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Abstract Word Count 246 19 

 20 

Objective To compare ketamine-butorphanol-azaperone-medetomidine (KBAM) to detomidine-21 

etorphine-acepromazine (DEA) for field anesthesia in captive Przewalski’s horses (Equus 22 

przewalskii). 23 



 24 

Animals 10 adult Przewalski’s horses. 25 

 26 

Procedures A prospective randomized crossover trial was conducted. Each horse was 27 

immobilized once with KBAM (200 mg ketamine, 109.2 mg butorphanol, 36.4 mg azaperone, 28 

43.6 mg medetomidine) and once with DEA (40 mg detomidine premedication, followed 20 29 

minutes later by 3.9-4.4 mg etorphine and 16-18 mg acepromazine). Both protocols were 30 

administered by IM remote dart injection with a washout period of 6 months between treatments. 31 

Selected cardiorespiratory variables and quality of anesthesia were recorded. Antagonists were 32 

administered IM (KBAM: 215 mg atipamezole and 50 mg naltrexone; DEA: 4 mg RX821002 33 

and 100 mg naltrexone). 34 

 35 

Results All horses were anesthetized and recovered uneventfully. Inductions (DEA 6.8 min, 36 

KBAM 11.6 min; p = 0.04) and recoveries (DEA 3.2 min, KBAM 19.6 min; p < 0.01) were 37 

faster with DEA compared to KBAM. Quality scores for induction and recovery did not differ 38 

between protocols, but maintenance quality was poorer for DEA (p < 0.01). Clinical concerns 39 

during DEA immobilizations included apnea, severe hypoxemia (PaO2 < 60 mm Hg), muscle 40 

rigidity and tremors. Horses treated with KBAM were moderately hypoxemic, but arterial partial 41 

pressures of oxygen were higher compared to DEA (p < 0.01). 42 

 43 

Clinical relevance Captive Przewalski’s horses are effectively immobilized with KBAM, and 44 

this protocol results in superior muscle relaxation and less marked hypoxemia during the 45 

maintenance phase, but slower inductions and recoveries, compared to DEA.  46 



 47 

Keywords anesthesia, etorphine, immobilization, ketamine, medetomidine, Przewalski’s horse 48 

(Equus przewalskii) 49 

 50 

51 



The Przewalski’s horse (Equus przewalskii) is an endangered species of nondomestic equid that 52 

became extinct in the wild in the mid-1960s, but has since been successfully reintroduced into 53 

parts of its former range.1 Przewalski’s horses survived because of ex situ breeding from a small 54 

population of founder animals in zoological institutions.2 Captive management of nondomestic 55 

equids requires safe and reliable immobilization drug protocols for veterinary interventions, such 56 

as hoof trimming, that generally cannot be accomplished safely with behavioral restraint alone.3 57 

 58 

The ultrapotent opioid (UPO) etorphine is the drug most commonly used to immobilize 59 

nondomestic equids because of its potency, rapid onset of action, reliability, reversibility, and the 60 

historic lack of availability of efficacious alternative protocols.4 However, adverse effects of 61 

UPOs include respiratory depression, hypertension, muscle tremors, renarcotization, and the risk 62 

of accidental human exposure. Etorphine is usually administered in combination with a 63 

tranquilizer or sedative to reduce the etorphine dose required to achieve a working level of 64 

immobilization and to mitigate UPO-associated adverse effects.4 Drug administration is usually 65 

by remote IM injection in nondomestic equids. A typical immobilization protocol for both wild 66 

free-ranging and captive Przewalski’s horses combines etorphine with butorphanol and 67 

detomidine in a single dart.3 At the Toronto Zoo, a two-step strategy consisting of premedication 68 

with detomidine IM followed by etorphine-acepromazine IM, all by remote dart injection, has 69 

historically been the immobilization protocol of choice for Przewalski’s horses. 70 

 71 

Some countries have experienced periodic shortages in etorphine supply, prompting zoo 72 

veterinarians to seek alternatives for nondomestic equid immobilization.5 The UPOs carfentanil 73 

and thiafentanil have been trialed with variable success.5,6 Several non-UPO combinations have 74 



been reported in nondomestic equids managed in zoological institutions. Standing sedation is 75 

relatively easily achieved with non-UPO combinations such as butorphanol-detomidine, but, as 76 

in domestic horses, additional drugs (normally ketamine) are required to induce recumbency.  77 

Combinations of 2-adrenergic agonists (such as medetomidine, xylazine, and romifidine) and 78 

ketamine or tiletamine-zolazepam have been used to induce recumbent immobilization in captive 79 

nondomestic equids.7,8 Medetomidine-ketamine (MK) combinations reported in the zoological 80 

medicine literature have variable efficacy in Przewalski’s horses with some individuals showing 81 

significant ataxia but failing to become recumbent, whilst others underwent calm induction, 82 

excellent muscle relaxation, and uneventful recovery.7,9 In boma-confined wild zebra (Equus 83 

zebra), ketamine-butorphanol-medetomidine (KBM) was as effective as etorphine-azaperone, 84 

but adverse effects of KBM included ataxic and prolonged inductions, hypertension, and 85 

hypoxemia.10 86 

 87 

The non-UPO combination butorphanol-azaperone-medetomidine (BAM) effectively 88 

immobilizes a wide range of nondomestic ungulate species, although reported adverse effects 89 

include prolonged inductions and hypoxemia.11,12 Ketamine is added to BAM for the 90 

immobilization of nondomestic equids.13 The aim of this study was to characterize and compare 91 

the quality of induction, maintenance, and recovery, and the cardiorespiratory effects of two drug 92 

protocols, ketamine-butorphanol-azaperone-medetomidine (KBAM) and detomidine-etorphine-93 

acepromazine (DEA), administered by remote IM injection via dart, for the immobilization of 94 

captive Przewalski’s horses. It was hypothesized that KBAM would result in greater muscle 95 

relaxation and higher PaO2 than DEA. 96 

 97 



Materials and methods 98 

Research methodology was approved by the Toronto Zoo Animal Care & Research Committee 99 

