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Editorial on the Research Topic

Anesthetic Risk and Complications in Veterinary Medicine

Veterinary practitioners have obligations to inform owners of the potential risks their animal might
encounter during a surgery. A third of veterinarians believe that the majority of their clients are
particularly concerned about their animal being anesthetized. The lack of a clear definition of
anesthesia-related mortality and morbidity makes it difficult to specify the real anesthetic risk to
the animals’ owners. The timing a complication occurs, intra- or postoperatively, can also impose
uncertainty in defining whether incidents are associated with the anesthetic procedure.

Large veterinary multicenter studies defined anesthesia-related death as those occurring within
48 h (small animals) or 7 days (horses) of termination of the procedure, where anesthesia could
not be excluded as being one of the contributory factors. Based on this definition, the authors
identified an overall 0.17% anesthetic-related risk of death in dogs, 0.24% in cats, and 1.9% in
horses. Such high rates compared with human patients warned clinicians and researchers on the
need of improvements. Since then, several efforts have been made to increase the safety of animals
undergoing anesthesia. This Research Topic was part of these efforts by creating an opportunity
for the contribution of 35 researchers through 12 publications on the subject. They share, among
others, the challenges found on the attempts to prevent the occurrence of deaths and complications.
They also describe clinical complications and the successful management that was applied.

Since 2002, when it was announced that horses have a high mortality rate associated with
anesthesia, new equipment was developed to improve safety in this animal species. In 2008,
Tafonius, the large animal anesthesia machine, was released with integrated monitoring and
ventilator systems. The emerging technology allowed, among other features, to control the
fresh gas flow into the breathing system either by a manually- or computer-driven flowmeter.
The convenience of having a machine adjusting the flow of different gases to pre-determined
concentrations is an attractive feature and its accuracy was, therefore, tested by Raillard et al..
In this original article, the authors describe that the prediction of the isoflurane fraction course
in the breathing system was challenging when using the computer-driven flowmeter. This was
especially true at low inspired fractions of oxygen. The discrepancies between flows set on the
controlled-driven flowmeter and actual lower delivered flows should be taken into consideration.
Insufficient concentrations of inhalant anesthetics might lead to serious safety concerns, including
both awaking of horses during anesthesia or unwarranted high concentrations of anesthetics that
might result in cardiovascular and respiratory complications.

An excessive delivery of inhalant anesthetics can significantly decrease the systemic vascular
resistance and cause relative hypovolemia. This is of particular concern in equine patients since
20–50% of all anesthesia-related deaths in this animal species are associated with cardiovascular
complications. The exact mechanisms are explained by Noel-Morgan and Muir who also
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provide further considerations on the monitoring and treatment
of anesthesia-associated relative hypovolemia. Such perspective is
especially important in life-threatening situations, which become
evident in three of the clinical cases reported in the present
Research Topic. Tong et al. describe themanagement of recurrent
hyperkalemia during general anesthesia in a dog. Marolf et al.
describe the development of an advanced atrio-ventricular block
unresponsive to antimuscarinic drugs in an anesthetized foal.
Conde-Ruiz and Junot share the case of a horse suffering a cardiac
arrest at the arrival of the recovery room. In all three cases, the
authors discuss the potential causes, the preventive measures and
the successful treatments applied. They demonstrate how the
close monitoring proved to be decisive for early recognition and
prompt management of the cardiovascular complications, which
were crucial for the good outcome.

A less close monitoring may be responsible for the increased
risk of anesthetic-relatedmorbidity andmortality associated with
the recovery period. In dogs, cats, and rabbits, nearly 50% of the
postoperative deaths occur within 3 h of the end of anesthesia.
In horses, Laurenza et al. found that 92% of complications
occur during recovery and most of them are associated with
neuromuscular and respiratory causes. The pathogenesis of
certain conditions is still unclear, which makes it difficult not
only to provide adequate care but also to prevent complications
in future cases. This was the key point of discussion in the
case reported by Mirra et al.. The authors describe an unusual
presentation of a potential post-anesthetic neuropathy in the
non-dependent limb of a horse. In another case report, Dupont
et al. discuss the role of hypoxemia as the potential cause
of the delayed recovery from anesthesia in a draft horse. In
both occasions, despite of the unknown mechanisms for the
clinical alterations, the horses were successfully managed. In
some situations, it is possible to anticipate the development
of potential postoperative complications and apply preventive
measures. This was addressed in the case report by Ida et al. who
shared the ventilatory management that prevented respiratory
complications during recovery from anesthesia of two ponies
with tracheal collapse.

Preventive measures may play an important role to avoid
further complications. The reduction of mortality and morbidity
risks has been suggested with the use of safety checklists. The
implementation of checklists may have some challenges that are
revealed in the original research fromMenoud et al.. The authors
describe numerous methods used to create and implement a
safety checklist in a veterinary university teaching hospital.
Morbidity andmortality conferences also seem to have an impact
on patient care. In the mini review by Pang et al. the authors
illustrate the measurable improvements in patient care generated

by these conferences, which may also represent a powerful
educational tool.

Another preventive tool is the ASA PS classification, which
ability to identify animals at a greater risk of anesthesia-related
death was put in question in the systemic review by Portier and
Ida. The authors assessed a total of 258,298 dogs, cats, rabbits,
and pigs. The results show evidences to justify the use of the
ASA PS as a prognostic tool to identify the odds of death related
to anesthesia in these animal species. In fact, Laurenza et al.
identified that a high ASA PS score represents, among other
factors, a major risk for mortality and complications in horses.
In this original research article, the authors describe a 1.4%
overall mortality associated with anesthesia on horses in a French
university teaching hospital. It corresponds to a reduction from
the 1.9% anesthesia-related equine deaths announced in 2002.
Now, 18 years later, the effects of several efforts to improve case
management and decrease the morbidity and mortality seem to
have had a positive impact.

We believe that this Research Topic adds to the clinical
practice of veterinary doctors, contributing to reduce the
anesthetic risk and complications in animals. We also expect
that this Research Topic motivates readers to share their
experience with anesthetic complications and to produce further
studies in this field. This, combined with the implementation
of expert recommendations, could contribute to the continuing
improvement of the quality of anesthesia and, therefore, to
decrease the complications and the mortality rate of veterinary
patients undergoing anesthesia.
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suspicion of postanesthetic Femoral 
paralysis of the Non-Dependent Limb 
in a Horse
Alessandro Mirra1*, Micaël David Klopfenstein Bregger2 and Olivier Louis Levionnois1

1 Division of Anesthesiology and Pain Therapy, Department of Clinical Veterinary Medicine, Vetsuisse Faculty, University of 
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A 15-year-old Selle Francais gelding was presented to the equine referral hospital for 
treatment of a left guttural pouch mycosis previously diagnosed. After induction, the 
horse was shortly hoisted by all four feet, moved on a padded surgical table, and posi-
tioned in right lateral recumbency. In order to reduce the risk of bleeding during surgical 
manipulation of the carotid and maxillary arteries, a mean arterial pressure between 60 
and 70 mmHg was targeted. After surgery, the horse was moved in a padded recovery 
box keeping the same lateral recumbency. Four unsuccessful attempts were performed, 
with the horse always returning to sternal recumbency keeping the left hind limb up.  
At the fifth attempt, performed 120  min after the end of the general anesthesia, the 
horse stood up correctly but moderate ataxia and absence of weight bearing on the 
left hind limb were shown. Both the stifle and the fetlock joint were held in a flexed 
position and could not be extended properly in order to set the foot on the ground, 
resulting in a very short step. The horse was calm, not sweating, and willing to move; the 
muscles of the affected limb were relaxed, and the limb was neither warm nor painful at 
palpation. Occasionally, the horse flexed the affected hind limb in an exaggerated motion 
with marked abduction. No additional laboratory analyses were performed. Due to a 
strong suspicion of neuropathy, a sling support was initiated and a supportive bandage 
associated with flunixine administration was performed until resolution of the symptoms. 
The horse fully recovered after 3 days. This case report does not clarify the pathogenesis 
of the possible postanesthetic neuropathy accounted on the non-dependent limb, high-
lighting the need for future research in this field. Non-dependent limb neuropathy should 
be an expected problem even after having ruled out the most commonly known causes 
predisposing to postanesthetic lameness.

Keywords: femoral paralysis, non-dependent limb, postanesthetic, neuropathy, horse, complication

INtRoDUCtIoN

The present case reports the suspicion of postanesthetic femoral paralysis of the non-dependent 
limb in a horse, an unexpected occurrence, which may induce serious complications.

A 15-year-old Selle Français gelding, with a weight of 570 kg and a body condition score of 4/5 
(1) was presented to the equine referral hospital for treatment of a left guttural pouch mycosis. 
Owner consent for publication of patient’s data was obtained. The infection did not affect any arterial 
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vessel and no bleeding had been reported by the owner or the 
private veterinarian. Surgery for arterial coil embolization was 
scheduled (2). Preanesthetic clinical examination revealed a heart 
rate (HR) of 28 beats/min, a respiratory rate (RR) of 16 breaths/
min, a rectal temperature of 37.3°C, and pink mucous membrane 
with a capillary refill time of 1.5 s. No abnormalities were detected 
on thorax auscultation and hematology and biochemistry were 
unremarkable. The horse had been treated for 2 days with local 
clotrimazol. Therefore, the patient was classified as an American 
Society of Anesthesiologist 2 category.

General anesthesia-related risks were considered and par-
ticular attention was placed on blood pressure management, 
with an aim to maintain a mean arterial blood pressure (MAP) 
between 60 and 70 mmHg in order to reduce the risk of bleed-
ing during surgical manipulation of the carotid and maxillary 
arteries.

As the animal was calm, a 14-G catheter was placed without 
sedation in the left jugular vein. Acepromazine (Prequillan, 
Boehringer Ingelheim GmbH, Switzerland) (0.02 mg kg−1) was 
administered intravenously (IV) 30 min before anesthesia induc-
tion. The horse was then moved into a padded induction box where 
xylazine (Xylasol, Graeub AG, Switzerland) (0.6  mg kg−1) and, 
immediately after, levomethadone (l-Polamivet, MSD Animal 
Health GmbH, Switzerland) (0.05  mg kg−1) were administered 
IV. Marked sedation was achieved within 10  min. Anesthesia 
was induced in a swing gate with diazepam (Valium, Roche 
Pharma, Switzerland) (0.05 mg kg−1) IV and ketamine (Ketasol, 
Graeub AG, Switzerland) (1.5 mg kg−1) IV (mixed in the same 
syringe), and, after flushing the catheter with saline, thiopental 
(Thiopental Inresa, Ospedalia AG, Switzerland) (1.5  mg kg−1) 
IV. The trachea was intubated with a 28 mm internal diameter 
endotracheal tube. The horse was shortly hoisted by all four feet 
and positioned in right lateral recumbency onto a padded surgical 
table. Both hind limbs were positioned parallel to the ground on 
a specific padded support, with the coxofemoral joint positioned 
in its spontaneous natural angle. Anesthesia was maintained with 
isoflurane in oxygen-enriched medical air [fraction of inspired 
oxygen (FiO2) = 55%] via a circle rebreathing system using an 
equine anesthetic machine (SurgiVet, Smiths medical, USA). 
Intravenous fluid therapy consisted of lactated Ringer’s solution 
(5 ml kg−1 h−1). A constant rate infusion of lidocaine (lidocaine 
2%, Streuli Pharma AG, Switzerland) was administered IV 
(1.8 mg kg−1 h−1). Physiological variables [HR, RR, hemoglobin 
saturation by pulsoximeter, end-tidal partial pressure of carbon 
dioxide (ETCO2), and invasive blood pressure] as well as FiO2 
and end-tidal percentage of isoflurane were monitored con-
tinuously using a multiparameter monitor (Datex-Ohmeda S/5, 
Datex-Ohmeda, Finland) and recorded manually every 5  min.  
A 20G arterial cannula was placed in the lateral metatarsal artery 
of the non-dependent limb (left). The transducer was zeroed to 
atmospheric pressure, positioned at the level of the heart, and a 
fast flush test confirmed normal damping of the system by visual 
observation.

Initial systolic (SAP), mean, and diastolic (DAP) arterial 
pressures measured approximately 30  min after anesthesia 
induction were 115, 74, and 87 mmHg, respectively. Isoflurane 
concentration was adjusted and a dobutamine IV infusion was 

prepared to be administered, if necessary. Although the horse 
maintained adequate ETCO2 in spontaneous ventilation, the 
breathing pattern was very irregular, and intermittent positive 
pressure ventilation was initiated 30 min after induction of anes-
thesia (tidal volume of approximately 6  l, RR of 7 breaths/min, 
peak inspiratory pressure of 12–15 cmH2O). At 1 and 2 h after 
induction of anesthesia, arterial blood was taken for gas analysis, 
revealing acceptable values (pH 7.36 and 7.33; partial pressure of 
carbon dioxide 58 and 60 mmHg, partial pressure of oxygen 134 
and 130  mmHg; lactate 1.1 and 1.0  mmol  l−1). The SAP, MAP, 
and DAP were maintained during the whole procedure between 
82 and 98  mmHg, 62 and 70  mmHg, and 41 and 63  mmHg, 
respectively, without the assistance of dobutamine. General 
anesthesia and surgical procedure were uneventful, and lasted 
190 and 145 min, respectively. Lidocaine infusion was stopped 
30 min before termination of anesthesia.

The horse was again shortly hoisted by all four feet, moved to 
the padded recovery box, and positioned in right lateral recum-
bency. Romifidine (Sedivet, Boehringer Ingelheim, Switzerland) 
(0.02  mg kg−1) was administered in the recovery box through 
the venous catheter and the horse was left to recover unassisted. 
The horse swallowed 20 min after end of anesthesia (EA) and the 
trachea was extubated. Xylazine (0.1 mg kg−1) was administered 
IV twice at 10 and 15 min after EA because of marked nystagmus. 
A first unsuccessful attempt to stand was made 40 min after EA, 
followed by three further unsuccessful attempts. Each attempt 
was quiet and no injuries were suspected. The horse always 
returned to sternal recumbency, with the left leg always remain-
ing the non-dependent one. It then stood up correctly on the fifth 
attempt, 120 min after EA. A recovery score of 2/5 [from 1 (best 
recovery possible) to 5 (worst recovery possible)] was attributed 
[following classification from Ref. (3)]. When standing, the horse 
showed moderate ataxia and absence of weight bearing on the 
left hind limb. Both the stifle and the fetlock joint were held in a 
flexed position and could not be extended properly in order to set 
the foot on the ground, resulting in a very short step. The horse 
was calm, willing to move, and not sweating; the muscles of the 
affected limb were relaxed, and the limb was neither warm nor 
painful on palpation. Occasionally, the horse flexed the affected 
hind limb in an exaggerated motion with marked abduction. 
No additional laboratory analyses were performed. As a result 
of the strong suspicion of neuropathy, a supportive bandage was 
applied to the left hind limb and the horse was provided sling 
support. Additionally, flunixine meglumine (Fluniximin, Graeub 
AG, Switzerland) (1.1 mg kg−1) IV was administered every 12 h, 
as well as thiamine (1.6 mg kg−1) and pyridoxine (0.7 mg kg−1) 
IV every 24  h (Corébral, Vetoquinol AG, Switzerland). As the 
horse was judged able to stand without distress, the sling support 
was removed on the same evening. Weight bearing progressively 
improved on the following day without further complication, 
and complete resolution of lameness was observed the third 
postoperative day.

BaCKGRoUND

Mortality associated with equine anesthesia has been reported 
to occur in 0.8–1.8% of elective surgeries, with values rising to 
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19.5% in emergency cases despite improvements in anesthetic 
techniques and physiological monitoring (4). The largest mortal-
ity studies conducted to date in horse, the Confidential Enquiry 
into Perioperative Equine Fatalities 1 and 2 (5), reported that 
fractures and myopathy were responsible for 32% of postopera-
tive mortality in non-colic surgeries. Myopathy may also occur 
alongside neuropathy, influencing the outcome and potentially 
increasing the risk of long bone fractures (4). Despite lack of 
pathognomonic symptoms, myopathy may be discriminated 
from neuropathy by presence of muscle stiffness and pain, leading 
eventually to fasciculation, sweating, and anxiety (6–8). Increased 
serum muscular enzymes and myoglobin, electromyography, 
ultrasonography, and nerve/muscular biopsy have been used 
to distinguish between the two conditions (6, 9–11), although 
clear differentiation between them can be challenging (8). 
Postanesthetic myopathy/neuropathy has been mostly reported 
in the dependent limbs. However, non-dependent forelimb neu-
ropathy (12) and suspicion of bilateral femoral neuropathy have 
been reported (11). The occurrence of postanesthetic myopathy/
neuropathy has been hypothesized to be caused by decreased tis-
sue perfusion and oxygenation (8, 9, 12). The principal causes for 
their development are arterial hypotension, poor surgical table 
padding, and inappropriate positioning leading to regional blood 
flow disturbances, local compression, and mechanical tension on 
the nerves.

Recommendations have been made to avoid postanesthetic 
myopathy/neuropathy development (8, 9, 13). The horse must 
be placed on the operating table in a position that does not 
put any part of its body under strain; regional venous outflow 
should be allowed and pressure increase within muscle bel-
lies avoided. Limbs should be allowed to settle naturally and 
be secured without force. When the horse is lying in lateral 
recumbency, both non-dependent limbs should be supported 
parallel to the ground, and the dependent forelimb should be 
pulled forward to reduce pressure on it from the chest. If access 
to the medial side of the dependent forelimb is required, the 
upper forelimb can be flexed. When the horse is lying in dorsal 
recumbency, care should be taken if leg extension locking the 
patellae is required and procedures longer than 20 min should 
be avoided in this position. Padding helps to spread the weight 
of the horse over a larger area of the body and should be deep 
enough to prevent the body reaching the table. Finally, a MAP 
>70 mmHg has been recommended to ensure a good muscular 
perfusion, decreasing the incidence of postanesthetic myopathy 
(14). Same recommendations apply to the recovery phase but, 
for practical reasons, the legs generally lie on the floor without 
support.

DIsCUssIoN

Report of neuropathy of the non-dependent hind limb, like in the 
present case, has not been reported yet to the authors’ knowledge.

Differentiation between myopathy and neuropathy can be 
challenging. They share common causes like arterial hypotension, 
poor padding of the surgical table, and inappropriate patient 
positioning, potentially leading to decreased tissue perfusion and 
oxygenation. Moreover, neuropathy and myopathy may occur in 

parallel. However, myopathy is generally associated with muscle 
stiffness, pain at palpation, sweating, and anxiety. In the present 
case, absence of these clinical signs led us to exclude a component 
of myopathy. Nerve compression and stretching with consequent 
nerve ischemia and hypoxia were suspected to be the most prob-
able mechanism behind the observed dysfunction.

As the affected limb was the non-dependent one, factors such 
as the table padding and horse positioning, which were standard 
in the present case (8), were unlikely to be the causes of the prob-
lem. Hoisting by all four limbs could have potentially induced 
nerve stretching leading to neuropraxia, although to the author’s 
knowledge, this has never been reported. The coxofemoral joint 
was positioned in its natural resting position, which should not 
lead to nerve damage.

Hypotension could have been a predisposing factor for the 
development of neuropathy. Because the non-dependent limb 
was elevated over the heart level, a decreased hydrostatic pres-
sure could have led to a reduction of muscle perfusion. However, 
in the present case, the arterial line was placed in the affected 
limb, and the MAP was maintained between 62 and 72 mmHg 
during the whole procedure, the lowest value being recorded 
during coil embolization. Therefore, intraoperative hypotension 
was unlikely to be the main cause of the postoperative complica-
tion. Since the arterial catheter was placed in the affected limb, 
good correlation between measured invasive blood pressure 
values and actual limb blood flow was expected. Dobutamine 
administration could have helped increasing femoral blood flow 
and possibly nerves perfusion (15–17). However, in equines, its 
effect on peripheral perfusion and microcirculation is still not 
well characterized (17–19).

In the present case, IV lidocaine was administered since the 
beginning of the surgical procedure. If ischemia was involved 
in the subsequent nerve dysfunction, its administration may 
have shortened normalization of the clinical condition; indeed, 
lidocaine has been shown to reduce reperfusion injury (20, 21).

The risk of developing postanesthetic myopathy/neuropathy 
increases with anesthesia duration (4). In the present case, the 
anesthesia lasted 190 min, which could have contributed to the 
development of neuropathy. The horse required further 120 min 
to stand up after EA. However, the first attempt was made 40 min 
after EA, and the underlying femoral paralysis leading to ataxia 
may have made it difficult for the horse to reach a stable standing 
position. Development of the neuropathy during recovery seems 
unlikely since the unsuccessful attempts were all quiet and the 
horse always returned to sternal recumbency keeping the left 
hind limb as the non-dependent.

In the present case, the clinical presentation suggested a 
femoral paralysis, while myopathy was considered rather unlikely 
because there was lack of pain, sweating, restlessness, muscular 
stiffness, fasciculation, and anxiety when the horse recovered 
from anesthesia. However, further analyses could have been help-
ful in the diagnostic process. Unexpectedly, high plasma creatine 
kinase values within a few hours after surgery may support a 
diagnosis of myopathy (8). Nevertheless, the same enzyme may 
be elevated with other causes of postanesthetic lameness such as 
peripheral neuropathy, because of secondary muscle damage, or 
a mixed myopathy–neuropathy (9). Aspartate aminotransferase 
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and myoglobin can also be elevated in cases of myopathy, with 
the latter leading to dark red or red/brown urine production 
(9). Hypoechoic areas within the muscle, when observed by 
ultrasonography, suggest muscle fiber disruption and acute injury 
(22) but the prognostic value of such observation is uncertain 
(6). Finally, muscle and nerve biopsy (11) and electromyography 
(10, 23) may distinguish between myopathy and neuropathy. 
However, in absence of local muscular symptoms, identifying a 
correct location to take the biopsy may be challenging. Moreover, 
changes associated with denervation are usually detectable by 
electromyography only 4–5  days after denervation (24, 25). 
Because of the strong suspicion of neuropathy, the fast improve-
ment of the clinical condition and the low reliability of possible 
further investigations, no supplementary tests were conducted.

Different treatments have been described for postanesthetic 
myopathy/neuropathy (6, 8, 9, 11, 12), but no clear guidelines 
have been established so far. In case of neuropathy symptomatic 
treatment with nonsteroidal anti-inflammatory agents, corticos-
teroids and dimethyl sulfoxide have been suggested to reduce 
neural edema. If the horse is able to stand, a supportive bandage 
and sling support could be applied. If needed, sedation and/or 
analgesia must be provided. In case a concomitant myopathy 
cannot be excluded, further treatment can be used. Dantrolene 
sodium has been described to relax muscles in cases with severe 
muscle stiffness. Fluid therapy should be initiated to prevent kid-
ney dysfunction because of myoglobinurea. Acepromazine may 

also improve lamellar blood flow, and anticoagulants (heparin, 
aspirin) have been suggested to prevent platelet aggregation and 
subsequent laminitis syndrome. Additionally, physiotherapy, 
massage, and ultraviolet light can be considered. In the present 
case, no signs of discomfort were shown by the animal and 
intense supportive therapy was not required.

CoNCLUDING ReMaRKs

We report a strong suspicion of postanesthetic femoral paralysis 
of the non-dependent limb. This case report does not clarify 
the possible pathogenesis of the suspected nondependent limb 
postanesthetic neuropathy, highlighting the need for future 
research in this field. Adequate padding, prudent positioning, 
and good perfusion pressure must be always considered impor-
tant factors for avoiding postanesthetic myopathy/neuropathy 
in horses.
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This mini review presents current knowledge on the role of morbidity and mortality 
conferences (M&MCs) as a powerful educational tool and driver to improve patient care. 
Although M&MCs have existed since the early twentieth century, formal evaluation of 
their impact on education and patient care is relatively recent. Over time, M&MCs have 
evolved from single discipline discussions with a tendency to focus on individual errors 
and assign blame, to multidisciplinary, standardized presentations incorporating error 
analysis techniques, and educational theory. Current evidence shows that M&MCs can 
provide a valuable educational experience and have the potential to generate measur-
able improvements in patient care.

Keywords: morbidity and mortality conference, rounds, meeting, errors, adverse events, complications

inTRODUCTiOn

Adverse events, defined as a complication caused by medical management and resulting in patient 
harm, are an unfortunately common occurrence in hospitalized human patients (1–5). While esti-
mates vary depending on the outcome(s) used to define adverse events, up to 4% of all hospitalized 
human patients will experience a serious negative outcome (prolonged hospital stay, disability at 
discharge, or death) (1, 2). Importantly, half of all adverse events are preventable (1, 2, 4, 5). As a 
result, there is room for substantial improvement in patient outcomes through better care (2–5).

The potential for adverse events to drive improved patient care and safety, and serve as a valuable 
educational resource, has long been recognized in human medicine (6–9). Since their inception 
in the first half of the twentieth century, morbidity and mortality conferences (M&MCs, also 
known as M&M rounds and reviews) have been the mechanism to achieve these outcomes, and 
they are implemented in a wide range of medical specialties, most notably surgery and anesthesia  
(7, 9). Their use is now mandated by the Accreditation Council for Graduate Medical Education in 
human medicine and is part of the Practice Standards Scheme of the Royal College of Veterinary 
Surgeons (10, 11).

