid eye movement (REM) sleep occurs when the body 

becomes immobilized and relaxed; however, respiratory and heart rates and brain activity 

increase, and this is usually when dreams occur. In stage 4, EEG patterns are similar to stage 1 



 

 

68 

 

(Adnane et al., 2012). REM sleep is thought to be important for learning and memory and occurs 

more often in younger individuals than aged ones (Ackermann and Rasch, 2014). It is safe to 

extrapolate the neurobiology of human sleep cycles to primates, as it has been shown with EEG 

data that macaques have the same sleep patterns as humans and are thought to be appropriate 

sleep models (Ishikawa et al., 2016).  

Post-operative pain has been demonstrated to affect the two most vital stages of sleep 

(i.e., stages 3 and 4). In a study in which 10 women underwent abdominal incisions for benign 

gynecologic conditions and were treated with either opioids or local anesthetics, EEG patterns 

during the first night following surgery indicated that stages 3 and 4 sleep were completely 

absent even though pain was self-reported to be controlled adequately (Cronin et al., 2001). This 

demonstrates that regardless of effective pain treatment, invasive procedures, such as surgery, 

have a detrimental impact on sleep at the neurophysiologic level and/or pain treatment. This is 

also supported by behavioural data. After open heart surgery in humans, deep sleep was reduced 

and sudden awakening occurred without stimulation (Johns et al., 1974). In a recent review, the 

sleep factors reported to be affected by post-surgical pain were the loss or reduction of stages 3 

and 4 and sleep fragmentation, resulting in sleep deprivation and potential prolongation of 

recovery times (Su and Wang, 2018). Although research is limited in animals, sleep disturbance 

has been similarly reported in rats but not in the context of pain. It was found that REM sleep 

(stage 4) is significantly reduced for up to 7 h after rats have experienced a stressful stimulus 

(e.g., cage change) (Cano et al., 2008). Another factor that could affect sleep is the use 

analgesics. A study demonstrated that when human patients received an opioid for post-surgical 

pain treatment, EEG readings indicated that mean slow waves decreased significantly compared 

to the group that did not receive opioids, suggesting that opioids have an effect on sleep at the 

neurophysiological level (Cronin et al., 2001). This demonstrated that both pain and pain 

treatments need to be considered as factors that impact sleep quality. 

Thus, invasive procedures that potentially result in pain may disturb sleep demonstrating 

the importance of controlling external environmental factors to improve post-operative sleep to 

enhance recovery. Even noninvasive stimuli or interruptions may impair the quality of sleep. In 

human medicine, controlling light, noise, and other night interruptions, such as nurse checks, 
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improves the quality of sleep and sleep efficiency. For example, Intensive Care Unit patients 

who received eye masks and earplugs had reduced delirium, a significant cause of sleep 

disturbance (Hu et al., 2015). When extrapolating this information to veterinary medicine, this 

reinforces the importance of providing animals with a calm and quiet post-operative 

environment. Another major post-surgical complaint in human patients is shivering caused by 

post-operative hypothermia due to anesthesia (and reduced core body temperature), surgical 

issues that induce heat loss, and the disrupted ability to thermoregulate (Don Paul et al., 2018; 

Kim, 2019). Active thermal support, such as using heating blankets, can be employed for human 

patients to try to minimize these issues (Don Paul et al., 2018). Post-operative hypothermia is 

also commonly reported in veterinary medicine. For example, in a retrospective study of 1,525 

dogs, 83.6% had complications related to hypothermia in the post-operative period (Redondo et 

al., 2012). This is an external factor that may be challenging to control for primates in a research 

setting. Upon returning to their home cage in the post-surgical period, possible modifications are 

to increase the room temperature, heated cages can be used but they are expensive and 

impractical, heat lamps have also been used but caution must be taken when using these directed 

towards metal cages as the metal can get hot and cause thermal injuries (Murphy et al., 2012). 

Finally, avoiding negative or disturbing environmental stimuli in the post-operative period is 

important, consideration is also needed for providing positive stimuli that promotes comfort and 

positive affective states. In human medicine, this feeling of comfort and support from another 

familiar individual (i.e., spouse, family, and friends) has been demonstrated to be predictive of 

improved recovery (Brembo et al., 2017). Although not explored in laboratory animal medicine, 

where it may be less common to socially house animals in the post-operative period, providing a 

companion could address issues associated with thermoregulation, comfort, and social support.    

Understanding sleep behaviour in research primates is essential as they spend half their 

time in facilities in dark light cycle conditions. Studies pertaining to night time behaviour in 

primates are only reported in field studies and to the authors’ knowledge, no study has examined 

primate dark phase behaviour in a research setting. Regardless, field studies are important in 

understanding natural primate behaviour as they can be applied with the intent of improving the 

conditions of captive settings. Field studies in primates have described the choice of sleeping 

sites, which depend on different environmental factors, such as predation and weather, as well as 
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the complex dynamic social composition of the primate troop (see review Anderson, 1998). In 

the wild, the main predictors of choice for sleeping sites is based on predator-avoidance 

strategies followed by comfort. For example, it was found that bonnet macaques (Macaca 

radiata) sleeping sites were chosen at the highest levels of the canopy, and family groups (i.e., 

sire, dam, and infant) had priority for higher locations (Ramakrishnan and Coss, 2001). In wild 

Cebinae, animals choose to sleep on flat leaves versus round branches, presumably because of 

increased comfort (Zhang, 1995). Another component that ties into safety and comfort is 

sleeping within a social group. Group size is based on many factors, such as space availability, 

cleanliness, seasonal changes, and food availability in any given area (Hamilton, 1982; Smith-

Aguilar et al., 2016). In rhesus macaques (Macaca mulatta), nocturnal sleeping groups reflect 

daytime social associations and during the night clusters of one to four animals were observed 

with 58% of clusters composed of two primates (Vessey, 1973). Forming these clusters is 

beneficial for thermoregulation and dominant animals usually may be found in the middle of 

clusters, achieving the highest benefit of this interaction (Campbell et al., 2018). As discussed, 

while these field studies may not be recent, they do provide valuable information as to what 

primates need in captivity for restful sleep. This includes the choice to sleep at different heights 

to gain a sense of security and to have a comfortable, thermoneutral surface. Furthermore, social 

partners are essential for primates to be able to effectively thermoregulate and experience 

comfort. In a research setting there are two main types of housing for primates comprised of 

cages and pens. Cages are smaller mobile enclosures made of metal and pens are larger semi-

permanent enclosures made of various materials such as metal, plastics and wood inserts. As 

mentioned above, the environment that primates choose to sleep is specific to their safety and 

comfort needs thus housing systems could have an influence on sleep quality which is explored 

in the current study. For example, due to the larger amount of vertical space in pens this would 

allow primates to sleep higher of the ground (as they would in nature) providing them with a 

sense of safety and presumably resulting in a more restful sleep. It is important to provide 

primates with resources that give them a sense of security and comfort in the vulnerable context 

of the dark phase especially when research primates may be recovering from a procedure.  

There is an incomplete understanding of the bidirectionality of pain and sleep. There is 

evidence that the processes of pain and sleep use similar pathways in the brain (Millan, 2002). 
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For that reason, it is hypothesized that pain could be directly disrupting mechanisms responsible 

for the onset of or maintenance of sleep (Foo and Mason, 2003). This demonstrates the 

importance of evaluating sleep behaviour to ensure that pain regimens are adequate. 

Furthermore, the quality of sleep in the post-operative period had also been demonstrated to 

affect pain perception. In general, sleep disturbance specifically in the REM phase of the sleep 

cycle can cause hyperalgesia in both humans and animals (Onen et al., 2000; Raymond et al., 

2001). For example, in rats with paradoxical sleep deprivation, it has been demonstrated that 

pain threshold decreased compared to baseline (Onen et al., 2000). In human medicine, sleep 

quality predicts the subjective level of pain reported the next day following surgery (Raymond et 

al., 2001). These studies highlight the importance of assessing sleep to be able to provide 

individualized pain treatment.  

The current study used opportunistic sampling of primates from an ongoing study 

investigating the Cynomolgus Macaque Grimace Scale (CMGS). The current study had two 

research questions pertaining to night time behaviour in macaques. The first aim was to 

characterize dark phase behaviour in healthy, young adult captive-bred cynomolgus macaques 

housed in different housing systems, namely cages (C) and pens (P). The second aim was to 

examine the effect of potential pain or discomfort on sleep behaviour when comparing baseline 

to post-surgical dark phase behaviour. It was hypothesized that primates housed in pens would 

sleep more deeply because of increased environmental choice and control (i.e., as evidenced by 

reduced activity) than those housed in cages. It was also hypothesized that despite the use of a 

robust analgesic program, breakthrough pain or discomfort would occur in post-surgical animals, 

as can happen in humans and other species, resulting in less sleep and more activity and pain-

associated behaviours compared to baseline. 

3.2 Methods 

3.2.1 Animals and procedures  

The research was conducted at two contract research facilities accredited by the 

AAALAC International and the Canadian Council on Animal Care. All study activities were 

reviewed and approved by the Charles River Senneville (CR-SEN - Facility A) IACUC (protocol 

# 30768). A planned nonclinical study (approved under the Charles River Laval (CR-LAV – 
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Facility B) IACUC) requiring telemetry instrumentation for EEG and electromyographic 

monitoring was used as an opportunistic surgical event for the current observational study. A 

total of 64 macaques were part of this study. 

3.2.2 Animals, husbandry, and housing systems  

Captive-bred young adult cynomolgus macaques (Macaca fascicularis) (n=21, 6 males, 

15 females) approximately five years-old (range: 2-11 years) were used as part of this behaviour 

research from facility A (Group P) (see appendix A, Table A2, for subject characteristics and 

social groups). Group P primates were colony animals sourced from Shared International 

(Chinese origin). Captive-bred juvenile, surgery-naïve, cynomolgus macaques (Macaca 

fascicularis) (n=43, 22 males, 21 females) of approximately two years-old (range: 2.11-2.25 

years) and weighing on average 1.97 kg (range:1.7-2.4 kg) were used as part of this behaviour 

research from facility B (Group C) (see Appendix A, Table A1, for subject characteristics and 

social groups). Group C primates were sourced from K F (Cambodia) Ltd. Upon arrival at the 

Canadian facilities, both groups were subjected to a health assessment and tested at least once for 

tuberculosis by intradermal injection of tuberculin. Both groups were identified by unique tattoos 

from the provider.  

Group P primates were socially housed in pairs (n=6) or trios (n=3) in EU style pens (pen 

N=9) (Denmar, Quebec City, QC, Canada) with an internal surface of 2.02 m2, an internal 

volume of 5.5 m3, and a height of 2.73 m. Within the enclosure, there were multiple metal 

perches of various heights (ranging from 1-3 m) and one made of maple wood (Stiped Maple, 

W0027, Bio-Serv, Flemington, NJ, USA) (2 m height). Group P primates were provided with a 

foraging drawer filled with Teklad Sani Chip bedding (Envigo, Indianapolis, IN, USA). See 

Appendix A, Table A2, for specific subject characteristics and sample size. 

Group C primates were socially housed in pairs (n=14), trios (n=4), or quartets (n=1) in 

cages (cage N=19). One exception of single housing occurred in the post-operative period for 

approximately 12 h during the dark phase for one male who demonstrated short term aggressive 

behaviour. He was later socially rehoused with the same social group. Group C primates were 

housed in stainless steel cages (Allentown, Allentown, NJ, USA) with an internal dimension per 

quadrant as follows: internal surface of 0.38 m2, internal volume of 0.31 m3, and height of 0.83 
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m (pairs had access to only two quadrants). Group C primates had access to one perch per cage 

quadrant (approximately 20 cm from the cage floor if housed in pairs and 1 perch/cage 

approximately 1 m from the cage floor if housed in trios or quartets) made of steel rods. See 

Appendix A, Table A1, for specific subject characteristics and sample size. 

For each housing paradigm, males and females were housed in the same rooms. Pens and 

cages had at least one manipulable item per animal (Bio-Serv, Flemington, NJ, USA). Room 

maintenance (i.e., cages or pens washed with water, water check, floor wash) was performed 

every day from 09:00 to 11:00 for group C and from 07:00 to 10:00 for group P. The room 

temperature was set at approximately 24±3°C, with a relative humidity of 30-70%, and a 12 h/12 

h light: dark cycle (lights on at approximately 07:00). Primates were fed twice daily (Certified 

Primate Chow No. 5048: Group P, Envigo Teklad Certified Hi-Fiber Primate Diet #7195C: 

Group C) and provided with UV-treated, reverse osmosis water ad libitum. All primates received 

daily food supplements, such as fresh produce and certified treats (Bio-Serv, Flemington, NJ, 

USA). To promote adequate recovery, animals were provided with additional nutritional support 

at least three days prior to surgery and up to one week after, which consisted of crushed certified 

chow (Envigo Teklad Certified Hi-Fiber Primate Diet #7195C) mixed with a banana, a bowl of 

three types of fresh produce, and a multivitamin (Flintstones Vitamins, Bayter Inc, Mississauga, 

ON, Canada).   

3.2.3 Surgery and perioperative care  

The detailed protocol for the surgical procedure (EEG telemetry instrumentation) 

occurring in group C primates is beyond the scope of this study (for details, see Bassett et al., 

2014). Group C primates in cohort 1 underwent surgery in October 2020 (average surgery time 2 

h) and Group C primates in cohort 2 underwent surgery in January 2021 (average surgery time 

1.5 h). Surgeries were conducted by the veterinary service team of CR-LAV. The surgery was 

classified as a category C procedure by the IACUC, indicating a potential for mild to moderate 

pain, and a multimodal analgesia protocol was provided. Prior to sedation for surgery, primates 

were fasted overnight. Animals were sedated in the room and transported using a holding box to 

the prep room adjacent to the surgery suite. Surgical sites where prepped and shaved under 

sedation prior to surgery. The following anesthesia protocol was employed: induction occurred 
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via a combination of ketamine hydrochloride (Ketalean, Bimeda-MTC Animal Health Inc, 

Cambridge, ON, Canada; 10 mg/kg: IM) and acepromazine (Acevet 25, Vetoquinol, Lavaltrie, 

QC, Canada; 1 mg/kg: IM – in animal room), with anesthetic maintenance via isoflurane in 

oxygen (AErrane, Baxter Corporation, Mississauga, ON, Canada). Prior to surgery, animals from 

cohort 1 received buprenorphine (Vetergesic, Ceva Inc, Cambridge, ON, Canada; 0.06 

mg/animal: IM) and animals from cohort 2 received meloxicam (Metacam, Boehringer 

Ingelheim, Burlington, ON, Canada; 0.2 mg/kg: SC) and buprenorphine (Vetergesic, Ceva Inc, 

Cambridge, ON, Canada; 0.02 mg/animal: IM). Just prior to closing the incisions, primates from 

cohort 1 received a local anesthetic 50:50 bupivacaine:lidocaine (Marcaine, Apsen Pharmacare, 

Oakville, ON, Canada, 0.25%: Lidocaine NEAT, Animalytix LCC, Kirkland, QC, Canada; 

20mg/mL: SC) up to 0.1 mL/site along the incision sites and animals from cohort 2 received 

bupivacaine (Marcaine, Hospira, Montreal, QC, Canada, 0.25%, 0.5 mL: SC- max of 1.2 

mL/site, up to 2.4 mL) and slow-release buprenorphine (Sublocade, Pharma Importing Inc, 

Toronto, ON, Canada; 0.2 mg/kg: SC). Post-operatively, animals from cohort 1 received 

buprenorphine every 12 h for three days (Vetergesic, Ceva Inc, Cambridge, ON, Canada; 0.06 

mg/kg: IM) as well as one dose of meloxicam (Metacam, Boehringer Ingelheim, Burlington, ON, 

Canada; 0.2 mg/kg: SC) and animals from cohort 2 received meloxicam (Metacam, Boehringer 

Ingelheim, Burlington, ON, Canada; 0.10 mg/kg: PO) every 24 h for three days. All animals 

received antibiotics prior to and up to two days after surgery (Penicillin G procaine, Vetoquinol, 

Lavaltrie, QC, Canada; 0.1 mL/kg, 300,000 IU/mL: IM), and enrofloxacin (Baytril, Bayer Health 

Care, Toronto, ON, Canada; 5 mg/kg: IM). During surgery, technicians monitored the animals 

continuously and took body temperature, heart-rate, and respiratory rate every ten minutes until 

animals were fully responsive. Animals were brought back to their home cage in a holding box 

approximately 30 min after surgery end time. This delay was to ensure adequate body 

temperature (above 37.0°C) before returning to their home cage. At the end of each day, the 

research associate would perform an end of day check to ensure that animals were recovering 

adequately.  
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3.2.4 Behaviour video recording and scoring 

Primates were video recorded in their home cage or pen during the 12 h dark phase using 

high-definition night surveillance cameras (5 Megapixels PoE Fixed Bullet RLC-410-5MP, 

Reolink Digital Technology Co., Ltd, China). Video recording took place in December 2020 for 

group P and for group C video recording took place in October 2020 for animals from cohort 1 

and January 2021 for animals from cohort 2. The camera set-up for group P consisted of two 

cameras mounted on a tripod directed towards the top and bottom of the pens and one camera 

mounted on a custom plexi-glass frame attached to the pen perch (see Appendix I). The camera 

set-up for group C consisted of two to four cameras (depending on if animals had access to the 

whole cage or half) mounted to a custom plexi-glass frame attached to the door of each cage 

permitting a view of the entire cage (see Appendix I). These were placed approximately 3 h 

(group P) and up to 36 h prior (group C) to the dark phase to allow primates to habituate to the 

camera set-up before the 12 h dark phase video recording commenced. Group C primates were 

also video recorded during the first 12 h dark phase following the day of surgery. Primates that 

had undergone surgery had shaved surgical sites thus could be identified and scored, however, 

individual identification (i.e., specific subject) was unknown. Some primates did not go through 

surgery on the same day as their cage mate and primates could not be individually identified 

when more than two primates had undergone surgery within the cage (i.e., two or three primates 

had shave marks) thus six primates were scored on the second and/or third dark phase following 

surgery due to this limitation (see Appendix A, Table A1 for surgery dates of individual 

animals). Thus the data set contains dark phase behaviour of six primates 24 and/or 48 hours 

post-surgery.  