(reference number 2018-09-19) and the Royal (Dick) School of Veterinary Studies Veterinary 100 

Ethical Review Committee (reference number 81.89). 101 

 102 

Animals 103 

Ten captive born Przewalski’s horses were immobilized in April and October of 2019 for routine 104 

veterinary care at the Toronto Zoo. Seven mares, two geldings, and one stallion (estimated 105 

average body weight of 300 kg) were included in the study; all horses were clinically healthy. 106 

 107 

Study design 108 

This was a randomized, prospective, crossover clinical trial. Each horse received treatments 109 

KBAM and DEA in random order. The order in which horses received the two treatments was 110 

allocated using an online randomization plan generator, in which the 10 subjects were 111 

randomized into one block with balanced permutations.14 Initial treatment allocation was 112 

concealed from the investigators during the randomization process, but no further blinding was 113 

performed during the animal phase because of the human safety concerns associated with 114 

exposure to etorphine and concentrated medetomidine. Animals received the first treatment in 115 

April 2019, and the alternative treatment in October 2019. The six-month washout period 116 

coincided with planned routine immobilizations for scheduled veterinary care. 117 

 118 

Sample size was calculated by power based on PaO2 values obtained by arterial blood gas 119 

analysis. A clinically significant effect size of 15 mm Hg and SD of 10 mm Hg were derived 120 



from prior clinical experiences of the authors. A power calculation was performed with power of 121 

80% and a type I error of 5%, giving a sample size of eight horses.15 An attrition rate of 20% was 122 

anticipated, so a final sample size of 10 horses was used. 123 

 124 

Immobilization 125 

Immediately before darting, each horse was separated from the herd and moved to a 4 x 8-meter 126 

outdoor pen accessed by sliding doors. Ambient temperatures ranged from 9C to 16C. Horses 127 

were randomly assigned to a treatment protocol as described above. For the DEA protocol, 128 

horses were premedicated with 40 mg detomidine IM followed 20 minutes later by 1.6-1.8 mL of 129 

a premixed compounded etorphine-acepromazine combination IM (etorphine HCl 2.45 mg/mL 130 

and acepromazine maleate 10 mg/mL, compounded from existing approved drug products with 131 

benzyl alcohol 0.5% preservative, Chiron Compounding Pharmacy Inc). For the KBAM 132 

protocol, horses received 200 mg ketamine combined with 4 mL of a premixed compounded 133 

butorphanol-azaperone-medetomidine combination IM (butorphanol tartrate 27.3 mg/mL, 134 

azaperone 9.1 mg/mL, medetomidine HCl 10.9 mg/mL, compounded from existing approved 135 

drug products, with inactive ingredients methylparaben NF powder, tartaric acid NF powder, 136 

citric acid USP anhydrous fine granular granules, sodium citrate USP anhydrous powder, and 137 

benzethonium chloride powder, Chiron Compounding Pharmacy Inc). All IM injections were 138 

administered via dart injection using a gas-powered pistol. Detomidine and KBAM were 139 

administered using 5 mL plastic darts and etorphine-acepromazine was administered using a 2 140 

mL plastic dart, all with a 16-gauge, 38 mm, wire-barbed, side-ported, collared needle. Animals 141 

were darted from a distance of 3 to 5 meters into the hip or gluteal muscles. The time elapsed 142 



from darting with KBAM or etorphine-acepromazine until the horse became recumbent was 143 

recorded (‘induction time’). 144 

 145 

Once recumbent, heart rate (HR), respiratory rate (RR), and body temperature were monitored by 146 

palpation of peripheral pulse or stethoscope auscultation, visual count of thoracic wall 147 

excursions, and digital rectal thermometer, respectively. Physiological parameters were recorded 148 

at 5, 10, and 15 minutes after recumbency (T5, T10, and T15). Arterial blood samples of 2 mL 149 

were collected anaerobically at T5 and again at T15 by aseptically puncturing either the lateral 150 

metatarsal artery of the nondependent pelvic limb or the transverse facial artery with a 22-gauge 151 

needle attached to a heparinized syringe. Arterial blood was immediately analyzed for PaO2, 152 

PaCO2, SaO2, pH, HCO3
-, and base excess (BE) using a hand-held analyzer (i-STAT, Abbott 153 

Laboratories) at 37 °C. Supplemental oxygen was administered via a nasal cannula inserted into 154 

the ventral meatus of one nostril from a portable oxygen canister at a flow rate of 15 L/min, 155 

starting immediately after collection of the T5 arterial sample. During each immobilization 156 

horses underwent the following procedures: physical examination, venipuncture for blood 157 

collection, and prophylactic treatments as required (e.g., vaccinations) performed by 158 

veterinarians, and hoof trimming performed by certified farriers. 159 

 160 

Following completion of the above procedures, antagonist drugs were administered IM by hand 161 

injection and horses were left to stand unassisted. For the DEA protocol, RX821002 was used to 162 

antagonize detomidine (0.1 mg RX821002 per mg detomidine) and naltrexone was used to 163 

antagonize etorphine (20 mg naltrexone per mg etorphine). RX821002 was compounded in-164 

house from bulk substance (RX821002 hydrochloride powder reconstituted with sterile water to 165 