Fittingly described as familiar yet lacking a clear definition, at a fundamental level M&MCs 
comprise of caregivers gathering to review adverse events, with the goals of education and improving 
care (7). In principle, M&MCs should provide an open forum for the collaborative review of adverse 
events without fear of retribution or blame. The primary goals should be improving patient care 
and maximizing the educational benefits of a shared experience (6, 12–14). These can be achieved 
through: presentation and acknowledgment of error(s) [defined as performance that deviates from 
the ideal; failure to carry out a planned action as intended (error of execution), or the use of an 
incorrect or inappropriate plan (error of planning)], analysis and discussion of adverse events and 
contributing factor(s), identification of means for improvement, dissemination of information, and 
reinforcement of responsibility to provide best practice standard of care (7, 15–17). In practice, 
however, M&MCs are often poorly defined in terms of format, goals, and outcomes (7, 18, 19). 
Learning from errors through reflection and discussion is essential to improve practice, though 
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where this is done ineffectually, or with the emphasis on assigning 
blame, M&MCs fail to be productive (7, 13, 20).

While there is a large body of literature supporting and advo-
cating the use of M&MCs, their efficacy in terms of measurable 
outcomes has, until recently, been largely untested. Increasing evi-
dence suggests that a structured, transparent approach to M&MCs 
results in measurable gains in user satisfaction and participation, 
education, patient safety, quality of care, and mortality (13, 15, 
21–25). This mini review will discuss the demonstrated benefits of 
M&MCs and available evidence on their optimal format.

BeneFiTS

education
Despite their long history, it has only been relatively recently that 
prospective trials have been conducted to evaluate the educa-
tional contribution of M&MCs (15, 19, 21, 24, 26). These studies 
have developed and tested structured approaches to M&MCs, 
encompassing case reporting and selection, analysis of adverse 
events, presentation, participation, and learning outcomes.

Implementation of a standardized presentation format sig-
nificantly improved the number of correct responses to multiple 
choice questions completed at the end of each M&MC and pres-
entation quality (15). The same group had previously developed 
an M&MC presentation assessment tool using psychometric 
principles that was feasible (taking <10 min to complete), reliable 
(high-internal consistency and inter-rater agreement), and valid 
(construct validity), thus allowing presenters and presentation 
content to be objectively evaluated (21).

In a large pediatric anesthesia service (approximately 18,000 
anesthetics per year), McDonnell et  al. sought to improve an 
overburdened and inefficient M&M system that was associated 
with a culture of blame and lost educational opportunities (19). 
M&MCs held following restructuring of the reporting mechanism 
and focusing case selection on educational potential identified 
multiple areas for improvement, including situations more com-
monly associated with adverse events (e.g., fluid management 
and transfusion, emergent exploratory laparotomies), equipment 
contributions to error, and wider dissemination of information. 
These were addressed with targeted educational sessions, equip-
ment changes (e.g., replacement of inaccurate atomizers for local 
anesthetic delivery with syringes and compatible catheters), and 
presentation of cases at national meetings and as published case 
reports, respectively (19).

Similarly, as a result of improved case selection and error 
analysis, Calder et  al. showed that succinct recommendations 
(“M&M Bottom Lines”) could be generated from M&MCs, 
providing participants with a memorable message that could 
improve personal practice and be easily disseminated (e.g., “Find 
one fracture, look for the next one”) (24).

Satisfaction and Participation
Mandatory attendance of M&MCs is commonly reported in the 
literature as a requirement of training (6, 7, 12, 15, 19, 27, 28). 
In moving to a mandatory M&MC system, McDonnell et  al. 
increased M&MC attendance fivefold (19). Interestingly, this 
action built the habit of attendance, so that when M&MCs were 

eventually separated in to their own regular schedule, attendance 
rates were maintained. Mitchell et al. (15) showed that the adop-
tion of a structured presentation [situation, background, assess-
ment, recommendations (SBAR), presented in detail below] was 
associated in increased user satisfaction, compared with variable 
presentation formats decided by individual presenters (17).

Patient Safety
Several studies have reported improvements in patient safety 
following the presentation of cases at M&MCs and subse-
quent changes in patient care and management (12, 13, 22, 25,  
26, 29, 30). A common theme of these reports is the clear structure 
to the M&MC process, though the degree and extent of stand-
ardization varied. Some studies focused on identifying and enacting 
mechanisms for improvement coupled with continuous monitoring 
of progress (12, 13, 20, 25, 29), while others focused on the care path-
way (12, 29), standardized presentation, and error analysis (12, 13).

These varied approaches have resulted in a 50% reduction in 
malpractice claims (20), improved safety culture and quality of 
care (20, 25, 29, 30), and reductions in mortality of up to 40%  
(12, 13, 29). Data should be collected prospectively before as 
well as after implemented changes in management to properly 
establish the relationship between enacted changes and outcome. 
Clinical audit, a core element of clinical governance, is an invalu-
able tool to monitor adherence to changes in practice and related 
outcomes (31–34). Furthermore, standardization of data collec-
tion is a prerequisite for collaborative efforts to assess the impact 
of proposed changes in care (35).

Within the broader context of patient safety, M&MCs can 
be viewed as one of a suite of techniques and tools to report, 
analyze, and prevent errors (36–39). As such, M&MCs should 
not be applied in isolation but be included in an organizational 
approach to error management. It is interesting to note that well-
managed M&MCs have the potential to encompass several of the 
key components of improving patient safety: a reporting system, 
error analysis using a human factors approach, education, and 
risk reduction. A discussion of error and patient safety is beyond 
the scope of this Mini Review. Interested readers are referred to 
reference texts (36, 38, 40, 41).

M&MC FORMAT

Publicly disclosing and discussing an adverse event is a difficult 
process. All M&MCs comprise components that can be optimized 
to yield the greatest benefit from such a process. The general 
structure described in this section follows that of two models 
whose performance has been evaluated prospectively and shown 
to be effective: the Ottawa M&M model (OM3) and the SBAR 
model (15, 21, 24). A fictionalized account of a clinical case is 
used to illustrate the individual components.

Case Reporting and Selection
Under-reporting of adverse events can stem from lack of aware-
ness of an available reporting system, be it formal or informal, 
or the inability to submit an anonymous report. Educating new 
staff members to the existence and use of a reporting system 
and requiring all submissions be through a single hospital-wide 
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database improves the capture of adverse events, with an increase 
in the total number of reports and self-reports (19).

In general, all cases of mortality should be reviewed with an 
M&MC, though this is not always the case (42). In some centers, 
deaths resulting from the natural progression of a condition are 
not reviewed (30). In cases where morbidity has occurred as a 
result of an adverse event, not all cases may progress to an M&MC 
or meet the threshold for review at an M&MC (7, 19, 24). In large 
centers, the number of reported cases can outstrip the time and 
resources available to hold M&MCs. There are several possibili-
ties for handling these cases:

 1. Include such cases in the institutional reporting system, where 
they can serve to highlight a trend of complications or collected 
by theme (e.g., drug calculation errors) and presented as a group.

 2. Hold a smaller M&MC restricted to the discipline in which 
the error occurred.

 3. Address failures in individual performance with the appro-
priate supervisor. When an error has occurred as a result of 
a deviation from a well-established procedure and has not 
resulted in an adverse event, the case may not meet the criteria 
for presentation at an M&MC. An example is provided below:

A dog was given a 10x intravenous overdose of the 
alpha-adrenergic agonist dexmedetomidine as a result 
of a drug calculation error by a veterinary student. 
Standard practice at the clinic was for all student drug 
calculations (and injectate volumes) to be checked by a 
veterinary technician before injection. In this case, the 
error occurred as standard practice was circumvented 
with the intention to save time. The error was realized 
within 3 minutes of the injection occurring, the dog was 
immediately examined, atipamezole was given and the 
dog was placed under clinical observation for 6 hours. 
The case was reviewed the same day with the individu-
als directly involved and the supervising anesthetist.

Such a near-miss incident (no harm resulted as a result of 
timely intervention or chance) may not proceed to an M&MC but 
should be recorded in case a pattern of similar events is occurring 
and to reinforce individual accountability.

Where case selection is necessary, it should be based on the 
greatest benefit to future patient safety and educational value 
(19, 24). Cases should be presented and discussed soon after 
they occur. There is no evidence in support of a specific time 
frame, but early presentation reinforces the importance of timely 
acknowledgment of an adverse event (7, 29). In large centers, the 
establishment of an M&M committee and coordinators facilitates 
efficient handling of reports and cases are typically presented 
within 4–8 weeks of reporting (19, 24, 29).

If there is reluctance to participate in, or convene M&MCs, 
an option to encourage participation is to initially select cases 
of near-miss incidents. Selecting such a case is still valuable in 
terms of improving care and providing education by allowing 
participants to analyze the factors contributing to the event (see 
root cause analysis, below), make recommendations to avoid 
similar incidents and learn from the experience.

M&MC Duration and Frequency
The duration of M&MCs is often unreported though is likely to 
be a function of available time (e.g., over lunch) and the number 
of cases to be discussed. Reported durations have ranged from 
20 min (15 min presentation plus 5 min discussion) to over an 
hour (6, 15, 21, 28, 30, 42, 43). The OM3 and SBAR models last 
1 h and 20 min, respectively.

Similarly, frequency of M&MCs is highly variable, with a 
monthly interval being a common frequency reported in the 
literature (3, 7, 12, 18–20, 23–25, 28–30, 42, 43).

Moderator
The moderator should be familiar with the M&MC format, 
principles of error analysis and have sufficient content expertise 
to guide the presenter during preparation and the audience in 
participation and have the authority to establish the desired 
tone, creating an open, collaborative, and supportive discussion 
without minimizing or magnifying the error (14, 24, 44).

Presenter
Typically, M&MCs are presented by a clinician directly involved 
in the case, though whether this is a trainee or senior clinician 
may vary depending on the complexity of the case and frequency 
of presentations (18, 24). In programs where presentations are 
given by trainees, it is important that senior personnel show 
support in the form of attendance, setting the appropriate tone 
for discussion, and sharing their experiences (7). Cases may be 
presented by someone external to the case though those involved 
with the case should have the option to present (7, 18). If the 
responsible clinicians are unable to attend, the tone of the M&MC 
should be the same as though they were present (7).

Attendees/Audience
Audience composition is highly variable, though a multidiscipli-
nary approach is strongly favored, as this enriches the discussion 
and maximizes dissemination of information (7, 18, 28–30, 
 42, 44). An inclusive approach has been advocated to include care 
staff, having the added benefit of fostering an open safety culture 
(12, 29, 30, 45).

Presentation Format
There are few formats for M&MCs presented in the literature 
and this has been cited as a limiting factor in maximizing the 
educational opportunity and unbiased case analysis (7, 15, 18, 21). 
Consequently, recent work has focused on developing and assess-
ing a standardized M&MC presentation format, the SBAR model 
(Table  1) (21, 25). Communication using SBAR is an example 
of situational briefing, to efficiently transfer critical information 
between team members who may occupy different levels in organi-
zation hierarchy (46, 47). As described earlier, the SBAR format 
has educational benefits for attendees and presenters (15, 21).

Root Cause Analysis
The objective of root cause analysis is to identify factors contrib-
uting to an adverse event. Several methods have been reported in 
the M&MC literature, with the common goal of gaining a deeper 
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FiGURe 1 | Fishbone diagram used to facilitate root cause analysis. The 
adverse event is listed at the “head” and potential contributory factors are 
examined to establish a cause and effect relationship. See Presentations S1 
and S2 in Supplementary Material for an example.

TABLe 1 | The situation, background, assessment, recommendations (SBAR) 
presentation format for morbidity and mortality conferences.

SBAR component elements

Situation: brief statement of 
problem

Diagnosis at admission, statement of 
procedure, and adverse event

Background: clinical information 
pertinent to adverse event

History, indication for procedure, diagnostic 
studies, procedural details, timeline of care, 
description of adverse event (recognition, 
management, outcome)

Assessment and analysis: 
evaluation of adverse event (what 
and why)

What: sequence of events. Why: root cause 
analysisa

Review of the literature: evidence-
based practice

Relevant literature

Recommendations: prevention of 
recurrence

Identify how event could have been 
prevented or better managed. Identify 
learning outcomes and recommendations

Adapted from Mitchell et al. (15, 21).
aNumerous methods for root cause analyses exist (see main text).
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understanding of the circumstances surrounding an adverse 
event (13, 15, 21, 25, 43, 45, 48, 49). The method presented here is 
the fishbone diagram (also known as, cause and effect, Ishikawa, 
or Fishikawa diagram). It is recommended for process improve-
ment as it provides a visual framework for analysis and discussion 
and is one of the seven basic quality control tools (Figure 1) (50). 
The adverse event represents the “head” of the fish and each bone 
represents a potential contributing factor. The example included 
in Presentations S1 and S2 in Supplementary Material is based 
on the work of reason (40, 41) though other, more detailed 
approaches exist (39). The order and position of individual factors 
is unrelated to any priority; it may be that a sub-factor is a major 
contributing factor. A small group discussion may be helpful to 
determine the role, if any, of each factor, with the group formed by 
the individual(s) most closely involved with the adverse event and 
a senior team member with understanding of error analysis. In 
making these determinations questioning why things occurred, 
using a “five whys” approach, can be useful (50):

 1. Describe the problem.
 2. Ask “why” it happened.

 3. Continue to ask “why” until the root cause is identified (may 
take more or less than five “whys”).

 4. Maintain a focus on the process and not the personalities.

In maintaining a non-punitive environment for M&MCs, it is 
critical that causes are based on fact (and evidence) rather than 
opinion. As illustrated with the sample case (below), there are 
likely to be multiple factors contributing to an adverse event. 
Identifying these factors facilitates a complete discussion and 
identifies potential solutions.

Follow-up
Where recommendations have resulted in changes in practice, 
relevant outcomes should be tracked to ensure that changes are 
beneficial and do not lead to unexpected negative consequences. 
Tracking has been successfully employed to identify improve-
ments in mortality rates and patient care (as described earlier)  
(12, 13, 20, 25, 29, 30). Clinical audit is a suitable method for track-
ing performance that is easy to institute (51). Where a system or 
infrastructure deficit has been identified as a major contributing 
factor to the adverse event, the appropriate member of leadership 
(e.g., hospital director) should be notified so the deficit(s) can be 
addressed. A recent survey of surgical residency programs regis-
tered with the American College of Veterinary Surgeons suggests 
that in the majority of cases (26/35 programs, survey response 
rate 32%), discussions do not translate in to implemented changes 
in practice or changes are not tracked to assess outcome (42).

COnCLUSiOn

Current evidence shows that a structured M&MC with a stand-
ardized presentation format and root cause analysis, and tracking 
of outcomes, serves as a valuable educational experience with the 
greatest potential to improve patient safety and quality of care. 
The described approaches can easily be adopted and applied in 
veterinary medicine.

SAMPLe CASe

Case Selection
A 10-year old, warmblood mare experienced pronounced acute 
hypoxemia during recovery from general anesthesia for bilateral 
thoracic limb magnetic resonance imaging (MRI). This case was 
selected for presentation at an M&MC as it contained multiple 
factors contributing to an adverse event and illustrated an impor-
tant perturbation of normal physiology during anesthesia. Case 
selection was made following an initial case review between an 
anesthesia resident and supervisor.

Presenter and Moderator
The presenter (first year anesthesia resident) was directly involved 
in the case. The moderator was a senior anesthetist with detailed 
knowledge of the case.

Audience
The invited audience included equine interns (mandatory par-
ticipation), residents (mandatory participation), clinicians, and 
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faculty. All final year veterinary students rotating through the 
equine hospital and student members of the faculty equine club 
were also invited. The audience included board-certified internists, 
theriogenologists, surgeons, and anesthesiologists, and a repre-
sentative anesthesia technician. Approximately 30 people attended.

Presentation
The SBAR presentation format was used (Presentations S1 and S2 
in Supplementary Material). Educational components were pro-
vided by presentation and discussion of the adverse event along-
side a brief review of relevant respiratory physiology. Duration 
was set by the context of inclusion in a weekly graduate trainee 
seminar series and limited to 15  min presentation followed by 
10 min discussion. The proportion of time allocated to the discus-
sion was helpful to explore the contributing factors identified and 
generate recommendations. To set the tone for the presentation 
and discussion, the opening and closing presentation slides 
included a statement of the goal of the M&MC (Presentations S1 
and S2 in Supplementary Material).

Root Cause Analysis (Contributing Factors 
Corresponding to the Fishbone Diagram 
Are italicized)
Specific problem—horse became hypoxemic during recovery 
(confirmed with arterial blood gas analysis), which potentially 
began during transfer from MRI.

 1. Why? Body position was changed from left to right lateral 
for transfer to recovery (procedure) and ventilation was inad-
equate (procedure or equipment) during transfer.

 2. Why? There was confusion and unclear communication between 
different teams (anesthesia, radiology, animal handlers— 
people-personnel) and the endotracheal tube cuff was prema-
turely deflated limiting efficacy of positive pressure ventilation 
(people-individual).

 3. Why? One anesthetist was managing multiple cases on both 
sides of the hospital (small and large animal, organization) and 
the anesthetist was not present at the start of transfer (people-
individual & personnel).

 4. Why? A second anesthetist was unavailable that morning 
(organization).

 5. Why? This was a planned absence with an email circulated to 
service chiefs notifying them of short-staffing in anesthesia 
(organization).

Identified contributing factors were added to a fishbone 
diagram in Presentations S1 and S2 in Supplementary Material.

Follow-up
The equine hospital chief attends all equine M&MCs. Each of 
the fishbone factors was discussed. The role and responsibilities 
of different personnel were clarified. Recommendations: (1) A 
leader is designated to manage transfer. The senior anesthetist 
is ultimately responsible, but has power to delegate leadership if 
someone with specific expertise is present, such as senior animal 
handler. (2) Cases should not be transferred without permission 
of senior anesthetist. (3) Senior anesthetist has the right to delay 
or turn away elective cases, and cases may be stopped prematurely 
in the interests of patient safety. (4) A wider discussion of case 
transfer, with the potential to introduce a checklist or standard 
operating protocol, was planned.
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Ponies with tracheal collapse may have an increased anesthetic risk due to airway 
obstruction during induction and recovery. To our knowledge, there are no anesthetic 
descriptions of these patients, despite a reported 5.6% incidence and 77% mortality 
rate. Two Shetland ponies with tracheal collapse, a 12-year-old male (pony 1) and 
a 27-year-old female (pony 2), were referred for right eye enucleation due to a per-
forating corneal ulcer and severe recurrent uveitis, respectively. Pony 1 was stressed, 
had lung stridor and hyperthermia, and developed inspiratory dyspnea with handling. 
Radiography confirmed collapse of the entire trachea as well as inflammation of the 
lower airways. Corticosteroids and bronchodilators were administered by nebulization 
for 1 week before surgery. Pony 2 had a grade III/VI mitral murmur and a clinical his-
tory of esophageal obstructions and tracheal collapse requiring tracheostomy. Both 
ponies were premedicated with acepromazine and xylazine; anesthesia was induced 
with midazolam and ketamine. Nasotracheal intubation was performed in left lateral 
recumbency with extension of the neck and head and was guided by capnography. The 
nasotracheal tube consisted of two endotracheal tubes attached end-to-end to create 
a tube of adequate length and diameter. Pony 2 was orotracheally intubated during 
surgery and later reintubated with a nasotracheal tube. Anesthesia was maintained with 
isoflurane using volume-controlled ventilation. Analgesia was provided by a retrobulbar 
blockade with mepivacaine and lidocaine. Cardiovascular support consisted of lactated 
Ringer’s solution and dobutamine. After surgery, the ponies were administered xylazine 
and supplemented with oxygen through the nasotracheal tube. Recovery was assisted 
by manual support of the head and tail. Successful extubation was achieved following 
butorphanol administration after approximately 1  h in standing position. Both ponies 
were discharged from the clinic a few days after surgery.

Keywords: horses, risk factors, intubation, emergencies, recovery from anesthesia

INtRoDUCtIoN

Case presentations
Pony 1 was a 12-year-old male Shetland pony weighing 84 kg with a perforating corneal ulcer of the 
right eye that was referred for enucleation. The clinical history included tracheal collapse, inflamma-
tion of the lower respiratory airways, and laminitis. On physical examination, the pony was stressed, 
dyspneic, and hyperthermic, and had nasal discharge and crackles on lung auscultation. Radiographic 
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FIGURe 1 | Three pairs of endotracheal tubes connected end to end were prepared on the day before surgery: tubes of 5.0-mm internal diameter (ID) with 6.0-mm 
ID, 7.5-mm ID with 9.0-mm ID, and 8.0-mm ID with 10-mm ID. The proximal connector of the more distal tube of each pair was removed and attached with 
adhesive tape to the distal extremity of the more proximal tube. The balloon cuff of the more proximal tube was removed, while the balloon cuff of the more distal 
tube was connected to a tubing extension and a three-way stopcock that was maintained outside the animal’s mouth. It could have been used to pull out the distal 
tube in case of detachment.
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examination confirmed collapse of the entire trachea and showed 
a bronchoalveolar pattern in the lungs. Surgery for eye removal 
was scheduled after 1 week of nebulization with corticosteroids 
and bronchodilators, and treatment with oral suxibuzone. At the 
time of surgery, the pony was no longer hyperthermic, and had 
a hematocrit of 44% and a total plasma protein concentration  
of 53 g/l.

Pony 2 was a 27-year-old female Shetland pony weighing  
136  kg with severe recurrent uveitis in the right eye that was 
referred for enucleation. The left eye had been enucleated 
4 months prior in our institution. At that time, severe tracheal 
collapse requiring tracheostomy occurred 6 h after recovery from 
anesthesia. The animal had a grade III/VI mitral valve murmur 
and was blind in the right eye. At presentation, the pony was calm, 
vital parameters were within normal limits, and no clinical signs 
of tracheal collapse were observed. The pony had a hematocrit of 
32% and a total plasma protein concentration of 67 g/l.

anesthesia and airway Management
Three endotracheal tubes were prepared on the day before sur-
gery, each consisting of a pair of endotracheal tubes connected 
end-to-end. Two pairs of endotracheal tubes [5.0-mm internal 
diameter (ID) and 6.0-ID; and 7.5-ID and 9.0-ID] were attached 
to each other with the largest tube positioned distally. One pair 
of endotracheal tubes (8.0-ID and 10-ID) was attached with the 
smallest tube positioned distally. The proximal connector of the 
more distal tube of each pair was removed and attached with 
adhesive tape to the distal extremity of the more proximal tube. 
The balloon cuff of the more proximal tube was removed, while 
the balloon cuff of the more distal tube was connected to a tubing 
extension and a three-way stopcock (Figure 1).

Similar anesthetic protocol and airway management were 
used for both ponies on different days. Materials for a tracheos-
tomy were prepared in case of emergency. Food was withdrawn 
for 12 h with free access to water prior to anesthesia. On the day 

of surgery (and for 5 days following surgery), the animals were 
administered gentamicin (6.6 mg/kg IV, SID), sodium penicillin 
(22,000 mg/kg IM, SID), and flunixin meglumine (1.1 mg/kg IV; 
SID). Acepromazine (0.1  mg/kg) was administered intramus-
cularly and, after 1  h, xylazine (0.6  mg/kg) was administered 
through a 14-G catheter fixed in the right jugular vein. In pony 2, 
butorphanol (0.02 mg/kg IV) was administered with aceproma-
zine and xylazine as premedication. Anesthesia was induced with 
midazolam (0.06 mg/kg IV) and ketamine (2.2 mg/kg IV).

Once in left lateral recumbency, the ponies were moved to the 
surgical theater on a surgical table. Lidocaine (10%) was sprayed 
into the right nostril and the head was positioned in full extension 
to create an angle of 180° between the neck and the mandible.  
In pony 1, the 6.0-5.0-ID pair of endotracheal tubes with silicone 
spray applied externally was introduced into the right nostril 
and forwarded to the trachea, guided by capnography. Inflation 
of the cuff indicated that the endotracheal tubes were too small. 
Intubation with an 11-ID endotracheal tube was not successful 
and it was replaced by the 8.0-10-ID pair of endotracheal tubes. 
Nasotracheal intubation was accomplished 11 min after induction 
of anesthesia, during which time the pony was breathing spon-
taneously, with oxygen supplementation through the left nostril. 
In pony 2, nasotracheal intubation was performed similarly and 
was accomplished within 2  min after induction of anesthesia, 
using the 7.5-9.0-ID pair of endotracheal tubes. The tubes were 
attached to the nostrils with adhesive tape. The balloon cuff was 
kept inside the mouth of the animal, the tubing extension was 
kept partially within the mouth, and the remaining tubing exten-
sion and three-way stopcock were maintained outside the mouth. 
None of the three pieces was in contact with the tracheal wall.