Two observers scored dark phase behaviour with Observer XT (version 15.0.1200: 

Noldus Information Technology, Wageningen, the Netherlands) using continuous all occurrence 

focal animal sampling of all of the behaviour patterns listed in the ethogram (Table 3.1) adapted 

from previous captive primate behaviour (Descovich et al., 2019). One of the limitations to the 

behaviour analysis is that sleeping could not be confirmed thus inactive/active was used to 

represent sleep as it’s description is in accordance with sleep behaviour. Group P videos were 

randomized using a random number generator program (random.org). Videos were scored in a 



 

 

76 

 

randomized order but the observer was not blinded to the time. Group P did not have different 

conditions (pre- and post-op) and were only used as a control comparison. Group C video 

recording were randomized, and the observer was blinded to time, day, and animal as there were 

conditions including baseline (healthy) and post-surgery (recovery). Although efforts were made 

for the observer to be blinded, primates that had undergone surgery had shaved marks at the 

surgical sites thus the condition (pre and- post op) was known. This potential bias was discussed 

and the observer remained as objective as possible during the analysis. Behaviour was scored at 

sampling durations of 15 min/h (see sampling strategy section) for 12 h control, baseline, and 

post-op. The start of the 15 min behaviour analysis was chosen at random during the hour of 

interest (i.e., camera software saved video files in 43 min increments and the first video 

recording to start within the hour of interest was scored for 15 min within the hour of interest). A 

total of 63 h of continuous focal data was observed for group P (i.e., sum of 15 min/time 

point/animal) and 224 h for group C (i.e., sum of 15 min/time point/animal (video recordings 

missing for time point 5N (23:00-0:00) due to technical issues with video recording equipment, 

resulting in 38 h of missing data, as well as 10h of non-usable video recordings in the post-op 

period due to nightly injections in the first few hours of the night (between 19:00-21:00)). Paired 

or group-housed primates could not be identified individually but were scored independently, 

thus the experimental unit (random effect) was the cage or pen (n=19 cages, n= 9 pens). See 

Appendix A for subject characteristics and social groups.  

3.2.5 Determination of the sampling strategy  

Observers scored 3 h of behaviour (continuous all occurrence focal animal sampling) 

using the ethogram (Table 3.1) in each housing system for three different units, animals, and 

times (see Appendix E for subject characteristics and time points). Spearman’s rank correlation 

was used to compare 5, 10, and 15 min to the entire hour of behaviour to determine the ratio of 

time that would most accurately reflect the behaviour during an entire hour (Daigle and Siegford, 

2014). It was determined that 15 min provided the most accurate depiction of behaviour for both 

housing systems, representative of 64% of hourly behaviours in pens (rho=0.64, p<0.05) and 

74% in cages (rho=0.74, p<0.05). Given these results, a sampling duration of 15 min/h (start 

time within the hour – not necessarily the top of the hour) was used for behaviour scoring.  
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3.2.6  Statistical analyses 

All statistics were performed using R studio (R core team, R Foundation for Statistical 

Computing, Boston, MA, USA) and statistical significance was set at p<0.05. Figures were made 

using Excel (Microsoft Excel, version 2105). Unless otherwise defined, results are presented as 

mean proportion of duration ± SD (i.e., duration a specific behaviour was observed/total duration 

of the behaviour analysis). The analyst was not blinded during the statistical analysis; however, 

the data transformations and methods chosen to handle missing data were determined a priori.  

To examine the dark phase behaviour in different housing systems a Gaussian linear 

mixed model was conducted for each housing system separately. The experimental unit was the 

enclosure (pen or cage). All behaviours were plotted across time points and behaviours with zero 

occurrences (forage, drink, aggression, abnormal repetitive behaviour, rub face, movement 

directed towards the wound, allo-grooming (only group P), tremor, bruxism, and head lean) were 

excluded from the analysis. Behaviour data for group P and group C (baseline) was assessed for 

normality and only “inactive” and “embrace” met the criteria of homogeneity of variance and did 

not require transformation. After square root transformation, only the behaviour “self-groom” 

met the model assumption which was determined by visual inspection of Q-Q plots. Thus 

inactive, embrace and self-groom were the response variables. Two separate linear mixed models 

were performed per housing system to calculate LS means for each behaviour with the 

behaviours as the response variables, time point, age (only for pen housed primates), and sex as 

fixed effects, and enclosure as the random effect.  

To compare the effects of housing system on dark phase behaviour, three behaviour 

categories were made (proportions of duration of behaviours summed if more than two 

behaviours in a category). The categories included inactive (behaviours included: inactive), 

social interaction (behaviours included: embrace/huddle), other (behaviours included: climbing, 

self-groom, manipulation of cage resources, play, eat). Differences in age between animals 

housed in cages and pens limited the ability to perform statistical comparison such that behaviour 

results are descriptive only. Histograms of each behaviour category were used to visually 

compare housing systems across the 12 hour dark phase.  
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In order to compare nocturnal behaviour pre- and post-surgery of primates from group C 

only as similar analysis was performed to compare dark phase behaviour pre- and post-op. To do 

so three behaviour groups were created (proportions of duration of behaviours summed if more 

than two behaviours in a category) including inactive (behaviours included: inactive), social 

interactions (behaviours included: allo-grooming, embrace/huddle), and pain-associated 

behaviours (behaviours included: self-groom, movement directed towards the wounds). These 

three behaviour categories were the response variable. Behaviour categories were assessed for 

normality and the category pain-associated behaviour needed to be square root transformed to 

meet the criteria of the model which was determined by visual inspection of Q-Q plots. Time 

points (hours of the dark phase) were labelled per condition (pre- vs post-op). An ANOVA was 

used to determine if the interaction between time point per condition and sex had an effect on the 

behaviours categories and did not thus was not included in the model. A Gaussian linear mixed 

model was used to determine LS means for pre- and post-op with behaviour categories as the 

response variable, time point per condition, sex, and cohort as fixed effects, and cage as the 

random effect. Condition pre- and post-op were compared using a pairwise comparison of the 

least square means with behaviour categories as the response variable, time point per condition, 

sex, and cohort as the fixed effects, and cage as the random effect. A Tukey’s adjustment was 

used to obtain p-values. One primate from group C was separated during the night due to 

behaviour issues post-surgery and was removed from the data set before analysis. 

3.3 Results 

3.3.1 Effect of housing system on dark phase behaviour of healthy macaques 

Behaviour analysis of pen housed animals demonstrated that during the first hour of the 

dark phase (1N; 19:00-20:00), primates were mostly active (proportion of time of the category 

inactive: 0.03±0.07). During the first hour of dark (1N; 19:00-20:00) primates housed in pens 

engaged in other behaviours (0.21±0.17) and these included climbing (0.17±0.14), eating 

(0.01±0.01), self-grooming (0.01±0.01), and manipulation of in-pen resources (0.01±0.05) 

(Appendix J). However, the rest of the night (2N-12N; 20:00-07:00), the average proportion of 

time spent inactive was 0.88±0.04, the proportion spent huddling was 0.98±0.08, and primates 

rarely engaged in behaviours from the category “other”, which includes climbing, eating, self-
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grooming, and manipulation of in-pen resources. Primates housed in pens primarily slept on the 

2 m high wood perch.  

Behavioural analysis of primates housed in cages demonstrated that during the first few 

hours of the dark phase (1N, 2N, 3N, 4N; 19:00-23:00±30 min) primates were mostly inactive 

(average of 1N, 2N, 3N, 4N: 0.95±0.01) and engaged in social interactions (embrace/huddling 

average of 1N, 2N, 3N, 4N: 0.99±0.01). Starting at 00:00 till the end of the dark phase (6N-12N; 

00:00-07:00±30 min) primates housed in cages were more active (average of 6N, 7N, 8N, 9N, 

10N, 11N, 12N: 0.85±0.06) had less social interactions (average of 6N, 7N, 8N, 9N, 10N, 11N, 

12N: 0.92±0.06) and engaged in climbing (0.01±0.02), eating (0.01±0.02), play (0.01±0.01), and 

self-grooming (0.05±0.06). Primates housed in cages chose to sleep mostly on the elevated steel 

perches; however, one pair of females was observed sleeping in a cluster on the main cage floor.  

LS means of each time point for group P and C (baseline) for the following categories of 

behaviour inactivity, social behaviour, and self-groom are presented (Appendix K). LS means 

represent the mean value of behaviour per time point, but the value is adjusted for fixed effects 

and random effects. Raw behaviour data for both housing paradigms was used for visual 

representation (Figure 3.1) A break down of each behaviour from the category other for each 

housing system is presented in Figure 3.2 alongside the behaviour category inactive and social 

interactions.  

3.3.2 Dark phase behaviours of macaques in pen versus cage housing  

Three main categories of behaviour (general activity, social interaction, other) were 

compared in primates housed in pens and cages and the mean proportion of time performing 

each behavioural category is presented in a histogram (Figure 3.1). During the first hour of dark 

(19:00±30 min), group P primates were more active, performed less social interactions, and 

engaged in behaviours from the category other compared to group C primates. After the first 

hour of the dark phase, social interactions remained similar between both groups. Compared to 

group P primates, group C primates were more active performing behaviours from the category 

other from 00:00 until the start of the light phase, approximately 7 h later. See Appendix I for 

raw behaviour data of pen and cage housed primates. 
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3.3.3 Dark phase baseline behaviour versus post-operative behaviour in cage 

housing 

Three main categories of behaviour (general activity, social interaction, and pain-

associated) were compared before and after surgery. LS means of the proportion of time and 

95% confidence intervals are presented in Figure 3.3. No effect was found for cohort and sex on 

the three categories of dark phase behaviour (p>0.05). Overall, primates were more inactive 

during the baseline dark phase compared to post-operatively with significant differences (effect 

size estimate±SE, p value) between pre- and post-op time points were found at 1N (19:00-

20:00±30 min) (0.5±0.06, p<0.0001), 3N (21:00-22:00) (0.27±0.05, p<0.0001), 4N (22:00-

23:00) (0.20±0.05, p<0.0001), 9N (03:00-04:00) (0.23±0.05, p<0.0001), 12N (06:00-07:00±30 

min) (0.31±0.07, p<0.0001). LS means±SE for inactivity in pre-op for time points with 

significant findings were 1N: 0.95 (95% CI: 0.86-1.04), 3N: 0.93 (95% CI: 0.84-1.01), 4N: 0.95 

(95% CI: 0.87-1.04), 9N: 0.96 (95% CI: 0.86-1.04), and 12N: 0.83 (95% CI: 0.72-0.93). LS 

means±SE for post-op inactivity at time points with significant findings were 1N: 0.45 (95% CI: 

0.34-0.56), 3N: 0.65 (95% CI: 0.56-0.83), 4N: 0.75 (95% CI: 0.66-0.84), 9N: 0.72 (95% CI: 

0.63-0.81), and 12N: 0.52 (95% CI: 0.41-0.64). As for social interactions (embrace/huddle, allo-

grooming) pre- and post-operative activities were similar with no significant differences 

((p>0.05) except for the first hour of the dark phase 1N (19:00-20:00±30 min) (0.31±0.06, 

p<0.0001), in which social interactions occurred significantly more frequently during the pre-

operative dark phase compared to the same post-operative period (Table 3.2). LS means for 

social interactions at time point 1N was 0.97 (95% CI: 0.87-1.06) pre-op and 0.66 (95% CI: 

0.55-0.78) post-op. Pain-associated behaviours were significantly higher during the last hour of 

the dark phase (12N; (06:00-07:00±30 min) (0.13±0.13, p=0.0342)) compared to the respective 

baseline measure (Figure 3.3). LS means for pain-associated behaviour at 12N pre-op was 0.03 

(95% CI: 0.00-0.06) and post-op was 0.08 (95% CI: 0.04-0.10). 

3.4 Discussion 

This investigation of the dark phase or night time behaviour of healthy cynomolgus 

macaques demonstrated that primates housed in pens and cages engage in social interaction and 

are inactive for most of the dark phase, largely preferring to sleep on the elevated perches and 
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specifically wooden perches in pens. Primates housed in pens did require some time to gradually 

decrease activity after lights out demonstrated by their behaviour during the first hour of the dark 

phase where they spent most of their time active, playing, eating, and climbing. Young adult 

cynomolgus macaques housed in cages were inactive much of the first half of the dark phase but 

were observed playing, eating, and climbing in the second half. The two main behavioural 

differences between pen and cage housed cynomolgus macaques is that during the first hour of 

the dark phase, macaques housed in pens performed more active behaviours compared to 

macaques housed in cages. Conversely, primates housed in cages engaged in more active 

behaviours during the second half of the night compared to primates housed in pens. Social 

interactions (specifically, huddling and embracing) did not differ between the two housing 

systems, being important for both. These results suggest that a more spacious/complex 

environment promotes a more restful sleep; however, there are other factors to be considered and 

discussed below. There is no literature comparing dark phase behaviours of primates in different 

housing systems. The examination of dark phase behaviour following surgery demonstrated that 

cynomolgus macaques expressed some pain-associated behaviours more specifically closer to 

early morning. When comparing primates in their normal state to their post-operative behaviour, 

primates in recovery were more restless throughout the night, despite maintaining similar 

degrees of social interactions. Furthermore, the observer reports that macaques in recovery 

paired with a healthy primate caused the cluster to have more movement during the dark phase, 

however, this was not quantified (see Appendix A for surgery date distribution of all primates 

(n=43). This suggests that some breakthrough pain or discomfort may have been experienced by 

at least some animals during the post-surgical dark phase, as seen with increased restlessness, 

reduced sleep, and pain-associated behaviours.   