2.5 mg/mL, Sigma Aldrich). For the KBAM protocol, medetomidine was reversed with 166 

atipamezole (5 mg per mg medetomidine) and etorphine was reversed with naltrexone (0.5 mg 167 

per mg butorphanol). 168 

 169 

Video recordings were made of the induction, maintenance, and recovery phases, and scored at a 170 

later date by a blinded observer using the scoring system of Matthews et al. (1995).7 Horses were 171 

kept under observation until fully recovered, at which point they were reintroduced to the herd. 172 

 173 

Statistical analysis 174 

Data were analyzed by use of statistical software (R version 3.6.2, R Foundation for Statistical 175 

Computing) and graphics were constructed with the R package ggplot2.16,17 Data from horses 176 

that required additional drugs during the induction period (re-darting or a ketamine bolus) were 177 

excluded from further analysis. For continuous data, distribution was assessed for normality 178 

using visual inspection of histograms, Q-Q plots, and performing the Shapiro-Wilk test. Results 179 

are presented as mean  SD (sample range) for continuous data, and as median (interquartile 180 

range) for discrete data. Results were interpreted at the 95% level of confidence (p ≤ 0.05). Data 181 

were tabulated, summary statistics determined, and induction time compared between 182 

combinations using a paired two-sample t-test. Data were not available for recovery times from 183 

October 2019 because of human error; therefore, recovery times were analyzed from 10 horses 184 

(5 DEA, 5 KBAM) in April 2019 using an unpaired two-sample t-test. Subjective quality scores 185 

had a non-parametric distribution, so the Friedman test was used to compare scores between 186 

combinations (response: score; treatment: protocol; block: horse). 187 

 188 



Descriptive statistics for quantitative continuous data (HR, RR, body temperature, SaO2, PaCO2, 189 

PaO2, pH, HCO3
-, BE) were tabulated at each time point and checked to identify any missing 190 

values and recording errors. Data were plotted to visually check for differences between and 191 

within protocols over time. Linear mixed model analyses were implemented using the R package 192 

‘lme4’.18 The explanatory variables ‘time [from onset of recumbency]’ and ‘protocol’ were 193 

selected on the basis of biological plausibility and clinical relevance and included as fixed effects 194 

in the full model.19 ‘Horse ID’ was included as a random effect to control for the similarity 195 

between repeated measures within an immobilization procedure. Separate multivariable models 196 

were created for each response variable. The fit of all models was examined by evaluating the 197 

residuals to ensure no violation of the model’s assumptions. This modelling strategy controlled 198 

for the repeated measurements within an immobilization procedure, and also allowed for a direct 199 

effect of protocol on the value of the monitored parameters as well as an effect of protocol on 200 

changes in monitored parameters over time.20 The ‘lme4’ package does not provide p-values for 201 

variables, so these were generated using the z distribution from the Wald t-values provided in the 202 

model output using the ANOVA function in the ‘car’ package.21 These p-values were used to 203 

evaluate the significance of fixed effects in the models obtained.22 The standard errors of fixed-204 

effects coefficients were used to construct approximate Wald confidence intervals.23 205 

 206 

Results 207 

Animals 208 

Of the 10 horses enrolled in the study, nine received both treatments in the randomized crossover 209 

study. One mare allocated to KBAM at the first trial was subsequently mated and was in early 210 

pregnancy at the time of the second trial; based on the preliminary finding of more severe 211 



hypoxemia in horses immobilized with DEA and concerns about fetal viability, KBAM was used 212 

instead of DEA at the second trial for this individual. Therefore, data from two KBAM 213 

immobilizations were analyzed for this mare. The remaining nine horses received both protocols 214 

in random order; all horses recovered uneventfully from each anesthetic event. Two pregnant 215 

mares were immobilized with KBAM at approximately 12 weeks of gestation and subsequently 216 

birthed live foals at term. 217 

 218 

Immobilization 219 

Induction 220 

All horses were agitated prior to and immediately following the initial dart. At 20 minutes after 221 

premedication with detomidine in the DEA group, all animals reached a moderate level of 222 

standing sedation and responded minimally to the etorphine-acepromazine dart. The mean ± SD 223 

induction time was slower (p = 0.04) for horses treated with KBAM (11.6 ± 4.2 min; range, 7 to 224 

21 min) versus DEA (6.8 ± 2.4 min; range, 4 to 11 min). 225 

 226 

The induction quality score did not differ between the protocols (p = 0.16). However, there were 227 

notable differences in induction behavior between horses treated with KBAM and DEA. During 228 

KBAM inductions, animals were moderately to severely ataxic with multiple episodes of 229 

stumbling and almost falling before becoming recumbent. Penile prolapse during induction was a 230 

consistent finding in the stallion and geldings darted with KBAM but not with DEA. During 231 

DEA induction, horses tended to stand still with their head down or head-pressing against the 232 

pen wall, then developed muscle tremors before falling heavily into lateral recumbency. 233 

 234 



One animal in each group required supplemental induction drugs because they were sedated but 235 

remained standing following administration of the standard protocol; data from these 236 

immobilizations were excluded from subsequent analysis. In the DEA group, one horse received 237 

additional etorphine-acepromazine by IM dart injection, and in the KBAM group one horse was 238 

administered additional ketamine by IV injection. Both horses became recumbent following 239 

supplementation. Overall, data from 10 KBAM and eight DEA immobilizations were analyzed. 240 