The animals were mechanically ventilated (Tafonius, Vetronics,  
Devon, UK) using volume-controlled ventilation with a res-
piratory rate (RR) of 14–16 bpm, tidal volumes (VT) of 8–13 and 
8–11  ml/kg for ponies 1 and 2, respectively, and peak inspira-
tory pressure of 20–25 cmH2O, which allowed for an end-tidal 
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table 2 | Oxygenation, arterial blood gas parameters, and plasma electrolyte 
concentrations of a 27-year-old female pony under isoflurane anesthesia with 
volume-controlled ventilation through an orotracheal tube.

analyte (unit) 40 min after induction of anesthesia

FIO2 0.96
pH 7.411
PaCO2 (mmHg) 39.9
PaO2 (mmHg) 527.9
SaO2 (%) 98.8
ETCO2 (mmHg) 30
Vd/VT (%) 24.8
PAO2 (mmHg) 644
P(A-a)O2 (mmHg) 116

HCO3
−  (mmol/l) 24.8

BE (mmol/l) 0.16

Hematocrit (%) 26.3
Na+ (mmol/l) 134.2
K+ (mmol/l) 3.47
Cl− (mmol/l) 105.8
Ca2+ (mmol/l) 1.343

FIO2, fraction of inspired oxygen; PaCO2, partial pressure of carbon dioxide in the 
arterial blood; PaO2, partial pressure of oxygen in the arterial blood; SaO2, oxygen 
saturation; ETCO2, end-tidal carbon dioxide concentration; Vd/VT, alveolar dead space-
to-tidal volume ratio; PAO2, partial pressure of alveolar oxygen; P(A-a)O2, alveolar-
arterial oxygen pressure gradient; HCO3

− , bicarbonate concentration; BE, base excess.

table 1 | Oxygenation, arterial blood gas parameters, and plasma electrolyte 
concentrations of a 12-year-old male pony under isoflurane anesthesia with 
volume-controlled ventilation through a nasotracheal tube.

analyte (unit) Minutes after induction of 
anesthesia

90 120

FIO2 0.82 0.85
pH 7.386 7.363
PaCO2 (mmHg) 47.4 51.7
PaO2 (mmHg) 422.0 442.3
SaO2 (%) 98.4 99.1
ETCO2 (mmHg) 42 42
Vd/VT (%) 11.4 18.8
PAO2 (mmHg) 534 550
P(A-a)O2 (mmHg) 112 108

HCO3
− (mmol/l) 27.8 28.7

BE (mmol/l) 2.46 2.68
Hematocrit (%) 35.8 36.3
Na+ (mmol/l) 120.7 123.8
K+ (mmol/l) 2.89 2.84
Cl− (mmol/l) 94.1 93.7
Ca2+ (mmol/l) 1.164 1.242

FIO2, fraction of inspired oxygen; PaCO2, partial pressure of carbon dioxide in arterial 
blood; PaO2, partial pressure of oxygen in arterial blood; SaO2, oxygen saturation; 
ETCO2, end-tidal carbon dioxide concentration; Vd/VT, alveolar dead space-to-tidal 
volume ratio; PAO2, partial pressure of alveolar oxygen; P(A-a)O2, alveolar-arterial 
oxygen pressure gradient; HCO3

−, bicarbonate concentration; BE, base excess.
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carbon dioxide concentration (ETCO2) of 35–50  mmHg. After 
a few minutes of mechanical ventilation of pony 2, the absence 
of capnography curves while breathing movements were present 
indicated accidental extubation. The endotracheal tube was 
removed and replaced by a 16-ID tube introduced orotracheally; 
this tube was left in place throughout the surgery.

During anesthesia, the expired fraction of isoflurane was 
maintained at 0.8–1.3%. Heart rate and rhythm were monitored 
using an electrocardiogram (Tafonius). A 20-G catheter was 
inserted into the right metatarsal artery for monitoring invasive 
arterial pressure and for acquiring samples for blood gas analysis 
(Tables  1 and 2). Lactated Ringer’s solution (10  ml/kg/h) and 
dobutamine (0.5–1.0  µg/kg/min) were administered for main-
taining the mean arterial pressure at 70–85  mmHg. Results of 
blood gas analysis (Cobas b 123, Roche, Brussels, Belgium) were 
within reference values for the species (Tables 1 and 2).

The partial pressure of alveolar oxygen (PAO2) was calculated 
according to a standard formula: PAO2  =  [FIO2  ×  (Patm  −  P
H2O)]  −  (PaCO2/0.8), where FIO2 is the fraction of inspired 
oxygen; Patm is the atmospheric pressure at the time of anesthesia 
(770 mmHg in Liège, Belgium per http://www.worldweatheron-
line.com); PH2O is the partial pressure of water vapor (defined 
as 47  mmHg, at a rectal temperature of 37°C); PaCO2 is the 
partial pressure of carbon dioxide in arterial blood; and 0.8 is 
the respiratory quotient; The alveolar dead space-to-tidal volume 
ratio (Vd/VT) was calculated as: Vd/VT  =  [(PaCO2  −  ETCO2)/
PaCO2] × 100.

Surgery was started following a retrobulbar blockade with 
2.5  ml lidocaine (2%) and 2.5  ml mepivacaine (1%) and using 
a 20G ×  70  mm needle that was inserted caudal to the orbital 
rim through the periorbital fascia. The procedure lasted 125 and 

45  min in ponies 1 and 2, respectively. At the end of surgery, 
isoflurane was interrupted and RR was decreased to 1 bpm for 
recovering spontaneous breathing. In pony 2, the orotracheal 
tube was removed and replaced by a nasotracheal tube (7.5–9.0 
ID) that was introduced with capnography guidance and attached 
to the nostrils with adhesive tape.

The animals were moved to the recovery room where they 
were maintained in left recumbency and supplemented with oxy-
gen (6 l/min) through the nasotracheal tube. Xylazine (0.2 mg/kg  
IV) was administered, and the animal was allowed to recover 
with manual support of the tail and head by two veterinarians. 
Sternal recumbency and a standing position were accomplished 
in the first attempt at 20 and 24 min after disconnection from 
the ventilator in pony 1, and at 25 and 35 min in pony 2. Both 
ponies were mildly ataxic but recovery was overall calm. They 
were walked to their boxes and monitored until full recovery.

After an hour in standing position, the first attempt to extubate  
pony 1 was unsuccessful due to severe tachypnea and cough; 
therefore, the tube was not removed. Successful extubation 
without tachypnea and cough was achieved 5  min following 
administration of butorphanol (0.02 mg/kg IV) at 1h15 and 1h35 
after achieving a standing position in ponies 1 and 2, respectively. 
No episode of respiratory distress was observed for 5 and 7 days, 
respectively, and the ponies were discharged from the clinic.

baCKGRoUND

In ponies, non-congenital tracheal collapse occurs as a progres-
sive degeneration of the hyaline cartilage rings and weakening 
of the dorsal trachealis muscle. It is a relatively common disease 
associated with a poor prognosis in this breed (1). In an American 
university teaching hospital, tracheal collapse was observed in 13 
of 231 (5.6%) American Miniature Horses examined in a 22-year 
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period; mortality rate was 77% (1). In our institution, during a 
4-year period, tracheal collapse was observed in 10 of 473 ponies 
(2.1%) and mortality rate was 40%.

Clinical signs of tracheal collapse include inspiratory stridor, 
cough, and dyspnea, which can lead to airway obstruction, 
cyanosis, and death (2). Medical treatment consists of anti-
inflammatory drugs to treat concurrent respiratory tract disease 
and, in mild cases, keeping the animal calm to avoid respiratory 
distress (3). Surgical treatment may be indicated in severe cases, 
but the procedure is rare, with only four ponies described in the 
literature (2–4).

Although tracheal collapse is a life-threatening disease, the 
owners often are not aware of its presence, since respiratory 
distress may occur only during stressful conditions such as anxi-
ety, pain, hypothermia, and hyperthermia (3). These conditions 
can be observed during recovery from anesthesia and, therefore, 
ponies with tracheal collapse may have increased anesthetic 
risk, especially if the diagnosis is not known at the time of the 
procedure. The exact risk is unknown since in previous reports 
the tracheal collapse had been surgically corrected and therefore, 
was not an issue during recovery from anesthesia (2–4). Reports 
describing anesthesia or airway management of ponies with 
tracheal collapse undergoing surgical procedures other than 
insertion of tracheal stents were not found. In our institution, 5 
of 10 ponies with tracheal collapse required general anesthesia 
for colic surgery or enucleation, including the 2 described here. 
Two other ponies were euthanized during surgery; however, 1 
pony, together with pony 2 during its first enucleation surgery, 
had undiagnosed tracheal collapse and developed respiratory 
complications at recovery. These data suggest that ponies with 
tracheal collapse are at a higher anesthetic risk for respiratory 
complications and that this risk can be decreased by carefully 
planning anesthetic and airway management prior to surgery. 
Therefore, the goal of this case report was to describe the anesthe-
sia and airway management of two ponies with tracheal collapse, 
providing guidelines that can be used in similar cases to decrease 
anesthetic risk.

DIsCUssIoN

The anesthetic protocol described here was aimed at preventing 
any stressful condition, such as anxiety, pain, dysphoria, cough, 
and hypothermia that could trigger tachypnea and tracheal 
collapse. Airway management focused on providing adequate 
oxygenation and ventilation during surgery, as well as oxygen 
supplementation during recovery from anesthesia.

Pain, anxiety, and dysphoria were prevented by using systemic 
analgesics, a non-steroidal anti-inflammatory drug (NSAID), 
sedatives, and retrobulbar blockade (regional anesthesia). 
Stressful conditions were also prevented during recovery from 
anesthesia, to avoid tachypnea and tracheal collapse. Analgesia 
was achieved as part of a multimodal approach using drugs with 
different mechanisms of action for pain relief. Xylazine produces 
analgesia through central alpha-2 receptors, providing the seda-
tive and myorelaxant effects required at premedication and recov-
ery from anesthesia. Cardiorespiratory depression, a potential 
dose-dependent side effect, was minimized by using a low dose 

of xylazine that could be antagonized if necessary (5), especially 
in cases of cardiac impairment, such as in pony 2. Ketamine is as 
a non-competitive antagonist of N-methyl-d-aspartate receptors, 
which are associated with the inhibition of nociceptive central 
hypersensitization and in the decrease of the incidence of opi-
oid tolerance, which is achieved with subanesthetic doses (6). 
Flunixine meglumine, a NSAID, is the most frequently used anal-
gesic in horses. Its mechanism of action is based on inhibition of 
cyclooxygenase and, thus, prostaglandin synthesis, which is asso-
ciated with inflammatory pain (7). Regional anesthesia through 
retrobulbar blockade with lidocaine also plays an important 
role in decreasing afferent nociceptive transmission. Additional 
analgesics, such as opioids, can be used when clinically indicated. 
In horses, opioids (mainly butorphanol) are effective antitussives 
and analgesics that enhance sedation caused by other sedatives, 
such as alpha-2 agonists (7, 8). The use of opioids in ponies with 
tracheal collapse would have the advantage of increasing sedation 
while reducing the dose of the alpha-2-agonist required. This mul-
timodal analgesia is also an important means to prevent coughing 
during intubation. We would like to clarify that the decision not 
to use opioids in pony 1 prior to surgery was not an oversight, 
but rather was based on our constant monitoring for any sign of 
pain and stress. However, neither pony had clinical signs of pain 
or sympathetic stimulation, even though isoflurane was main-
tained at a low concentration (23–53% lower than the minimum 
alveolar concentration for horses). There were no differences 
or alterations in the cardiovascular and respiratory response to 
surgery or in the isoflurane requirements between ponies 1 and 
2, even though the latter was administered butorphanol prior to 
surgery. Both animals were calm during recovery from anesthesia 
and did not show signs of pain, such as tachycardia or reaction 
to palpation of the surgical wound, suggesting the multimodal 
analgesia was effective. As mentioned before, we were prepared 
to administer additional opioids if the ponies had signs of pain 
and stress. In fact, during the first extubation attempt, pony 1 
started to cough, probably as a reflex due to stimulation caused 
by removal of the endotracheal tube. This stimulus caused stress 
to the animal, which triggered respiratory distress and did not 
allow for extubation without tracheal collapse. At this point, 
butorphanol was administered, which played an important role 
in facilitating removal of the tube. The butorphanol was effective 
in controlling the stress and cough reflex due to its sedative and 
antitussive effects, and also could have provided analgesia in the 
event that pain was contributing to the stress (8).

Total intravenous anesthesia has been described previously for 
surgical treatment of tracheal collapse in a pony (3). We could 
have used this type of anesthesia in pony 2, since surgery lasted 
less than 1  h, but because we could not predict the length of 
surgery in pony 1 (it lasted more than 2 h), isoflurane anesthesia 
was chosen. Isoflurane also has less of a cumulative effect that 
could have impaired the quality of recovery from anesthesia 
(9–11). Alternatively, surgery could have been performed in  
a standing sedated animal, since transpalpebral enucleation in 
standing healthy horses has been documented (12, 13). However, 
standing sedation would not have addressed the anesthetic risk 
appropriately, particularly considering that pony 1 was in poor 
physical condition and had pulmonary disease, and pony 2 had 
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mitral insufficiency and was geriatric. Sedation does not allow 
for ventilatory support through intubation and positive pressure 
ventilation, nor does it allow for more complete monitoring, such 
as with direct arterial pressure and capnography, to immediately 
detect potential complications. Spontaneous ventilation increases 
the risk of tracheal collapse due to the high negative inspiratory 
pressure (3). High doses of detomidine may be required during 
standing enucleation to ensure absence of response to surgical 
stimulation (13), and may induce dyspnea. In addition, deep seda-
tion with alpha-2 agonists is known to be associated with severe 
cardiorespiratory depression (5), which would not have been 
tolerated by the ponies of this report due to their compromised 
clinical status. Therefore, the use of a balanced protocol with 
general anesthesia was chosen to minimize stress and episodes 
of dyspnea, to maintain ventilatory patency, and to minimize 
cardiovascular depression.

The choice of anesthetic drugs should be based on the clinical 
assessment of each patient; doses should be titrated to effect. Even 
though pony 2 had a heart murmur, no cardiovascular complica-
tions occurred despite using a similar anesthetic management as 
that used during prior enucleation of the other eye. In addition, 
the occurrence of any cardiovascular depression or adverse 
effect (which was not observed) could be immediately detected 
and promptly treated since the animal was monitored closely 
using electrocardiography, invasive blood pressure monitoring, 
capnography, and arterial blood gas analysis.

The drugs and doses used in the two ponies were appropriate 
for avoiding apnea after induction of anesthesia, allowing time 
for intubation and for checking ETCO2 values for correct place-
ment of the endotracheal tube. If apnea occurs, the tube can be 
inserted orotracheally to allow ventilation. In addition, endotra-
cheal intubation to the level of the mid-trachea does not prevent 
potential tracheal collapse and obstruction distally. We were 
prepared for an emergency tracheostomy if needed, but neither 
pony required such intervention. Blood gases were not analyzed 
during recovery to document adequate management of oxygena-
tion, which was a limitation. The ponies recovered quickly from 
anesthesia and an arterial blood sample was not collected to avoid 
additional stimulation or stress. Both ponies were administered 
supplemental oxygen through the endotracheal tube during the 
surgical procedure and recovery from anesthesia; no clinical 
signs of hypoxemia (e.g., cyanosis, tachycardia, and tachypnea) 
were observed.

Nasotracheal intubation is performed blindly in horses and 
requires small size endotracheal tubes, which may be misplaced 
into the esophagus. Accurate placement of the tube within the 
trachea could be confirmed by capnographic monitoring or 
intubation could be guided by endoscopy, which adds time to 
the intubation process compared with orotracheal intubation. 
Furthermore, a nasotracheal tube is usually narrow to be able to 
fit through the nares, which increases airway resistance during 
ventilation and may result in nasal hemorrhage. The choice of 
nasotracheal (vs. orotracheal) intubation allows the tube to be 
kept in place after full recovery from anesthesia, until the pony is 
sufficiently calm to be extubated. Alternatively, orotracheal intu-
bation for surgery could be replaced by nasotracheal intubation 
for the recovery from anesthesia as was done in pony 2. In this 

case, orotracheal intubation was preferred because it is faster and 
the animal was in apnea. Because our attempt to insert an 11-ID 
endotracheal tube was unsuccessful in pony 1, we determined 
that the size of the tube in place was adequate for the patient 
and thus did not require changing for recovery. A nasotracheal 
tube, but not an orotracheal tube, is well tolerated by a conscious 
horse. The option of leaving the orotracheal tube in place during 
recovery (14), can be considered if nasotracheal intubation is not 
successful.

A commercial silicone 7-14-ID endotracheal tube specific 
for foals may have been safer than connecting two endotracheal 
tubes, but was not available in our clinic. The need to connect two 
endotracheal tubes was due to the fact that tubes with a diameter 
narrow enough to pass through the nasal cavities were too short 
to reach the trachea. Our solution was to connect the extremities 
of two tubes, the smaller nested into the larger one, to create a 
tube with an adequate length and diameter. The connection 
was accomplished using adhesive tape, which was a limitation. 
The major concern was that the tubes might detach from one 
another, leading to entrapment of the distal tube in the trachea. 
In that case, the distal tube could have been removed by pulling 
out the balloon tubing connected to the three-way stopcock that 
was maintained outside the animal’s mouth. However, despite 
these concerns, detachment did not occur and the connected 
tubes worked well. A glue could be added to decrease the risk of 
detachment of the distal tube. However, we chose not to do so to 
avoid further decrease of safety by adding another material that 
could detach in small pieces (difficult to remove) from the tube 
once wet. The cyanoacrylate glue warms up the material that can 
be slightly melted, which would also further impair safety.

CoNClUDING ReMaRKs

The anesthetist should anticipate additional stress and possible 
respiratory distress during induction and recovery in ponies 
affected by tracheal collapse and therefore provide preventive 
measures such as the ones described in this case report. In sum-
mary, anesthetic management of these cases should focus on the 
following: (1) preventing stress by providing good sedation in the 
induction phase; (2) orotracheal or nasotracheal intubation for 
surgery; and (3) in the recovery phase, adequate sedation and 
analgesia and nasotracheal intubation for prolonged extubation.
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Although the utility and benefits of anesthesia and analgesia are irrefutable, their practice 
is not void of risks. Almost all drugs that produce anesthesia endanger cardiovascular 
stability by producing dose-dependent impairment of cardiac function, vascular reactivity, 
and compensatory autoregulatory responses. Whereas anesthesia-related depression 
of cardiac performance and arterial vasodilation are well recognized adverse effects 
contributing to anesthetic risk, far less emphasis has been placed on effects impacting 
venous physiology and venous return. The venous circulation, containing about 65–70% 
of the total blood volume, is a pivotal contributor to stroke volume and cardiac output. 
Vasodilation, particularly venodilation, is the primary cause of relative hypovolemia pro-
duced by anesthetic drugs and is often associated with increased venous compliance, 
decreased venous return, and reduced response to vasoactive substances. Depending 
on factors such as patient status and monitoring, a state of relative hypovolemia may 
remain clinically undetected, with impending consequences owing to impaired oxygen 
delivery and tissue perfusion. Concurrent processes related to comorbidities, hypo-
thermia, inflammation, trauma, sepsis, or other causes of hemodynamic or metabolic 
compromise, may further exacerbate the condition. Despite scientific and technological 
advances, clinical monitoring and treatment of relative hypovolemia still pose relevant 
challenges to the anesthesiologist. This short perspective seeks to define relative hypo-
volemia, describe the venous system’s role in supporting normal cardiovascular function, 
characterize effects of anesthetic drugs on venous physiology, and address current 
considerations and challenges for monitoring and treatment of relative hypovolemia, with 
focus on insights for future therapies.

Keywords: relative hypovolemia, distributive shock, mean circulatory filling pressure, anesthesia, fluid therapy, 
functional hemodynamics, dynamic index, preload responsiveness

Abbreviations: CO, cardiac output; CVCDI, caudal vena cava distensibility index; CVP, central venous pressure; ΔVpeak, 
aortic flow peak velocity variation; DO2, oxygen delivery; HR, heart rate; iNOS, inducible nitric oxide; KATP channels, ATP-
sensitive potassium channels; LiDCO, lithium dilution cardiac output; MCFP, mean circulatory filling pressure; MSP, mean 
systemic pressure; MV, mechanical ventilation; PAC, pulmonary artery catheter; PPV, pulse pressure variation; Pv-aCO2, 
venoarterial difference in PCO2; RV, right ventricle; SPV, systolic pressure variation; SV, stroke volume; ScvO2, central venous 
oxygen saturation; SvO2, mixed venous oxygen saturation; SVV, stroke volume variation; Vs, stressed circulating blood volume; 
Vt, tidal volume; Vus, unstressed intravascular volume; VVC, venous vascular capacitance.
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Figure 1 | Blood is unevenly distributed throughout the systemic circulation. 
The large and small veins contain approximately 70% of the blood volume. 
Arterial pressure (P) is determined by blood flow (Q) and systemic vascular 
resistance (R); MSP, mean systemic pressure; RA, right atrium.
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iNtrODuctiON

To survive anesthesia is to survive a potentially life-threatening 
event. What other form of medical practice is designed to 
intentionally depress or inhibit a spectrum of neurophysiologic 
processes so as to be able to painlessly inflict varying degrees of 
medical or surgical psychological or physical trauma. Although 
the potential benefits and utility of anesthesia and analgesia are 
obvious, the practice of anesthesia is not without risk, particularly 
in animals. Indeed, the adverse events associated with anesthetiz-
ing animals, although similar to those reported in humans, are far 
more common than reported for humans (1–4). A recent study 
investigating adverse events associated with anesthesia in dogs 
and cats suggested that approximately 40% of animals had at 
least one adverse event and as many as 1% had up to six adverse 
events (5). Anesthetic death is reported to occur in approximately 
0.5, 1.0, and 10 in every 1,000 anesthetic episodes in otherwise 
healthy dogs, cats, and horses, respectively (6–10). These rates 
are two to three orders of magnitude greater than those reported 
for healthy humans (approximately 0.001 per 1,000) (1). Among 
the many potential explanations for this discrepancy, human 
error, inadequate training, lack of experience or familiarity with 
the drugs and equipment used to produce anesthesia, insufficient 
monitoring, and haste or distraction, have been identified as spe-
cific causes for adverse outcomes in human medicine (3). Species 
differences aside, the incidence of adverse events, including intra-
operative cardiac arrest, is considerably greater in animals than in 
humans (2, 8, 9, 11). Reemergence from anesthesia, breakthrough 
pain, hypoventilation, respiratory arrest, airway complications, 
and hypotension are comparatively common adverse events 
reported in dogs, cats, and horses (5, 8, 10, 11). Anesthesia-
associated hypotension is frequently attributed to a decrease in 
ventricular contractile performance, arterial vasodilation, or both 
(5, 10–14). Far less emphasis has been placed upon alterations 
in venous physiology or the effects of anesthetic drugs on the 
venous system’s contribution to cardiac output (CO). Increasing 
evidence, however, suggests that anesthetic drugs produce sig-
nificant and clinically relevant effects on venous function that 
result in increases in venous capacitance and compliance, and a 
reduced response to vasoactive substances (15–17). Anesthetic 
drug impairment of venous function is an insidious and relatively 
unappreciated cause of relative hypovolemia that reduces CO, 
predisposes to hypotension, and can lead to vasodilatory shock 
especially in sick (e.g., septic), depressed, or debilitated animals 
(17–19). The focus of this short perspective is to define relative 
hypovolemia, describe the function of the venous system and its 
role in maintaining normal cardiovascular function, emphasize 
the effects of anesthetic drugs on venous physiology, and outline 
considerations for monitoring and treating relative hypovolemia.

veNOus PHYsiOLOgY AND cO

Maintenance of adequate CO and arterial blood pressure are 
dependent upon a normal blood volume, vascular tone (arte-
rial and venous), venous return (more appropriately “venous 
excess”), heart rate (HR), ventricular function, and multiple 
autoregulatory (compensatory) mechanisms, and are vital for 

preserving tissue perfusion and oxygen delivery (DO2) (15, 16, 
20, 21). Venous return is CO during steady state conditions and 
is modulated by central venous pressure (CVP): the heart can-
not pump what it does not receive. The venous system contains 
65–70% of the total blood volume and small veins and venules in 
the abdomen, spleen, liver, and venous plexus of the skin are more 
than 30× more compliant than arteries (Figure 1) (15, 22–25). 
Splanchnic and cutaneous veins contain a large population of 
both alpha-1 and 2 adrenergic receptors that are highly sensitive 
to central nervous system sympathetic output, adjustments in 
baroreceptor reflex activity in response to changes in arterial 
blood pressure, and endogenous or exogenously administered 
vasoactive substances (26–29). Splanchnic venous capacitance 
vessels in particular are much more sensitive to a decrease in 
carotid sinus pressure or an increase in sympathetic nerve activity 
than arteries, allowing healthy non-anesthetized animals to lose 
up to 15–20% of their total blood volume without initiating a sig-
nificant compensatory hemodynamic response, primarily owing 
to the reservoir response of the splanchnic veins (26). Alpha-1 
adrenergic effects mediated by baroreceptor reflex adjustments 
contribute significantly to alterations in splanchnic venous 
capacity (15, 23, 27, 29). Adjustments in venous capacitance aid 
in maintaining an effective or “stressed” circulating blood volume 
[the blood volume required to produce measurable increase in 
transmural pressure: stressed circulating blood volume (Vs)], 
and are a primary determinant of venous return and therefore 
CO (15, 16, 21, 24, 30, 31). The unstressed intravascular volume 
(Vus) is the blood volume required to fill the circulatory system to 
capacity without increasing cardiovascular transmural pressure 
(Figure 2) (15, 23). The Vus is composed of a recruitable volume 
and a residual volume that is functionally analogous to the expira-
tory reserve and residual volumes that compose the functional 
residual capacity in the lung. The Vs comprises approximately 
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Figure 2 | The total blood volume within the vasculature can be divided into 
two components: stressed circulating blood volume (Vs: approximately 30% 
of the blood volume) and unstressed intravascular volume (Vus: 
approximately 70% of the blood volume). The Vs is hemodynamically active 
(i.e., effective circulating blood volume) and is the principal determinant of the 
mean systemic pressure, a primary determinant of venous return. The Vus is 
the volume of blood required to fill the vascular space without increasing 
blood pressure. A portion of the Vus (up to 15–20 mL/kg; shaded area 
between the dashed horizontal lines) serves as a blood reservoir and can be 
recruited to augment the Vs during times of stress or replenish the Vs during 
hypovolemia. The wavy white line surrounding the inner circle (i.e., volume) 
suggests that the volume contained therein can become smaller or larger 
depending upon changes in vasomotor tone.
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30% of the predicted total blood volume (20–25  mL/kg) in 
most animals, while the Vus can provide a portion of its volume 
(recruitable reserve volume; approx. 15–20 mL/kg) when maxi-
mally activated (24, 28, 31). This volume of blood is equivalent 
to the administration of 45–60 mL/kg of IV crystalloid, if it is 
assumed that only one-third of a crystalloid fluid bolus remains in 
the vascular compartment (32). Only Vs, the “effective” circulat-
ing volume, is hemodynamically active, and only a portion of Vus 
is available to provide a rapidly recruitable reserve volume that 
can be mobilized during times of need (e.g., exercise, trauma, 
hemorrhage).