In this study, the dark phase behaviour of healthy macaques housed in pens and cages 

was observed and characterized. In wild Japanese macaques (Macaca fuscata), it has been 

observed that animals will sleep in clusters up to 11 h without waking (Mochida and Nishikawa, 

2014). Similarly, in wild pigtailed macaques (Macaca nemestrina), it was found that these 

animals would spend almost 12 h at their sleeping site, and sleep periods correlated with sunset 

and sunrise (Lie et al., 2011). It has also been observed that wild orangutans (Pongo pygmaeus) 

and gorillas (Gorilla beringei) will make beds using natural substrates at dusk and will not leave 
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their bed to eat or interact with others until morning (Andrew, 1963; Mackinnon, 1974). 

Interestingly, macaques living close to humans (i.e., close to cities where there is more light 

pollution) are seen engaging in more active behaviours at night compared to primates that do not 

live close to humans (Anderson, 1998). In addition, in field studies of Japanese macaques 

(Macaca fuscata), some individuals of the same troop can be seen sleeping over 10 h with no 

disturbance whereas others are observed waking every 5-10 min (Mochida and Nishikawa, 

2014). In terms of site selection, wild macaques will primarily choose their sleep location based 

on predation risk, preferring beds at 15.8 m high in the canopy, and when possible branches that 

are over a body of water (Lie et al., 2011; Ramakrishnan and Coss, 2001). These wild primate 

studies are similar to the night time behaviours observed in this study in which primates sleep the 

majority of the night, high off the ground, in social groups or clusters, which likely provides 

them with a feeling of safety and comfort. More research is needed in the captive environment to 

compare the effects of season, etc., on sleep/wake patterns in different housing environments.  

An important finding was that social interactions of cynomolgus macaques in the dark 

phase did not differ between housing systems - in both housing systems high proportions of 

embracing and huddling were observed. In the wild, macaques are commonly observed sleeping 

in clusters of two to four, which is thought to increase fitness through thermoregulation and 

lower risks of predation (Campbell et al., 2018; Erffmeyer, 1982; Vessey, 1973). Clusters of two 

compared to clusters of four have demonstrated less wakefulness because one animal’s 

movement will disturb the others (Mochida and Nishikawa, 2014). These results demonstrate 

that regardless of the environment, social night time behaviour is an important species-typical 

behaviour for captive research macaques. 

In this study, the dark phase behaviour of macaques before and after surgery was 

examined and compared. The results demonstrate that even when surgeries occur early in the 

day, macaques in the post-surgical period are more restless throughout the subsequent night. 

Primates in the post-surgical period expressed pain-associated behaviours (i.e., self-scratching 

and movement directed towards the wounds). These behavioural changes suggest that there is 

potential pain-associated sleep disturbance, despite the use of analgesics. The literature on sleep 

in animals related to acute pain is limited. It has been demonstrated in rats with acute gouty 
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arthritis (using a model of intra-articular knee injections of uric acid) that they have increased 

wakefulness and a decrease in total REM sleep (Guevara-López et al., 2009). Other acute and 

chronic animal and human pain models and spontaneous conditions have demonstrated similar 

results. For example, chronic pain has been demonstrated to affect sleep duration, slow wave 

sleep and REM sleep, latency to sleep, and sleep fragmentation (Knazovicky et al., 2015; Goodin 

et al., 2012; Graham and Streitel, 2010; Raymond et al., 2001; Wylde et al., 2011). These 

parameters were not quantified in this study, however, the results of the post-operative night time 

period demonstrated similar trends (i.e., increased time awake, active and increases in specific 

pain-associated behaviours). This further suggests that both in human and animal medicine, pain 

management is complex and despite best efforts to manage post-operative discomfort and pain, it 

may not be possible to completely alleviate it. Some factors that can promote a good night’s rest 

in primates and fast recovery are presented below and in the proposed multifactorial model 

(Figure 3.4). 

In this study, macaques were treated with a multimodal analgesic regimen composed of 

an NSAID (meloxicam), an opioid (buprenorphine and/or buprenorphine slow-release), and a 

local anesthetic (lidocaine: bupivacaine). Therapeutic agents in themselves can cause 

behavioural changes. Rats exposed to sevoflurane can demonstrate significantly different 

behaviours for up to five days post-exposure (Zheng et al., 2013). In wild macaques, alteration to 

the endogenous opioid system following a single injection of naloxone has been demonstrated to 

cause social behaviour changes in which primates seek more occasions to perform and receive 

allo-grooming and conspecific contact (Martel et al., 1995). Women undergoing abdominal 

surgery treated with fentanyl or bupivacaine, reported low to no pain post-surgery, however, 

EEG readings which demonstrated that mean slow waves decreased significantly more in the 

opioid group compared to the local anesthetic group, suggesting a detrimental effect of opioids 

on sleep (Cronin et al., 2001). Opioids have also been reported to worsen sleep apnea and cause 

respiratory depression in human patients (Mulier, 2016). Although there is no research on 

nonhuman species regarding sleep disturbance due to therapeutic agents, the analgesics 

administered in this study may have negatively impacted sleep. More research is needed on the 

impact of opioids on sleep quality in macaques.  
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Another factor related to choosing specific analgesics for research macaques is the dosing 

frequency and half-life. For example, choosing a sustained-release analgesic will lead to fewer 

disturbances whereas a standard formulation administered every 12 h may fall within the dark 

phase causing additional sleep disturbances. In human patients, decreasing nightly nurse checks 

and providing patients with earplugs and eye masks in the post-operative period improves sleep 

quality and recovery (Hu et al., 2015). This example should be replicated for research animal 

settings, in which analgesic protocols and study activities are scheduled outside of the dark phase 

to allow primates to have a quiet and non-disturbed sleeping environment, especially during 

recovery. 

In veterinary and human medicine, a common problem is post-operative hypothermia as 

the body loses heat during anesthesia and surgery and anesthetic agents also may affect 

thermoregulation processes (Kim, 2019; Thompson and Johnson, 1991). There may also be an 

impact of body temperature on the perception of pain. For example, rats that were not actively 

warmed post-surgery had higher pain grimace scores compared to rats that were warmed, thus 

potentially indicative of cold discomfort (Klune et al., 2020). This highlights the importance of 

providing animals with social partners post-operatively especially during the dark phase to 

ensure adequate thermoregulation in that vulnerable state. Other benefits of night time social 

interaction have been hypothesized, such as reinforcing social bonds (particularly between older 

animals who may spend much of the day apart) as well as to provide a sense of security to 

prevent from falling from trees or perches (Ramakrishnan and Coss, 2001).  

The principal limitation of this study was that there was no post-surgical group of 

macaques housed in pens. Thus, it was not possible to compare pre- and post-operative 

behaviours of cynomolgus macaques in pens. This study also raises the question of whether pen 

housing makes for the best sleep in captivity. It would be interesting to compare pen housing 

dark phase behaviours with that from macaques housed in larger troops in zoos. Another 

limitation due to opportunistic sampling is that it was not possible to control subject 

characteristics or the number of animals. For example, age was a confounding factor in which 

primates housed in cages were all approximately two years old and primates housed in pens had 

a wider age range (2 to 11 years old) such that statistical comparison was not possible. Primates 



 

 

85 

 

housed in different housing systems with the same age distribution should be evaluated 

considering that age could influence sleep architecture. In this study, it was not possible to 

individually identify animals in the dark phase. Better methods of dark phase identification 

should be explored so that behaviour can be scored at the individual level. Moreover, if night 

time identification of animals was possible then the influence of any given animal on the sleep 

behaviour of other conspecifics could be studied. Another confounding factor related to 

opportunistic sampling are the effects of anesthesia and analgesia on sleep behaviour. In this 

study anesthetics and analgesics were used but no treatment effect was found on dark phase 

behaviour categories. Future research should examine the effect of anesthesia, analgesia, and 

their combination on the night time behavior of healthy primates to investigate the impact of 

analgesics. In this study, general behaviour was used to examine the quality of sleep, however, 

more specific and accurate measures of this exist. These include EEG monitoring and other 

physiological measures such as body temperature and heart rate, especially when collected 

remotely by telemetry. Furthermore, sleep scales exist in the human literature that measure 

indicators such as latency to sleep, frequency of repositioning, and awakening. The concern with 

quantifying these indicators is that using indirect observations only does not allow for the 

confirmation of sleep especially when the primates’ face is not directed towards the camera. 

Future research should develop a sleep scale incorporating species-typical behavioural, 

physiological and physical indicators of normal and post-surgical sleep parameters to have a 

valid and reliable measure of sleep, in relation to pain. These sleep scales could then be used for 

efficacy testing of different analgesic protocols in primates.   

3.5 Conclusion 

This study demonstrates preliminary observations of dark phase behaviour in macaques 

and characterizes night time behaviour of healthy primates in two different housing systems as 

well as compares night time behaviour of primates before and after surgery. Behavioral 

differences were observed between housing paradigms as well as pre- and post-surgery. Based 

on the results and extrapolation from field studies, a multifactorial model is proposed that can 

guide the alteration of inputs for primate behaviour management to ensure adequate post-

operative care during the dark phase. Principal recommendations include assessing dark phase 
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behaviour before and after surgery to ensure adequate pain control as well as creating an optimal 

environment. This study suggests that an adequate dark phase environment for optimal post-op 

recovery in cynomolgus macaques include perches of various heights, thermoneutral surfaces, 

and at least one familiar conspecific.  
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A) Behaviour summary of macaques in pen housing 

 
 

B) Behaviour summary of macaque in cage housing 

 
Figure 3.1.7The mean proportion of the duration of time (± SE) primates were inactive, 
performed social interactions (huddling, allo-grooming), and other behaviours (climbing, self-
groom, manipulation of cage resources, play, eat) in pen (A) (females n= 15, males n=7, pens 
n=9) and cage housing (baseline) (B) (females n= 21, males n=22, cages n=19). Time points 
1N to 12N represent the hours of a 12 h light cycle. Dark phase time point 5N of cage housing 
did not have a full data set due to technical issues with video recording equipment.  
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B) Macaque night time behavioural data of cage housing 

 

 
C)  Dark phase time points  

Figure 3.2.8Stacked bar chart represents the mean proportion of time macaques spent 
performing behaviour from the category other per dark phase time point in pens (A) and cages 
(baseline) (B), axes to the left. Line chart represents the mean proportion of time pair, trios, or 
quartets of macaques spent inactive and engaging in social interactions per dark phase time 
points in pens (n=9 (A)) and cages (n=19 (B)), axes to the right. Primates housed in pens were 
composed of 15 females and 6 males (n=21) and cage housing 21 females and 22 males 
(n=43). Time points 1N to 12N represent the hours of a 12 h light cycle. Time point 5N of 
cage housing (B) did not have a full data set due to technical issues with video recording 
equipment.  
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A) Inactive pre- versus post-operative 

 
B) Social interactions pre- versus post-operative  

 

C) Pain associated behaviour pre- versus post-operative 

 
Figure 3.3.9Least-square means of the proportion of time (lower and upper 95% CI) pairs, 
trios, or quartets of macaques (females n= 21, males n=22, n cage = 19) were inactive (A), 
performed social interactions (huddling, allo-grooming) (B), and demonstrated pain-associated 
behaviour (movement directed towards the wound, self-groom) (C). Lower confidence interval 
below 0 and not presented for (C). Time points 1N to 12N represent the hours of a 12 h light 
cycle. Dark phase time point 5N did not have a full data set due to technical issues with video 
recording equipment. *Indicating significant changes between pre- and post-operation 
(p<0.05). 
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Figure 3.4.10Multifactorial model of endogenous and external factors that influence quality of 
sleep in the post-operative period in primates resulting in various outcomes. Green arrows are 
input-based measures and yellow arrows are outcome-based measures that may be influenced 
(adapted from Redeker and Hedges, 2002). NSAID: Nonsteroidal Anti-Inflammatory Drug 
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Table 3.1.10Ethogram used to score night time primate behaviour, with the behaviour categories 
of locomotion, self-maintenance, resource directed, affiliative, agonistic, abnormal, sedation, and 
pain (adapted from Descovich et al., 2019). 

Category Behaviour Descriptions Duration of 
Frequency 

Locomotion Climbing Climb vertically or descent vertically, hanging from 
cage top or cage enrichment and limbs are not touching 
the cage floor or main perch 

Duration 

Inactive  The primate is sitting without movement or appears to 
be sleeping 

Duration 

Self-
maintenance 

Self-groom The primate is manipulating fur with hands or mouth, 
displacing the fur, picking, plucking, licking, 
scratching, or thoroughly examining skin or fur 

Duration 

Forage  The primate searches for food Duration 
Eat The primate consumes food Duration 
Drink The primate consumes water from lexit or cage floor. Duration 

Resource 
directed 

Manipulate cage 
resources 

The primate uses hands, feet or mouth to manipulate or 
carry resources provided in or on the exterior of the 
cage 

Duration 

Affiliative Allo-grooming The animal manipulates a cage mates’ fur with hands or 
mouth, displacing the fur, picking, plucking, licking, or 
thoroughly examining skin or fur 

Duration 

Play Animals will pull, poke or mock bite a cage mate Duration 

Embrace/huddle Ventral-ventral, dorsal-ventral, or distal/proximal 
surface of body touching or holding of companion 

Duration 

Agonistic Aggression Primate performs aggressive behaviour towards a cage 
mate (i.e., displacement, chase, mount, threat, bite) 

Duration 

Abnormal Abnormal 
repetitive 
behaviour 

The primate performs abnormal repetitive behaviour 
which may be a locomotor stereotypy, appetitive 
stereotypy, self-directed or self-injurious 

Duration 

Sedation  Rub face Primate rubs a part of its face using hands or feet Duration 

Tremor Rhythmic movements of shivering or quivering Duration 
Ataxia The primate is stumbling, falling, and has overall 

uncoordinated movement 
Duration 

Pain  Movement directed 
towards the wound 

Primate directs its behaviour towards the surgical site 
our area of the body that was implicated in a procedure 
(i.e., scratching, licking, touching) 

Duration 

Bruxism Teeth grinding or jaw clenching can be observed by a 
chewing motion 

Duration 

Body shake Shaking up or down the body as if to remove particles 
or water 

Frequency 

Head lean The primate rests its head on a cage or cage furniture 
surface 

Duration 
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Table 3.2.11Effect size estimate and p values of night time behaviour analysis 
comparing the dark phase hours before and after surgery (absolute values presented). 