 241 

Maintenance 242 

Most DEA horses showed severe muscle rigidity and tremors and spontaneous limb movements 243 

during the maintenance phase. In contrast, the KBAM maintenance phase was smooth and 244 

relaxed. Relaxation scores were significantly higher (i.e., poorer muscle relaxation) for DEA 245 

than KBAM (p < 0.01). One horse treated with DEA spontaneously stood up at T10; the horse 246 

was carefully approached, blindfolded, given an IV ketamine bolus, and became recumbent 247 

again with no further attempts to stand prior to administration of reversal agents. 248 

 249 

Recovery 250 

The mean ± SD recovery time was slower (p < 0.01) for horses treated with KBAM (19.6 ± 6.9 251 

min; range, 2 to 30 min) compared to DEA (3.2 ± 0.8 min; range, 1 to 4 min). Recovery quality 252 

scores did not differ between DEA and KBAM (p = 0.41). All horses were unrestrained during 253 

recovery and stood at their first attempt; recoveries were quiet and uneventful. In the stallion and 254 

geldings immobilized with KBAM, penile prolapse persisted during the recovery period but 255 

resolved within 6 hours with no complications. No renarcotization was observed, and there was 256 

no study-associated morbidity or mortality. 257 



 258 

Physiological variables 259 

Heart rates were faster and more variable (p < 0.01) and respiratory rates were slower (p < 0.01) 260 

in horses treated with DEA compared to KBAM (Table 1). Apnea of 30 seconds or longer 261 

occurred in 6 of the 8 horses treated with DEA but was not observed when the horses were 262 

treated with KBAM. Rectal temperatures were significantly higher for horses treated with DEA 263 

(p < 0.01) (Table 1, Table 2) but remained within clinically acceptable limits. There was no 264 

evidence for any change in HR, RR, temperature, pH, PaCO2, HCO3
-, or BE as an effect of time 265 

(Table 2, Figure 1). 266 

 267 

Arterial blood gases at T5 and T15 revealed hypoxemia that was moderate (PaO2 < 80 mm Hg) 268 

to severe (PaO2 < 60 mm Hg) in most horses (Figure 2). Horses immobilized with DEA were 269 

more severely hypoxemic than with KBAM (p < 0.01) (Table 2, Figure 2). Normocapnia and 270 

normal blood pH balance were recorded in all horses. Although horses treated with DEA had 271 

higher PaCO2, HCO3
-, and BE (p < 0.01) and lower pH values (p = 0.01) compared to KBAM 272 

horses (Table 2), these differences were within clinically acceptable limits. 273 

274 



Discussion 275 

Przewalski’s horses treated with DEA had significantly faster and less variable induction and 276 

recovery times than when treated with KBAM, and KBAM inductions were characterized by 277 

prolonged periods of incoordination in some individuals. This is consistent with previous work 278 

comparing etorphine-azaperone and KBM in zebras, in which KBM also resulted in a markedly 279 

slower and more ataxic induction than the etorphine combination.10 In domestic equids, 280 

increasing duration of the induction and recovery periods is associated with heightened risk of 281 

injury caused by ataxic stumbling.24 The length and character of KBAM inductions could 282 

potentially increase the risk of injury compared to DEA. One horse in each of the treatment 283 

groups failed to become recumbent following apparently correct dart placement. Possible causes 284 

for apparent drug failure include injection into fascial planes rather than deep IM injection, 285 

incomplete injection, incorrect drug compounding, errors in dart preparation, or the effects of sex 286 

and temperament.6,25 287 

 288 

Poor muscle relaxation contributed to suboptimal immobilization quality for DEA compared to 289 

KBAM horses, as is observed in many species under the influence of UPOs.26 Excessive muscle 290 

rigidity and spontaneous movements when the horse is recumbent presents a risk of injury to 291 

horse and handlers, increases rectal temperature, and makes monitoring the depth of 292 

immobilization challenging, as demonstrated by the spontaneous arousal of a DEA horse at T10. 293 

 294 

Prolonged recoveries from KBAM immobilization may be attributable to incomplete reversal 295 

and the use of ketamine. In the DEA protocol, detomidine was reversed with RX821002 and 296 

etorphine with naltrexone, leaving only acepromazine to be metabolized, whereas for KBAM, 297 



butorphanol was reversed with naltrexone and medetomidine with atipamezole, leaving both 298 

ketamine and azaperone to be metabolized. In this study, RX821002 was used instead of 299 

atipamezole to reverse detomidine because of its low cost, its 2 to 1 specificity ratio being 300 

considered closer to that of detomidine, the small volume required, and the authors’ positive 301 

experience using this reversal in Przewalski’s horses.27 In equids, complete and rapid recovery 302 

from immobilization is desirable to prevent disruption of social structure, misadventure, and 303 

derangements in body temperature.3 Prolonged recumbency during slow recoveries additionally 304 

exacerbates hypoxemia caused by compression of the dependent lung, as well as increasing the 305 

risk of neuropathy and myopathy in the dependent limbs.28 Dividing antagonists equally between 306 

the IV and IM routes results in rapid (< 5 min) recovery from KBAM in Przewalski’s horses 307 