The driving pressure for blood flow returning to the heart from 
peripheral veins is theorized to be determined by the pressure 
gradient between a proposed “pivoting pressure,” termed the 
mean circulatory filling pressure (MCFP), and the right atrium 
(CVP) (15, 21, 23, 33–35). The MCFP is the equilibration pres-
sure measured at all points in the circulation when the heart is 
stopped. This pressure is assumed to be located in the venous 
capacitance vessels, particularly the splanchnic vasculature, 
and is modified by the effects of both arterial baroreceptor and 
chemoreceptor reflex mechanisms on venous vascular compli-
ance, and capacitance (36–38). Some consider it to be a flawed 
and untenable physiologic concept, although many hold the 
opinion that it does provide a conceptual framework for explain-
ing how changes in venous reservoir compliance and capacitance 
are associated with alterations in CO when ventricular function 
is normal or minimally impaired (16, 19–21, 34, 35, 39). Notably, 
both absolute and relative hypovolemia (decrease in Vs) trigger 
central and peripheral sympathetically mediated compensatory 
mechanisms (19, 38). Subsequent activation of alpha-1 receptors 
in the venous vasculature decreases venous capacitance, aiding 
in the maintenance of MCFP, venous return and CO by shifting 
blood from Vus to Vs (24, 27, 40, 41). A compensatory decrease in 
splanchnic blood volume, for example, has been shown to increase 

Vs by as much as 10–15 mL/kg in hemorrhaged dogs (25, 28, 31).  
Importantly, the recruitment (redistribution) of blood from 
splanchnic and other blood reservoirs (e.g., spleen, lung) may be 
impaired in animals that are septic, acidotic, hypothermic, aged, 
or are intolerant of recommended amounts of anesthetic drugs 
(17, 18).

HYPOvOLeMiA

Hypovolemia is categorized as either absolute or relative. Absolute 
hypovolemia (i.e., reduction in total circulating blood volume) is 
either controlled (hemorrhage that has been stopped) or uncon-
trolled (hemorrhage that has not stopped) and implies the loss of 
blood, plasma or water from the vascular compartment. Absolute 
hypovolemia can be conceptualized as a decrease in blood volume 
relative to a normally sized vascular compartment (Figure  3). 
Alternatively, relative hypovolemia implies a normal, or possibly 
increased, blood volume that is not adequate to fill the vascular 
compartment because the volume (capacity) of the vascular 
compartment has increased. Hypovolemia from any cause can 
reduce venous return, CO and arterial blood pressure, regardless 
of whether or not compensatory mechanisms are inadequate or 
impaired, thereby limiting tissue perfusion and DO2 to tissues 
(15, 16). Severe hypovolemia leads to the development of oxygen 
debt and is directly correlated with lactic acidemia and mortality 
(42, 43). Vasodilation, predominantly venodilation, is an impor-
tant cause of relative hypovolemia produced by anesthetic drugs 
and can be exacerbated in sick, septic, hypothermic, or aged ani-
mals. Relative hypovolemia frequently contributes to low CO and 
hypotension during anesthesia and is a more frequent, insidious, 
and occult mechanism responsible for cardiovascular collapse 
and death than decreases in HR and cardiac function typically 
emphasized as the primary reasons for anesthesia-related adverse 
events (10–14, 17).

cAuses OF reLAtive HYPOvOLeMiA

The principal cause for relative hypovolemia is vasodilation, 
especially venodilation. Vasodilation during anesthesia is a 
natural consequence of (1) drug toxicity (e.g., sensitivity to anes-
thetic drugs or anesthetic overdose), (2) impairment or loss of 
compensatory mechanisms, (3) coexisting or induced metabolic 
(pH <  7.15) or respiratory (PaCO2 >  80  mm Hg) acidosis; or 
concurrent, (4) traumatic or surgically induced inflammation, 
(5) sepsis, (6) cardiogenic shock, and (7) hypothermia. Multiple 
cellular mechanisms have been implicated in the development of 
vasodilation and vasodilatory shock that include: a decrease in 
L-type calcium channel ion transport or myofilament sensitivity 
to calcium, activation of vascular smooth muscle ATP-sensitive 
potassium channels (KATP channels), excess production of the 
inducible form of nitric oxide (iNOS; e.g., sepsis), and deficiency 
of the hormone vasopressin (Table 1) (18, 44, 45). Tissue ischemia 
and/or hypoxia increase intracellular hydrogen ion concentration 
and decrease cellular ATP production activating KATP channels 
resulting in smooth muscle hyperpolarization and vasodilation. 
Sepsis increases the synthesis of nitric oxide due to the increased 
expression of iNOS synthase and cGMP generation, resulting in 
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tAbLe 1 | General and cellular mechanisms responsible for anesthesia-
associated relative hypovolemia.

Decreased central sympathetic output
Decreased cardiovascular reflex responses
Decreased baroreceptor reflex activity
Decreased VSM contractile response or sensitivity to:

Neurohumoral and adrenoceptor agonists (e.g., norepinephrine)
Depressed mechanisms regulating VSM cytosolic Ca2+

Reduced VSM intracellular Ca2+ concentration
Reduced VSM L-type calcium channel ion transport
Reduced VSM myofilament sensitivity to calcium
Activation of K+ATP channels

VSM, vascular smooth muscle; ATP, adenosine triphosphate.

Figure 3 | Schematic representation of total blood volume within the 
vasculature. Normovolemia: blood volume and vascular capacity are normal. 
Absolute hypovolemia: blood volume is decreased relative to normal vascular 
capacity (e.g., hemorrhage). Absolute hypovolemia is either uncontrolled 
(volume loss continues) or controlled (volume loss has been stopped). 
Relative hypovolemia: blood volume is normal, increased or decreased, but 
vascular capacity is increased (e.g., anesthetic overdose; sepsis). Absolute 
hypovolemia is treated with fluids (e.g., crystalloids; blood). Relative 
hypovolemia is treated primarily with fluids and vasopressors. Vs, stressed 
circulating blood volume; Vus, unstressed intravascular volume.
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vasorelaxation and resistance to vasoactive drugs (e.g., dopamine, 
norepinephrine, vasopressin). The combined effects of ischemia-
induced acidosis and production of vasodilatory prostaglandins 
(e.g., PGI2, PGE1, synthetic prostacyclin), activation of KATP 
channels, and the production of iNOS in animals that are septic or 
have chronic heart failure, in conjunction with the confounding 
effects of acidosis and hypothermia, create an ideal environment 
for vasodilatation, relative hypovolemia and vascular hypore-
sponsiveness or refractoriness to fluid administration and the 
administration vasoactive compounds (46–48).

ANestHetic MecHANisMs 
resPONsibLe FOr reLAtive 
HYPOvOLeMiA

Almost all drugs that produce anesthesia endanger cardiovascu-
lar stability by producing dose-dependent impairment of cardiac 
function, vascular reactivity and compensatory autoregulatory 
responses (Table 2) (17). Most produce some impairment of ven-
tricular function, vascular tone and inhibit central or peripheral 
sympathetic ganglionic transmission of barostatic control when 
administered at clinically relevant doses (49–52). All but one (i.e., 
ketamine) are known to modify multiple vasoregulatory mecha-
nisms, leading to a differential reduction in vascular contractile 
responses, redistribution of blood flow, and increases in vascular 
capacitance primarily by inhibition of sympathetic nervous 
system activity and depression of adrenergic neurotransmission 
and baroreceptor reflex sensitivity (49–54). Venodilation is an 
important component of the vascular vasodilatory effects of 
both injectable (e.g., propofol) and inhalant (e.g., isoflurane) 
general anesthetics (Table  2) (47–53, 55). Importantly, most 
hypnotic (GABA-A agonist) intravenous anesthetics generally 
exert important vascular actions following bolus IV injections, 
while volatile anesthetics produce vasodilatory effects at clini-
cally relevant concentrations (44). Therapeutic concentrations of 
both propofol and isoflurane, for example, have been shown to 
decrease Vs by increasing venous capacitance, while producing 
minimal changes in either CO or systemic vascular resistance 
(50, 53, 56, 57). The maintenance of normal or near-normal 
CO when either drug is administered has been explained by a 
decrease in the resistance to venous return and slightly improved 
stroke volume (SV) due to a decrease in afterload (58). In con-
trast to propofol and isoflurane, both ketamine and etomidate 
have been shown to produce minimal effects on venous vascular 
capacitance in normovolemic humans (59, 60). Ketamine 
decreased venous capacitance in hypovolemic dogs suggesting 
that it should be considered the drug of choice for induction 
to anesthesia and as partial intravenous anesthesia in high risk 
subjects (60). Summarizing, vascular capacitance modulates CO 
during hemorrhage and acute volume loading (39). Anesthetic 
drug-induced increases in venous compliance or capacitance 
predispose to relative hypovolemia and effectively reduce Vs, 
CO, and DO2 to tissues, potentially leading to the develop-
ment of oxygen debt. The combination of relative and absolute 
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tAbLe 2 | Pharmacologic effects of clinically relevant doses of commonly administered anesthetic drugs.a

Drug Hr Arterial 
blood 

pressure

cO cardiac 
contractile 

force

MsP or 
McFP

vasomotor 
tone

baroreceptor 
reflex activity

sympathetic 
nerve activity

splanchnic 
venous 

capacitance

venous 
return

Inhalant anesthetic ↑↓± ↓↓ ↓↓ ↓ ↓↓ ↓↓ ↓↓ ↓↓ ↑↑ ↓↓

Injectable hypnotic
Propofol
Etomidate
Barbiturate
Neurosteriod
Chloralose

±↓
±

±↑
±↓
↓

↓↓
↓
±
↓
±

↓
↓
↓
↓
±

↓
↓
↓

±↓
±

↓
±↓
±↓
±↓
±

↓
±↓
↓

±↓
±

↓
±↓
↓
↓
±

↓
±↓
↓
↓
±

↑↑
↑
↑
↑
±

↓↓
±↓
↓
↓
±

Disociative
Ketamine
Tiletamine

↑
↑

↑
↑

↑±
↑±

↑±
↑±

--
--

--
--

--
--

--↑
--↑

--
--

--
--

Opioid
Morphine

Hydromorphone
Fentanyl

↓
↓
↓

--↓
--↓
--↓

--↓
--↓
--↓

--↓
--↓
--↓

--
--
--

--
--
--

--↓
--↓
--↓

--↓
--↓
--↓

--
--
--

--↓
--↓
--↓

Alpha-2 agonist ↓↓ ↑→↓ ↓↓ --↓ ↑→↓ ↑→↓ --↓ -- ↓→↑ ↑→↓

Benzodiazepine
Diazepam
Midazolam

-- -- --↓ -- --↓ --↓ -- --↓ --↓ --↓

Phenothiazine
Acepromazine ±↓ ↓ --↓ --↓ ↓ ↓ ↓ ↓ ↑ ↓

Local anesthetics
Lidocaine
Bupivacaine

±↑
±↑

↓
↓

--↓
--↓

--↓
--↓

↓
↓

↓
↓

--
--

↓
↓

↑
↑

↓
↓

aClinically relevant dosages are generally equal to or less than those recommended by the manufacturer. Idealized effects expected from normal, healthy humans and animals; ↑, 

increase; ↓, decrease; ±, increase or decrease; --, little or no change; ↑→↓, increase followed by decrease; ↓→↑, decrease followed by increase. Data compiled from unpublished 
data (Muir WW, Del Rio CL, Ueyama Y. The effects of anesthetic drugs on mean circulatory filling pressure in isoflurane anesthetized dogs. (2015). Unpublished manuscript.) and  
(35, 39, 49, 51–53, 57, 61–78).
HR, heart rate; CO, cardiac output.
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hypovolemia during anesthesia and surgery in physiologically 
compromised animals is particularly troublesome, since some 
animals may rapidly develop irreversible and refractory shock 
after the loss of relatively small amounts of blood (5–10 mL/kg) 
(Figure 2).

cONsiDerAtiONs ON MONitOriNg  
AND treAtMeNt OF reLAtive 
HYPOvOLeMiA

Identifying and treating relative hypovolemia and tissue hypop-
erfusion may pose a challenge to the anesthesiologist. During 
anesthesia, maintenance or prompt reestablishment of appropri-
ate DO2 to all tissues is a main concern (17). Effective circulatory 
volume, cardiac filling, global, regional and microcirculatory 
flow, and adequate perfusion pressure are all important elements 
to consider (79, 80).

Presently, perioperative monitoring is largely based on macro-
circulatory variables, which may fail to detect relative hypovolemia 
(81–85). Indeed, despite the recognition of their importance, 
bedside determination of absolute volemia, monitoring of venous 
hemodynamics or of microhemodynamics remain cumbersome 
at best (15). Sophisticated methods for assessment of systemic 
vascular compliance and Vs have been proposed, but such 

techniques are yet to be fully validated, particularly in patients 
with severely compromised vascular tone or receiving vasoactive 
drugs (86). Therefore, dynamic assessment of a combination of 
variables along the hemodynamic circuit is helpful for decipher-
ing ongoing processes.

Selection of monitoring procedures depends on a number of 
factors involving available technology and resources, the anesthe-
siologist’s familiarity with each technique, patient status, and the 
surgical or medical procedure being performed. In this regard, 
continuous clinical reassessment of patient status and anesthetic 
depth remain important tools that should be applied to all (87). 
Adding to this, standard hemodynamic and global perfusion 
monitoring of HR and rhythm, arterial pressures, pulse oximetry, 
expired gases including end-tidal carbon dioxide and inhalant 
anesthetic concentrations, arterial blood gases, and lactate, offer 
a wealth of information, particularly when monitored and inter-
preted collectively and trended over time (82, 87–90). Of note, 
ongoing perfusion and oxygenation deficits may occur even when 
blood pressure is considered normal, and urinary output has been 
shown to bear limited relation with blood volume, effective blood 
flow, or renal function during anesthesia (91–93).

Conceptually, CVP is an easily obtainable surrogate to right 
atrial pressure, capable of providing insights into the interaction 
between venous return and cardiac function (94). As a single 
numerical value, it provides limited information, but when 

27

https://www.frontiersin.org/Veterinary_Science
https://www.frontiersin.org
https://www.frontiersin.org/Veterinary_Science/archive


6

Noel-Morgan and Muir Anesthesia-Associated Relative Hypovolemia

Frontiers in Veterinary Science | www.frontiersin.org March 2018 | Volume 5 | Article 53

appropriately used and interpreted, within the clinical and inter-
ventional context, in combination with static and dynamic vari-
ables (and especially CO or SV, if available), it may add valuable 
information about a patient’s condition, particularly when values 
are outside the normal range, or when extreme, unpredicted, or 
seemingly paradoxical changes occur, related or not with thera-
peutic interventions (15, 21, 87, 94–96). An excessively high CVP, 
for instance, may be indicative of right heart failure, increased 
pulmonary vascular resistance, or volume overload (87). Still, it 
has been argued in humans that, while a normal CVP is close 
to zero and the pressure gradient produced by a normal MCFP 
8–10 mmHg promotes venous return, any sufficient increase in 
CVP and/or fall in MCFP may reduce venous return and SV (96). 
Indeed, elevated CVP has been associated with impairment of 
microcirculatory flow and acute kidney injury in critical patients 
(90, 96, 97). Although not a perfect surrogate for mixed venous 
oxygen saturation, central venous access offers the possibility of 
central venous oxygen saturation (ScvO2) attainment, in addi-
tion to the determination of venoarterial difference in PCO2 
(Pv-aCO2). Combined with plasma lactate levels, ScvO2 and 
Pv-aCO2 offer important information regarding the patient’s 
status, enabling inferences regarding CO and the presence of 
dysoxia, sepsis and/or anemia (87, 98).

Measurement of SV and CO is uncommon in veterinary med-
icine, and is typically reserved for high-risk or critical patients, 
particularly those refractory to initial therapy (82, 87). Recent 
reviews have emphasized the limited research validating each 
method in the veterinary clinical setting, in addition to possible 
logistic and cost-related considerations (99–101). While several 
studies have investigated the use of indicator dilution (e.g., using 
pulmonary artery catheter thermodilution or lithium dilution 
CO), and echocardiography-based methods for determining 
CO in different species, these technologies remain impractical in 
clinical practice (102–110). Of note, echocardiography/Doppler-
derived measurements are less invasive, offer unique information 
on cardiac structure and function, and may offer good estima-
tion of hemodynamic data, but are largely operator-dependent, 
requiring specialized training and costly equipment (82, 99, 111, 
112).

With the aim of sustaining effective circulatory volume, 
microcirculatory flow and perfusion, the anesthesiologist must 
assess the appropriateness of fluid administration for each indi-
vidual patient (summarized by the mnemonic CIT TAIT: context, 
indication, targets, timing, amount, infusion strategy, and type of 
fluid) (113), followed by possible use, timing and choice of alter-
nate or ancillary therapy based on vasoactive (pressors, dilators) 
and/or inotropic support (80, 83, 87, 92, 93, 96, 113–120).

In the context of decreased effective circulating blood volume 
related to anesthesia and surgical trauma, fluids are generally pro-
posed as a first line therapy, aiming to increase plasma volume, 
MCFP and the pressure gradient for venous return (83). However, 
not all patients respond to fluid administration with an increase 
SV and/or CO (i.e., fluid or preload responsiveness) (121). 
Beyond fluid dynamics, anesthetic agents and depth, mechanical 
ventilation (MV), blood flow distribution, endothelial function, 
integrity of the glycocalyx, and right and left ventricular status 
all play critical roles in this response (17, 83, 113, 121–124). The 

question of how to optimize preload, afterload, and contractility 
remains haunted by the recognition that: both insufficient and 
excess fluids may result in perfusion deficits and perioperative 
morbidity; premature or incorrect employment of pressors may 
also promote further microcirculatory compromise by hindering 
adequate flow and DO2; and inotropes should be judiciously 
employed, with guidelines recommending their use only when 
monitored cardiac function is accompanied by low CO and signs 
of hypoperfusion despite preload optimization (80, 82, 83, 85, 92, 
93, 96, 125, 126).

Newer evidence and monitoring options for fluid resuscitation 
suggest that formulas for replacement and maintenance should 
be reexamined (127). Among many proposed strategies (e.g., 
“liberal,” “restrictive,” “zero-balance,” “dynamic fluid balance,” 
and “goal-directed” therapies), a universal algorithm accounting 
for all possible patient-case combinations remains unrealistic. 
Current recommendations propose a preplanned approach, 
tailored to each patient, that employs fluids only on clear indi-
cation (83, 92, 93, 113, 125, 127–131). To this end, functional 
hemodynamics, using dynamic indices such as systolic pressure 
variation (SPV), pulse pressure variation (PPV), stroke volume 
variation (SVV), plethysmographic variability index, aortic flow 
peak velocity variation (ΔVpeak), and caudal vena cava distensi-
bility index (CVCDI), have demonstrated promise in predicting 
preload responsiveness and help guide fluid therapy (82, 83, 92, 
121, 132–137).

Comprehensive studies, meta-analyses, and reviews are avail-
able that elaborate on use of dynamic indices to guide fluid therapy 
(121, 137–139). Among important highlights, full awareness of all 
mechanisms and limitations pertaining to each is essential. For 
instance, many of these methods require MV within very specific 
settings, and without breathing efforts or arrhythmias during 
the measurement period (140, 141). Patient cardiovascular and 
pulmonary status, and particularities of surgical interventions, 
are also important factors that impact cardiopulmonary interac-
tions and related pressure gradients (121, 132–134, 136, 137, 
141–145). Spontaneous breathing, right ventricular (RV) failure, 
and increased RV afterload have been associated with false-
positive results for PPV and SVV (i.e., elevated values not related 
to preload responsiveness) (95, 146–150). False-negative results 
have been observed with insufficient tidal volumes (Vt), decreased 
lung compliance, and increased vascular compliance (95, 141, 144, 
151–153). Other conditions possibly altering cutoff values or com-
promising their effectiveness are elevated positive end-expiratory 
pressure, increased Vt, changes in vascular tone, increased abdomi-
nal pressure, and changes in chest wall compliance (Table 3) (111, 
118, 140, 142, 154–159). It is important to note that clinical use 
of these indices must be investigated in detail, in each species, 
before translation into clinical practice is feasible. For example, 
does the dogs’ greater chest wall compliance relative to lung 
compliance impact predictive and cutoff values for each dynamic 
index (160–162). Lower HR and respiratory rates in horses may 
also pose limitations (140). Among veterinary-pertinent studies 
(105, 118, 122, 160–173), a recent investigation with hypotensive 
dogs found PPV ≥ 15% had 50% sensitivity and 96% specificity in 
predicting preload responsiveness, further estimating PPV ≥ 19.5 
for 100% sensitivity (76% specificity) (171). Another investigation 
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tAbLe 3 | Factors potentially interfering with PPV and SVV.a

Spontaneous breathing
Cardiac arrhythmias
Tidal volume (Vt, insufficient, excessive)
Elevated positive end-expiratory pressure
Inspiratory to expiratory ratio
Heart rate to respiratory rate ratio
Lung compliance
Chest wall compliance (including open chest)
Increased right ventricular afterload
Increased intraabdominal pressure
Right and/or left ventricular failure
Increased vascular compliance
Changes in vascular tone

aRefer text for details.
PPV, pulse pressure variation; SVV, stroke volume variation.
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with healthy dogs disclosed cutoff values for ΔVPeak ≥ 9.4% (89% 
sensitivity, 100% specificity), SPV ≥ 6.7% (78% sensitivity, 93% 
specificity), and CVCDI  ≥  24% (78% sensitivity, 73% specific-
ity), as being predictive of preload responsiveness (172). These 
promising results warrant further investigations under different 
clinical and operative scenarios. A concept to be kept in mind, 
however, is that, even when potentially preload-responsive, the 
assessment of whether fluids are actually needed, tolerated, or the 
best management for the condition requires comprehensive clini-
cal judgment, considering the patient’s pathophysiological status  
(81, 82, 85, 113, 174, 175). Dynamic indices may, nevertheless, offer 
an additional piece of information to help optimize fluid therapy 
and further aid decisions targeting use and timing of ancillary or 
alternate therapeutic interventions (176).

Species-specific clinical trials investigating the efficacy and 
safety of IV fluid resuscitation are woefully underrepresented in 
the veterinary literature (83, 87, 124, 174, 177, 178). Those that 
do exist are frequently poorly designed, uncontrolled, and under-
powered (117). Even fewer studies have focused on the volume 
kinetics of IV fluids for the treatment of relative hypovolemia 
associated with injectable or inhalant anesthetic protocols. One 
study in isoflurane (3%) anesthetized dogs demonstrated that 
80  mL/kg of a balanced electrolyte solution (Plasmalyte-A) 
produced no effect on arterial blood pressure, SV or CO until 
the inhalant anesthetic concentration was reduced to 1.6% (122) 
suggesting that IV fluid therapy may be useless as a treatment for 
anesthetic-associated relative hypovolemia. Another investiga-
tion in hypotensive isoflurane anesthetized dogs concluded that 
arterial blood pressure measurements were a poor predictor of the 
hemodynamic response to fluid administration (179). Current 
suggested guidelines for dogs, cats, and horses have, for the most 
part, been adopted from experimental studies in rodents, dogs, 
and pigs, volume kinetic studies conducted in sheep and humans, 
and clinical trials or meta-analyses completed in humans 
(180–200). These experimental and clinical studies suggest that 
fluid choice, optimal fluid volumes (mL/kg), and the rate of fluid 
administration (mL/kg/min or h) are context-sensitive (i.e., 
physical condition, age, surgical procedure, anesthetic choice, 
etc.) and highly likely to be species-dependent, highlighting the 
importance of personalizing fluid resuscitation protocols. Taken 
together these studies suggest that: (1) goal-directed fluid therapy 

is superior to “rules of thumb” (e.g., 3 mL crystalloid/1 mL blood 
loss) or standardized formulas (3–10 mL/kg/h); (2) a balanced 
crystalloid solution (201), is the best first choice fluid unless labo-
ratory data suggest otherwise; (3) monitoring techniques should 
include at least one validated dynamic index [e.g., PPV (165, 170, 
171, 173)]; (4) an IV fluid bolus should not exceed 20–30 mL/
kg (199); and (5) maximal rates of fluid administration should 
range from 0.02 (maintenance) to 1.0 mL/kg/min (resuscitation) 
during anesthesia (200).