 Behaviour category 

Dark 
phase 
hour 

compared 

Absolute 
time 

comparison 

Inactive Social 
interactions 

Pain associated 

1N 19:00-20:001 
18:30-19:302 

0.5 (0.06) 
p<0.0001 

0.31 (0.06) 
p=0.0002 

0.09 (0.03) 
p=0.2458 

2N 20:00-21:00 0.27 (0.07) 
p=0.1255 

0.15 (0.08) 
p=0.9540 

0.01 (0.04) 
p=1.0000 

3N 21:00-22:00 0.27 (0.05) 
p=0.0001 

-0.17 (0.05) 
p=0.1639 

0.07 (0.03) 
p=0.5468 

4N 22:00-23:00 0.20 (0.05) 
p=0.0295 

0.11 (0.05) 
p=0.9254 

0.06 (0.03) 
p=0.7748 

5N 23:00-0:00 - - - 
6N 0:00-1:00 0.18 (0.05) 

p=0.1794 
0.09 (0.05) 
p=0.9912 

0.03 (0.03) 
p=1.000 

7N 1:00-2:00 0.13 (0.05) 
p=0.7514 

0.08 (0.05) 
p=0.9991 

0.06 (0.03) 
p=0.7709 

8N 2:00-3:00 0.19 (0.06) 
p=0.1111 

0.12 (0.05) 
p=0.8908 

0.05 (0.03) 
p=0.9946 

9N 3:00-4:00 0.23 (0.05) 
p=0.0063 

0.17 (0.05) 
p=0.1816 

0.06 (0.03) 
p=0.8786 

10N 4:00-5:00 0.07 (0.06) 
p=1.000 

0.03 (0.05) 
p=1.0000 

0.01 (0.03) 
p=1.0000 

11N 5:00-6:00 0.16 (0.06) 
p=0.4456 

0.17 (0.06) 
p=0.2184 

0.08 (0.03) 
p=0.2429 

12N 6:00-7:001 

6:00-6:302 
0.31 (0.07) 
p=0.0066 

0.15 (0.07) 
p=0.9304 

0.13 (0.03) 
p=0.0342 

 
1Cohort 1 animals (different time due to different light cycle) 
2Cohort 2 animals (different time due to different light cycle) 
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4 CHAPTER 4: GENERAL DISCUSSION  

Research primates may undergo procedures for veterinary-related care or study 

requirements that can cause pain, if not treated adequately. The current literature is limited in 

terms of information related to primate pain management as a whole and more specifically pain 

recognition and assessment as well as analgesic recommendations based on pharmacokinetics 

and efficacy testing specific to primates. This makes it difficult for veterinarians to treat pain in 

primates and to demonstrate that current analgesic protocols achieve therapeutic goals. In a 

research setting, the provision of analgesic regimens are based on the most current literature and 

severity assessment (Murphy et al., 2012; Tardif et al., 2013). Generally, the choice of analgesic, 

dose, and frequency are extrapolated from other species in which pharmacokinetic evidence 

demonstrates that those extrapolations are not always accurate (Carlson et al., 2016). To be able 

to treat pain effectively it needs to be recognized and evaluated (NRC, 2009). Since animals 

cannot verbally express how they feel as humans can, various indices of pain need to be assessed 

in order to make inferences about the animals’ state. In nonverbal humans (e.g., neonatal and 

geriatric patients) the most accurate indicator of pain has been demonstrated to be facial 

expressions (De Cássia Xavier Balda et al., 2000; Li et al., 2008; Villanueva et al., 2003). In the 

past decade, using facial expressions to identify and evaluate pain in animals has become a 

common approach for many animal species (Tappe-Theodor et al., 2019). Grimace scales are 

generally used alongside composite scales integrating behaviour and physical indices of pain 

(Calvo et al., 2014; Ellen et al., 2016).  

This thesis examined facial and postural indicators expressed in cynomolgus macaques 

(Macaca fascicularis) post-surgery with the goal of creating a CMGS, and to then validate the 

scale by looking at the relationship between grimace scores and detailed behaviour data (gold 

standard comparison). This study used opportunistic sampling of 43 cynomolgus macaques that 

underwent a planned surgery (EEG/EMG instrument implantation). The primates were video 

recorded continuously in their home cage with their familiar social groups 24 h before and 48 h 

after surgery during the light and dark phases. During the light phase, images were retrieved 

(n=1940) from the video recordings at times when breakthrough pain was estimated to occur 

(based largely on analgesic pharmacokinetics and the pain literature). Behaviour analysis was 
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conducted (111 h) using a comprehensive ethogram (see Table 2.2) at the same time points, to be 

compared with CMGS scores to ensure criterion validity. Dark cycle behaviour was also 

examined as part of an exploratory study to understand normal captive primate behaviour in two 

different housing systems as well as the effects of discomfort/pain on night time behaviour. This 

analysis also provided insight and informed recommendations on what primates need for a 

restful sleep to promote a fast recovery and optimal post-operative care. The results presented in 

this thesis describe a novel tool (CMGS) that has been demonstrated to be a reliable and valid 

measure of pain in cynomolgus macaques using facial expressions and a postural indicator; 

however, it is specific to the surgery and characteristics of the animals that were part of this work 

and further external validation is required. The CMGS can be used in practice for further 

validation in conjunction with other methods of pain assessment, such as behaviour and physical 

indicators of pain. The behaviour data will strengthen the literature regarding the indicators of 

presumed pain during the day and night. It also provides insight into the refinements that can be 

made for perioperative care with the goal of improving pain management in primates, overall 

welfare, and the quality of scientific data.  

4.1 Development of the Cynomolgus Macaque Grimace Scale 

This work found that there were four action units associated to potential pain (acute post-

surgical breakthrough pain) in the cynomolgus macaque after undergoing a surgery classified as 

of category C procedure. These were integrated into a grimace scale and consist of orbital 

tightening, eyebrow lowering, lip tightening, and hunched posture. The action units are scored on 

a 3-point scale (0: not present, 1: moderately present, 2: obviously present) except lip tightening 

scored on a 2-point scale (0: not present, 1: present) due to its subtlety (i.e., difficulty in 

discriminating different levels of lip tightening). Certain action units such as orbital tightening 

and hunched posture have been identified in the majority of grimace scales in other species 

(Dalla Costa et al., 2014; Evangelista et al., 2019; Keating et al., 2012; Langford et al., 2010; 

Mclennan et al., 2016; Reijgwart et al., 2017; Sotocinal et al., 2011; Viscardi et al., 2017). 

Changes in the area of the mouth have also been reported in horses (Dalla Costa et al., 2014), 

cats (Evangelista et al., 2019), lambs (Guesgen et al., 2016), sheep (Mclennan et al., 2016), and 

humans (Mieronkoski et al., 2020). Eyebrow lowering has not been reported in other nonhuman 
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species, but evidence demonstrates that the same muscle responsible for eyebrow lowering in 

humans is contracted when in a state of pain and is the same in primates (Julle-Danière et al., 

2015; Mieronkoski et al., 2020).  

The reliability of each action unit was assessed with the help of 12 participants blinded to 

time point and animal, who cumulatively scored 1940 facial and whole-body randomized 

images. The results demonstrated that when a single observer used the tool that the reliability 

was lower than when an average score from four observers was used (Table 2.3). These results 

are similar to the single and average inter-observer reliability of the feline grimace scale 

(Evangelista et al., 2019). This suggests that the accuracy of the assessment can be improved 

when multiple individuals assess a primate in potential pain. For example, in a research setting a 

principal technician or caretaker, a veterinarian, and a principal investigator could use the CMGS 

to have the most accurate assessment of pain. The reliability of each action unit in order of 

highest to lowest are hunched posture, orbital tightening, eyebrow lowering, and lip tightening 

(Table 2.3). As demonstrated in other grimace scales that use the mouth area as a facial action 

unit to assess pain, they always demonstrate lower reliability compared to other facial action 

units within the grimace scale (Dalla Costa et al., 2014; Evangelista et al., 2019; Mclennan et al., 

2016). However, the internal consistency of this action unit demonstrated that lip tightening 

(αremoved =0.84) contributes to the final CMGS score (overall α=0.81) in a comparable way to the 

other action units in this tool, thus it is important to keep. The low reliability of lip tightening 

could occur due to the subtlety of the change that this action unit elicits and/or the experience of 

the observer with the species. To improve the reliability potentially the observer needs to have 

knowledge of what the animal looks like in its normal state and should be investigated. 

In this work, a similar number of female and male observers (n=12, 7 women, 5 men) 

were used. There was significant gender bias in which men had lower ICC’s than women (i.e., 

lower consistency) (Table 2.4). Further investigation is needed to examine if this is consistent 

with different male observers as well as with grimace scales of other species. In the field of 

veterinary medicine, evidence shows that in general male veterinarians will give lower pain 

scores to animals compared to female veterinarians (Beswick et al., 2016). There could be many 

potential factors as to why this occurs such as the difference in the ability to recognize emotion 
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but no research has been conclusive (Montagne et al., 2005). This bias should be considered 

when using the CMGS.   

4.2 Quantifying day behaviour as a pain assessment method  

In this work, behaviour was used as a subsequent measure of pain to ensure that grimace 

scores obtained with the CMGS were related to pain. The first step was to perform a literature 

search of healthy captive/wild primate behaviour and primate pain-associated behaviours 

(Descovich et al., 2019; Hambali et al., 2012). Behaviours were identified and integrated into a 

comprehensive ethogram used to quantify the day and night behaviour of healthy primates and 

primates in the post-operative period. Behaviour categories included locomotion, self-

maintenance, resource-directed, affiliative, agonistic, sedation, and pain (Table 2.2). After the 

behavioural analysis, day behaviours were reclassified into new categories to be able to examine 

trends related to the post-operative period since some of the behaviours within each category 

overlapped or were related to one another. The new classification of categories included general 

activity, positive species-typical behaviour, social interactions, and pain-associated behaviour. 

For example, the category positive species-typical behaviour was created to reflect the primate’s 

positive or normal species-typical behaviour that would be predicted to decrease in a state of 

potential pain. These include play and foraging both seen at high frequency in the wild activity 

budget of macaques (Hambali et al., 2012). This category can be compared to when assessing 

mouse welfare or pain using nest building behaviour (Gallo et al., 2020). Another example is 

pain-associated behaviour that integrates most of the behaviours found in the pain category of the 

ethogram, except for self-grooming (mostly self-scratching) which was added to the pain 

category as the literature suggests that self-directed behaviour, and especially self-scratching in 

macaques, is seen in negative affective states (Barros et al.,  2004; Diezinger and Anderson, 

1986; Kaburu et al., 2012). 

It is important to note that the behaviours examined for this work were not specific to 

pain and can be expressed as a result of other negative and positive affective states. For example, 

the proportion of time inactive can decrease due to other negative affective states such as 

depression (Hennessy et al., 2017). The proportion of time spent inactive could also be 

influenced by therapeutic agent secondary effects (Murphy et al., 2012). For example, reduced 
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food intake and reduced overall activity and arousal have been reported in sheep treated with 

morphine (Verbeek et al., 2012). Even behaviours that are thought to be related to pain such as 

wound-directed behaviours could be performed out of curiosity or boredom. Similarly, some 

behaviours may be influenced by external factors in the environment. In this work, climbing data 

was not integrated into the analysis as results demonstrated that climbing was correlated with 

human presence in the room (rho=-0.33, p<0.0001). Climbing to the top of the enclosure when a 

human enters is a flight response related to fear (Mallapur et al., 2005). This emphasizes the 

importance of assessing multiple indicators of pain to make inferences about the individual’s 

state as well as the importance of indirect observation when assessing behaviour.  

Results of the behavioural analysis demonstrated that positive species-typical behaviours 

and general activity decreased in the post-operative period (Figure 2.5, Table 2.8). In contrast, 

pain-associated behaviours and social interaction increased in the post-operative period 

compared to baseline (Figure 2.5, Table 2.8). These results are in line with the predictions for 

breakthrough pain as well as the literature. In a study looking at wellness indicators in the post-

operative period in rhesus macaques, a decrease in overall activity as well as an increase in 

behaviours that are thought to be related to pain (i.e., movement directed towards the wounds, 

head lean, hunched posture) in the post-op period was demonstrated (Descovich et al., 2019). As 

for positive species-typical behaviour this has not been examined in macaques in the context of 

evaluating pain; however, one may extrapolate from other species. The results demonstrate that 

positive species-typical behaviour that macaques are generally motivated to perform such as 

foraging, play, and manipulating resources in their environment decrease when they are in a state 

of potential pain (Figure 2.5, Table 2.8). As mentioned above, this could be compared to the 

assessment of motivated behaviours in mice such as nest building (i.e., quality of nests) to 

evaluate poor welfare conditions or potential pain states (Gallo et al., 2020; Hambali et al., 

2012). Finally, as for social behaviour, it was found that both allo-grooming and huddling 

increased in the post-operative period compared to baseline (Figure 2.5, Table 2.8). There is no 

literature on this subject in animals as standard practice in a research setting normally consists of 

separating animals during the recovery period. These results highlight the importance of 

providing known social companions for augmenting post-operative comfort in macaques. 

Evidence demonstrates that huddling optimizes thermoregulation/comfort and allo-grooming is a 
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form of distraction from potential pain and may have a calming effect (Campbell et al., 2018; 

Dunbar, 2010). These concepts will be further discussed below in the section on non-

pharmacologic pain treatments.  

4.3 Quantifying night behaviour as a pain assessment method 

The potential effects of breakthrough pain on dark phase behaviour and analgesic 

efficacy of the therapeutic treatment provided was examined. The comparison of dark phase 

behaviour in healthy primates housed in pens and cages was also explored. There is a growing 

body of evidence in human patients that sleep quality/disturbance is a useful indicator for 

evaluating pain treatments (Su and Wang, 2018). There is also a bidirectional relationship 

between pain and sleep where sleep quality influences pain perception/recovery and pain affects 

the quality of sleep (Foo and Mason, 2003; Moldofsky, 2001). There is little to no research on 

animal night time behaviour and acute post-surgical pain, especially in a research setting. This 

research took a general approach to evaluate dark cycle behaviour in primates using the same 

comprehensive ethogram from chapter 2 (Table 3.1), omitting hunched posture as this behaviour 

is seen in a resting position in macaques. When exploring the effect of general activity of the 

dark phase of cage and pen housing, our results demonstrate overall less activity in pen housing 

(Figure 3.1). It was found that primates in cages spent time during the dark phase (in the AM 

hours of the dark phase) performing behaviour such as eating, climbing, and play. Although 

different from pen-housed macaques, this night time activity has been reported in wild and 

captive rhesus macaques where it was found that hours leading up to dawn that activity would 

increase, and the behaviour such as eating and playing were reported (Erffmeyer, 1982; Vessey, 

1973). In contrast, it has been demonstrated that sleep duration in wild Japanese macaques 

(Macaca fuscata) can be seen up to 647 min continuously without disruption, similar to what 

was seen in the macaques housed in the pens (Mochida and Nishikawa, 2014). As for social 

interactions, the proportion of time spent huddling did not differ between housing systems and 

was observed for the majority of the night (Figure 3.1). This is in line with captive and field 

research of macaques where the majority of the night is spent in huddles (Campbell et al., 2018; 

Erffmeyer, 1982; Vessey, 1973). The results demonstrate that there is a difference in sleep 

architecture potentially due to the quality of the environment. For example, the pen housing 
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allowed primates to sleep high off the ground and on thermoneutral surfaces such as wood, 

which could contribute to more restful sleep (Hamilton, 1982; Vessey, 1973). Other factors such 

as unlimited access to food, no risk of predation, age, the composition of social groups, or the 

strength of the bond between companions could contribute to these differences (Adair and 

Bauchner, 1993; Hamilton, 1982; Mellor, 2016; Mochida and Nishikawa, 2014; Ramakrishnan 

and Coss, 2001). These results also emphasize the importance of social housing of primates, 

especially during the dark phase. 

When examining the effects of potential breakthrough pain/pain treatment on night time 

behaviour our results demonstrated that activity and pain-associated behaviours increased 

throughout the night time period suggesting pain-related sleep disturbances. Results 

demonstrated that general activity increases in the post-operative dark phase compared to 

baseline (Figure 3.3, Table 3.2). There is evidence in the rat pain model of gouty arthritis and 

dogs with arthritis that there are increases in wakefulness and sleep disturbances during the night 

period (Guevara-López et al., 2009; Knazovicky et al., 2015). Human patients have also reported 

pain-associated sleep disturbances to increase the night following surgery (Dolan et al., 2016). 