(personal experiences of the authors, unpublished data). However, IV administration of 2-308 

adrenoceptor antagonists can result in excitement and profound vasodilation with hypotension, 309 

and thus the IM route is generally recommended except for emergency situations.29 Compounded 310 

butorphanol-azaperone-medetomidine and etorphine-acepromazine were used because approved 311 

products were not available in Canada at the time of the study. Veterinarians should adhere to 312 

compounding regulations and be aware that pharmacokinetic properties may differ between 313 

compounded and approved products. The use of both etorphine and concentrated medetomidine 314 

bears an inherent risk of human injury from accidental exposure.30 Therefore, it is vital to pre-315 

emptively establish emergency protocols in case of accidental human exposure for both KBAM 316 

and DEA. 317 

 318 

Horses treated with DEA were severely hypoxemic (PaO2 < 60 mm Hg) at all time points and 319 

often apneic. Opioid-induced respiratory depression is the result of -receptor-mediated 320 



depression of the central respiratory center.31 Etorphine-associated skeletal muscle tremors 321 

increase cellular oxygen consumption and may therefore have further contributed to DEA-322 

associated hypoxemia.32 Despite not receiving a UPO, moderate hypoxemia (PaO2 < 80 mm Hg) 323 

also occurred in horses treated with KBAM, as is consistently observed in nondomestic equids 324 

immobilized with medetomidine-ketamine combinations.33 Similarly, PaO2 commonly decreases 325 

from 100 mm Hg to 60 – 80 mm Hg within 5 minutes of anesthetic induction in domestic horses 326 

not administered oxygen.34–36 This hypoxemia is mainly a result of ventilation-perfusion 327 

mismatch and, to a lesser extent, intrapulmonary vascular shunting because of atelectasis of the 328 

dependent lung fields that occurs during recumbency.28,37 Ketamine, like etorphine, increases 329 

sympathetic tone and cellular oxygen consumption, which could have additionally contributed to 330 

the low PaO2 in KBAM-treated horses in the present study.38 Oxygen supplementation is 331 

therefore recommended with both KBAM and DEA protocols and, indeed, in all equid 332 

immobilizations.37,39 In horses, oxygen insufflation at 50 L/min has been demonstrated to 333 

normalize PaO2 if the nasal line was advanced into the pharynx or trachea.40 In this study, nasal 334 

oxygen at 15 L/min only slightly increased PaO2 over time. It could be that the nasal line was 335 

poorly positioned or that the flow rate was insufficient. However, if the predominant cause of 336 

hypoxemia was venous admixture, even at high flow rates, the fraction of inspired oxygen would 337 

have had very little impact on PaO2. More research is required to establish optimal methods for 338 

respiratory support in immobilized nondomestic equids. 339 

 340 

The PaO2 values reported here are much lower than values reported for domestic horses that 341 

were recumbent, anesthetized, or both.37 This finding may be the result of interspecies variation, 342 

an effect of the anesthetic agents, or sampling error. It is possible that there was collection of 343 



venous or mixed sample because of difficulty palpating peripheral pulses in some of the horses, 344 

which would decrease oxygen content. Additionally, on colder days there was a time delay from 345 

sample collection to analysis because the analyzer needed to be warmed before the sample could 346 

be processed in the field; this could also decrease oxygen content of the sample.41 Despite very 347 

low PaO2 on a number of occasions, all horses recovered from each anesthesia uneventfully with 348 

no reported long-term consequences such as cognitive deficits. Thoroughbred horses have much 349 

lower PaO2 during exercise than when at rest and autoregulation of cerebral and cerebellar blood 350 

flow is maintained in exercising horses despite this hypoxemia and hypercapnia.37,42,43 It is not 351 

known to what extent the autoregulatory response of brain blood flow to hypoxemia is attenuated 352 

during anesthesia with KBAM and DEA. 353 

 354 

In summary, KBAM may provide a useful alternative to etorphine-based combinations for 355 

captive Przewalski’s horses. Horses treated with KBAM had subjectively better immobilization 356 

quality during the maintenance phase, compared with apnea and severe muscle tremors and 357 

rigidity in horses treated with DEA. However, KBAM induction and recovery periods were 358 

longer and less predictable compared to DEA, which could increase the risk of injury caused by 359 

ataxic stumbling and may therefore limit the usefulness of KBAM to situations in which the 360 

horse’s environment can be controlled to prevent misadventure. Low PaO2 (KBAM) to severe 361 

hypoxemia (DEA) occurred with both protocols, highlighting the critical importance of diligent 362 

monitoring and oxygen supplementation. Although the risk of UPOs to human health is well-363 

understood and KBAM may therefore be viewed as a ‘safer’ option than etorphine, the potential 364 

danger of accidental human exposure to potent medetomidine should not be ignored when 365 

working with KBAM. 366 



 367 

Acknowledgements 368 

This article represents a portion of a thesis submitted by Dr. Milnes to the University of 369 

Edinburgh as partial fulfilment of the requirements for a Master of Veterinary Science degree. 370 

 371 

This study was supported by grants from the American Association of Zoo Veterinarians Wild 372 

Animal Health Fund and the Morris Animal Foundation (D20EQ-812). The funding sources did 373 

not have any involvement in the study design, data analysis and interpretation, or writing and 374 

publication of the manuscript. 375 

 376 

The authors declare there were no conflicts of interest. 377 

 378 

The authors thank Dr. Margo Chase-Topping for assistance with statistical analysis. 379 

 380 

381 



References 382 

1.  King SRB, Boyd L, Zimmermann W, Kendall BE. Equus ferus ssp. przewalskii (errata 383 

version published in 2016). The IUCN Red List of Threatened Species. 2015. 384 

doi:e.T7961A97205530 385 

2.  Walzer C, Kaczensky P, Ganbaatar O, et al. Capture and anaesthesia of wild Mongolian 386 

equids - the Przewalski’s horse (Equus ferus przewalskii) and khulan (E. hemionus). Mong 387 

J Biol Sci. 2006;4(1):19-29. 388 

3.  Walzer C. Non domestic equids. In: West G, Heard D, Caulkett N, eds. Zoo Animal and 389 

Wildlife Immobilization and Anesthesia: Second Edition. 2nd ed. Ames (IA): Wiley 390 