Fluid therapy for the treatment of anesthetic-associated rela-
tive hypovolemia and hypotension remains largely ineffective and 
predisposes to fluid overload (87, 202, 203). Not unintentionally, 
CIT TAIT implies an option to “sit tight” and withhold fluids tem-
porarily or longer (113). In this regard, aside from replenishing Vus 
reserves, fluid administration should aim to restore Vs and target 
specified hemodynamic improvement, further considering long 
term (e.g., impact on organ function, ICU days, survival) measur-
able outcomes (174, 178, 204). The most appropriate sequence of 
events to be considered for treating anesthetic-associated hypo-
tension or signs of low blood flow (e.g., prolonged capillary refill 
time, weak peripheral pulses, increased PPV) during anesthesia 
should be to: (1) adjust [e.g., stop; reduce, refine, replace: (3R’s of 
anesthesia)] the anesthetic protocol, (2) administer a balanced 
crystalloid based upon clinical signs and monitoring data, and 
(3) administer a vasoactive (e.g., norepinephrine, vasopressin) 
drug for vasodilation or inotropic (e.g., dobutamine) drug for 
poor cardiac performance (205). All three events may be required 
simultaneously, especially in high-risk subjects that have already 
lost blood (>15–20 mL/kg) or are septic (Figure 3). Notably, the 
volatile anesthetics sevoflurane and isoflurane have been shown 
to preserve the endothelial glycocalyx against injury in ketamine 
anesthetized rats (206–209), whereas propofol increases glyco-
calyx shedding and vascular permeability (210) and excessive 
fluid administration triggers atrial natriuretic peptide release 
increasing vascular membrane permeability and interstitial fluid 
accumulation (202). Dexmedetomidine has been demonstrated 
to produce protective effects against ischemia–reperfusion injury 
in heart, kidney, and brain in rodent animal models (211). These 
beneficial drug-related actions combined with each drug’s known 
effects on MCFP (Table 2) suggest that balanced anesthesia with 
isoflurane, ketamine, and dexmedetomidine may help to limit 
the development of anesthetic-associated endothelial glycocalyx 
injury and relative hypovolemia.

cONcLusiON

In summary, anesthesia-induced relative hypovolemia remains 
an underappreciated and often occult cause of poor tissue perfu-
sion. The venous side of the circulation contains the majority 
of the blood volume and is a pivotal contributor to SV and CO. 
Vasodilation, particularly venodilation, is a primary cause of 
relative hypovolemia induced by anesthetic drugs. As with any 
hypovolemic state, relative hypovolemia may reduce venous 
return, CO, tissue oxygen delivery, and eventually arterial blood 
pressure, when compensatory mechanisms are inadequate or 
impaired. Tissue oxygen debt can lead to significant morbidity 
and mortality. Conventional, clinical monitoring, and diagnosis 
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of relative hypovolemia during anesthesia relies on subjective 
clinical and objective macrohemodynamic measurements (e.g., 
CVP; arterial blood pressure), and global perfusion assessments 
(e.g., capillary refill time and color, blood gases, lactate). Beyond 
correction of anesthetic plane, drug choice, and ventilation, 
therapeutic intervention typically consists of fluid administra-
tion, vasoactive and/or inotropic agents, seeking to optimize 
preload, afterload and cardiac function, with the ultimate goal 
of maintaining or restoring the effective circulatory volume (Vs), 
and microcirculatory flow. While many current fluid therapy 
strategies and fluid monitoring techniques remain under active 
research and debate, intravenous fluid therapy remains a first line 
therapy. Intravenous fluid therapy should be personalized and 
tailored to each patient’s requirements based upon a clear indica-
tion, consideration of potential benefits vs. harms, and objective 
measures for determining its effects. Variability in current 

practices related to crystalloid or colloid “fluid bolus,” “fluid 
challenge,” or assessment of “preload responsiveness” including 
methods for the assessment of “hemodynamic improvement,” 
in addition to longer term outcomes, preclude comparisons for 
substantive conclusions (121, 178, 204, 212–216). Recent studies 
have focused on data for objective characterization of some of 
these terms, but no consensus has been established (137, 204, 213, 
217–219). Continued research is required, specifically focused on 
veterinary patients (i.e., for each species and in diverse clinical 
situations) before they can be effectively translated into clinical 
practice.
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introduction: The use of a surgical safety checklist is recommended by the World Health 
Organization and is associated with advantages: improved communication and reduced 
complications and mortality. Adapting checklists to the environment in which they are used 
improves their efficiency, but their implementation can be challenging. The aim of this study 
was to develop and implement a perianesthetic safety checklist for a small animal hospital.

Materials and methods: A panel of eight anesthesia diplomates and seven residents 
and doctoral students were gathered. The Delphi method was used to generate a check-
list. The checklist was presented individually to each user by the primary investigator and 
introduced into the clinical routine over a 5-week period. An interdisciplinary meeting 
was then held, and the checklist was modified further. Six months after introduction, the 
use of the checklist was directly observed during 69 anesthetic cases and a survey was 
sent to the users. A second implementation was organized after formally presenting the 
checklist to the staff, designating the anesthesia clinical lead as the person responsible 
for printing and controlling use of the checklist. A second evaluation was performed 
3 months later (64 anesthetic cases).

results: Using the Delphi process led to the creation of a checklist consisting of three 
parts: “sign in” (before induction of anesthesia), “time out” (before the beginning of the 
procedure), “sign out” (at the end of the procedure). At the first assessment, the checklist 
was printed and used in 32% of cases and not printed in 41% of cases. Response rate 
of the survey was fair (19/32 surveys): 14/19 users thought the checklist contributed to 
improving communication; 15/19 reported improved safety and better management of 
the animals; 9/19 users avoided mistakes (77% would have omitted the administration of 
antimicrobial prophylaxis); 10/19 thought it was time consuming. At the second assess-
ment, the checklist was used in 45% of cases (printed but not used in 55%). The use of 
the sign-out section of the checklist was significantly improved.

conclusion and clinical relevance: This study illustrates an innovative use of the Delphi 
method to create a safety checklist. Challenges associated with implementation are 
reported.

Keywords: veterinary, anesthesia, checklist, Delphi method, implementation, perioperative, safety
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inTrODUcTiOn

Safety checklists are designed to help prevent human errors in 
complex and high intensity working environments (1). The use 
of perioperative checklists was shown to reduce mortality and 
complication rates (2), improve communication and perception 
of safety in human hospital anesthesia teams (3), and reduce the 
incidence and severity of complications in veterinary settings (4).

Although a valid anesthesia checklist has been made avail-
able by the Association of Veterinary Anaesthetists (AVA),1 no 
checklist is universal because critical steps might differ from one 
institution to another. The AVA checklist does not address the 
specific safety issues of a large referral practice and therefore, the 
checklist should be adapted (5, 6).

The Delphi method was first developed by Dalkey and Helmer 
to obtain a reliable opinion consensus on specific topics (7) by 
gathering a group of experts to answer questions in three or more 
rounds. The method was designed to provide consensus in situ-
ations where there is conflicting scientific evidence or disagree-
ments (8). Initially, the organizing team collects key questions on 
the topic of interest and selects suitable experts. In the first round, 
the experts are invited to express their opinion or to answer spe-
cific questions. These opinions or answers are grouped under a 
limited number of statements. In the second round, each expert 
ranks the statements in order of importance. Rankings are then 
summarized. In the third round, after considering the group’s 
response, the experts re-rank each statement and can change their 
initial ranking. The re-rankings are summarized, and the degree 
of consensus is assessed. If the degree of consensus is acceptable, 
the process ceases, if not, the third round is repeated until consen-
sus is achieved. The Delphi method has been used by Tscholl et al. 
to generate a perianesthetic checklist in a human hospital (3). 
Applying the Delphi method to develop a perianesthetic checklist 
for a veterinary teaching hospital might represent an efficient way 
to obtain an accurate and robust instrument within a short time 
frame.

Once developed for a specific environment, a safety checklist 
has to be integrated into the daily clinical routine. This challeng-
ing step needs to be planned carefully, as it demands time and 
commitment from the entire team (5, 6).

The aims of the present study were: (i) to develop a veterinary 
perianesthetic safety checklist using the Delphi method; (ii) to 
plan and subsequently evaluate the implementation of this instru-
ment in the clinical routine of a small animal teaching hospital.

MaTerials anD MeThODs

All veterinary anesthesiologists of the Vetsuisse Faculty (University 
of Bern and Zurich) were invited via email to participate in a 
specialist meeting. The meeting was scheduled for the day that 
allowed the highest number of participants. The veterinary 
perianesthetic safety checklist was designed using the World 
Health Organization (WHO) surgical safety checklist (9) as a 

1 https://ava.eu.com/wp-content/uploads/2015/11/AVA-Anaesthetic-Safety-
Checklist-FINAL-UK-WEB-copy-2.pdf (Accessed: March 22, 2018).

model. Three main sections were envisaged: “sign in” (before 
induction of anesthesia), “time out” (before the beginning of the 
procedure), and “sign out” (at the end of the procedure). The goal 
of the meeting was for the experts to agree on a limited number of 
items to include in each section of the checklist using the Delphi 
method. The checklist agreed upon at the completion of the third 
round, was proposed for clinical use in the small animal teaching 
hospital of the University of Bern.

This first version of the checklist was introduced over a 
5-week period and the main investigator (GM) was available to 
assist users individually. At the end of this period, an evaluation 
form was distributed to all checklist users (anesthesia clinicians, 
residents, technicians) and an interdisciplinary meeting was held 
that included the checklist users and the surgery team. Based 
on the feedback, a final version of the checklist was created. It 
was made available in the anesthesia induction area and users 
were informed orally about the availability of the new checklist. 
The checklist remained with the animal, kept by the anesthetist 
together with the anesthesia record throughout the procedure.

Six months later, a 17 question online survey2 (Data Sheet S1 
in Supplementary Material) was sent per email to the anesthetists 
and the surgeons of the small animal hospital on clinics or having 
recently used the checklist (32 persons including veterinarians 
and technicians). It was created using an adaptation of the Safety 
Attitude Questionnaire (SAQ), an instrument developed to meas-
ure perceptions and attitudes in safety-related domains in health 
care (10), to assess the opinion of the checklist users.

Additionally, during a 3-week period, the main investiga-
tor (Gwennaëlle Menoud) observed the use of the checklist in 
clinical cases using a standard evaluation form (Data Sheet S2 
in Supplementary Material). The observation started with the 
first surgical case of the day and continued according to the daily 
schedule in order to follow the highest possible number of cases; 
therefore, case selection was random. The main investigator veri-
fied the use of the checklist and noted when items on the checklist 
were discussed, but not recorded. In addition, she recorded the 
identity of the checklist user and surgical team, any reluctance to 
discuss the checklist, and the duration of the “time-out.”

Based on the results of the online survey and direct observa-
tions, a second implementation phase was deemed necessary. It 
was decided that the lead anesthesia clinician (one person per 
day) would be responsible for printing the checklist and ensuring 
that all staff members would use it. All lead anesthesia clinicians 
were informed via email and during the monthly team meeting. 
Furthermore, the entire staff of the small animal teaching hospital 
(clinicians, residents, interns, students, technicians) were invited 
to a formal oral presentation illustrating the background, useful-
ness, and correct use of the checklist (including demonstration 
videos). The pitfalls and causes of failed implementation were 
discussed to raise user awareness. Three months later, a second 
evaluation was conducted over 3 weeks, by the main investigator, 
using the same methodology as previously described. Figure 1 
illustrates the time line of development and implementation of 
this safety checklist.

2 https://www.google.com/forms (Accessed: March 22, 2018).
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FigUre 1 | Time line of development, implementation, and evaluation of a perianesthetic safety checklist in the Small Animal Teaching hospital of the University of 
Bern. The checklist was created in an expert meeting using the Delphi method. The checklist was introduced in the clinics over a 5-week period. After introduction, 
a survey among the users was made and a multidisciplinary meeting was held, allowing the checklist to be adjusted to practice. Six months later, an evaluation of 
the use of the checklist was performed over a 3-week period. The tool was implemented a second time following oral introduction of the tool to the team and the 
designation of a responsible person. A second evaluation was performed 3 months later.
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Descriptive statistics were used to summarize the data and 
a Chi-square test was used to compare checklist use before and 
after the second implementation phase. SigmaPlot for Windows 
version 10.0 (Systat Software Inc., San Jose, CA, USA) was used 
for the analysis and statistical significance was set at p < 0.05.

resUlTs

The first expert meeting took place on 22/01/2016 at the University  
of Bern. A panel of eight diplomates of the European or American 
College of Veterinary Anesthesia and Analgesia (ECVAA/
ACVAA) and seven residents and doctoral students from the 
veterinary anesthesia sections of the Universities of Bern and 
Zurich (Switzerland) were gathered.

A first version of the perianesthetic safety checklist was 
successfully generated using the Delphi method. The two 
items retained in the “sign in” part of the checklist were:  
(i) the verification of the animal’s identity and (ii) the respon-
sible veterinarian. The panel agreed that it was the responsible 
veterinarian’s responsibility to (i) remain available throughout 
the procedure and (ii) ensure that the owner gave informed 
consent for general anesthesia before the procedure so these 
items did not need to be checked. Four points were highlighted 
by the Delphi method as equally important in the “time out” sec-
tion: (i) the introduction of all persons present in the operating 
room, (ii) the confirmation of the animal’s identity, (iii) a clear 
discussion between the anesthetists and surgeons regarding 
possible complications; and (iv) the verification of administra-
tion of appropriate antimicrobial prophylaxis. In the “sign out” 
section, two items were retained: (i) the postoperative plan and 
(ii) the recovery organization. The palpation and emptying of 
the urinary bladder was considered an important complemen-
tary item and was, therefore, included in the checklist, because 
it was often forgotten and important for the animal’s comfort. 
Following the Delphi, it appeared that the most salient safety 
issues in our hospital were associated with the suboptimal com-
munication between anesthesia and surgery teams at key time 
points. This is why, from this step on, the surgery team was 
present for every decision.

Following the 5-week introduction phase, evaluations were 
collected. A multidisciplinary meeting including eight surgeons 
and nine anesthetists, who had used the checklist, contributed to 
its further adjustment. Elements added to the “time out” section 
were (i) the display of preoperative radiographs, (ii) the adminis-
tration of eyedrops, and (iii) the number of swabs available. In the 
“sign out” section, the swab count was added. The final version of 
the perianesthetic safety checklist is presented in Figure 2.

The response rate to the online survey regarding the final 
checklist version was fair (19/32 respondents). On a scale from 
1 (yes) to 5 (no), 14/19 users thought the checklist contributed 
to improved communication between surgeons and anesthetists 
(nine gave a score of 1, five a score of 2); 14/19 reported improved 
safety and management of the animals (seven respondents scored 
1 and seven scored 2); nine users avoided mistakes because of the 
checklist (all would have omitted the administration of antimi-
crobial prophylaxis); and 10/19 respondents thought it was time 
consuming (six respondents scored 1 and four scored 2). Eight 
users answered the optional section question “Is the checklist 
used? If not, why?” (possibility to add multiple comments in 
the option “other”). Three users reported to have no time; one 
user reported that the checklist was not useful; and one user 
was unaware of its existence. Two users complained about the 
unavailability of printed checklists. One user did not use it for 
short and simple cases. Two users reported they forgot about it in 
emergency situations.

During the first 3-week evaluation period, direct observa-
tions were carried out on 69 anesthetic cases (37/69 were cases 
undergoing surgery). There were a total of 211 small animals that 
underwent general anesthesia during that period. The checklist 
was used in 22/69 (32%) cases, not printed in 28/69 (41%) cases, 
and printed but not used in 19/69 (27%) cases. The “sign in,” “time 
out,” and “sign out” sections were filled out in 14/69 (20%), 32/69 
(46%), and 10/69 (14%) cases, respectively. Of the 32 cases in 
which the “time out” was discussed, 14/32 (44%) were discussed 
but not written down on the form, whereas 18/32 (56%) were 
both discussed and recorded. Information exchange during the 
“time out” was minimal (less than five items discussed) in 2/32 
(6%) cases, moderate (between 5 and 8 items discussed) in 17/32 

38

https://www.frontiersin.org/Veterinary_Science
https://www.frontiersin.org
https://www.frontiersin.org/Veterinary_Science/archive


FigUre 2 | Perianesthetic safety checklist from the small animal teaching hospital of the University of Bern, created in expert meetings using the Delphi method and 
adapted after a 5-week introduction period and a multidisciplinary meeting.
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(53%) cases and satisfactory (>8 items discussed) in 13/32 (41%) 
cases. The average duration of the “time out” was 25 s.

During direct observation of the second implementation, 64 
anesthetic cases were assessed (30/64 were followed by surgery). 
There were a total of 195 small animals that underwent general 
anesthesia during that period. The checklist was printed in all 
cases and used in 29/64 (45%) cases. Overall, the “sign in,” the 
“time out,” and the “sign out” were discussed in 17/64 (27%), 29/64 
(45%), and 16/64 (25%) cases, respectively. When anesthesia was 
followed by surgery, the “sign in,” “time out,” and “sign out” were 
filled out in 17/30 (57%), 29/30 (97%), and 16/30 (53%), respec-
tively. Of the 29 cases in which the “time out” was discussed, 1/29 
(3%) was discussed but not written on the form, whereas 28/29 
(97%) were also written down. Information exchange during the 
“time out” was minimal in 2/30 (7%) cases, moderate in 3/30 
(10%) cases, and satisfactory in 25/30 (83%) cases. The average 
duration of the “time out” was 16 s.

The checklist was printed more after the second implementa-
tion (p = 0.001). There was no difference in its overall use after 
the second implementation (p = 0.158), but the “time out” was 
recorded more (p  =  0.001). The use of the “sign out” section 
improved after the second implementation (p = 0.047).

DiscUssiOn

The Delphi method allowed efficient selection of the items to 
include in the first version of the perianesthetic safety checklist. 
Indeed, only minor adjustments were necessary to finalize the 
checklist, once clinical experience had been gathered. Conversely, 
the introduction of the checklist into the clinical routine was 
difficult despite the planned implementation. Multiple interven-
tions were required to optimize it. Communication did improve 
and this was verified by the observation that the “time out” was 
performed in almost all cases after the second implementation; 
information exchange was also efficient (more items discussed in 
a shorter time). Furthermore, based on user feedback, it is likely 
that the checklist contributed to more regular administration of 
antimicrobial prophylaxis but the general impact on periopera-
tive safety could not be evaluated.

Checklists should be adapted to the setting in which they 
are used in Ref. (1, 11). We developed our checklist on the 
model of the WHO surgical safety checklist, which has proven 
its efficacy in increasing safety in human care (2), and kept its 
general tripartite structure. The Delphi method has already 
been proposed as a suitable method in development of a 
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perianesthetic safety checklist in a human hospital (3), but a 
multidisciplinary meeting was necessary to adapt it further to 
our setting. The final version of the checklist is short, straight-
forward, and comprehensive. These properties are supposed to 
facilitate integration into the hospital’s routine (12) and reflect 
steps identified as critical to perianesthetic safety in the clinical 
routine.

The first implementation of the checklist was not successful 
in terms of compliance. Several reasons were identified: (i) the 
lack of a responsible person for the checklist; (ii) the frequent 
lack of printed copies of the checklist; and (iii) the use of the 
checklist for all anesthesia cases despite a design best suited 
for surgical procedures. These reasons probably contributed 
to the fact that users did not feel involved. A first important 
change, at the second implementation, consisted of designating 
responsible people for the printing and the distribution of the 
checklist. Defining rules and responsibilities were found to be 
essential in this context (13). Conley et  al. mention that it is 
important to explain to the team members the aim and the use 
of the checklist before they start using it (13). If an implementa-
tion is imposed without introduction, it can be interpreted as 
constraint and restriction on the freedom of practice (14). If 
users are not aware of the checklist’s benefits and appropriate 
way of use, they might be uninterested or frustrated (13). In 
fact, half of the first survey respondents complained that the 
checklist was time consuming, when in fact time lost during the 
“time out” discussion was reasonable (25 s). It is likely that the 
initial introduction of the tool to the entire staff was not efficient 
enough to be taken seriously in our hospital. Our intention was 
to correct this with a formal oral presentation to the entire staff. 
In a normal working day in our small animal hospital, “on” staff 
includes approximately 20 veterinarians, 25 technicians, and 
5–15 final year students (the entire staff being double this); all 
were invited to the presentation.

Different strategies have been proposed to improve staff 
member compliance including improved visibility of the checklist 
such as hanging posters in the operating rooms (14) or adding 
pink “time out” flyers to the sterile packs (14). Other advertising 
methods could also be considered such as announcements in 
the hospital newsletter and website, emails, or the display of the 
checklist as a screen saver. To date, we have not yet decided our 
next measures.

The timely administration of prophylactic antibiotics was 
shown to increase with the use of a safety checklist in some 
studies (15). The results of our survey show that many respond-
ents had remembered to administer the antimicrobials thanks 

to the checklist. This could be considered an improvement in 
safety.

This study had several limitations. First, we had no quantifica-
tion of the complication rates prior to the checklist introduction, 
which precludes conclusions on its real benefit in terms of safety. 
Second, it is possible that the users of the checklist recognized 
the primary investigator and that her presence influenced the use 
of the checklist during the periods of clinical evaluation. Third, 
in many instances, some items of the checklist were actually 
controlled but not recorded on the document meaning that some 
data could not be evaluated.

cOnclUsiOn

The Delphi method can be used to generate a veterinary perian-
esthetic safety checklist. Responsible persons and clear commu-
nication of aim and expectations of the checklist are important 
when introducing a checklist in the clinical routine. Habits of 
a university veterinary teaching hospital can be changed, but 
implementation of a perianesthetic checklist can be a challenging 
process.
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Advanced Atrio-ventricular Blocks in 
a Foal Undergoing surgical Bladder 
repair: First step to cardiac Arrest?
Vincent Marolf 1*¶, Alessandro Mirra 1, Nathalie Fouché 2 and Cristobal Navas de Solis 2¶

1 Department of Clinical Veterinary Science, Division of Anaesthesiology and Pain Treatment, Vetsuisse Faculty, University of 
Bern, Bern, Switzerland, 2 Swiss Institute of Equine Medicine (ISME), Vetsuisse-Faculty, University of Bern and Agroscope, 
Bern, Switzerland

A 3-day-old Swiss Warmblood colt was diagnosed with uroabdomen after urinary bladder 
rupture. The foal had classical electrolyte abnormalities (hyponatremia, hypochloremia and 
hyperkalemia) on presentation. The foal was supported prior to surgery with intravenous 
fluids and the electrolyte abnormalities were treated with physiologic saline, glucose 
and insulin. Urine could not be drained from the abdomen prior to surgery because the 
omentum was continuously occluding the drainage cannula and due to progressive 
abdominal distension, it was decided to pursue surgery without further correction of 
electrolyte abnormalities. After induction of anaesthesia, signs of hypoxemia were 
present. Controlled mandatory ventilation using a pressure-controlled ventilation mode 
with positive end-expiratory pressure was initiated. Urine was drained from the abdomen 
by free flow. Atrio-ventricular (AV) blocks unresponsive to intravenous antimuscarinic 
drugs developed. After low dose of epinephrine and cardiac massage, sinus rhythm was 
restored. Surgery was completed successfully and the foal recovered from anaesthesia. 
The postoperative period was uneventful and the foal was discharged from the hospital 
three days later. Based on a clinical case, the purpose of the manuscript is to provide 
the clinician with potential causes, prevention and treatment of this already known but 
rarely observed dysrhythmia which could lead to fatal consequences. Definitions of 
cardiac arrest and asystole are reappraised. We discuss the fact that advanced AV-blocks 
should be treated as a cardiovascular emergency with advanced life support. The early 
recognition of advanced AV blocks is the first step to reduce perioperative mortality and 
morbidity of foal suffering from uroabdomen.