The proportion of pain-associated behaviours, although significantly different at certain times 

during the dark phase compared to baseline, were relatively low even compared to their 

frequency during the day period (Figure 3.3; Figure 2.5). This could suggest that looking at high 

frequency behaviour such as time spent awake or latency to sleep are better indicators of 

pain/discomfort during the night time to evaluate analgesic efficacy. Finally, social interactions 

during the dark phase before and after surgery are similar at demonstrating that regardless of the 

primates’ affective state, macaques will huddle through the night. Once again, this emphasizes 

that this species-typical behaviour is a beneficial interaction for macaques (Campbell et al., 

2018; Morrison, 2016). Although primates in this study were treated with analgesics, results 

demonstrated changes suggesting potential discomfort or pain during the dark phase. These 

results suggest that night time behaviour in primates can be used as means of assessing pain and 

the efficacy of pain treatment post-surgery.  
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4.4 Validation of the Cynomolgus Macaque Grimace Scale 

In this work, behaviour trends were correlated to CMGS scores as a validation method of 

the tool. Similarly, the cat and piglet grimace scales used a composite scale integrating behaviour 

and detailed behaviour analysis, respectively to ensure criterion validity of the tool (Evangelista 

et al., 2019; Viscardi et al., 2017). When assessing the relationship between CMGS score and the 

detailed behaviour analysis, our results demonstrate that there is a moderate correlation between 

CMGS scores, and general activity (negative; rho=-0.38, p<0.0001) and pain-associated 

behaviour (positive; rho=0.35, p<0.0001) and a low correlation between CMGS scores and 

positive species-typical behaviour (negative; rho=-0.22, p<0.0001) and social behaviour 

(positive; rho=0.23, p<0.0001). Behaviour trends are in line with predictions based on the 

literature and suggest that the CMGS is measuring pain (Descovich et al., 2019). To further 

validate this statement, when we presumed that breakthrough pain would occur (i.e., hours 

following surgery and the next morning before top-op analgesics) there was a significant 

difference in CMGS in the first four time points (1P, 2P, 3P, 4P) compared to baseline, 

demonstrating construct validity (Ismail et al., 2018). Secondly, based on the level of correlation 

we could predict that general activity and pain-associated behaviours are more useful indicators 

to make inferences about pain levels compared to positive species-typical and social behaviour. 

Both general activity and behaviour are recommended indicators to make inferences about pain 

(CCAC, 2019; NRC, 2009); however, an interest in evaluating positive states is become 

increasingly common (Descovich et al., 2019). Finally, it is recognized that the correlations are 

not high in this study; however, for ethical reasons, all the primates that were part of this work 

were treated with multimodal analgesic regimens thus it could be predicted that relationships are 

not as strong compared to a scenario in which animals did not receive analgesics, which is the 

approach used for development of most grimace scales in animals. Similarly, the average CMGS 

score in the time point presumed to be most painful (based on the most significant behaviour 

changes) (2P and 3P) were close to 0.5 indicating that pain was low to moderate, thus we could 

predict that pain was overall controlled adequately for this procedure. The important aspect to 

consider is the variability between individuals, whether that be CMGS score or behaviour. Our 

results demonstrated that in the post-operative period some individuals likely had adequate pain 

control whereas others did not. For example, Figure 2.4, demonstrates that approximately 4 h and 
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5 h post-op (2P, 3P), some primates had CMGS scores at 0 and others at 1 (this is similar for 

behaviour, see Figure 2.5). Furthermore, even though there were no significant changes in the 

CMGS score up to 24 h and 36 h post, there were a few primates that had CMGS scores up to 1 

even though the average was almost at baseline values, possibly indicating that these primates 

were still experiencing pain at those time points. It had been demonstrated in other primate 

species that when given the same therapeutic agent, the treatment will seem to be sufficient for 

some individuals and others will show clinical signs of pain (Allison et al., 2007). As the 

analysis in this work was retrospective, it could be predicted that if the tool was used via live 

indirect monitoring for the primates that had above average CMGS scores, veterinarians and/or 

caregivers could have identified and recognized pain potentially opting to top-up analgesia. The 

CMGS scale is a tool meant for individual pain recognition and assessment so that pain treatment 

can be tailored to the individual animal (Leung et al., 2016; Matsumiya et al., 2012; Miller and 

Leach, 2015). In research settings, it is typical to have a standard analgesic treatment for all 

animals going through the same surgery, however, as the results from this work indicate, pain is 

a subjective experience and the individual’s reaction to pain treatment can also vary (Allison et 

al., 2007; Smith et al., 2019). Without a tool to recognize and assess pain, it is unlikely that 

primates in pain would be identified and receive additional treatment, highlighting the 

importance of having these tools and methods to assess and treat pain at the individual level.  

4.5 Establishing an estimate analgesic threshold 

To increase the clinical relevance of this CMGS, an estimated analgesic threshold was 

established using a receiver operating characteristic curve. Three primate experts were asked to 

evaluate images (n=295) and classify them as pain or no pain. The results obtained by the experts 

were then compared to the same images that were classified as pain or no pain, based on 

behaviour from their corresponding time points. The threshold identified based on the best 

balance between sensitivity (51.7(95% CI: 47.2 – 56.1)) and specificity (65.6 (95% CI: 60.6 – 

70.4)) was 0.58. When comparing the threshold to the CMGS scores obtained by the 12 

observers, it suggests that the threshold can discriminate between the majority of primates that 

received adequate pain treatment (below the threshold) and those who would have potentially 

needed a top-op analgesic (above the threshold). The sensitivity and specificity reflect the 
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subjective assessment of the expert without the use of the CMGS and for all time points there 

was some disagreement, thus the sensitivity and specificity are not at optimal values. This work 

has lower sensitivity and specificity values compared to the rat and cat studies (Evangelista et al., 

2019; Oliver et al., 2014). This could, in part, be due to the primates in the images for each time 

point having received analgesics. Another explanation is that it was only based on subjective 

assessment of a single image vs a video of an animal, further demonstrating the need for an 

objective pain assessment tool in primates. Despite these limitations, the threshold estimate in 

this study (0.58/1) is comparable to the feline (0.34/1) and the rat (0.67/2) estimate thresholds 

(Evangelista et al., 2019; Oliver et al., 2014). The specificity and sensitivity of the CMGS were 

not assessed, as the values are not binary, and choosing to set a subjective cut-off value was not 

appropriate given the stage of this research and that primates had received pain treatment, further 

investigation is needed. Users of the CMGS should try the proposed threshold to determine its 

accuracy and report what CMGS score was chosen to provide additional treatment.  

4.6 Non-pharmacological pain treatment methods 

The main method to pain alleviation in veterinary medicine is through the use of 

therapeutic analgesic agents (Bertrand et al., 2018; Lamont, 2008; NRC, 2009). In a research 

setting, there are instances (i.e., study restrictions) that do restrict the use of certain analgesics 

(especially opioids) due to the potential interactions or effects that they may have on research 

outcomes (Peterson et al., 2017). The potential secondary effects of analgesics must also be 

considered when choosing to treat an animal, especially when considering top-up analgesics, as 

the side-effects could outweigh the benefits of pain alleviation (Murphy et al., 2012). The goal of 

pain management in veterinary medicine is to reach a balanced state to allow the individuals to 

be comfortable and have limited secondary effects (NRC, 2009). As discussed in chapter 1, 

although pain can be unpleasant, it does have an adaptive purpose both at the sensory level (i.e., 

recognize and avoid tissue damage) and the affective level (i.e., driving immediate avoidance 

and future avoidance behaviour) (Auvray et al., 2010). Human medicine is slowly transitioning 

and providing more options for non-pharmacologic pain treatment or combining both 

pharmacologic and non-pharmacologic pain treatments to reduce the dose or frequency of drugs 

to diminish associated side effects (Jensen et al., 2013). In this work, non-pharmacologic 
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methods of pain treatment were not directly investigated; however, the behaviour data in 

combination with the literature search does suggest some benefits to certain external factors that 

can be provided to reduce the perception of pain or at least make primates feel more comfortable 

during post-surgical recovery. The high proportion of social behaviour observed during both the 

day and night in healthy primates and primates in recovery demonstrates the importance of 

having the choice to engage in these social interactions. As demonstrated in field and captive 

studies, huddling functions to optimize thermoregulation and decrease risk of predation (Baker et 

al., 2012; Campbell et al., 2018). Similarly, to avoid wasting energy thermoregulating, another 

recommendation would be to increase the room temperature by a few degrees during the 

recovery period. The pen and cage comparison revealed that primates housed in cages have more 

active periods during the night compared to pens, in which it was observed that the primates had 

an active period in the first hour of dark and then settled down until the light phase. This could 

suggest that primates housed in pens feel safer as they have the option to sleep high off the 

ground and have access to natural surfaces (i.e., wood) that are more comfortable (Anderson, 

1998). Thus, maximizing vertical space in any housing system and providing a natural 

thermoneutral surface could potentially lead to a night of more restful sleep and faster recovery, 

but this needs further examination. Another component to consider helping with the recovery 

process is nutrition. It is well known that consuming healthy foods such as fruits and vegetables 

provides the system with vitamins, minerals, and macronutrients that help with many biological 

processes related to tissue recovery and energy levels (Parrish, 2016). In general, primates show 

a reduced appetite following anesthesia and during recovery emphasizing the importance of 

providing a variety of palatable foods (Springer and Baker, 2007). In this work, primates were 

provided with fresh produce, a multivitamin, and mashed bananas in their food up to three days 

prior to surgery and up to one week after surgery. Anecdotally, animals were noted to reach for 

the fresh produce and the mashed banana before their regular monkey chow. This suggests that 

primates found these foods to be more palatable and/or they were curious about the produce. 

Another important environmental element to consider is the number of opportunities to perform 

species-typical behaviour to allow primates to direct their attention to something else in their 

environment rather than discomfort or pain. It has been demonstrated in humans that the 

perception or affective component of pain can be reduced if attention is directed towards a task 
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(Chan et al., 2012; Ehlers and Todd, 2017; Villemure and Bushnell, 2002). The most important 

distraction that macaques can be provided within a captive setting is the provision of a 

compatible conspecific. As the results in this study demonstrated, allo-grooming increased in the 

post-operative period. This could be for different reasons, such as the physiologic calming effect 

of grooming or wanting to perform a task to redirect attention away from discomfort (Lehmann 

et al., 2007). Companions also help with social buffering and is important in the vulnerable 

period of recovery when primates can be more fearful and anxious knowing their fitness is 

compromised (Morrison, 2016). Finally, a standard recommendation from the human and 

veterinary field is to house animals in a quiet environment to avoid disturbance and promote fast 

recovery (Hu et al., 2015). In a research setting, this can be difficult given numerous daily checks 

and other study activities. Opting for live indirect monitoring for clinical observations and post-

operative monitoring is optimal.  

4.7 Limitations 

The biggest limitation of this study is that primates were treated with analgesics in the 

post-operative period for ethical reasons. This adds a confounding factor (i.e., effect of 

anesthesia and analgesics on behaviour and facial expressions) and diminishes pain perception 

(Coleman et al., 2017; Miller et al., 2016). There was also no opportunity to have healthy 

primates treated with analgesics to tease out the potential effects of the analgesics given in this 

study. Research in the field of analgesic efficacy and pharmacokinetics of therapeutic agents in 

primates is limited, making it hard to define a period in which drug concentration levels would 

have been lowest in the post-surgical period to measure pain (Bertrand et al., 2018). Using 

pharmacokinetic evidence to choose times in which primates are suspected to have a lower 

concentration of analgesics to attempt to measure breakthrough pain has been described 

previously (Descovich et al 2019). Limitations related to external and internal validity as well as 

other limitations pertaining to the development and validation process are discussed below. 

4.8 Future directions for the CMGS and pain management in research primates 

This research presents preliminary results of a novel tool, the CMGS, and requires further 

investigation to ensure that the tool is accurate, generalizable, and clinically significant. The first 

step is developing and validating a grimace scale using a particular model, and then conducting 
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subsequent research to validate the scale for different species or strains, different painful 

stimulus or procedures (i.e., various types of pain, origin, and duration), different sexes, and ages 

of primates. Within these studies the efficacy of analgesic protocols can be assessed and when 

possible, readjusted if grimace scores in combination with other pain assays indicate the presence 

of potential pain.  

Generalizability and accuracy are important when incorporating a novel pain assessment 

tool into practice. Users need to assess how the tool was developed and validated to ensure that it 

relates to their practical setting. In this study, young cynomolgus macaques of both sexes were 

used and went through a specific surgery (i.e., telemetry instrumentation), and had specific 

analgesic regimens. Given that the CMGS was developed with these characteristics, future 

research should use this tool in other circumstances to ensure that it has adequate external 

validity. For example, using the tool for other common research primates, such as rhesus 

macaques or even other cynomolgus macaques from other regions that have some minor 

different features such as a longer hair coat (i.e., Mauritius versus Thailand) to ensure that the 

same parameters are relevant between species. Although this study did use both sexes, it did not 

use different ages and the literature suggests that there may be an influence of age on pain 

perception as well as other factors that increase or decrease with age, such as onset/increase of  

sexual hormones could also have an effect (Averitt et al., 2019). Further studies should be 

conducted to validate the tool for older animals. Finally, this study used only one pain model 

(i.e., a specific surgery - peripheral versus visceral) and different degrees of invasiveness and 

location could influence the perception of pain as well as the type of pain (acute vs chronic), and 

origin of pain (tissue damage, neurological damage, radiation damage) (Foley et al., 2019). 

These factors should be assessed and quantified in practice to help with the generalisability of 

the CMGS.  

When developing tools to assess pain, it is important to ensure criterion validity. In this 

study, behaviour was used as the gold standard for detecting pain and grimace scores were 

compared to this. Other grimace scale development studies have used pain assays such as reflex-

based, validated pain assessment tools such as composite scales, and behaviour (Viscardi et al., 

2017; Langford et al., 2010; Miller and Leach, 2015: Evangelista et al., 2019). Using behaviour 
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is reasonable; however, not all pain-associated behaviour is specific to pain and could be 

indicative of other negative affective states such as fear, depression, and anxiety (Hennessy et al., 

2017; Kaburu et al., 2012). Thus, future research should focus on developing a composite scale 

for research primates that is validated, reliable, and sensitive to pain. This would allow for future 

research of the CMGS to be compared to a specific and validated measure of pain that is less 

laborious than detailed behaviour scoring.  

Little is known about facial expressions of other affective states in primates, such as fear, 

malaise, discomfort, and discomfort from cold that could elicit overlapping facial action units 

influencing grimace scores. In rats, it has been demonstrated that post-surgical hypothermia (i.e., 

unwarmed rats) had increased grimace scores (Klune et al., 2020). In mice, it has been 

demonstrated that the intruder test causes fear and aggression eliciting similar facial action units 

to pain (i.e., ear pinning and orbital tightening) (Defensor., 2012). In horses, it has been 

demonstrated that physical constraint causing fear elicited similar facial action units to pain (i.e., 

backward ears) (Dalla Costa et al., 2017). This demonstrates that facial expressions and grimace 

scales are sensitive to other negative states. Other external factors have also demonstrated an 

influence on grimace scores, such as anesthetics and inter-laboratory variance (Jirkof et al., 2020; 

Miller et al., 2016). Future research should examine the facial expressions generated by different 

positive and negative states in macaques as well as other external factors such as anesthetics or 

different laboratory conditions to be able to take these factors into consideration when 

interpreting CMGS scores.  

To be able to use a grimace scale there is usually some type of training and instruction 

manual provided. However, in the literature, there is a lack of detailed reporting of how the raters 

learn to use the respective grimace scale (Mota‐Rojas et al., 2020). In this study, an effort was 

made to provide these details as well as the characteristics of the observers. Participants attended 

one 45 minute virtual training session presenting the action units and were walked through a few 

examples as a group. Observers had access to the training manual and CMGS to score images as 

well. A recent study evaluating the effects of training on inter-rater and intra-rater reliability 

demonstrated that subsequent training sessions improved both inter- and intra-rater reliability 

and that it was maintained when assessed four years later (Zhang et al., 2019). Further 
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investigation is needed on different types and duration of training and how this impacts the 

reliability of the CMGS.  

In this work, the typical methodology of grimace scale development was employed by 

using still retrospective images. Construct/criterion validity of this work was established; 

however, this does not necessarily translate to clinical significance. This study used opportunistic 

sampling and primates were assessed in their home cage suggesting that the tool can be used in 

practice via indirect observation. Other efforts have been made to make this tool clinically 

relevant, such as estimating an analgesic threshold. There is still a need for more research to 

ensure that this is a clinically useful tool, such as applying the analgesic threshold in practice for 

various procedures to demonstrate the accuracy of the threshold. Future research should also 

examine the real-time application of the CMGS to demonstrate if this tool can be used for cage-

side clinical assessments. This may be challenging since in this work it was found that primates 

had a flight response (demonstrated by increase climbing in both baseline and post-operation) 

when humans were present in the room. This behaviour would specifically affect the assessment 

of posture. It may be difficult to evaluate posture if primates are climbing to the top of the cage 

when humans are in the room or if primates direct their head in the direction of the human, thus 

the head angle in relation to the shoulder would not be accurate. This research could be taken 

further and examine the possibility of automated facial action recognition, which would improve 

scalability and diminish human bias and error as is currently being studied in rodents (Andresen 

et al., 2020; Sotocinal et al., 2011).  