Blackwell; 2014:719-728. 391 

4.  Haigh JC. Opioids in zoological medicine. J Zoo Wildl Med. 1990;21(4):391-413. 392 

5.  Lance WR, Kenny DE. Thiafentanil oxalate (A3080) in nondomestic ungulate species. In: 393 

Miller RE, Fowler ME, eds. Fowler’s Zoo and Wild Animal Medicine: Current Therapy. 394 

7th ed. Elsevier Saunders; 2012:589-595. doi:10.1016/b978-1-4377-1986-4.00076-7 395 

6.  Allen JL. Immobilization of Mongolian wild horses (Equus przewalskii przewalskii) with 396 

carfentanil and antagonism with naltrexone. J Zoo Wildl Med. 1992;23(4):422-425. 397 

7.  Matthews NS, Petrini KR, Wolff PL. Anesthesia of Przewalski’s horses (Equus 398 

przewalskii przewalskii) with medetomidine/ketamine and antagonism with atipamezole. J 399 

Zoo Wildl Med. 1995;26(2):231-236. 400 

8.  Wiesner H, von Hegel G. Zur Immobilisation von Wildequiden mit STH 2130 und 401 

Tiletamin/Zolazepam. Tierärztliche Prax. 1990;18:151-154. 402 

9.  Jalanka HH, Roeken BO. The use of medetomidine, medetomidine-ketamine 403 

combinations, and atipamezole in nondomestic mammals: a review. J Zoo Wildl Med. 404 



1990;21(3):259-282. 405 

10.  Stemmet GP, Meyer LC, Bruns A, et al. Compared to etorphine–azaperone, the ketamine–406 

butorphanol–medetomidine combination is also effective at immobilizing zebra (Equus 407 

zebra). Vet Anaesth Analg. 2019;46(4):466-475. doi:10.1016/j.vaa.2019.01.008 408 

11.  Mich PM, Wolfe LL, Sirochman TM, et al. Evaluation of intramuscular butorphanol, 409 

azaperone, and medetomidine and nasal oxygen insufflation for the chemical 410 

immobilization of white-tailed deer, Odocoileus virginianus. J Zoo Wildl Med. 411 

2008;39(3):480-487. doi:10.1638/2007-0150.1 412 

12.  Harms NJ, Jung TS, Hallock M, Egli K. Efficacy of a butorphanol, azaperone, and 413 

medetomidine combination for helicopter-based immobilization of bison (Bison bison). J 414 

Wildl Dis. 2018;54(4):819-824. doi:10.7589/2017-09-232 415 

13.  ZooPharm. BAM. Published 2020. Available at: 416 

https://www.zoopharm.com/medication/bam-kit/ Accessed January 1, 2022. 417 

14.  Dallal GE. Randomization.com. Published 2007. Available at: 418 

http://www.randomization.com Accessed April 1, 2019. 419 

15.  Charan J, Kantharia N. How to calculate sample size in animal studies? J Pharmacol 420 

Pharmacother. 2013;4(4):303-306. doi:10.4103/0976-500X.119726 421 

16.  R Core Team. R: A Language and Environment for Statistical Computing. Vienna, 422 

Austria. 2020. Available at: https://www.r-project.org/ Accessed April 1, 2019. 423 

17.  Kassambara A. ggpubr: “ggplot2” Based Publication Ready Plots. R package version 424 

0.2.5. Available at: https://cran.r-project.org/package=ggpubr Accessed April 1, 2019. 425 

18.  Bates D, Maechler M, Bolker B, Walker S. lme4: Linear Mixed-Effects Models Using 426 

Eigen and S4. R package version 1.1-7. Available at: http://cran.r-427 

https://www.zoopharm.com/medication/bam-kit/
http://www.randomization.com/
https://www.r-project.org/
https://cran.r-project.org/package=ggpubr
http://cran.r-project.org/package=lme4


project.org/package=lme4 Accessed November 1, 2019. 428 

19.  Hosmer DW, Lemeshow S, Sturdivant RX. Applied Logistic Regression. 3rd ed. John 429 

Wiley & Sons, Inc.; 2013. 430 

20.  Schober P, Vetter TR. Repeated measures designs and analysis of longitudinal data: If at 431 

first you do not succeed-try, try again. Anesth Analg. 2018;127(2):569-575. 432 

doi:10.1213/ANE.0000000000003511 433 

21.  Fox J, Weisberg S. car: An R Companion to Applied Regression. R package version 3.0-434 

12. Available at: http://cran.r-project.org/package=car Accessed November 1, 2019. 435 

22.  Luke SG. Evaluating significance in linear mixed-effects models in R. Behav Res 436 

Methods. 2017;49(4):1494-1502. doi:10.3758/s13428-016-0809-y 437 

23.  Bates D, Mächler M, Bolker BM, Walker SC. Fitting linear mixed-effects models using 438 

lme4. J Stat Softw. 2015;67(1):1-48. doi:10.18637/jss.v067.i01 439 

24.  Dugdale AH, Obhrai J, Cripps PJ. Twenty years later: A single-centre, repeat retrospective 440 

analysis of equine perioperative mortality and investigation of recovery quality. Vet 441 

Anaesth Analg. 2016;43(2):171-178. doi:10.1111/vaa.12285 442 

25.  Leece EA, Corletto F, Brearley JC. A comparison of recovery times and characteristics 443 

with sevoflurane and isoflurane anaesthesia in horses undergoing magnetic resonance 444 

imaging. Vet Anaesth Analg. 2008;35(5):383-391. doi:10.1111/j.1467-2995.2008.00399.x 445 