Keywords: uroperitoneum, bradycardia, atropine, arrhythmia, hypotension

DescriPtion

A 3-day-old 60 kg Swiss Warmblood colt was presented to the university veterinary hospital approximately 
two hours after the onset of clinical symptoms observed by the owner in the morning. The foal was 
recumbent, tachycardic (160 beats/minute), tachypneic (60 breaths/minute), with abdominal distention, 
pale-pink mucous membranes and a capillary refill time of 2.5 s. Uroperitoneum due to a ruptured bladder 
was diagnosed with abdominal ultrasonography and peritoneal fluid aspirate analysis (yellow, cloudy 
aspirate; creatinine 1evel: 1,264 µmol/l). Surgical bladder repair after medical stabilization was planned. 
Complete blood count analyzed at initial presentation revealed leukocytosis with left shift, lymphopenia 
and monocytosis. Complete serum biochemistry revealed hyponatremia, hyperkalemia, hypochloremia, 
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normocalcemia, (Na+: 107 mmol/l, K+: 4.9 mmol/l; Cl- 71 mmol/l, 
Ca2+: 3.24 mmol/l), hyperglycemia (11.71 mmol/l), azotemia (BUN: 
10.01 mmol/l, creatinine: 327 µmol/l) and increased activities of liver 
enzymes. Packed cell volume and total solids were measured at 46% 
and 71.2 g/l; respectively. Fluid therapy with 3 litres of 0.9% NaCl given 
as bolus followed by 5% glucose solution in saline solution at 5 ml/kg/
hr and an intramuscular injection of insulin 0.1 IU/kg (Novo Rapid, 
Novo Nordisk, Switzerland) were initiated. Abdominal distension 
increased due to inability to drain the uroabdomen as the omentum 
repeatedly occluded the abdominal drain. Plasma electrolytes, glucose 
and lactate were controlled after four hours (Na+: 113 mmol/l, K+: 
5.9 mmol/l; Cl- 77 mmol/l, glucose: 9.4 mmol/l, lactate: 2.1 mmol/l) 
and it was decided to perform the surgery despite the electrolyte 
imbalances. The foal was premedicated with butorphanol 0.05 mg/kg 
IV (Morphasol, Dr. E. Graeub, Switzerland) and diazepam 0.1 mg/kg 
IV (Valium, Roche, Switzerland) and general anaesthesia was induced 
with ketamine 1 mg/kg IV (Narketan, Vetoquinol, Switzerland) and 
propofol 1.5 mg/kg IV (Propofol, Fresenius Kabi, Germany). The 
trachea was intubated with a 12 mm cuffed silicone endotracheal 
tube which was connected to a circle system anaesthesia machine 
(Fabius, Dräger Medical, Germany). Anaesthesia monitoring 
(multiparameter analyzer, Datex Ohmeda S5, GE Healthcare, USA) 
consisted of a 3-lead base apex ECG lead II derivation, hemoglobin 
saturation by pulse oximetry, end-tidal carbon dioxide (ETCO2) and 
inspired fraction of oxygen (FiO2) with gas analyzer and invasive and 
non-invasive blood pressure. Blood pressure was monitored with 
an inflatable cuff placed at the base of the front limb and with an 
invasive arterial 22-gauge catheter placed in the facial artery. Fluid 
therapy administered during anaesthesia was based of saline solution 
0.9% (10 ml/kg/hr) supplemented with glucose 5% (glucose: 0.5 g/kg/
hr). Anaesthesia was maintained with isoflurane (Attane Isoflurane, 
Provet, Switzerland) in oxygen with a fresh gas flow set a 2 L/min. 
The foal was breathing spontaneously and the first recorded pulse 
oximetry measurement indicated an oxygen saturation of 78% (FiO2 
0.87). Thus, five minutes after connection to the anaesthesia machine, 
controlled mandatory ventilation with high peak inspiratory pressure 
(PIP: 40 cmH2O) and positive end-expiratory pressure (PEEP: 5 
cmH2O) was initiated. An arterial blood gas analysis was performed 
revealing following values: pH: 7.27; PaO2: 3.2 kPa, 61.9 mmHg; 
PaCO2: 6 kPa, 45.2 mmHg; HCO3-: 19.7 mmol/l; TCO2: 21.1 mmol/l; 
BE: −5.8; Lactate: 2.6 mmol/l; Na+: 113 mmol/l; K+: 4.9 mmol/l; Cl-: 
81: mmol/l. One puff of nebulized salbutamol (100 mcg; Ventolin, 
GlaxoSmithKline AG, Switzerland) was delivered via endotracheal 
tube. Because of mild hypotension (invasive mean arterial pressure 
of 60 mmHg) dobutamine (Dobutrex, Teva Pharma, Switzerland) 
at 0.6 mcg/kg/min has been initiated. A normal sinus rhythm of 
90 beats/minute was recorded before surgical incision. A midline 
abdominal incision was performed and approximately 10–12 liters of 
intraabdominal fluids were released by free flow over approximately 
thirty seconds. Cardiac dysrhythmia with long periods of absent 
atrioventricular conduction (see Figure 1) developed. P-P and P-R 
intervals did appear to be slightly irregular but each QRS complex was 
always preceded by a P-wave. QRS complexes did not appear wide and 
bizarre. Progressive decrease of the ETCO2 (from 6 kPa; 45 mmHg 
to 2.9 kPa; 22 mmHg) values were observed. Periods of advanced 
atrioventricular blocks were characterized by the absence of pulse 
oximeter and invasive blood pressure waves. After development of 

AV blocks, dobutamine administration was stopped and atropine 0.02 
mg/kg IV (Atropinsulfat, Amino, Switzerland) was given. Because no 
improvements in the rhythm was observed, four additional doses of 
atropine were injected (0.01–0.02 mg/kg IV), but none was successful. 
Thereafter, a prolonged period of ventricular asystole occurred 
(approximately 30 s), intravenous epinephrine 0.01 mg/kg was 
administered, the isoflurane vaporizer was turned off, the foal placed 
in lateral recumbency and chest compressions (approximately 120/
minute) were initiated. A sinus tachycardia at 130 beats/minute was 
observed. Normocapnia was restored within 30 s of cardiopulmonary 
resuscitation (CPR). Electrolytes concentrations (Na+: 116 mmol/l, 
K+: 6.3 mmol/l; Cl- 89 mmol/l) and arterial blood gas analysis (PaO2: 
29.6 kPa, 222 mmHg; PaCO2: 7.8 kPa, 58.7 mmHg) were measured 
shortly after CPR. No more cardiac dysrhythmias were observed, 
surgery was completed within 100 min and total anaesthesia time was 
160 min. Efforts to keep normothermia during anaesthesia included: 
use of a medical forced-air warming device, abdominal flushing with 
fluids at body temperature and administration of warm IV fluid 
therapy during anaesthesia. The lowest temperature was measured at 
the end of anaesthesia (37.4°C). The foal exhibited signs of excitement 
(paddling, shaking) during recovery which resolved after 10 min of 
manual restraint. The day after surgery, blood work was repeated, 
showing the following values (Na +128 mmol/l, K + 3.5 mmol/l, 
Cl- 109 mmol/l, iCa ++ 1.54 mmol/l, glucose 9.0 mmol/l, lactate 1.9 
mmol/l). The postoperative period was uneventful and the foal was 
discharged three days later. Eighteen months later the owner reported 
that the foal had been healthy since discharge. Written signed owner 
consent had been obtained for publication of the present case.

DiscUssion

Atrioventricular blocks are classified in first, second or third degree. 
First degree AV block is defined as a prolongation of PR interval 
(>500 ms in the adult horse). This implies that all atrial electrical 

FigUre 1  | Monitor screen capture taken during anaesthesia of a foal 
undergoing surgical bladder repair. Advanced 2nd or 3rd degree 
atrioventricular blocks with intermittent ventricular contractions were 
observed. The pulse oximetry and invasive blood pressure measurement 
correlate with the top line of the electrocardiogram (ECG) and illustrate absent 
pulse pressure waves when ventricular rhythm was not recorded. The bottom 
line of the ECG was recorded before the top line.
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signals are conducted to the ventricle despite being delayed. Second 
degree AV block is characterised by the intermittent absence 
of electrical conduction from the atria to the ventricles which 
result in P waves not followed by QRS complexes. This rhythm 
can be physiological and is often recorded in horses at rest. This 
type of block is further classified in Mobitz type I (Wenkebach 
phenomenon) or Mobitz type II. Type I is characterised by a 
progressive lengthening of the PR-Interval which is succinctly 
followed by a single isolated P wave. Type II is independent of the 
PR Interval which remains identical for all the complexes. Second 
degree AV block can also have severe hemodynamic consequences 
if succint P-waves are not conducted. It is then called “advanced” 
or “high-grade” 2nd degree AV block. Third degree AV block is 
defined by the absence of atrioventricular conduction. Atrial and 
ventricular electrical activities are dissociated and a ventricular 
escape rhythm often develops (1, 2).

The choice of discontinuing the continuous rate infusion of 
dobutamine was based on its possible arrhythmogenic properties (3). 
However, if the anaesthetist wishes to increase cardiac conduction 
and contractility, the right decision would be to increase the dose of 
administration. After careful consideration, the authors do believe 
that increasing the dose of dobutamine might remain a valid choice. 
Dopamine does also have arrhythmogenic properties and the use of 
a dose of ≥5 µg/kg/min has been suggested to treat advanced 2nd 
or 3rd AV blocks in foals (4, 5). At this specific dose, the effect on 
β1 and β2 receptors predominate and lead to increase in heart rate, 
cardiac output and myocardial contraction (6). This increase might 
be responsible for improvement in conduction and elimination of 
AV blocks (4). Intravenous epinephrine has had the potential to 
convert ventricular asystole to “rapid sinus rhythm” (7) and should 
be considered as emergency drug whenever atropine fails to convert 
advanced AV block into sinus rhythm. Epinephrine is derived from 
dopamine and both molecules are linked in their mechanism of 
action. At low doses (0.01 mg/kg), epinephrine principally acts 
on β1 and β2 receptors (6) and the same mechanism of action as 
dopamine might explain its success in the treatment of advanced 
AV blocks. According to their findings, the authors speculate that 
epinephrine and its biosynthetic precursor pathway molecules 
(dopamine, norepinephrine) might successfully treat advanced 
AV blocks when IV administrations of atropine is ineffective (7). 
Norepinephrine has been suggested as a suitable drug during 
cardiac arrest or CPR in clinical cases and experimental models 
(8, 9). Atropine as first treatment for advanced AV blocks needs 
to be considered; but whenever the drug fail to convert advanced 
AV block into sinus rhythm, administration of norepinephrine or 
its derivatives should be considered promptly.

The rhythm observed in this colt may be better defined as high 
grade 2nd degree AV block as ventricular activity was triggered after 
P waves and the QRS complexes remained of normal morphology. 
However, 3rd degree AV block remains a valid differential 
diagnosis for the observed rhythm. A definitive classification 
of the dysrhythmia could have been obtained with continuous 
ECG recording including several leads derivation. Unfortunately, 
valid record of the observed rhythm is not available, precluding a 
definitive classification. We are unaware of a duration of second 
degree AV block or the number of non-conducted P waves being 
part of the distinction between 2nd and 3rd degree AV block.

Advanced heart blocks during general anaesthesia of foals with 
or without uroperitoneum have been reported (4, 7, 10). Electrolyte 
imbalance such as hyperkalemia, hyponatremia and hypochloremia 
usually associated with ruptured urinary bladder do appear to precipitate 
cardiac arrhythmia. Much has been written about importance of 
hyperkalemia in the foal with uroperitoneum (11–13). The rise of 
extracellular plasma level reduces the resting potential across the cell 
membrane. An initial increase in tissue excitability is usually observed 
with mild hyperkalemia and followed by decreased excitability as plasma 
potassium level rises further. This leads to a reduction in conduction 
velocity at the sinus node, intraatrial and AV node. An additional 
increase in parasympathetic tone can further reduce conduction of 
the AV node and might induce complete AV blocks (14). Purkinje fibers 
seem to be even more sensitive to hyperkalemia than AV or sinus node, 
therefore precipitating the occurrence of AV blocks (15). Hyperkalemia 
should be treated promptly whenever diagnosed and fluid therapy 
should be initiated. The choice of NaCl 0.9% has been driven by the 
lower sodium and chloride venous content of the foal. Fluid therapy can 
be supplemented with glucose 2.5–5% to promote insulin production 
and consequent intracellular uptake of potassium ions. Insulin itself 
can be directly administered. Other treatment options include the 
administration of sodium bicarbonate administration (1–2 mEq/kg 
slow IV over 15 min). Bicarbonate stimulates the extracellular release of 
hydrogen ions and stimulates the intracellular uptake of potassium ions. 
This exchange maintains electroneutrality and consequently lowers 
serum potassium level (16). Calcium-gluconate (4 mg/kg slow IV over 
10–20 min) can also be administered (17). It does not lower potassium 
plasma concentrations but calcium offers an indirect cardioprotective 
effect by increasing threshold voltage, restoring the normal resting 
membrane potential previously increased by hyperkalemia. The use 
of β2-adrenergic agonist drugs such as nebulised salbutamol or injected 
terbutaline have also been used successfully to decrease hyperkalemia 
(18, 19). The mechanism of action is thought to be linked to the 
stimulation of the Na+/K+ -ATPase. This case illustrates the difficulty in 
normalizing potassium plasma concentrations despite implementation 
of the above-mentioned treatments. In this case, it would have been 
wise to prolong the pre-operatory efforts of electrolyte stabilization 
and abdominal drainage. It is important to consider that the absence 
of hyperkalemia in foals with uroperitoneum does not exclude the 
occurrence of anaesthetic complications in the form of AV block or 
conduction block (13).

Sudden decrease of intraabdominal pressure when urine is 
drained rapidly has the potential to induce cardiovascular collapse. 
A vasovagal reflex may have been triggered by the release of urine by 
free flow from the abdomen. Decreased venous return to the heart 
may have been generated by massive inspiratory pressure through 
vena cava compression and sudden venous blood pooling in the 
mesenteric vasculature. This might have been the main trigger for 
advanced atrioventricular block in this case. Similar cardiovascular 
consequences (3rd degree AV block) have been reported after hot 
peritoneal lavage (20); the authors suggested that the peritoneal 
lavage had triggered a vasovagal reflex. It has been suggested to 
drain urine slowly to avoid atrioventricular block and arrhythmias 
(7, 11) and this would likely have been beneficial in the case reported 
here. The potential causes include dorsal recumbency, heat applied 
to the foal to prevent hypothermia, pulling on abdominal organs or 
intraabdominal pressure changes.
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Atropine is the treatment of choice for many bradyarrhythmias 
such as vagally mediated bradycardia or bradyasystolic cardiac 
arrest (21). Atropine has been successful to treat 3rd degree AV 
block (20) but does not always seem effective to treat advanced AV 
block as illustrated in the present case. Paradoxical bradycardia or 
hypothermia are potential causes for the lack of efficacy of atropine. 
Those reasons do not to apply to this specific case and the explanation 
for treatment failure of atropine in patients encountering advanced 
AV-blocks remains unknown.

Another proarrhythmic factor that could have contributed to 
AV block in the present case was hypoxemia (22). To maintain an 
adequate level of saturated haemoglobin with oxygen, recruitment 
of collapsed alveoli by applying higher PIP together with PEEP 
and increasing the inspired fraction of oxygen was attempted. 
Unfortunately, those manoeuvres are likely detrimental to coronary 
perfusion which is essential to maintain adequate oxygen delivery to 
the heart and prevent myocardial hypoxia. Those manoeuvres have 
minor benefits as long as a high volume of intraabdominal fluids 
are exerting pressure on the diaphragm consequently compressing 
the lungs. An effective therapy will be the release of intraabdominal 
pressure. The anaesthetist and surgeon should coordinate this step 
and balance the slow release of intraabdominal fluids to enable lung 
expansion and prevent cardiovascular consequences related to the 
rapid release of intraabdominal pressure.

The analgesic protocol may have been suboptimal. The prolonged 
period of intraabdominal pressure could have contributed to 
increased sympathetic activity. When intraabdominal pressure due 
to uroperitoneum was released, the sympathetic stimuli has suddenly 
been released and might have triggered a reduction of nociception 
which potentiated the arrhythmogenesis.

The pathophysiology of cardiovascular complications during 
anaesthesia of the foal with uroperitoneum is likely to be multifactorial. 
The potential causes mentioned and the intrinsically immature 
sympathetic nervous system of neonates might induce detrimental 
cardiovascular consequences and promote life threatening cardiac 
arrhythmias.

After recovery, the discussion of whether the observed cardiac 
dysrhythmia could be called “cardiac arrest” was raised. According 
to the American Heart Association scientific statement, cardiac 
arrest is defined as “the cessation of cardiac mechanical activity, 
as confirmed by the absence of signs of circulation” (23). This 
suggests that the electrical activity without the presence of a 
pulse pressure could be called “cardiac arrest”. No arterial 
pressure waves were detected during prolonged advanced AV 
block and ETCO2 progressively decreased. Team training and 
preparation, uninterrupted chest compressions (“push hard, 
push fast”) at a rate of 100–120/minutes, ventilation provided 
by short breaths at a rate of 10–20/min and the administration of 
low-dose epinephrine (0.01 mg/kg IV or 0.1 mg/kg intratracheal) 
are considered key points for successful resuscitation during 
cardiac arrest. Those guidelines are the actual recommendations 
regarding CPR in the neonatal foal (24). Providing advanced life 
support through CPR is essential to rapidly restore return of 
spontaneous in case of cardiac arrest. Considering that cardiac 
mechanical activity was absent in the present foal and that 
CPR enabled restoration of normal sinus rhythm and adequate 
cardiovascular functions, it seems reasonable to call the observed 

clinical scenario “cardiac arrest”, consequence of advanced AV 
block. Advanced second AV blocks might be “the first step” to 
cardiac arrest because they might have dramatic cardiovascular 
consequences and should be considered and treated as cardiac 
arrest. It is interesting to note that Richardson and Kohn (10) 
observed severe cardiac arrhythmias in 9 foals undergoing 
halothane anaesthesia for uroperitoneum repair. They described 
6 of these foals as having “3rd degree AV or cardiac arrest” while 
the authors would suggest advanced 3rd degree AV block is a 
cardiac arrest.

Another terminology discussion was pertaining to the term 
asystole. “Asystole” (from Greek: “a” =privative prefix, “systole” 
=contraction) has been defined as “the complete lack of electrical 
activity in the heart” (25) and is colloquially called “flat-line”. Jacobs 
et al. (23) stated that “although a specific definition of asystole is 
desirable, no consensus agreement was reached on either a specific 
duration (e.g., 30 s) or heart rate (e.g., <5 bpm) to define asystole 
versus bradycardia/pulseless electrical activity”. Etymologically 
speaking asystole refers to lack of mechanical activity. Lack of 
electrical activity always leads to lack of mechanical activity but the 
reverse is not always true. These definitions are centred on electrical or 
mechanical ventricular activity and AV blocks are difficult to fit here 
sensu stricto due to the presence of electrical and likely mechanical 
atrial activity in these cases.

conclUsion

Based on this clinical scenario, we do believe that advanced AV 
block is a severe cardiovascular dysrhythmia that, according to the 
revised definitions, could be called and treated as cardiac arrest. 
Foals with uroperitoneum can encounter severe disturbances in 
cardiovascular homeostasis through advanced AV block which 
might be life threatening. Consequently, the anaesthesiologist should 
work with the internist and surgeon in the preoperative and operative 
management and be ready to provide advanced life support any time 
severe arrhythmias occur. Treatment toward the cause of the blocks 
should be favoured. This will prevent cardiac arrest or asystole and 
decrease morbidity and mortality.
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A 17-year-old mare undergoing dental surgery suffered a cardiac arrest while being

transferred from the surgical theatre to the recovery box. This complication was

diagnosed early, thus allowing a prompt start to the cardiopulmonary resuscitation

maneuvers. External thoracic compressions, intermittent positive pressure ventilation,

and adrenaline administration were at the core of this successful resuscitation. Although

it was not possible to confirm the cause of cardiac arrest in this horse, a Bezold-Jarisch

reflex due to potential decrease on venous return because of postural change and drug

interactions was hypothesized. Based on this report, it appears advisable to smoothly

change the position of anaesthetized patient; furthermore, the administration of drugs

affecting cardiovascular hemodynamics or sympatho-vagal balance to animals while

changing their recumbency should be avoided.

Keywords: horse, cardiac arrest, CPR, bezold jarisch, complications, anaesthesia

INTRODUCTION

A perioperative mortality rate from 0.12 to 0.9% has been reported in non-colic horses (1, 2).
Despite the advances and improvements in equine anaesthesia, mortality rate remains still high (3).
A third of these fatalities is due to cardiac arrest, as reported in sick and healthy horses (1). Severe
debilitating diseases and anaesthetic drugs-related factors have been described as leading causes of
cardiac arrest in horses (1). The occurrence of cardiac reflexes following change of hemodynamic
conditions may also lead to this complication.

Peri-anaesthetic cardiac arrest, despite being uncommon, carries a poor outcome in horses
(1, 2, 4), mainly because of the difficulties performing cardiopulmonary resuscitation (CPR)
maneuvers in this specie. An early detection of the complication and a trained staff are key-points
for the potential success of CPR. The present case aimed to describe the successful detection
and treatment of a cardiac arrest occurring after a postural change during the recovery phase of
anaesthesia in a horse.

BACKGROUND

Written informed consent was obtained from the owner for the publication of this case report. A
17-year-old Hanoverian mare, 550 kg, was admitted to the Equine Hospital for surgical removal
of a fractured tooth (tooth #308, modified Triadan Tooth Numbering System of equine dental
nomenclature). Preoperative physical examination, electrocardiography (ECG) and blood tests
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were unremarkable. Therefore, the American Society of
Anaesthesiologists (ASA) physical status was classified as two.
Due to the complexity of the surgical procedure, the mare was
scheduled for tooth removal under general anaesthesia the
following day.

Food was withheld for 12 h with free access to water. In the
day of surgery, a 14-gauge catheter was inserted percutaneously
into the left jugular vein.

Acepromazine (Calmivet R©, Vetoquinol, France) 0.04mg
kg−1 was administered intramuscularly (IM), phenylbutazone
(Phenylarthrite R©, Vétoquinol, France) 2.2mg kg−1 and
trimethoprim-sulfadoxine (Borgal R©, Virbac, France) 15mg kg−1

were administered intravenously (IV) 1 h before anaesthesia.
In the induction box, the patient was sedated with romifidine
(Sedivet R©, Boehringer Ingelheim, France) 0.04mg kg−1 IV
followed 5min later by morphine (Morphine Clorhydrate
Aguettant R©, Aguettant, France) 0.1mg kg−1 IV. Anaesthesia
was induced with diazepam (Valium R©, Roche, France) 0.05mg
kg−1 and ketamine (Imalgène1000 R©, Merial, France), 2.2mg
kg−1 IV, given in separate syringes. Endotracheal intubation was
performed with a 26mm internal diameter silicone tube and
the patient hoisted to the theatre and positioned in right lateral
recumbency.

Once in theatre, the horse was connected to a circle breathing
system and anaesthesia was maintained with sevoflurane
(Sevoflo R©, Axience, France) in 100% oxygen. The inspired
fraction of sevoflurane was titrated to effect to maintain an
adequate depth of anaesthesia based on clinical signs (palpebral
reflexes, position of the eye, absence of nystagmus). A 20-
gauge cannula was placed in the left metatarsal artery for
invasive blood pressure (IBP) monitoring and regular arterial
blood sampling for blood gas analyses. Vital signs monitoring
was performed with a multivariable monitor (Datex S/5, GE
Healthcare, UK) and consisted in continuous ECG, heart rate
(HR), oxygen saturation (SpO2), inspired and expired fraction
of carbon dioxide (PE′CO2), inhaled and end-tidal concentration
of oxygen and sevoflurane and IBP. Ringer Lactate (Ringer
Lactate Aguettant R©, Aguettant Laboratories, France) was infused
at 10mL kg−1 hour−1. Dobutamine (Dobutamine Panpharma R©,
Panpharma, France) IV was administered at 2–10µg kg−1 min−1

to effect, to maintain mean arterial pressure (MAP) above 70
mmHg. Intermittent positive pressure ventilation (IPPV) was
provided using a volume cycled - pressure controlled ventilator
(Stephan Respirator-GT; F. Stephan GmbH, Germany), and
settings were adapted to maintain a PE′CO2 between 4.6 and
6.0 kPa (35 and 45 mmHg). Additional analgesia was provided
with lidocaine (Lurocaine R©, Vétoquinol SA) 1.5mg kg−1 IV
administered over a 20-min period, followed by a constant rate
infusion (CRI) (50 µg kg−1 min−1).

Trepanation for removal of the tooth #308 was performed,
followed by a cleaning and a curettage of the dentary alveoli into
which a silicone temporary prosthesis was placed.