Short-term goals of the development and implementation of grimace scales are to be able 

to treat pain promptly and in real-time. Long term goals of grimace scales are to improve overall 

pain management for a given species. For example, mouse studies have identified that commonly 

used recommendations of analgesic doses and frequency were insufficient leading to the 

refinement of pain management protocols for those specific procedures (Faller et al., 2015). Now 

that a preliminary macaque grimace scale has been developed, more research is needed to 

examine the changes in facial grimace scores with addition/alternate analgesic regimens and to 

test the estimated analgesic threshold. Once further validation of the tool and threshold are 

conducted, the CMGS should be used for efficacy testing of standard analgesic protocols as well 
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as combine this assay to pharmacokinetic values to contribute to the current gaps of literature in 

the field of primate pain management.  

This research explored night time behaviour of socially housed cynomolgus macaques in 

their healthy state in different housing (cage and pen) and in the post-operative period in cages. 

In this research, there was no opportunity to examine dark phase behaviour in the post-operative 

period for primates housed in pens. It would be interesting to see within a more 

complex/enriched or naturalistic environment if recovery from surgery is more comfortable (i.e., 

less night time activity compared to primates in cages). Another aspect that this research did not 

examine is quantifying recovery over a period of time. The first post-operative dark phase 

following surgery was examined in this research and more work should be done to quantify 

recovery in different housing systems and with different resource provision. For example, 

conducting detailed behaviour analysis, quantifying wound healing, heart rate, and body 

temperature in different housing systems in the post-operative period that have different 

characteristics such as thermoneutral surfaces, different options of perch height, and higher room 

temperatures. 

The dark phase behavioural research demonstrated the importance of social housing in 

the post-operative period. Some may be hesitant to pair house primates after a procedure due to 

the anecdotal fear of social partners picking wounds. As demonstrated by the behaviour analyses, 

primates do not tend to pick each others’ wounds but pick their own. In the wild, when primates 

are injured and have open lacerations, other primates will attend to one another. For example, in 

Barbary macaques (Macaca sylvanus), it has been observed that when group members are hurt or 

have died others will show exploration, caretaking, including grooming, and will tend to stay in 

proximity of the injured or deceased (Campbell et al., 2016); However, in a captive setting other 

factors could influence primate behaviour and should be monitored. For example, boredom could 

lead to primates picking each others’ wounds emphasizing the importance of providing sufficient 

resources to prevent such states. Anxiety and stress can also cause other behavioural issues such 

as aggression. For example, one of the male primates in this study had undergone surgery and the 

other two companions in his cage had not yet. The cage mates were apprehensive of him at first 

and because he had been the dominant animal prior to surgery, fighting occurred, and these 
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animals were separated during the night (while remaining in tactile and visual contact) and they 

were successfully regrouped the next morning. The researchers in this study discovered other 

strategies to make post-operative pairing go smoothly. For example, making shaving or coloured 

marks for animal identification for behaviour analysis resulted in cage mates being intrigued by 

these changes and specifically in the post-operative period the markings deterred their attention 

towards the later and not the wounds. In this study, it was noted that cage mates would groom the 

green marks on the arms or legs of their partners baseline and post-operation. This was also seen 

for individual animals in which they were noted to groom a mark on their arms or legs instead of 

picking at the incision. As shave marking and color markings were present before and after 

surgery, potential behavioural changes that this could have induced were the same for both 

condition (pre and post-op); However, the proportion time spent engaging in social interactions 

(i.e., allo-grooming) may have been higher during this study compared to before the current 

study started, but this is unknown. Future research should report the post-operative social 

housing condition to demonstrate whether this is beneficial for surgical recovery. Another 

anecdotal finding from this research that has not been reported is pair housing of an intact 

conspecific with an animal in recovery. In our study, some animals did not undergo surgery the 

same day as their cage-mates. As behaviour is presumably influenced within a cage, it was 

observed that primates recovering from surgery appeared motivated to eat and drink when the 

intact cage-mate did. Also, these pairs would huddle throughout the day and night potentially 

providing the recovering animal some benefit from higher body temperature enabling better 

thermoregulation as well as increased comfort. Future research should quantify body temperature 

of two paired recovery animals versus one intact conspecific paired with a recovery animal to 

demonstrates the benefits of pair housing.  

In human medicine, physicians report the importance of evaluating and taking into 

consideration pain experience during the night following surgery and the quality of sleep 

(Moldofsky, 2001). Future research should quantify night time behaviour when assessing 

analgesic efficiency and be reported in pharmacokinetics studies. Animals spend half their 

recovery period in the dark phase and this period, while more challenging to study, should not be 

neglected. Although breakthrough pain is always a possibility, as with human medicine, our goal 

with analgesic recommendations based on pharmacokinetic and efficacy testing is to make the 
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animals as comfortable as possible (Murphy et al., 2012). Thus a more restful sleep (i.e., less 

night time activity compared to baseline) can demonstrate that an analgesic protocol is effective 

or not. 

4.9 Conclusions 

This body of work presented a holistic approach to perioperative care in macaques from 

daytime monitoring to the night time assessment of pain behaviour. The CMGS has been 

demonstrated to be a reliable measure of pain where inter- and intra-observer reliability were 

adequate. The CMGS scores obtained from individuals with years of primate experiences 

correspond to detailed behaviour analysis and trends that are presumed to change in a state of 

potential pain. An estimate analgesic threshold was established and can be tried in practice to 

assess its accuracy. Interesting findings from dark phase behaviour of healthy sub-adult/adult 

macaques were found in different housing systems leading to recommendations for optimal post-

operative care. When comparing night time behaviour before and after surgery, results 

demonstrated that this period could be useful to evaluate and assess the efficacy of analgesic 

regimens. This work demonstrates that the CMGS is a tool that can be used in practice to 

recognize and evaluate pain combined with other indicators of pain such as behaviour, preferably 

via indirect observation. Recommendations to promote a fast recovery and optimal perioperative 

care have resulted from the extensive literature search and the findings of this work.
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APPENDICES 

Appendix A. Subject characteristics of all primates in cage (n=44) and pens (n=21). 

Table A1. Subject characteristics, social group, date of surgery, and cohort for all study primates 
housed in cages (n=44). 

Cage Animal 
ID 

Social 
group 

Sex Age Surgery date 
(dd/mm/yyyy) 

Cohort L, A 

1 1M 
2M 

2 M 2.12 
2.16 

27/10/2020 
27/10/2020 

1 

2 
 

3M 
4M 

2 M 2.16 
2.14 

28/10/2020 
28/10/2020 

1 

3 
 

5M 
6M 

2 M 2.13 
2.16 

29/10/2020 
29/10/2020 

1 

4 7M 
8M 

2 M 2.13 
2.14 

29/10/2020 
29/10/2020 

1 

5 9M 
10M 
11M 

3 M 2.24 
2.12 
2.15 

27/10/2020 
28/10/2020 
30/10/2020 

1 

6 12M 
21M 
22M 

3 M 2.14 
2.16 
2.25 

26/01/2021 
26/01/2021 
26/01/2021 

2 

7 
 

13M 
14M 

2 M 2.17 
2.14 

02/02/2021 
02/02/2021 

2 

8 15M 
16M 

2 M 2.14 
2.13 

01/01/2021 
01/01/2021 

2 

9 
 

17M 
18M 
19M 
20M 

4 M 2.18 
2.15 
2.24 
2.19 

28/01/2021 
28/01/2021 
28/01/2021 
28/01/2021 

2 

10 
 

23F 
24F 

2 F 2.12 
2.15 

       * 
30/10/2020 

1 

11 
 

25F 
26F 

2 F 2.12 
2.13 

02/11/2020 
02/11/2020 

1 

12 27F 
28F 

2 F 2.15 
2.18 

03/11/2020 
03/11/2020 

1 

13 
 

29F 
30F 

2 F 2.13 
2.12 

04/11/2020 
04/11/2020 

1 

14 
 

31F 
32F 
33F 

3 F 2.12 
2.12 
2.13 

02/11/2020 
03/11/2020 
04/11/2020 

1 

15 34F 
43F 
44F 

3 F 2.16 
2.17 
2.14 

25/01/2021 
25/01/2021 
25/01/2021 

2 

16 35F 
36F 

2 F 2.13 
2.12 

27/01/2021 
27/01/2021 

2 

17 37F 
38F 

2 F 2.16 
2.16 

27/01/2021 
29/01/2021 

2 

18 39F 
40F 

2 F 2.13 
2.14 

29/01/2021 
29/01/2021 

2 

19 41F 
42F 

2 F 2.14 
2.12 

02/02/2021 
01/02/2021 

2 

*Does not have a surgery date as the primate died during surgery and was removed from the analysis. 
The primate was paired with 34F post-surgery.  

L: Cohorts differed between 12:12 Dark:Light cycle (±30 min), A: Cohort differed between analgesic 
protocols (buprenorphine versus slow-release buprenorphine, F: Female, M: Male 
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Table A2. Subject characteristics, social group, date of surgery, and cohort for all study primates 
(n=21). 

 

 

 

 

 

 

 

 

 

 

    
F: Female, M: Male 

 

 

 

 

 

Pen Animal 
ID 

Social group Sex Age 

1 1C 
2C 

2 M 4.30 
4.30 

2 3C 
4C 

2 F 4.24 
4.86 

3 5C 
6C 
7C 

3 F 7.56 
5.78 
5.63 

4 8C 
9C 

2 F 7.52 
7.04 

5 10C 
11C 
12C 

3 F 2.27 
2.22 
2.28 

6 13C 
14C 

2 F 11.42 
5.96 

7 15C 
16C 
17C 

3 F 7.58 
6.70 
6.18 

8 18C 
19C 

2 M 6.22 
5.34 

9 20C 
21C 

2 M 5.49 
5.29 
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Appendix B. Number of images captured baseline and post-surgery for all primates. 
Table A1. Number of images captured baseline and post-surgery in cohort 1 males. 

Baseline Time 
point 

1M 2M 3M 4M 5M 6M 7M 8M 9M 10M 11M 

1 2F,2P,2WB 1F,1P,1WB 1F,1P,1WB 2F,0P,1WB 2F,1P,1WB 3F,1P,1WB 1F,1P,1WB 2F,1P,0WB 2F,1P,1WB 1F,1P,1WB - 

2 - - 0F,1P,1WB 3F,1P,1WB - - - 1F,1P,1WB 2F,1P,1WB - - 

3 2F,2P,1WB 3F,1P,1WB 1F.1P.1WB 1F,1P,1WB 1F,1P,1WB 3F,1P,1WB 2F,1P,2WB 1F,1P,1WB - 1F,1P,1WB 0F,2P,1WB 

4 3F,3P,1WB 2F,1P,2WB 1F,1P,1WB 2F,1P,1WB 3F,1P,1WB 1F,1P,1WB 2F,1P,2WB 1F,1P,1WB - - 0F,1P,1WB 

Total 
(F,P,WB)  

 7F,7P,4WB 6F,3P,4WB 3F,4P,4WB 8F,3P,4WB 6F.3P.3WB 7F,3P,3WB 5F,3P,5WB 5F,4P,3WB 4F,2P,2WB 2F,2P,2WB 0F,3P,2WB 

Total 
Baseline 

 18 13 11 15 12 13 13 12 8 6 5 

Post-OP 1 2F,3P,1WB 2F,1P,1WB 2F,3P,1WB 1F,1P,1WB 2F,1P,1WB 2F,2P,2WB 1F,1P,1WB 1F,1P,1WB - 1F,1P,1WB 2F,1P,1WB 

2 3F,3P,2WB 2F,2P,2WB 2F,1P,2WB 2F,1P,1WB 2F,1P,1WB 3F,2P,1WB 2F,1P,1WB 0F,1P,1WB 2F,1P,2WB 2F,1P,2WB 2F,1P,1WB 

3 2F,4P,2WB 2F,4P,0WB 1F,1P,1WB 2F,1P,1WB 3F,2P,1WB 2F,1P,1WB 1F,2P,1WB - 1F,2P,1WB 2F,2P,2WB 0F,1P,2WB 

4 0F,1P,1WB 2F,2P,1WB 1F,1P,1WB 1F,1P,1WB 2F,2P,1WB 3F,1P,1WB 1F,1P,1WB 1F,1P,1WB 2F,1P,1WB 2F,1P,2WB 0F,2P,1WB 

5 1F,3P,2WB 1F,1P,1WB 1F,2P,2WB 1F,1P,1WB 3F,2P,2WB 2F,1P,2WB 1F,2P,2WB 2F,1P,1WB 2F,1P,2WB 1F,2P,2WB 1F,2P,2WB 

6 2F,2P,2WB 0F,3P,1WB 0F,4P,3WB 1F,1P,1WB 1F,2P,1WB 1F,2P,1WB 1F,1P,1WB 4F,1P,1WB 2F,2P,2WB 1F,2P,1WB 1F,2P,2WB 

Total  
(F,P,WB) 

10F,16P,10WB 9F,13P,6WB 7F,12P,10WB 8F,6P,6WB 13F,10P,7WB 13F,9P,8WB 7F,8P,7WB 8F,5P,5WB 9F,7P,8WB 9F,9P,10WB 6F,9P,9WB 

Total 36 28 29 20 30 30 22 18 24 28 24 

Over Total 54 41 40 35 42 43 35 30 32 34 29 

 
Cohort 1: Primates underwent surgery in October 2020, had a 12 h light cycle from 07:00 to 19:00 
F: Frontal, P: Profile, WB: Whole body 
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Table A2. Number of images captured baseline and post-surgery in cohort 2 males. 

 
 

 

  

 

 

Baseline Time 
point 

12M 13M 14M 15M 16M 17M 18M 19M 20M 21M 22M 

1 0F,1P,0WB 2F,2P,2WB 3F,2P,1WB 2F,1P,1WB 0F,1P,2WB 2F,3P,2WB 2F,1P,2WB 0F,2P,1WB - 2F,1P,0WB 1F,1P,1WB 
2 0F,1P,0WB 2F,3P,2WB 2F,2P,2WB 2F,4P,2WB 3F,3P,2WB 2F,3P,3WB 1F,1P,1WB 0F,1P,0WB 1F,1P,1WB 1F,0P,0WB 2F,1P,1WB 
3 3F,2P,1WB 1F,2P,2WB 3F,2P,1WB 1F,3P,1WB 1F,1P,1WB 3F,3P,1WB 2F,2P,2WB 1F,1P,1WB 0F,1P,1WB 2F,0P,0WB - 
4 3F,1P,3WB 2F,1P,2WB 1F,2P,1WB 3F,2P,1WB 0F,1P,1WB 0F,3P,1WB 1F,3P,2WB 0F,1P,1WB 1F,1P,0WB 2F,0P,1WB 0F,3P,1WB 

Total 
(F,P,WB) 

 6F,5P,4WB 7F,8P,8WB 9F,8P,5WB 8F,10P,5WB 4F,6P,6WB 7F,12P,7WB 6F,7P,7WB 1F,5P,3WB 2F,3P,2WB 7F,1P,1WB 3F,5P,3WB 

Total 
Baseline 

 15 23 22 23 16 26 20 9 7 9 11 

Post-OP 1 1F,1P,1WB 0F,4P,2WB 4F,2P,2WB 4F,4P,3WB 2F,4P,3WB 2F,3P,4WB 3F,6P,1WB 4F,2P,3WB 8F,1P,2WB 1F,2P,1WB 3F,0P,1WB 
2 0F,3P,1WB 1F,2P,1WB 2F,2P,1WB 3F,4P,2WB 2F,0P,3WB 4F,1P,3WB 3F,1P,2WB 2F,0P,1WB 5F,2P,1WB 4F,2P,2WB 1F,1P,1WB 
3 1F,2P,1WB 2F,2P,2WB 1F,1P,2WB 4F,1P,2WB 1F,0P,1WB 5F,3P,4WB 0F,0P,1WB 4F,0P,1WB 3F,3P,1WB 4F,2P,0WB 2F,0P,0WB 
4 2F,1P,1WB 2F,1P,1WB 1F,2P,3WB 1F,8P,2WB 1F,3P,4WB 6F,2P,2WB 3F,1P,3WB 5F,3P,3WB 1F,2P,1WB 4F,2P,1WB 1F,2P,2WB 
5 1F,2P,1WB 1F,3P,1WB 0F,0P,1WB 1F,2P,1WB 0F,2P,0WB 3F,1P,2WB 0F,0P,1WB 2F,2P,2WB 3F,1P,1WB 3F,2P,3WB 3F,1P,1WB 
6 1F,2P,1WB 1F,3P,2WB 2F,2P,1WB 3F,3P,2WB 2F,1P,3WB 4F,1P,2WB 1F,1P,1WB 1F,1P,1WB 2F,1P,1WB - 1F,2P,1WB 

Total  
(F,P,WB) 

6F,11P,6WB 7F,15P,9WB 10F,9P,10WB 16F,22P,12WB 8F,10P,14WB 24F,11P,17WB 10F,9P,9WB 18F,8P,11WB 22F,10P,7WB 16F,10P,7WB 11F,6P,6WB 

Total 23 31 29 50 32 52 28 37 39 33 23 
Over Total 38 54 51 73 48 78 48 46 46 42 34 

 
Cohort 2: Primates underwent surgery in January 2021, had a 12 h light cycle from 06:30 to 18:00 
F: Frontal, P: Profile, WB: Whole body 
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Table A3. Number of images captured baseline and post-surgery in cohort 1 females.  