26.  Buss P, Olea-Popelka F, Meyer L, et al. Evaluation of cardiorespiratory, blood gas, and 446 

lactate values during extended immobilization of white rhinoceros (Ceratotherium 447 

simum). J Zoo Wildl Med. 2015;46(2):224-233. 448 

27.  Clarke RW, Harris J. RX 821002 as a tool for physiological investigation of α2-449 

adrenoceptors. CNS Drug Rev. 2002;8(2):177-192. doi:10.1111/j.1527-450 

http://cran.r-project.org/package=lme4
http://cran.r-project.org/package=car


3458.2002.tb00222.x 451 

28.  Taylor PM, Clarke KW. Anaesthetic problems. In: Taylor PM, Clarke KW, eds. 452 

Handbook of Equine Anaesthesia. 2nd ed. Saunders Elsevier; 2007:123-175. 453 

doi:10.1016/B978-0-7020-2835-9.X5001-7 454 

29.  Lamont LA, Grimm KA. Clinical Pharmacology. In: West G, Heard DJ, Caulkett N, eds. 455 

Zoo Animal and Wildlife Immobilization and Anesthesia: Second Edition. 2nd ed. John 456 

Wiley & Sons, Inc.; 2014:5-41. doi:10.1002/9781118792919.ch1 457 

30.  Zuba JR, Greenberg M. Use of naltrexone and atipamezole in emergency response to 458 

human exposure to ultra-potent opioids and alpha-2 agonists in zoo and wildlife medicine. 459 

In: Miller RE, Lamberski N, Calle PP, eds. Fowler’s Zoo and Wild Animal Medicine 460 

Current Therapy, Volume 9. 9th ed. Elsevier Inc.; 2019:164-176. 461 

31.  Dahan A, Sarton E, Teppema L, et al. Anesthetic potency and influence of morphine and 462 

sevoflurane on respiration in μ-opioid receptor knockout mice. Anesthesiology. 463 

2001;94(5):824-832. doi:10.1097/00000542-200105000-00021 464 

32.  Buss P, Miller M, Fuller A, et al. Cardiovascular effects of etorphine, azaperone, and 465 

butorphanol combinations in chemically immobilized captive white rhinoceros 466 

(Ceratotherium simum). J Zoo Wildl Med. 2016;47(3):834-843. doi:10.1638/2015-0298.1 467 

33.  Sage AM, Keating SC, Lascola KM, Schaeffer DJ, Clark-Price SC. Cardiopulmonary 468 

effects and recovery characteristics of horses anesthetized with xylazine–ketamine with 469 

midazolam or propofol. Vet Anaesth Analg. 2018;45(6):772-781. 470 

doi:10.1016/j.vaa.2018.07.005 471 

34.  Muir WW, Skarda RT, Milne DW. Evaluation of xylazine and ketamine hydrochloride for 472 

anesthesia in horses. Am J Vet Res. 1977;38(2):195-201. 473 



35.  Brock N, Hildebrand SV. A comparison of xylazine–diazepam–ketamine and xylazine–474 

guaifenesin–ketamine in equine anesthesia. Vet Surg. 1990;19(6):468-474. 475 

36.  Greene SA, Thurmon JC, Tranquilli WJ, Benson GJ. Cardiopulmonary effects of 476 

continuous intravenous infusion of guaifenesin, ketamine, and xylazine in ponies. Am J 477 

Vet Res. 1986;47(11):2364-2367. 478 

37.  Auckburally A, Nyman G. Review of hypoxaemia in anaesthetized horses: predisposing 479 

factors, consequences and management. Vet Anaesth Analg. 2017;44(3):397-408. 480 

doi:10.1016/j.vaa.2016.06.001 481 

38.  Buss P, Miller M, Fuller A, et al. Postinduction butorphanol administration alters oxygen 482 

consumption to improve blood gases in etorphine-immobilized white rhinoceros. Vet 483 

Anaesth Analg. 2018;45(1):57-67. doi:10.1016/j.vaa.2017.03.008 484 

39.  Paterson JM, Caulkett NA, Woodbury MR. Physiologic effects of nasal oxygen or 485 

medical air administered prior to and during carfentanil– xylazine anesthesia in North 486 

American elk (Cervus canadensis manitobensis). J Zoo Wildl Med. 2009;40(1):39-50. 487 

doi:10.1638/2007-0107.1 488 

40.  Mason DE, Muir WW, Wade A. Arterial blood gas tensions in the horse during recovery 489 

from general anesthesia. J Am Vet Med Assoc. 1987;190(8):989-994. 490 

41.  Biswas CK, Ramos JM, Agroyannis B, Kerr DNS. Blood gas analysis: effect of air 491 

bubbles in syringe and delay in estimation. Br Med J (Clin Res Ed). 1982;284:923-927. 492 

doi:10.1136/bmj.285.6355.1659-c 493 

42.  Wagner PD, Gillespie JR, Landgren GL, et al. Mechanism of exercise-induced hypoxemia 494 

in horses. J Appl Physiol. 1989;66(3):1227-1233. doi:10.1152/jappl.1989.66.3.1227 495 

43.  Manohar M, Goetz TE. Regional distribution of blood flow in the brain of horses at rest 496 



and during exercise. Am J Vet Res. 1998;59(7):893-897. 497 

 498 

499 



Figure legends 500 
Figure 1. 501 

Graphs illustrating monitored parameters between 5 and 15 minutes post-recumbency within 502 

individual Przewalski’s horses (Equus przewalskii) immobilized with two different drug 503 

protocols administered by IM dart. Ketamine-butorphanol-azaperone-medetomidine is indicated 504 

by the black dashed lines, and detomidine-etorphine-acepromazine is indicated by the grey solid 505 

lines. Analysis of linear mixed models found that protocol had a significant effect for all 506 

parameters (p < 0.05), but time under anesthesia only had a significant effect on the partial 507 

pressure of arterial oxygen (PaO2, p = 0.02), indicated by * 508 

 509 

Figure 2. Partial pressure of arterial oxygen (PaO2) over time in Przewalski’s horses (Equus 510 

przewalskii) immobilized with ketamine-butorphanol-azaperone-medetomidine (black) and 511 

detomidine-etorphine-acepromazine (grey). For each plot, the box represents the interquartile 512 