Anaesthesia lasted 130min, with a surgery duration of 75min.
No surgical complications were reported. Except for a period
of 10min after induction in which MAP values were around
60 mmHg, no other events or abnormalities on the ECG, HR
or MAP were observed during anaesthesia. Ninety minutes

after induction, morphine 0.1mg kg−1 IM was administered,
and the lidocaine CRI was stopped 20min before the end of
anaesthesia. Ten minutes later, the horse was weaned from
the ventilator. At the end of the surgical procedure, 5min
before the end of anaesthesia, the intra-arterial catheter was
removed, fluids were stopped but the IV catheter was kept for
recovery. The vaporizer and oxygen were switched off; the horse
was disconnected from the monitoring devices and from the
breathing system but remained orotracheally intubated. While
the horse was attached to a hoist and positioned on dorsal
recumbency, a romifidine 0.02mg kg−1 IV bolus was given, and
the horse moved thereafter to the recovery box. Once there, the
horse was positioned on right lateral recumbency on a padded
floor, with the anaesthetist at its head to check vital signs and
avoid premature attempts of rising. The time from the end of
anaesthesia to this point was approximately 2min. Despite the
horse was breathing spontaneously before its transfer, apnoea
was noticed when positioned in the recovery box. At physical
examination, pulse was absent, mucous membranes were greyish,
and pupils mydriatic. Cardiac auscultation confirmed the
absence of cardiac beats. The time was noted, and thoracic
compressions were immediately started by an operator jumping
with his knees on the mare’s thorax. Three persons (weighting
60, 80, and > 90 kg, respectively) rotated every 2min to perform
the external massage. The third heavier operator performed
massage by rhythmically and energetically sitting on the horse’s
thorax. Meanwhile, 6mg of adrenaline (Adrenaline Aguettant R©,
Aguettant, France) was administered IV, followed by 5mL of
heparinised saline. Mechanical ventilation was provided with a
demand valve at a rate of 10 breaths min−1, with 100 % oxygen
and Ringer Lactate was administered at 10mL kg−1 hour−1.
Vital parameters were continuously monitored by mandibular
pulse palpation, eye reflexes evaluation. While the third operator
was performing the external massage, mandibular pulse was
detectable and synchronous to the thoracic compressions. A
multiparameter monitor was then connected for ECG, HR, and
non-invasive blood pressuremeasurements, with a cuff on the left
metacarpal bone. However, due to the movements on the patient,
monitoring assessment was difficult. Five minutes after the start
of CPR, the anaesthetist detected a stronger mandibular pulse,
asynchronous to the external massage. Thoracic compressions
were stopped, and the anaesthetist confirmed the presence of
normal QRS complexes on the ECG, whereas the horse was
still apnoeic. Mechanical ventilation was continued with the
demand valve with a respiratory rate of 6 breaths min−1. The
mare was initially tachycardic (HR of 60 beats min−1), with a
sinus rhythm, and MAP of 80 mmHg. Within the next 10min,
HR decreased to 37 beats min−1 and MAP dropped to 50
mmHg with a poor pulse quality. Dobutamine CRI was thus
administered to effect at 0.5 to 2 µg kg−1min−1 IV for 5min,
until MAP reached 70 mmHg, and stopped thereafter. Ten
minutes after the return of spontaneous circulation, spontaneous
breathing reappeared. Afterwards, IPPV was stopped but oxygen
supplementation was continued using a flow-by method, with
an oxygen supply tubing positioned in the endotracheal tube
and an oxygen flow set at 12 L min−1. At this time, pupillary
reflex was present, but not palpebral reflex. Capillary refill time
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was less than 2 sec and SpO2 100%, but mucous membranes
remained pale pink and sweating was present. An arterial blood
gas analysis was carried out and revealed a non-compensated
respiratory acidosis (pH 7.3; arterial pressure of carbon dioxide
(PaCO2) 67 mmHg; bicarbonate, 29 mmol L−1; anion gap 14
mmol L−1, base excess 0 mmol L−1). Palpebral reflex and
nystagmus were noticed 15min after the return to spontaneous
circulation. Ten minutes later, reflexes became stronger and the
horse started presenting somemovements, which were controlled
by two operators at the head to avoid premature standing. The
endotracheal tube was secured to the horse’s mouth and all
equipment was removed from the box to prepare for the recovery,
which was assisted with ropes. The mare stood up at the first
attempt 1 h after the start of CPR, and remained quiet thereafter,
although trembling. The patient was then extubated and kept
in the recovery box for close observation. Two hours later, the
mare was transferred to the hospitalization box and received
phenylbutazone 4.4mg kg−1 IV and omeprazole (Gastrogard,
Merial, France) 2.2mg kg−1, orally. Venous blood sample
analysis revealed a lactate into the normal range (1.3 mmol L−1)
and mild increased creatinine kinase (751 IU L−1). Neurological
examination was normal thereafter: the horse was alert with
normal pupillary reflexes, no apparent blindness, deafness or
ataxia.

The postoperative period was uneventful. Two days after
anaesthesia, a cardiac ultrasound was performed, which did not
reveal any abnormality. Due to the favorable outcome, the patient
was discharged from the hospital 1 week later.

DISCUSSION

This case reports the successful resuscitation of a 17-year-old,
550 kgmare undergoing tooth removal under general anaesthesia
that suffered cardiac arrest while transferred to the recovery
box.

Cardiac arrest is a complication of equine anaesthesia that
has been poorly studied. Risk factors regarding perioperative
mortality include an increased ASA physical status, age,
surgery type, prolonged duration of anaesthesia and emergency
procedure (1). In the present case, it was debatable if a 17
years old horse could be considered as geriatric. If so, the
patient could have presented a decreased ability to respond to
circulatory changes or stress and, therefore, at a higher risk
to anaesthetic complications (5). However, despite its age, the
mare was considered overall healthy with no detected systemic
abnormalities and no exercise intolerance; vital signs remained
remarkably stable during anaesthesia. Therefore, in this case,
the occurrence of the cardiac arrest was difficult to predict but,
fortunately, its early detection allowed the prompt start of CPR
maneuvers.

Cardiopulmonary resuscitation aims to restore spontaneous
circulation and breathing and avoid irreversible hypoxic damages
to organs. The probability of success for CPR in adult horses is
considered as poor (6). The size of the animal and the physical
effort required to provide cardiac massage render this procedure
complicated to perform. In addition, the lack of advanced

monitoring during recovery may delay the detection of cardiac
arrest and worsen the outcome.

Although cardiac arrest involves one third of equine
perioperative mortality (1), there is a lack in literature regarding
its occurrence and treatment in adult horses. Successful CPR
after direct cardiac massage in a pony and a horse was reported
by De Moor et al. (7), however, both animals died in post
resuscitation period. Hubbell et al. (8) evaluated the effects of
thoracic compression rate on cardiac output in horses with
induced cardiac arrest. They reported that thoracic compressions
at a rate of 80 compressions min−1 allowed a better cardiac
output, in comparison with lower rates. Moreover, cardiac output
was higher when the operator was heavy. In this last study, horses
were on right lateral recumbency and the operator delivered a
blow to the chest wall immediately posterior to the left elbow
with his knees. In the present case, thoracic compressions were
performed in a similar way. Despite the aim was to perform 80
compressions min−1, this rate seemed very difficult to achieve in
practice and the rate observed in our case was probably closer to
40 to 60 compressionsmin−1. The third operator was the heaviest
andmost experienced surgeon; instead of compressing the horse’s
thorax with his knees, he used his whole core body by sitting on
it. A better pulse quality was subjectively achieved with this way
of performing the external massage, but it could also have been
attributed to the heavier weight of the operator.

In addition to these physical maneuvers, adrenaline was
administered to the horse. This drug is recommended for asystole
in horses (6) and small animals (9). Adrenaline is a synthetic
catecholamine with strong α1- and β1-, and moderate β2-
adrenergic receptor activity which produces vasoconstriction and
an increase in HR and contractility (10). In the present case,
a single low dose (0.01mg kg−1) IV was used. Despite it was
difficult to evaluate which part of the resuscitation maneuvers
contributed to the return of spontaneous circulation, it was
probably the combination of both, thoracic compressions and
adrenaline that contributed to the successful CPR.

In addition to the external massage, the basic life support
consists in ventilation. As previously described (8, 11), IPPV
using a demand valve was performed early during CPR, at a rate
of 6–10 breaths min−1. Even though we cannot be certain of
the minute ventilation provided, it probably allowed sufficient
oxygenation of the animal, as no clinical signs of hypoxic brain
damage were noticed thereafter.

In this case, the lack of close monitoring during the horse
transfer made difficult to determine the precise moment and
the real cause of the cardiac arrest. It was unlikely to be related
to the animal health status, although individual idiosyncrasy
could not be excluded, but may have been due to the surgical
procedure, the occurrence of cardiovascular reflex or drug effect.
Firstly, there was a potential risk of embolism associated with
bleeding. However, no bleeding was noticed, nor was any sudden
variation of PE′CO2 during the procedure. Second, a cardiac
reflex following a postural change could be considered in this
case. Severe cardiovascular depression in similar circumstances
has been reported in a dog (12) and in humans (13, 14). In this
case, the horse experienced a rapid postural change for its transfer
to the recovery box. This could have produced a compression of
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the caudal vena cava by abdominal viscera, leading to a decreased
venous return for a few seconds, the so-called Bezold- Jarisch
reflex (BJR). The BJR is a complex neuro-cardiogenic reflex
mediated by ventricular receptors sensitive to chemical and / or
mechanical stimuli in response to a decreased ventricular filling
(15), that is not necessarily related to a hypovolaemic state. The
afferent pathway is vagally mediated and terminate at the nucleus
tractus solitary in the central nervous system (16). The efferent
response produces an increased parasympathetic tone, leading
to bradycardia, vasodilation and apnoea (17). In addition to a
postural change, an interaction of a variety of anaesthetic drugs
may trigger this reflex (18).

Therefore, the drugs used in the present case may also
have participated to the observed complication. After its use
for premedication without noticeable adverse effect, romifidine
0.02mg kg−1 IV was administered at the time the horse was
attached to the hoist. In our practice, this drug is routinely
administered at the end of anaesthesia to improve the quality of
recovery of horses (19). As an α2-agonist, romifidine produces an
initial increase in blood pressure with a subsequent bradycardia;
second degree atrioventricular blocks and a decrease in stroke
volume are commonly reported (20). Despite cardiovascular
effects of romifidine may be dose dependent, to the authors’
knowledge there are no studies that evaluated the cardiovascular
effect of low dose of romifidine in anaesthetized horses. Even
though it seems unlikely that romifidine alone would have been
responsible for this complication, we cannot exclude a role in the
development of the cardiac arrest.

Among the other drugs administered, acepromazine, a
phenothiazine derivate and α1-adrenoreceptor antagonist, was
used in the premedication. In addition to hypotension (21, 22),
phenothiazine derivates have been associated in humans to a
decrease in myocardial contractility (23) however, this has not
been reported in horses. Conversely, it has been associated to a
protective cardiac effect and a decreased anaesthetic mortality
(1). Even though it may have a prolonged effect on blood
pressure, it was unlikely to have promoted the cardiac arrest as
blood pressure was overall well maintained during anaesthesia in
this case. Sevoflurane was used for maintenance of anaesthesia.
In healthy horses, it produces a dose dependent decrease in
MAP, cardiac index and systemic vascular resistance (SVR)
(24). This decrease in SVR could have contributed to worsen
the potential decrease in venous return hypothesized in this
case. Similarly, lidocaine, a local anaesthetic commonly used in
equine anaesthesia, may produce bradycardia and hypotension

at high doses (25) and may have participated to the altered
cardiovascular response to the postural change, even though it
was stopped 20min before the end of anaesthesia. Dobutamine, a
β1- adrenoreceptor agonist with inotropic properties, commonly
used for treating hypotension in anaesthetized horses, was also
associated with the occurrence of BJR in a dog (26). As it
was sparely used in this case and particularly not at the time
of recovery, it was unlikely that it had any influence on the
onset of the reported complication. Finally, fatal reactions to
trimethoprim-sulfadoxine have been reported in anaesthetized
horses (27, 28). However, in this case, trimethoprim-sulfadoxine
was administered 1 h before anaesthesia, which made it unlikely
as a cause of the adverse event observed.

Based on the chronology of events, we hypothesized that the
postural change combined with the cardiovascular effects of the
different anaesthetic drugs used triggered the occurrence of a
cardiac arrest, due to a possible BJR. However, the absence of
monitoring during the transfer of the animal rendered difficult to
confirm this assumption. The early detection of the complication
and the presence of trained staff allowed a successful outcome.
The present case also underlined that the equine patient is at
high risk during the recovery period not only regarding the
risk of trauma but also regarding the risk of cardiovascular and
respiratory instability.

CONCLUDING REMARKS

The early detection of cardiac arrest and start of CPR maneuvers
permitted the successful resuscitation of a 17-year-old mare that
suffered cardiac arrest during her transfer to the recovery box.

In the light of this report, a continuous palpation of the
peripheral pulse should be performed during the horse transfer
to the recovery box. It seems advisable to administer drugs with
a potential depressive cardiovascular effect in a time frame that
does not overlap with postural changes.
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Background: The effectiveness of the American Society of Anesthesiologists (ASA)

Physical Status (PS) classification to identify the animals at a greater risk of

anesthesia-related death and complications is controversial. In this systematic review, we

aimed to analyze studies associating the ASA PS scores with the outcome of anesthesia

and to verify whether there was any evidence for recommending the use of the ASA PS

in veterinary patients.

Methods: Research articles found through a systematic literature search were assessed

for eligibility, and data were extracted and analyzed using random-effects analysis.

Results: A total of 15 observational prospective and retrospective studies including

258,298 dogs, cats, rabbits, and pigs were included. The analysis found consistency

between the studies showing that dogs, cats and rabbits with an ASA-PS ≥III had 3.26

times (95% CI = 3.04–3.49), 4.83 times (95% CI = 3.10–7.53), and 11.31 times (95%

CI = 2.70–47.39), respectively, the risk of anesthesia-related death within 24 h (dogs)

and 72 h (cats and rabbits) after anesthesia compared with those with an ASA PS <III.

In addition, the analysis showed that dogs and cats with ASA PS ≥III had 2.34 times the

risk of developing severe hypothermia during anesthesia (95% CI = 1.82–3.01).

Conclusions: The simple and practical ASA PS was shown to be a valuable prognostic

tool and can be recommended to identify an increased risk of anesthetic mortality

until 24–72 h after anesthesia, and a greater risk of development severe intraoperative

hypothermia.

Keywords: mortality, fatal outcome, risk, dogs, cats, horses, rabbits, complications

INTRODUCTION

The American Society of Anesthesiologists (ASA) physical status (PS) consists of a classification
system to assess a patient’s physical status. The higher ASA PS appears to be related to a worse
outcome of anesthesia. Its creation dates from 1941, when Saklad et al. were requested by the ASA
to build a system that would allow retrieving statistical data in anesthesia (1). Their first task was
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to specify arbitrary definitions of numerous variables in order
to establish standard terms and a common language. Initially,
they intended to develop a tool to objectively assign an
operative risk and establish a prognostic. However, in such
approach, the statistical treatment was impossible due to the
numerous variables associated with the different establishments
and clinicians. They concluded that the term “operative risk”
could not be used and it was more adequate to classify the
patients according to their physical status only. They stated that
“no attempt should be made to prognosticate the effect of a
surgical procedure upon a patient of a given physical status,”
since few variables were considered to favor the standardization
of the definitions and the use of a common terminology for the
statistical analysis.

At that time, there were different ways of assessing the
patients’ physical status, such as by assigning a number, a letter
or, more explicit, a word (good, moderate, severe). An attempt
to create a new method of standardization was proposed using
six classes of “physical status” (Figure 1). The classes 1, 2, 3,
and 4 consisted of systemic disturbances, which were graded
into “none, definite, severe, extreme” with 5–10 examples each
(1). The classes 5 and 6 consisted of the emergencies that
would otherwise be graded in classes 1 or 2, and classes 3 or 4,
respectively. A class 7 was added later to represent the moribund
patients that were likely to die within 24 h with or without
surgery.

The correlation between the incidence of mortality related
to anesthesia and the physical status of the patient was shown
for the first time in 1961 by Dripps et al. (2) in a study
entitled “The role of anesthesia in surgical mortality.” In this
study, the Arabic numbers from the classification of Saklad
were modified to roman numbers, and the classes 5 and 6 were
replaced by an “E” for “emergency” that could be added to each
of the ASA classes. In addition, the grades “none, definitive,
severe and extreme systemic disturbance” were replaced by
“normal healthy, mild, severe, and incapacitating systemic
disease” but these new definitions were not accompanied by
examples. These modifications were accepted by the ASA in
1962 (3) and were published in the journal Anesthesiology in
1963 (4).

In 1978, the first study on the inter-anesthetists’ variability
concluded that the ASA PS classification was useful but
was lacking scientific definition (5). Indeed, the terms used
to define each class were subjective and inaccurate, and
the qualitative adjectives, such as “mild, moderate, severe”
implied a personal interpretation (6, 7). Additionally, the
definitions based on the severity of the disease could also be
controversial (8).

This subjectivity led to the last update of the classification
system approved by the ASA House of Delegates (9) on October
15th 2014 (Figure 2). Most of the definitions were not modified,
except for class V, in which the definition was changed from “a
moribund patient who is not expected to survive for 24 h with
or without surgery” to “a moribund patient who is not expected
to survive for 24 h without operation.” Moreover, examples were
added for each ASA PS class. For instance, smokers, alcoholics,
pregnant women, and obese patients were included in classes II

FIGURE 1 | American Society of Anesthesiologists (ASA) grading of patients

for surgical procedures according to Saklad (1).

and III and an ASA VI category was added to include patients
with brain-death and whose organs were being removed for
donor purposes.

The actual version of the ASA PS classification was never
validated in human medicine, although several studies
showed the correlation between ASA PS and the risk of
death (10–12) and complications associated with anesthesia.
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FIGURE 2 | Current American Society of Anesthesiologists Physical Status (ASA PS) classification with definitions published in 1963 (4) and examples accepted in

2014 (9). BMI, body mass index; DM, diabetes mellitus; HTN, hypertension; COPD, chronic obstructive pulmonary disease; ESRD, end-stage renal disease; PCA,

patient-controlled analgesia; MI, myocardial infarction; CVA, cerebrovascular accident; TIA, transient ischemic attack; CAD, coronary artery disease; DIC,

disseminated intravascular coagulation; ARD, airway respiratory disease.

Such complications included the postoperative morbidity
of patients after hip replacement surgeries, transurethral
prostatectomy, cholecystectomy (13), and elective cranial
neurosurgery (14); the incidence of infection, delayed wound
healing, and deep vein thrombosis after plastic surgery (15)
and; other major complications, such as atrial fibrillation,
hypotension, and hypertension (16). In addition, high ASA
PS scores were significantly correlated with long hospital
and intensive care unit stays, high complication rates,
and increased frequency of follow-ups (13). The ASA PS
classification was equal to an index of physiological capacity
to predict postoperative cardiovascular, respiratory, renal
and infectious complications after major abdominal surgery
(17). Intraoperative variables, such as duration of the surgery,
duration of the assisted ventilation, and blood loss were also

associated with the ASA PS score assigned preoperatively
(18).

In veterinary medicine, to the authors’ knowledge, one of
the first prospective publications mentioning the association
between the ASA PS classification and the anesthesia-related
risk of death was from Clarke and Hall (19). Since then, several
studies associating the ASA PS to anesthesia-related risk of death
were published for dogs and cats (20–34), rabbits (24, 35), pigs
(36), and horses (37, 38) with different outcomes and definitions.
However, whether veterinary patients with a high ASA PS
score are at an increased risk of death and development
of complications associated with anesthesia remains
unknown.

In this systematic review, we compared the studies assessing
the ASA PS with the outcome of anesthesia in domestic animals,
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aiming to verify whether there was evidence that the ASA PS was
actually effective to identify patients at a higher risk of anesthesia-
related death or at a higher risk of developing any complication
associated with anesthesia.

METHODS

Online Database Search Strategy
In order to find the studies assessing the anesthesia-related death
and complications, an online database search was performed.
In the online search, the terms (ASA or American-Society-of-
Anesthesiologists) and (anesthesia or anaesthesia) and (death or
mortality or risk or morbidity or complication or outcome) and
(veterinary or animal) were entered in Pubmed, Google Scholar,
Scopus, and VetMed Resources on April 1st 2018. In VetMed
Resource, the results were filtered by “journal article,” “English
language,” “death rate,” ”morbidity,” and “clinical aspects.” One
paper was hand searched from the reference section of other
papers and books.

The outcome variables included anesthesia-related
mortality and complications in any domestic animal species.
The anesthesia-related mortality was defined as death where
anesthesia could not be excluded as a potential cause. The
anesthesia-related complications were defined as any clinical
alteration where anesthesia could not be excluded as a potential
cause.

Only published research articles in peer-reviewed journals
providing the outcome (which could be death or any other
complication associated with anesthesia) according to the ASA
PS score were included in the study. Studies in any domestic
animal species or specific study population of domestic animals
were considered for inclusion. The studies were grouped by
outcome, i.e., mortality and complications, and then by animal
species and specific group populations. The patients were
assessed according to their ASA PS scores, which could be
ASA PS <III, defined as healthy patients or with mild diseases
only, without substantive functional limitations, or ASA PS
≥III, defined as sick patients with one or more moderate to
severe diseases and substantive functional limitations (4, 9). The
division of the ASA PS scores into two groups aimed to facilitate
the analysis and was based in previous large studies assessing
anesthesia-related mortality in veterinary patients (19, 24).

Risk of Bias Assessment
The risk of bias was evaluated for each article using a 9-point
Newcastle-Ottawa scale (Figure 3) to assess the quality of non-
randomized studies included in systematic reviews and meta-
analyses (39). In this scale, each study was assigned a maximum
of 4 points for quality of selection, 2 points for comparability, and
3 points for quality of outcome and adequacy of follow-up. The
sum of the points from each category consisted of the Newcastle-
Ottawa score, which indicated a low, moderate, and high risk of
bias for 7–9, 4–6, and 1–3 points, respectively (40).

Study Heterogeneity
To verify the consistency of the findings of the studies assessing
the same outcome in the same animal species, the Cochrane’s

Q and the I2 heterogeneity tests were calculated. The Cochran’s
Q indicated whether the variations between the results were
genuine (P < 0.05 = heterogeneity) or attributable to chance
(P > 0.05 = homogeneity). The proportion of the inconsistency
(heterogeneity) was expressed by the I2 statistic between 0 and
100% [I2 = 100% x (Cochran’s Q–degree of freedom)/Cochran’s
Q]. Negative values for I2 were considered equal to 0% (41).

Statistical Analyses
A 2 × 2 table for binary outcomes (Figure 4) was extracted from
each study. From this table, the relative risk (RR) and the 95%
confidence interval (CI) were calculated for each study according
to the following equation: RR = [A/(A+B)]/[C/(C+D)]. The
experimental group was defined as patients ASA PS ≥III and
the control group was defined as patients ASA PS <III. A
RR < 1.0 (plotted to the left of the line 1.0 in the graphs)
indicated that in that study, patients with ASA PS ≥III were at a
lower risk of anesthesia-related morbidity or mortality compared
with ASA PS <III. A RR > 1.0 (plotted to the right of the
line 1.0 in the graphs) indicated that in that study, patients
with ASA PS ≥III were at a higher risk of anesthesia-related
morbidity ormortality compared to patients with ASA PS<III. A
RR = 1.0 indicated there was no difference in risk of anesthesia-
related morbidity or mortality for patients assigned either
ASA PS <III or ASA PS ≥III. The random-effects statistical
model, which allows for differences in the treatment effect from
study to study, was used for this analysis (42). The RR, the
Cochran’sQ, and the I2 were calculated using MedCalc Statistical
Software version 18.2.1 (MedCalc Software bvba, Ostend,
Belgium).

RESULTS

Studies Included in the Analysis
A total of 233 studies were retrieved using the online research
database strategy (65 from Pubmed, 14 from Google Scholar,
5 from Scopus, and 148 from VetMed Resources) and by
hand searching the literature (1 study). From these, 162
were excluded because, based on the abstract, they were not
relevant to our study, 25 studies were excluded because of the
inclusion of patients with only a specific ASA PS, 18 were
excluded because of no full data provision to calculate the RR
and incidence of mortality or complication, and 14 studies
were excluded because of no assessment of the anesthetic-
related mortality and complication according to the ASA PS
(Figure 5).

A total of 14 studies with 241,509 patients (131,024 dogs;
102,064 cats; 8,394 rabbits; and 27 pigs) from 236 clinics (1 from
USA, 1 from France, 18 from Japan, 42 from Spain, and 174
from UK) assessed from 1984 to 2016 met the inclusion criteria
(Table 1). Studies in other animal species, such as horses and
birds, did not comply with the inclusion criteria.

There were 12 studies assessing mortality and 3 studies
assessing complications included in the analysis (1 study
assessed both mortality and complications) (Figure 5).
Mortality was assessed according to the animal species (7
studies in dogs, 6 studies in cats, 2 studies in rabbits), and
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FIGURE 3 | Newcastle-Ottawa scale for assessment of quality of non-randomized studies included in the analysis.

according to specific populations (i.e., dogs undergoing thoracic
surgery, cats undergoing ureteral surgery). Complications
included the development of hypothermia, hyperthermia, and
hypotension.

All studies had a low risk of bias, except the ones of Clarke and
Hall (19) and Lee et al. (35), which had a moderate risk of bias.
The study of Clarke and Hall (19) mentioned that animals died
during or shortly after surgery but they did not specify the exact

length of follow-up. Lee et al. (35) assigned the ASA PS score
retrospectively from the animal records.

All studies excluded animals that died due to euthanasia from
the analysis, except for the studies of Clarke and Hall (19),
Brodbelt et al. (24), and Lee et al. (35).

The studies from Brodbelt et al. (23, 25) had supplementary
data of the study of Brodbelt et al. (24) and were included in the
analysis only to assess the risk of bias of the latter.
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FIGURE 4 | The 2 × 2 table for binary outcomes used for assessing the relative risk and the 95% confidence interval in the present study.

Anesthesia-Related Mortality in Dogs
Six studies assessing the anesthesia-related death in dogs were
included in the analysis (Table 1 and Figure 6). All studies,
except for Brodbelt et al. (24), excluded euthanized dogs
from the analysis because deaths were not associated with
anesthesia.