 
Cohort 1: Primates underwent surgery in October 2020, had a 12 h light cycle from 07:00 to 19:00 
F: Frontal, P: Profile, WB: Whole body 
 

 

 

 

 

 

 

 

 

Baseline Time 
point 

34F 35F 36F 37F 38F 39F 40F 41F 42F 43F 44F 

1 1F,3P,2WB 4F,1P,1WB 0F,1P,3WB 1F,3P,2WB 3F,1P,2WB 1F,1P,1WB 2F,4P,2WB 1F,1P,3WB 3F,0P,3WB 3F,2P,1WB 1F,1P,1WB 
2 1F,1P,0WB 2F,1P,1WB 1F,2P,1WB 3F,2P,3WB 4F,1P,2WB 2F,2P,1WB 2F,1P,2WB 1F,1P,1WB 1F,3P,1WB 1F,1P,1WB 0F,1P,1WB 
3 0F,1P,1WB 2F,1P,1WB 3F,1P,2WB 2F,1P,1WB 2F,2P,1WB 1F,0P,0WB 1F,1P,0WB 1F,1P,2WB 2F,2P,1WB 1F,1P,1WB - 
4 0F,1P,1WB 2F,3P,1WB 1F,1P,1WB 1F,1P,2WB 2F,0P,1WB 3F,1P,2WB 3F,2P,2WB 4F,1P,1WB 2F,3P,1WB 1F,0P,0WB 0F,2P,1WB 

Total 
(F,P,WB) 

 2F,6P,4WB 10F,6P,4WB 5F,5P,7WB 7F,7P,8WB 11F,4P,6WB 7F,4P,4WB 8F,8P,6WB 7F,4P,7WB 8F,8P,6WB 6F,4P,3WB 1F,4P,3WB 

Total 
Baseline 

 12 20 17 22 21 15 22 18 22 13 8 

Post-OP 1 4F,5P,3WB 2F,2P,1WB 2F,1P,1WB 4F,4P,4WB 2F,3P,3WB 2F,4P,2WB 6F,3P,2WB 1F,2P,2WB 2F,4P,5WB 0F,1P,1WB 4F,4P,1WB 
2 1F,1P,1WB 6F,3P,2WB 4F,1P,1WB 4F,1P,3WB 2F,1P,4WB 3F,4P,3WB 9F,3P,3WB 4F,2P,3WB 0F,4P,2WB 3F,1P,1WB 3F,3P,1WB 
3 1F,1P,1WB 4F,1P,2WB 1F,1P,2WB 3F,1P,0WB 1F,2P,1WB 0F,3P,2WB 6F,4P,4WB 0F,3P,2WB 4F,1P,3WB 1F,1P,1WB 2F,2P,1WB 
4 1F,1P,1WB 3F,2P,2WB 3F,3P,3WB 3F,5P,4WB 4F,1P,1WB 1F,2P,1WB 1F,1P,1WB 1F,2P,2WB 3F,2P,4WB 1F,1P,1WB 1F,1P,2WB 
5 3F,2P,1WB 0F,1P,1WB 1F,0P,1WB 3F,2P,2WB 6F,7P,2WB 2F,0P,1WB 3F,1P,1WB 1F,1P,1WB 2F,3P,2WB 1F,0P,1WB 2F,2P,2WB 
6 1F,1P,2WB 4F,2P,1WB 2F,1P,1WB 3F,1P,1WB 4F,2P,1WB 2F,5P,2WB 1F,1P,2WB 1F,1P,2WB 2F,3P,2WB 2F,1P,2WB 4F,1P,1WB 

Total 11F,11P,9WB 19F,11P,9WB 13F,7P,9WB 20F,14P,14WB 19F,16P,12WB 10F,18P,11WB 26F,13P,13WB 8F,11P,12WB 13F,17P,18WB 8F,5P,7WB 16F,13P,8WB 
Total 
 (F,P,WB) 

31 39 29 48 47 39 52 31 48 20 37 

Over Total 43 59 46 70 68 54 74 49 70 33 45 
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Table A4. Number of images captured baseline and post-surgery in cohort 2 females. 

 
Cohort 2: Primates underwent surgery in January 2021, had a 12 h light cycle from 06:30 to 18:00 
F: Frontal, P: Profile, WB: Whole body

Baseline Time 
point 

24F 25F 26F 27F 28F 29F 30F 31F 32F 33F 

1 2F,1P,1WB 1F,1P,1WB 1F,1P,1WB 2F,1P,1WB - 1F,1P,1WB 1F,1P,2WB 1F,1P,1WB 2F,2P,1WB 2F,2P,1WB 
2 - - - 3F,1P,1WB 1F,1P,1WB - 1F,1P,1WB 0F,1P,1WB 1F,2P,1WB 1F,1P,1WB 
3 1F,1P,1WB - - 1F,0P,0WB 1F,1P,1WB 1F,1P,1WB 2F,1P,2WB 2F,2P,1WB 1F,1P,1WB 1F,1P,1WB 
4 2F,1P,1WB 1F,1P,1WB - 2F,1P,1WB 1F,1P,1WB 1F,1P,1WB 1F,1P,2WB 2F,1P,2WB 0F,1P,1WB 1F,2P,2WB 

Total 
(F,P,WB)  

 5F,3P,3WB 2F,2P,2B 1F,1P,1WB 8F,3P,3WB 3F,3P,3WB 3F,3P,3WB 5F,4P,7WB 5F,5P,5W 4F,6P,4WB 5F,6P,5WB 

Total Baseline  11 6 3 14 9 9 16 15 14 16 
Post-OP 1 1F,1P,1WB 3F,1P,1WB 4F,0P,1WB 1F,1P,1WB 2F,0P,1WB 0F,1P,1WB - 3F,3P,3WB 1F,2P,0WB 0F,2P,2WB 

2 1F,1P,2WB 2F,1P,1WB 0F,1P,1WB 1F,1P,1WB 0F,1P,1WB 0F,1P,1WB - 3F,2P,2WB 0F,0P,1WB 2F,2P,1WB 
3 1F,1P,1WB 2F,3P,1WB - 2F,2P,0WB 2F,1P,1WB 0F,1P,1WB 1F.1P.1WB 2F,2P,2WB 1F,0P,1WB 4F,3P,1WB 
4 2F,1P,1WB 1F,2P,1WB 0F,1P,1WB 1F,2P,1WB 3F,2P,1WB 1F,1P,1WB 1F,1P,1WB 2F,2P,1WB 2F,0P,1WB 0F,4P,1WB 
5 1F.2P.1WB 2F,3P,1WB 3F,1P,1WB 1F,2P,2WB 2F,2P,2WB 3F,1P,1WB 0F,2P,2WB 1F,2P,2WB 1F,2P,1WB 2F,3P,2WB 
6 1F,1P,1WB 4F,2P,1WB 1F,1P,2WB 2F,2P,2WB 2F,1P,2WB 0F,3P,1WB 0F,2P,1WB 3F,1P,2WB 1F,2P,2WB 1F,2P,2WB 

Total 
(F,P,WB) 

7F,7P,7WB 14F,12P,6WB 8F,4P,6WB 8F,10P,7WB 11F,7P,8WB 4F,8P,6WB 2F,6P,5WB 14F,12P,12WB 6F,6P,6WB 9F,16P,9WB 

Total  21 32 18 25 26 18 13 38 18 34 
Over Total 32 38 21 39 35 27 29 53 32 50 
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Appendix C. Cynomolgus macaque training manual 
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Appendix D. Survey questions 

1. Job title 

2. Gender 

3. How many years have you worked with primates?  

4. How much time would you say it took you to score images during Week 1? 
Less than 1 h 
1 – 2 h 
More than 3 h 

5. How much time would you say it took you to score images during Week 2? 
Less than 1 h 
1 – 2 h 
More than 3 h 

6. How much time would you say it took you to score images during Week 3? 
Less than 1 h 
1 – 2 h  
More than 3 h 

7. How confident did you feel when scoring images Week 1 on a scale from 0 -2? 
0: Not confident 
1: Confident 
2: Very confident  

8. How confident did you feel when scoring images Week 2 on a scale from 0 -2? 
0: Not confident 
1: Confident 
2: Very confident  

9. How confident did you feel when scoring images Week 3 on a scale from 0 -2? 
0: Not confident 
1: Confident 
2: Very confident  

10. Do you think this is a useful tool that you could use at your facility? 
Yes 
No 

11. Do you think it would be straight forward to train technical staff to use this tool? 
Yes 
No 

12. In your opinion which was the most difficult parameter to score? 
Eyebrow lowering  
Lip tightening 
Orbital tightening 
Posture 

13. In your opinion which was the easiest parameter to score? 
Eyebrow lowering  
Lip tightening 
Orbital tightening 
Posture 

14. Please write out any other comments about your experience using the grimace scale? 
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Appendix E. Sampling strategy subject characteristics of cage and pen behaviour. 

Table E1. Sampling strategy subject characteristics and time point assessed (n=6). 

Cage Animals 
ID 

Social 
group 

Sex Age Time of day and 
condition 

7 13M 
14M 

2 M 2.17 
2.14 

19:00-20:00 
(baseline) 

8 15M 
16M 

2 M 2.14 
2.13 

17:00 -18:00 
(post-op) 

16 35F 
36F 

2 F 2.13 
2.12 

16:00-17:00 
(baseline) 

                    

F: Female, M: Male 

 

Table E2. Sampling strategy subject characteristics and time point assessed (n=7). 

Pen Animals Social 
group 

Sex Age Time of day 

3 5C 
6C 
7C 

3 F 7.56 
5.78 
5.63 

03:00-04:00 

6 13C 
14C 

2 F 11.42 
5.96 

21:00-22:00 

9 20C 
21C 

2 M 5.49 
5.29 

01:00-02:00 

 

F: Female, M: Male 
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Appendix F.  
Table F1. Behavioural analysis of pre- and post-operative behaviour presented as mean 

proportions of duration (SD) across time points. 

 
* MVTW: Movement Directed Towards the Wound; MCR: Manipulation of Cage Resources; ARB: Abnormal 
Repetitive Behaviour 
1Cohort 1 animals (different time due to different light cycle) 
2Cohort 2 animals (different time due to different light cycle) 
BBaseline period 
PPost-operative period 

Pr
op

or
tio

n 
of

 ti
m

e  

Behaviour Time points 
1B 2B 3B 4B 5B 5P 6P 7P 20P 21P 22P 
16:30-
7:30 
27:00-
8:00 

12:00-
13:00 

16:00-
17:00 

17:00-
18:00 

18:00-
19:00 

16:00-
17:00 

17:00-
18:00 

18:00-
19:00 

16:30-
7:30 
27:00-
8:00 

12:00-
13:00 

17:00-
18:00 

Climbing 0.01 
(0.07) 

0.09 
(0.18) 

0.01 
(0.12) 

0.08 
(0.15) 

0.04 
(0.07) 

0.05 
(0.12) 

0.06 
(0.12) 

0.09 
(0.24) 

0.11 
(0.17) 

0.12 
(0.14) 

0.07 
(0.13) 

Inactive 0.03 
(0.10) 

0.07 
(0.21) 

0.01 
(0.05) 

0.04 
(0.16) 

0.03 
(0.11) 

0.24 
(0.29) 

0.22 
(0.29) 

0.27 
(0.34) 

0.04 
(0.08) 

0.10 
(0.21) 

0.12 
(0.21) 

Self-groom 0.02 
(0.05) 

0.00 
(0.01) 

0.02 
(0.07) 

0.01 
(0.02) 

0.01 
(0.02) 

0.01 
(0.04) 

0.01 
(0.04) 

0.02 
(0.03) 

0.05 
(0.06) 

0.02 
(0.03) 

0.03 
(0.04) 

Forage 0.06 
(0.12) 

0.03 
(0.06) 

0.04 
(0.12) 

0.09 
(0.19) 

0.09 
(0.18) 

0.01 
(0.06) 

0.00 
(0.01) 

0.00 
(0.01) 

0.01 
(0.04) 

0.01 
(0.03) 

0.02 
(0.07) 

Eat 0.19 
(0.21) 

0.28 
(0.31) 

0.34 
(0.27) 

0.40 
(0.32) 

0.32 
(0.29) 

0.12 
(0.16) 

0.15 
(0.22) 

0.11 
(0.24) 

0.15 
(0.16) 

0.23 
(0.23) 

0.26 
(0.29) 

Drink 0.01 
(0.02) 

0.00 
(0.00) 

0.01 
(0.02) 

0.01 
(0.03) 

0.01 
(0.02) 

0.00 
(0.00) 

0.00 
(0.01) 

0.00 
(0.02) 

0.00 
(0.01) 

0.00 
(0.01) 

0.00 
(0.01) 

MCR* 0.09 
(0.16) 

0.04 
(0.08) 

0.07 
(0.17) 

0.09 
(0.19) 

0.16 
(0.26) 

0.01 
(0.02) 

0.01 
(0.04) 

0.01 
(0.03) 

0.02 
(0.10) 

0.01 
(0.03) 

0.01 
(0.03) 

Allo-
grooming 

0.01 
(0.01) 

0.05 
(0.15) 

0.03 
(0.07) 

0.01 
(0.06) 

0.04 
(0.12) 

0.01 
(0.04) 

0.02 
(0.05) 

0.04 
(0.11) 

0.11 
(0.20) 

0.02 
(0.06) 

0.05 
(0.09) 

Play 0.16 
(0.27) 

0.04 
(0.16) 

0.02 
(0.06) 

0.02 
(0.05) 

0.07 
(0.20) 

0.01 
(0.07) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.01) 

0.03 
(0.07) 

0.04 
(0.14) 

Embrace/ 
huddle 

0.20 
(0.26) 

0.18 
(0.29) 

0.10 
(0.20) 

0.15 
(0.30) 

0.10 
(0.24) 

0.33 
(0.36) 

0.34 
(0.39) 

0.40 
(0.40) 

0.29 
(0.33) 

0.19 
(0.31) 

0.44 
(0.34) 

Aggression 0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

ARB* 0.02 
(0.09) 

0.00 
(0.00) 

0.03 
(0.15) 

0.01 
(0.05) 

0.00 
(0.00) 

0.01 
(0.08) 

0.00 
(0.00) 

0.00 
(0.01) 

0.00 
(0.00) 

0.00 
(0.02) 

0.00 
(0.00) 

Rub face 0.00 
(0.01) 

0.00 
(0.00) 

0.00 
(0.01) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.01) 

0.01 
(0.04) 

0.00 
(0.01) 

0.00 
(0.01) 

0.00 
(0.01) 

0.00 
(0.00) 

Tremor 0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.01) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.01) 

0.00 
(0.00) 

0.00 
(0.01) 

0.00 
(0.01) 

0.00 
(0.00) 

Ataxia 0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

MVTW* 0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.01) 

0.00 
(0.02) 

0.00 
(0.00) 

0.01 
(0.04) 

0.02 
(0.04) 

0.02 
(0.04) 

0.04 
(0.08) 

0.02 
(0.05) 

0.02 
(0.05) 

Bruxism 0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

Body shake 0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.02) 

0.04 
(0.15) 

0.03 
(0.11) 

0.02 
(0.08) 

0.00 
(0.01) 

0.00 
(0.00) 

0.02 
(0.07) 

Hunched 0.01 
(0.02) 

0.00 
(0.01) 

0.04 
(0.14) 

0.00 
(0.00) 

0.01 
(0.05) 

0.14 
(0.25) 

0.11 
(0.22) 

0.17 
(0.32) 

0.01 
(0.04) 

0.03 
(0.10) 

0.06 
(0.15) 

Head lean 0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.02 
(0.08) 

0.00 
(0.00) 

Human 
presence 

0.03 
(0.16) 

0.26 
(0.34 

0.28 
(0.32) 

0.10 
(0.25) 

0.05 
(0.20) 

0.20 
(0.35) 

0.35 
(0.42) 

0.10 
(0.27) 

0.20 
(0.35) 

0.34 
(0.41) 

0.19 
(0.32) 



 

 

147 

 

Appendix G.  