(25th to 75th percentile) range, the horizontal line in the box represents the mean, whiskers 513 

represent the range, and each dot represents an outlier result. The dashed lines represent the 514 

upper reference limit for moderate (PaO2 < 80 mm Hg) or severe (PaO2 < 60 mm Hg) 515 

hypoxemia. Analysis of linear mixed models found significant effects for both protocol (p < 516 

0.01) and time (p = 0.02).517 



Tables 518 

Table 1. Summary statistics for physiological parameters and arterial blood gas analysis over time in 10 captive Przewalski’s horses 519 

(Equus przewalskii) immobilized with ketamine-butorphanol-azaperone-medetomidine (KBAM) or detomidine-etorphine-520 

acepromazine (DEA). All values represent mean  SD (range). NA = not available, no sample collected. 521 

 522 

Parameter Protocol 5 minutes 10 minutes 15 minutes 

Heart rate 

(beats/min) 

KBAM 376 (23 to 44) 407 (28 to 52) 395 (32 to 44) 

DEA 5819 (32 to 84) 5312 (40 to 78) 5511 (40 to 68) 

Respiratory rate 

(breaths/min) 

KBAM 1910 (6 to 36) 1912 (6 to 40) 178 (8 to 30) 

DEA 8 7 (4 to 24) 63 (1 to 12) 52 (2 to 8) 

Temp (C) KBAM 38.90.5 (38.2 to 39.7) 39.00.7 (38.1 to 39.9) 38.70.7 (37.6 to 39.7) 

DEA 39.20.4 (38.6 to 39.6) 39.20.4 (38.6 to 39.8) 39.20.5 (38.6 to 40.0) 

Blood pH KBAM 7.410.05 (7.34 to 7.48) NA NA 7.400.05 (7.34 to 7.49) 

DEA 7.350.06 (7.26 to 7.43) NA NA 7.370.06 (7.32 to 7.46) 

PaO2 (mm Hg) KBAM 47.211.8 (26 to 62) NA NA 6125 (35 to 114) 

DEA 279 (14 to 44) NA NA 3513 (20 to 61) 

SaO2 (%) KBAM 8014 (47 to 93) NA NA 8610 (67 to 98) 

DEA 4522 (12 to 81) NA NA 5920 (27 to 91) 

PaCO2 (mm Hg) KBAM 41.94.4 (36.3 to 48.7) NA NA 44.96.6 (34.6 to 53.6) 

DEA 55.711.4 (38.6 to 78.9) NA NA 54.69.3 (40.8 to 68.3) 

BE (mmol/L) KBAM 2.12.3 (–2.0 to 5.0)  NA NA 3.22.9 (–2.0 to 8.0) 

DEA 5.14.8 (–3.0 to 12) NA NA 6.34.4 (1.0 to 14) 

HCO3
- (mmol/L) KBAM 26.692.0 (23.4 to 29.3) NA NA 27.92.7 (22.4 to 32.3) 

DEA 30.84.8 (23.6 to 36.7) NA NA 31.64.2 (26.3 to 38.2) 

523 



Table 2. Multivariable analysis using linear mixed-effects models for the effect of protocol (ketamine-butorphanol-azaperone-524 

medetomidine or detomidine-etorphine-acepromazine) and time on physiological parameters and arterial blood gas analysis in 525 

immobilized Przewalski’s horses (Equus przewalskii). The significance of fixed effects in each of the models was evaluated using 526 

Wald’s p-values and 95% CI around the estimates. * indicates a statistically significant effect (p < 0.05) 527 

Parameter Effect of protocol Effect of time 

 Estimate Standard 

error 

95% CI 

(Wald’s) 

p-value 

(Wald’s) 

Estimate Standard 

error 

95% CI 

(Wald’s) 

p-value 

(Wald’s) 

Heart rate 

(beats/min) 

–17.5 2.48 –22.33 to –

12.62 

< 0.01 * –0.11 0.27 –0.64 to 0.42 0.68 

Respiratory rate 

(breaths/min) 

11.3 1.92 7.54 to 15.07 < 0.01 * –0.27 0.22 –0.69 to 0.16 0.22 

Temperature (C) –0.43 0.14 –0.70 to –0.16 < 0.01 * –0.006 0.015 –0.03 to 0.02 0.71 

Blood pH 0.04 0.02 0.008 to 0.074 0.01 * 0.0003 0.002 –0.0027 to 

0.0034 

0.84 

PaO2 (mm Hg) 24.4 4.94 14.74 to 34.09 < 0.01 * 1.09 0.47 0.17 to 2.00 0.02 * 

PaCO2 (mm Hg) –11.8 2.61 –16.87 to –6.66 < 0.01 * 0.12 0.26 –0.38 to 0.63 0.63 

BE (mmol/L) –3.1 1.15 –5.32 to –0.79 0.01 * 0.11 0.11 –0.11 to 0.34 0.99 

HCO3
- (mmol/L) –3.9 1.11 –6.10 to –1.75 < 0.01 * 0.10 0.11 –0.11 to 0.32 0.34 

 528 