 

Figure G1. Number of images per time point where 3 raters (2 females, 1 male) all agreed on 

“Pain” or scored 1, all agreed on “No pain” or scored 0, did not agree (1 or more raters scored 

the image differently than others (images n=295). The first time point is from up to 168 h before 

surgery (B), and post-operative time points are the following ((1P:16:00-17:00 (3 h post-op), 

2P:17:00-18:00 (4 h post-op), 3P: 18:00-19:00 (5 h post-op), 4P: 06:30-07:30 (cohort 1) or 

07:00-8:00 (cohort 2) (17 h post-op), 5P: 17:00-18:00 (24 h post-op) and 6P: 1B: 06:30-07:30 

(cohort 1) or 07:00-08:00 (cohort 2) (36 h post-op)). 
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Appendix H.  

 

 

Figure H1. Receiver operating characteristics (ROC) curve. The analgesic intervention threshold 

(0.58) based on the best balance between sensitivity (51.7 (95% CI: 47.2 - 56.1)) and specificity 

(65.6 (95% CI: 60.6-70.40)). The area under the calculated ROC curve (0.59 (95% CI: 0.55-

0.62) was compared to an AUC of 0.5 (non-discriminative test) and was significantly different 

(p<0.001).  
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Appendix I. Camera set-up  

 

 

 

A) Pen camera set-up (Group P) 

 
 

 
 
 

 
 

B) Cage camera set-up (Group C) 
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Appendix J. Raw data of normal night time behaviour analysis of primates in pen and cages housing across time points. 

Table J1. Normal night time behaviour analysis of primates in pen housing across hours of the dark phase. 
 

 
*MVTW: Movement Directed Towards the Wound; MCR: Manipulation of Cage Resources; ARB: Abnormal Repetitive Behaviour 

 

Pr
op

or
tio

n 
of

 ti
m

e 
Behaviour Time points  

1N 2N 3N 4N 5N 6N 7N 8N 9N 10N 11N 12N 

19:00 20:00 21:00 22:00 23:00 0:00 1:00 2:00 3:00 4:00 5:00 6:00 
Climbing 0.17 

(0.14) 
0.00 

(0.00) 
0.00 

(0.00) 
0.00 

(0.00) 
0.00 

(0.00) 
0.00 

(0.00) 
0.00 

(0.00) 
0.00 

(0.00) 
0.00 

(0.00) 
0.00 

(0.00) 
0.00 

(0.00) 
0.00 

(0.00) 

Inactive 0.03 
(0.07) 

0.86 
(0.15) 

0.80 
(0.27) 

0.87 
(0.12) 

0.92 
(0.05) 

0.89 
(0.13) 

0.89 
(0.09) 

0.91 
(0.10) 

0.91 
(0.12) 

0.88(0.
08) 

0.87 
(0.09) 

0.82 
(0.08) 

Self-groom 0.01 
(0.01) 

0.00 
(0.01) 

0.01 
(0.01) 

0.00 
(0.01) 

0.00 
(0.00) 

0.00 
(0.01) 

0.00 
(0.01) 

0.00 
(0.01) 

0.00 
(0.01) 

0.01 
(0.01) 

0.01 
(0.01) 

0.01 
(0.01) 

Forage 0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

Eat 0.00 
(0.01) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

Drink 0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

MCR* 0.01 
(0.05) 

0.00 
(0.00) 

0.00 
(0.01) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

Allo-grooming 0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

Play 0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

Embrace/huddle 0.28 
(0.18) 

0.99 
(0.02) 

0.90 
(0.27) 

0.94 
(0.22) 

1.00 
(0.00) 

0.98 
(0.05) 

1.00 
(0.00) 

1.00 
(0.00) 

1.00 
(0.00) 

0.99 
(0.03) 

0.98 
(0.05) 

0.96 
(0.08) 

Aggression 0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

ARB* 0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

Rub face 0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

Tremor 0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

Ataxia 0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

MVTW 0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

Bruxism 0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

Body shake 0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

Head lean 0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 
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Table J2. Post-operative night time behaviour analysis of primates in cage housing across hours of the dark phase. 
 

 

 

 

 

 

 

 
 

Pr
op

or
tio

n 
of

 ti
m
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Behaviour Time points 
1N 2N 3N 4N 6N 7N 8N 9N 10N 11N 12N 

19:001 
18:302 20:00 21:00 22:00 0:00 1:00 2:00 3:00 4:00 5:00 6:00 

Climbing 0.08 
(0.15) 

0.00 
(0.01) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.01) 

0.00 
(0.02) 

0.02 
(0.08) 

0.02 
(0.05) 

0.04 
(0.16) 

0.02 
(0.11) 

0.02 
(0.05) 

Inactive 0.45  
(0.37) 

0.71  
(0.35) 

0.66  
(0.34) 

0.77  
(0.25) 

0.68 
(0.35) 

0.71 
(0.33) 

0.67 
(0.30) 

0.73 
(0.33) 

0.81 
(0.30) 

0.66 
(0.37) 

0.50 
(0.37) 

Self-groom 0.02  
(0.05) 

0.00 
(0.00) 

0.02  
(0.07) 

0.02  
(005) 

0.03 
(0.12) 

0.05 
(0.13) 

0.04 
(0.11) 

0.03 
(0.12) 

0.01 
(0.03) 

0.02 
(0.04) 

0.07 
(0.16) 

Forage 0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

Eat 0.03  
(0.10) 

0.00 
(0.00) 

0.00 
(0.00) 

0.02 
 (0.09) 

0.03 
(0.13) 

0.00 
(0.00) 

0.00 
(0.01) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

Drink 0.00 
(0.01) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

MCR* 0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

Allo-grooming 0.00 
(0.02) 

0.00 
(0.00) 

0.00 
(0.01) 

0.00 
(0.01) 

0.00 
(0.00) 

001 
(0.08) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.01 
(0.03) 

Play 0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

Embrace/huddle 0.67  
(0.37) 

0.84  
(0.37) 

0.82  
(0.35) 

0.91 
 (0.26) 

0.83 
(0.36) 

0.84 
(0.35) 

0.88 
(0.30) 

0.83 
(0.36) 

0.84 
(0.36) 

0.73 
(0.44) 

0.71 
(0.42) 

Aggression 0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

ARB* 0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

Rub face 0.00  
(0.01) 

0.00 
(0.00) 

0.00  
(0.01) 

0.00 
(0.00) 

0.00 
(0.01) 

0.00 
(0.01) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

Tremor 0.00 
(0.00) 

0.01  
(0.01) 

0.00 
(0.00) 

0.00 
(0.01) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.01) 

0.00 
(0.00) 

Ataxia 0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

MVTW* 0.01 
(0.04) 

0.00 
(0.00) 

0.00 
 (0.01) 

0.00  
(0.01) 

0.00 
(0.01) 

0.00 
(0.01) 

0.00 
(0.01) 

0.00 
(0.01) 

0.00 
(0.02) 

0.00 
(0.02) 

0.01 
(0.02) 

Bruxism 0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.01) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

Body shake 0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

Head lean 0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

  

*MVTW: Movement Directed Towards the Wound; MCR: Manipulation of Cage Resources; ABR: Abnormal Repetitive Behaviour 
1
Cohort 1 animals (different time due to different light cycle) 
2
Cohort 2 animals (different time due to different light cycle) 
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Appendix K.  
Tables K1. Behaviour analysis of primates between 2 different housing systems and states (normal vs. post-operative) 
 across every hour of the dark phase (LS means ((95% CI) (SE)). 
 

 

 

 

 

 

 

 

 

1Cohort 1 animals (different time due to different light cycle), 2Cohort 2 animals (different time due to different light cycle) 

Housing 
(state) 

Behaviour Nocturnal hours 
1N 2N 3N 4N 5N 6N 7N 8N 9N 10N 11N 12N 

19:001 
18:302 20:00 21:00 22:00 23:00 0:00 1:00 2:00 3:00 4:00 5:00 6:00 

Pen   
(normal) 

Inactive 0.01 (-

0.05-

0.06) 

(0.03) 

0.85 

(0.79-

0.90) 

(0.03) 

0.80 

(0.73-

0.83) 

(0.03) 

0.85 

(0.80-

0.91) 

(0.03) 

0.90 

(0.80-

0.91) 

(0.03) 

0.87 

(0.82-

0.93) 

(0.03) 

0.87 

(0.82-

0.93) 

(0.03) 

0.89 

(0.84-

0.95) 

(0.03) 

0.89 

0.84-

0.95) 

(0.03) 

0.87 

0.82-

0.92) 

(0.03) 

0.85 

(0.80-

0.91) 

(0.03) 

0.80 

(0.74-

0.85) 

(0.03) 

Embrace/ 
Huddle 

0.48 

(0.43-

0.53) 

(0.02) 

0.99 

(0.94-

1.01) 

(0.02) 

0.91 

(0.87-

0.96) 

(0.02) 

0.94 

(0.89-

0.99) 

(0.02) 

0.99 

(0.93-

1.04) 

(0.02) 

0.98 

(0.93-

1.03) 

(0.02) 

0.99 

(0.94-

1.04) 

(0.02) 

0.99 

(0.94-

1.04) 

(0.02) 

0.99 

(0.94-

1.04) 

(0.02) 

0.98 

(0.94-

1.03) 

(0.02) 

0.98 

(0.93-

1.03) 

(0.02) 

0.97 

(0.92-

1.02) 

(0.02) 

Self-groom 0.12 

(0.04-

0.08) 

(0.01) 

0.04 

(0.01-

0.06) 

(0.01) 

0.05 

(0.03-

0.08) 

(0.01) 

0.04 

(0.02-

0.06) 

(0.01) 

0.03 

(0.01-

0.06) 

(0.01) 

0.03 

(0.01-

0.06) 

(0.01) 

0.05 

(0.02-

0.07) 

(0.01) 

0.04 

(0.01-

0.06) 

(0.01) 

0.04 

(0.01-

0.06) 

(0.01) 

0.06 

(0.04-

0.08) 

(0.01) 

0.05 

(0.02-

0.07) 

(0.01) 

0.07 

(0.04-

0.09) 

(0.01) 

Cage 
(normal) 

Inactive 0.95 

(0.87-

1.04) 

(0.05) 

0.95 

(0.87-

1.04) 

(0.05) 

0.93 

(0.84-

1.02) 

(0.05) 

0.95 

(0.87-

1.04) 

(0.05) 

- 0.84 

(0.75-

0.94) 

(0.05) 

0.85 

(0.76-

0.94) 

(0.05) 

0.85 

(0.76-

0.94) 

(0.05) 

0.95 

(0.86-

1.04) 

(0.05) 

0.72 

(0.63-

0.81) 

(0.05) 

0.84 

(0.75-

0.94) 

(0.05) 

0.83 

(0.72-

0.94) 

(0.05) 

Embrace/ 
Huddle 

0.97 

(0.87-

1.06) 

(0.05) 

0.99 

(0.89-

1.09) 

(0.05) 

0.99 

(0.89-

1.09) 

(0.05) 

0.99 

(0.89-

1.08) 

(0.05) 

- 0.91 

(0.81-

1.01) 

(0.05) 

0.93 

(0.83-

1.03) 

(0.05) 

0.99 

(0.89-

1.08) 

(0.05) 

0.99 

(0.90-

1.09) 

(0.05) 

0.84 

(0.74-

0.94) 

(0.05) 

0.93 

(0.83-

1.03) 

(0.05) 

0.85 

(0.74-

0.96) 

(0.06) 

Self-groom 0.02 

(-0.01- 

0.06) 

(0.02) 

0.03 

(-0.01-

0.07) 

(0.02) 

0.02 

(0.05-

0.14) 

(0.02) 

0.02 

(0.05-

0.08) 

(0.02) 

- 0.06 

(0.03-

0.10) 

(0.02) 

0.05 

(0.02-

0.09) 

(0.02) 

0.06 

(0.03-

0.10) 

(0.02) 

0.04 

(-0.00-

0.07) 

(0.02) 

0.07 

(0.04-

0.11) 

(0.02) 

0.03 

(-0.01-

0.07) 

(0.02) 

0.05 

(0.00-

0.09) 

(0.02) 

Cage  
(post-
operative) 

Inactive 0.45 

(0.34-

0.56) 

(0.06) 

0.69 

(0.54-

0.83) 

(0.07) 

0.65 

(0.56-

0.74) 

(0.05) 

0.75 

(0.66-

0.84) 

(0.05) 

- 0.67 

(0.58-

0.75) 

0.05) 

0.72 

(0.62-

0.81) 

(0.05) 

0.65 

(0.56-

0.75) 

(0.05) 

0.72 

(0.63-

0.81) 

(0.05) 

0.79 

(0.70-

0.89) 

(0.05) 

0.66 

(0.56-

0.75) 

(0.05) 

0.52 

(0.41-

0.64) 

(0.06) 

Embrace/ 
Huddle 

0.66 

(0.55-

0.78) 

(0.08) 

0.83 

(0.68-

1.00) 

(0.08) 

0.81 

(0.71-

0.91) 

(0.05) 

0.88 

(0.80-

0.97) 

(0.05) 

- 0.82 

(0.72-

0.91) 

(0.05) 

0.85 

(0.75-

0.94) 

(0.05) 

0.86 

(0.76-

0.97) 

(0.05) 

0.82 

(0.72-

0.92) 

(0.05) 

0.81 

(0.71-

0.91) 

(0.05) 

0.72 

(0.62-

0.82) 

(0.05) 

0.70 

(0.58-

0.83) 

(0.06) 

Self-groom 0.09 

(0.05-

0.14)) 

(0.02) 

0.02 

(-0.05-

0.08) 

(0.03) 

0.08 

(0.05-

0.12) 

(0.02) 

0.08 

(0.04-

0.12) 

(0.02) 

- 0.09 

(0.05-

0.13) 

(0.02) 

0.11 

(0.07-

0.15) 

(0.02) 

0.10 

(0.06-

0.14) 

(0.02) 

0.09 

(0.05-

0.013) 

(0.02) 

0.07 

(0.03-

0.10) 

(0.02) 

0.10 

(0.06-

0.15) 

(0.02) 

0.16 

(0.11-

0.21) 

(0.03) 