The overall mortality rate associated with anesthesia shown
in the studies analyzed decreased from 0.23 to 0.17% between
1976–1978 and 2002–2004 (19, 24). This was mainly because of a
decrease in themortality rate of ASA PS III-V from 3.12 to 1.33%,
although the proportion of deaths in ASA PS I-II also decreased
from 0.11 to 0.05%.

All studies found a significant greater risk of anesthesia-
related death in dogs with ASA PS ≥III compared to dogs with
ASA PS <III. Overall the combined results of the studies showed
that dogs with ASA PS ≥III had 4.73 times the risk of death due
to causes associated with anesthesia compared to dogs with ASA
PS <III (95% IC = 2.87 to 7.81; P < 0.001). However, there was
a significant inconsistency of 98.5% (Q = 337.0; P < 0.0001;
I2 = 98.5%) between the findings of all studies, which was further
investigated by analyzing the studies according to their length of
follow-up.

Further investigation revealed 0% heterogeneity between the
studies of Bille et al. (26) and Bille et al. (30), which assessed
death until the end of anesthesia (Q = 0.48; df = 1; P = 0.49),
and between these studies and the study of Gil and Redondo (29),
which assessed death until 24 h after anesthesia (Q= 0.49; df = 2;
P= 0.78). They found that dogs with ASA PS≥III had 3.26 times
the risk of anesthesia-related death until the end of anesthesia
(95% CI= 3.03 to 3.51; P < 0.001) and until 24 h after anesthesia
(95% CI = 3.04 to 3.45; P < 0.001) compared to dogs with ASA
PS <III.

When prolonging the length of follow-up to 48 h after
anesthesia, the studies of Brodbelt et al. (24) and Itami et al. (33)
found that dogs ASA PS ≥III had 8.95 times (95% IC = 7.97–
10.04; P < 0.0001) and 2.71 times (95% IC = 2.09–3.51;
P < 0.0001) the risk of anesthesia-related death, respectively,

although there was 98.6% inconsistency (Q = 72.5; df = 1;
P < 0.0001) between the findings of these studies.

The study of Clarke and Hall (19) found the highest risk of
14.14 times for anesthesia-associated death in dogs with ASA PS
≥III compared to dogs with ASA PS <III (95% CI = 10.68 to
18.71; P < 0.0001), although the length of follow-up was not
provided in the article.

Anesthesia-Related Mortality in Cats
The 5 studies assessing the anesthesia-related mortality on cats
included in the analysis were presented in Table 1 and Figure 7.

The overall mortality rate associated with anesthesia shown
in the studies analyzed decreased from 0.29% (19) to 0.24% (24)
between 1976–1978 and 2002–2004, mainly because of a decrease
in the mortality rate of ASA PS III-V from 3.33 to 1.4%, although
the proportion of deaths in ASA PS I-II also decreased from 0.18
to 0.11%. Animals dying due to euthanasia were excluded from
the analysis on 3 (26, 28, 30) out of 5 studies in cats.

All studies showed a significant greater risk of anesthesia-
related death in cats with ASA PS ≥III compared with ASA PS
<III. The studies of Bille et al. (26) and Bille et al. (30) found that
cats with ASA PS ≥III had 3.24 times (95% CI = 1.60 to 6.55;
P = 0.001) the risk of anesthesia-related death until the end of
anesthesia than cats ASA PS<III, although there was a significant
88.35% inconsistency between these results (Q = 8.58; df = 1;
P = 0.0034). The studies of Brodbelt et al. (24) and Redondo
et al. (28) found that cats ASA PS ≥III had 6.42 times (95%
CI= 5.58–7.38; P< 0.0001) and 2.99 times (95%CI= 1.63–5.49;
P = 0.0004) the risk of anesthesia-associated death until 48 and
72 h after anesthesia, respectively, compared to cats with ASA PS
<III, although a significant heterogeneity was found between the
results of these studies (Q= 72.5; df = 1; P< 0.0001; I2 = 98.6%).
Clarke and Hall (19) found that cats ASA PS ≥III had 11.3 times
(95%= CI 8.31–15.3; P < 0.0001) the risk of death due to causes
associated with anesthesia compared to cats with ASA PS <III,
although no length of follow-up was provided in the study.
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FIGURE 5 | Flow diagram of studies included in the analysis. *The study of Redondo et al. (28) was counted twice because it assessed both complication and

mortality. RR, relative risk; ASA PS, American Society of Anesthesiologists physical status.

The overall RR for the 5 studies combined showed that
cats with ASA PS ≥III had 4.83 times (95% CI = 3.10–7.53;
P < 0.001) greater risk of anesthesia-related mortality compared

to cats with ASA-PS <III. No significant inconsistency was
detected between the results of these studies (I2 = 24.34%;
Q= 5.2865; df 4; P = 0.2591; Figure 7).
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TABLE 1 | Study design and population, number of patients included in the study, overall mortality, period of the study, number of clinics, and country of the studies

included in the review.

Studies Study design Population n included

(overall

mortality)

Period of

the study

n clinics Country

MORTALITY IN DOGS

Itami et al. (33) Observational prospective

cohort

Dogs anesthetized for

surgical or diagnostic

procedures

4,323 (0.65%) Apr 2010–Mar 2011 18 Japan

Bille et al. (30) Observational prospective

cohort

Dogs undergoing general

anesthesia

1,783 (0.62%) Apr 2008–Apr 2010 1 France

Gil and Redondo

(29)

Observational prospective

cohort

Dogs undergoing

anesthesia

2,012 (1.29%) Feb 2007–Mar 2008 39 Spain

Bille et al. (26) Observational prospective

cohort

Dogs and cats undergoing

general anesthesia

2,252 (1.51%) Apr 2008–Apr 2010 1 France

Brodbelt et al.

(24, 25)

Observational prospective

cohort

Dog undergoing

anesthesia and sedation

98,036 (0.17%)a Jun 2002–Jun 2004 117 UK

Clarke and Hall

(19)

Observational prospective

cohort

Dogs undergoing

anesthesia

20,814a (0.23%) 1984–1986 53 UK

MORTALITY IN CATS

Bille et al. (30) Observational prospective

cohort

Dogs undergoing general

anesthesia

902 (1.11%) Apr 2008–Apr 2010 1 France

Bille et al. (26) Observational prospective

cohort

Dogs undergoing general

anesthesia

1,294 (1.08%) Apr 2008–Apr 2010 1 France

Redondo et al. (28) Retrospective Cats undergoing

anesthesia

275 (2.2%) Not available 1 UK

Brodbelt et al.

(23, 24)

Observational prospective

cohort

Cats undergoing

anesthesia and sedation

79,178 (0.24%)a Jun 2002–Jun 2004 117 UK

Clarke and Hall

(19)

Observational prospective

cohort

Cats undergoing

anesthesia

20,103 (0.29%)a 1984–1986 53 UK

MORTALITY IN RABBITS

Lee et al. (35) Retrospective Anesthetized and sedated

pet rabbits

185 (18.5%)a 2009–2016 1 UK

Brodbelt et al. (24) Observational prospective

cohort

Rabbits undergoing

anesthesia and sedation

8,209 (1.39%)a Jun 2002–Jun 2004 117 UK

MORTALITY IN SPECIFIC POPULATION

Garcia de Carellan

Mateo et al. (32)

Retrospective cohort Cats anesthetized for

ureteral surgery

37 (18.9%) Mar 2010–Mar 2013 1 UK

Robinson et al.

(31)

Retrospective Dogs undergoing thoracic

surgery

279 (2.2%)—at

24 h 266

(3.6%)—at

discharge

Jun 2002–Jun 2011 1 UK

COMPLICATIONS

Redondo et al. (27) Retrospective Dogs undergoing

anesthesia

1,525 Not available 2 Spain

Redondo et al. (28) Retrospective Cats undergoing

anesthesia

275 Not available 1 Spain

Trim and Braun

(36)

Retrospective Pigs undergoing

anesthesia

27 May 1999–Jun 2006 1 USA

a Including euthanized patients.

Anesthesia-Related Mortality in Rabbits
Two studies assessing the mortality associated with anesthesia on
rabbits were included in the analysis (Table 1 and Figure 8).

In the study of Brodbelt et al. (24), the rabbits with ASA PS
≥III had 6.64 times the risk of anesthesia-related death until 48 h
after anesthesia compared to rabbits with ASA PS <III (95%
CI= 5.19–8.51; P < 0.0001).

The study of Lee et al. (35) found that rabbits with
ASA-PS ≥III had 30.6 times the risk of anesthesia-associated

death until 72 h after anesthesia compared to rabbits with
ASA PS <III (95% CI = 5.74–163.1; P = 0.0001). In this
study, the ASA PS scores were assigned retrospectively from
the patient’s records, which contributed to a moderate risk
of bias.

Overall, the findings of these studies combined showed that
rabbits with ASA PS ≥III had 11.31 times the risk of death-
associated with anesthesia compared to rabbits with ASA PS
<III (95% CI = 2.70–47.39; P = 0.001). There was no
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FIGURE 6 | Forest plot showing the increased risk of anesthesia-related death in dogs with ASA PS ≥III compared with ASA PS <III. Q, Cochran’s Q

(P < 0.05 = heterogeneity; P > 0.05 = homogeneity); I2, proportion of the inconsistency between the findings of the studies; df, degrees of freedom.

significant heterogeneity between the findings of these studies
(Q = 3.16; df = 1; P = 0.07; I2 = 68.35%), regardless of the
differences in the length of follow-up of 48 h (24) and 72 h after
anesthesia (35).

Anesthesia-Related Mortality in Specific

Populations
There were 2 studies included in the analysis that assessed the risk
of death on specific populations, which were dogs undergoing
thoracic surgery and cats undergoing ureteral surgery (Table 1
and Figure 9).

In the study of Robinson et al. (31), dogs ASA PS ≥III
undergoing thoracic surgery had 1.19 times the risk of anesthesia-
related death compared to those with ASA PS <III (95%
CI= 1.04 to 1.36; P = 0.01). Within the study, although the risk
of death was significant when assessed until discharge (RR= 1.21;
85%CI= 1.05–1.40; P= 0.0079) but not when assessed until 24 h
after anesthesia (RR= 1.06; 95% CI= 0.74–1.52; P= 0.7603), no
significant heterogeneity was found between the findings of the
study (Q= 0.55; df = 1; P = 0.46; I2 = 0%).

In the study of Garcia de Carellan Mateo et al. (32), cats ASA
PS ≥III undergoing ureteral surgery had 16.43 times the risk of
anesthesia-related mortality compared to cats with ASA PS <III
(95% CI= 2.46–16.81; P = 0.0001).

COMPLICATIONS

Three studies describing anesthesia-related complications
were included in the analysis (Figure 10). All studies
used a retrospective design. The complications consisted
of: hypothermia, which was stratified in three levels [i.e.,
slight (36.5–38.49◦C), moderate (34.0–36.49◦C), and severe
(<34◦C)], and hyperthermia (>39.5◦C) in dogs and cats at
the end of anesthesia; and arterial hypotension (MAP ≤65
mmHg or SAP ≤85 mmHg) in Vietnamese potbellied pigs at
discharge.

In dogs, the study of Redondo et al. (27) found that the risk
of developing hyperthermia (RR = 1.00; 95% CI = 0.50–1.87;
P = 0.9195) and hypothermia (RR = 1.39; 95% CI = 0.90–2.15;
P = 0.14) was not significantly different between patients with
ASA PS ≥III compared to patients with ASA PS <III. However,
when stratifying hypothermia in three levels, dogs with ASA PS
≥III had 1.24 times (95% CI = 1.03–1.50; P = 0.0252) and 2.33
times (95% CI = 1.72–3.15; P < 0.0001) the risk of developing
moderate and severe hypothermia associated with anesthesia,
respectively, compared to dogs with ASA PS <III.

In cats, similar to dogs, the study of Redondo et al. (28)
showed no significant difference in the risk for developing
hyperthermia (RR= 0.71; 95% CI= 0.06–8.97) and hypothermia
(RR = 1.04; 95% CI = 0.25–4.38; P = 0.95) between cats with
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FIGURE 7 | Forest plot showing the increased risk of anesthesia-related death in cats with ASA PS ≥III compared with ASA PS <III. Q, Cochran’s Q

(P < 0.05 = heterogeneity; P > 0.05 = homogeneity); I2, proportion of the inconsistency between the findings of the studies; df, degrees of freedom.

FIGURE 8 | Forest plot showing the increased risk of anesthesia-related death in rabbits with ASA PS ≥III compared with ASA PS <III. Q, Cochran’s Q

(P < 0.05 = heterogeneity; P > 0.05 = homogeneity); I2, proportion of the inconsistency between the findings of the studies; df, degrees of freedom.

ASA PS ≥III compared to cats with ASA PS <III. However,
when stratifying hypothermia in three levels, cats with ASA PS
≥III had a 76% reduction in the risk of developing anesthesia-
related slight hypothermia compared to cats with ASA PS <III
(RR = 0.24; 95% CI = 0.14–0.42; P < 0.0001). In addition,
cats with ASA PS ≥III had 1.93 times and 2.37 times the
risk of developing moderate (RR = 1.93; 95% CI = 1.24–3.00;
P= 0.0036) and severe hypothermia (RR= 2.37; 95%CI= 1.51–
3.73; P = 0.0002) than cats with ASA PS <III.

The analysis of the results of the studies (27, 28)
combined found that dogs and cats ASA PS ≥III had 2.34
times the risk of developing severe hypothermia compared
to patients with ASA PS <III (95% CI = 1.82–3.01;
P < 0.001). No significant inconsistency was found between
the results of the studies (Q = 0.006; df = 1; P < 0.9391;
I2 = 0%).

The findings of Trim and Braun (36) indicated that the risk
of anesthesia-related hypotension was not significantly different
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between pigs with ASA PS ≥III and pigs with ASA PS <III
(RR= 1.27; 95% CI= 0.54–2.96; P = 0.5864).

DISCUSSION

This meta-analysis shows that for dogs, cats and rabbits with ASA
PS ≥III the risk of anesthesia-related mortality up to 24 h (dogs)

FIGURE 9 | Forest plot showing the increased risk of anesthesia-related death

in specific populations with ASA PS ≥III compared with ASA PS <III. Q,

Cochran’s Q (P < 0.05 = heterogeneity; P > 0.05 = homogeneity); I2,

proportion of the inconsistency between the findings of the studies; df,

degrees of freedom.

and up to 72 h (cats and rabbits) after anesthesia is higher than for
dogs, cats and rabbits with ASA PS <III. In dogs, this increased
risk is not consistent between the studies when the period of
follow up is longer than 24 h. In addition, there was also evidence
found to support that dogs and cats with ASA PS ≥III have an
increased risk of developing severe hypothermia associated with
anesthesia.

The present study indicates that part of the anesthesia-related
deaths actually occurs after anesthesia and that, therefore, more
attention should be given to this longer post-anesthetic period.
Originally, the ASA PS classification was created in order to
analyze data statistically and not to calculate operational risk (1).
It was believed that the only cause of anesthetic mortality that
could be correlated with the physical status of the patient was
drug overdose (43) and human error (44). The increased risk
of death during anesthesia could be attributed to the fact that
animals with an ASA PS ≥III could not tolerate many anesthetic
drugs due to their impaired functional organ systems. They could
not compensate the cardiopulmonary alterations induced by the
anesthetic drugs and, therefore, would be more likely to die
during anesthesia. Sick animals could tolerate only a limited
range of drugs, since the severe systemic disease could impair
organ function that could not compensate for the hemodynamic
alterations induced by the anesthetic drugs and death would be

FIGURE 10 | Forest plot showing the increased risk of developing complications associated with anesthesia in patients with ASA PS ≥III compared with ASA PS <III.

Q, Cochran’s Q (P < 0.05 = heterogeneity; P > 0.05 = homogeneity); I2, proportion of the inconsistency between the findings of the studies; df, degrees of freedom.
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more likely to occur during anesthesia (24). In addition, these
findings could suggest that stabilization of the patients prior to
anesthesia in order to decrease the ASA PS category of the animal
may be useful to decrease the risk of death. The surprising finding
in the present study was that the increased risk of anesthesia-
related death of patients with an ASA PS≥III is significant during
anesthesia until up to 24 h after the end of anesthesia in dogs
and up to 72 h after the end of anesthesia in cats and rabbits.
It suggests that death apparently does not occur only during
anesthesia and, therefore, cannot necessarily be directly related
to the use of certain anesthetic drugs. Other factors must be
playing a role, of which the most likely one is progression of the
underlying disease. Stress due to the disease, pain, and unfamiliar
surroundings, can lead to anorexia, reduced gut motility, gastric
ulceration, and immunosuppression, which could also contribute
to the postanesthetic death. Other potential reasons could explain
the higher risk of anesthesia-related death up to 24 h and up to
72 h after the end of anesthesia. Differences between studies in
regards to the definition of anesthesia-related death, inclusion of
sedated patients, and exclusion of those euthanized, and to the
subjectivity of the ASA PS classification could have influenced
these results. These features could also explain the significant
inconsistency between the results of the studies assessing death
after 24 h of the end of anesthesia in dogs.

The variation in the definition of anesthesia-related death
among studies could have influenced the mortality rate in each
ASA PS class. It could be difficult to distinguish the cases of
mortality associated with anesthesia from those associated with
the disease of the patient. In addition, terms as perioperative,
postoperative, and perianeshetic death were often confused and
used interchangeably throughout the studies with anesthesia-
related risk of death without clear reference to their possible
differences in meaning. Bille et al. (26, 30) and Clarke and Hall
(19) included all deaths from medical or surgical complications
and no attempt was made to classify the cause of death. In
some studies, it was not clear whether ASA-associated risk of
perioperative death could be interpreted as anesthesia-related. In
the attempt to overcome this limitation, anesthesia-related death
was defined as that where anesthesia could not be excluded as
a potential cause, instead of only those where it was possible
to ensure its association. In the studies of Itami et al. (33), Gil
and Redondo (29), and Redondo et al. (28), it was possible to
infer from the description of the causes of death, that they were
associated with anesthesia or anesthesia could not be excluded
as a potential cause of death. The studies of Robinson et al.
(31) and Garcia de Carellan Mateo et al. (32) were analyzed
separately because all deaths were included in the analysis (not
only those anesthesia-related), and they were assessed in a
specific population of dogs undergoing thoracic surgery and cats
undergoing ureteral surgery, respectively. In rabbits, both studies
of Lee et al. (35) and Brodbelt et al. (24) defined anesthesia-
related death as any death that could not be explained totally
by pre-existing medical or surgical complications, indicating that
ASA-associated risk of perianesthetic death could be interpreted
as anesthesia-related in this species.

In addition to the definition of anesthesia-related death, other
potential explanations for differences among findings of the

studies could be that two of them included sedated animals and
six studies excluded deaths due to euthanasia from the analysis.
All studies in rabbits included sedated animals (24, 35), indicating
that rabbits with an ASA PS ≥III are at an increased risk of
death associated not only with anesthesia, but also with sedation,
compared with rabbits ASA PS <III. In dogs and cats, there was
only one study (24) that included sedated animals, which could
have had a minor impact in the differences among the findings
included in the present analysis. In addition, the exclusion of
euthanized animals could be associated with differences in the
findings of the studies whenever anesthesia contributed to the
negative outcome. However, all studies provided the reason
for euthanasia and they did not seem to be associated with
anesthesia.

The subjectivity of the ASA PS classification could have
influenced the findings of the studies included in the present
analysis. This subjectivity could be attributed to the vague
definition of the ASA PS classes, especially before examples
were published in the version of the ASA PS classification
from 2014 (9). For instance, a healthy obese patient was
cited as an example of an ASA PS II patient, while a
morbid obese patient was cited as an example of an ASA
PS III patient. However, Brodsky and Ingrande (45) stated
that the physical status of a patient could not be based on
his/her body mass index and that the obese population was
heterogeneous. They specified that the presence of pathologies
was independent of the bodyweight of the patient, and that it was
the presence of fat infiltration that increases the risk of organic
failure.

The subjectivity could lead to a high inter-observer and
maybe intra-observer variability. In human medicine, some
studies demonstrated a high inter-observer variability associated
with pregnancy (46), smoking, the nature of surgery, airway
complications, and acute injuries (47). The variability of the
ASA PS scores was not correlated with the gender, age,
expertise, working environment, or any demographic variable,
and no difference between scores assigned by different groups
of anesthetists was observed (47). In veterinary anesthesia,
McMillan and Brearley (7) found a moderate variability among
ASA PS scores given for 16 theoretical cases of small animals
with different physical and pathological status by 144 anesthetists
(specialist veterinarians, residents, interns, generalists and
nurses). When studying real and non-hypothetical small animal
cases in a university study, Mair and Wise (48) found
homogeneity between ASA PS scores assigned by anesthetists
and veterinary students. However, the inter-observer variability
increased with the severity of the cases. In the present study,
the Cochran’s Q was calculated to verify the consistency of
the findings of the studies in terms of whether they had
the same outcome or not. The potential differences that
could have contributed to the deviations remained unclear. In
addition, the Newcastle-Ottawa scale was used to assess the
quality of non-randomized studies included in the analysis and,
therefore, the risk of bias. Finally, the ASA PS classes were
grouped in I-II vs. III-V, which was described to improve the
homogeneity of the responses in pediatric (49) and veterinary
anesthesia (7).
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The fact that the ASA PS score is a number does not make it an
objective tool and, therefore, improvements in the classification
were proposed to reduce inter/intra-observer variability. Some
authors proposed the addition of a class of patients withmoderate
systemic disease between ASA PS II and ASA PS III (50). The
lack of option for moderate systemic disease allowed the use
of the ASA PS III as a cut-off to distinguish healthy from sick
patients as previously described (19, 24), and to reach a binary
answer to whether ASA PS was effective or not to identify
patients at a greater risk of death or a specific complication.
The simplification from a 5-point scale (ASA I-V) into a merged
2-point scale (ASA<III and ASA≥III), despite necessary to run
the meta-analysis, could have resulted in some information loss.

It is debatable whether a patient with an ASA PS ≥III could
also be associated with an increased risk of outcomes other
than death. In human medicine, patients ASA PS class III-V
had an increased cost of hospitalization (51). Accordingly, in
veterinary medicine, a study with 235 dogs undergoing general
anesthesia indicated that the ASA PS status was the only factor
associated with the duration of ICU care (the higher ASA PS, the
longer ICU stay), which, in turn, was a feature associated with
an increase in the cost of hospitalization (34). In addition, the
ASA PS classification could identify an increased frequency and
severity of perioperative complications in human patients (52),
dogs and cats (21, 22); a long ICU stay in dogs (34), and a poor
recovery quality from anesthesia in horses (37, 38). Dogs ASA
III, IV and V, were 3.4, 7.1, and 18.8 times, respectively, more
likely to develop severe perianesthetic complications than those
ASA I-II (21). Cats having an ASA status of III-V were nearly
4 times as likely to develop severe perianesthetic complications,
such as cardiopulmonary arrest (22). In the present study, the
risk of severe hypothermia in dogs and cats, and hypotension in
pigs were anesthesia-related, but only the risk of hypothermia
was associated with the preoperative ASA PS. The lack of
association between the risk of hypotension associated with
anesthesia and ASA PS in pigs may be associated with the
small number of pigs included in the analysis (n = 27) (36).
However, prospective studies with a large population would be
necessary to confirm whether this is a true effect or type II
error.

The search for evidence on whether the ASA PS classification
can be recommended in veterinary anesthesia is a challenging

task. The differences among studies (i.e., the length of follow
up, definitions, inclusion and exclusion criteria, and subjectivity
of the classification system) could have influenced the final
analysis. However, some of these features cannot be controlled
when assessing the risk of anesthesia-related death in patients
with a high ASA PS. Indeed, randomized controlled trials,
which presence greatly increases the quality of evidence (53),
are not feasible. All prospective studies included in the present
review were clinical observational cohort studies, which were
not randomized and blinded, and did not control for mortality.
In a clinical setting, patients were naturally randomized and
mortality was not under control of the researcher. In addition,
an independent blind assessment by assigning an ASA PS
score without knowing whether the patient had a systemic
disease is not possible. Usually cohort studies are not associated
with a high quality of evidence because although they can
show an association between an intervention and an outcome,
they cannot prove a cause-effect relationship. However, it was
never expected that an inadequate ASA PS score assigned
preoperatively would cause anesthesia-related death. In order
to answer our initial question, it was enough to know whether
there was an association between the ASA PS score and the
outcome.

Veterinary practitioners have obligations to inform
owners of the potential foreseeable and serious risks their
animal might be subjected to during a surgery. This review
found evidence that dogs, cats, and rabbits with an ASA
PS ≥III had an increased risk of anesthesia-related death
and development of severe intraoperative hypothermia
compared with those with an ASA PS <III. Nevertheless,
the classification still needs to be refined to decrease inter
and intra-raters variability. The outcome of anesthesia
depends sometimes on other factors than the ASA PS
status.
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Horses are susceptible to developing large areas of pulmonary atelectasis during

recumbency and anesthesia. The subsequent pulmonary shunt is responsible for

significant impairment of oxygenation. Since ventilation perfusion mismatch persists into

the post-operative period, hypoxemia remains an important concern in the recovery stall.

This case report describes the diagnosis and supportive therapy of persistent hypoxemia

in a 914 kg draft horse after isoflurane anesthesia. It highlights how challenging it can

be to deal with hypoxemia after disconnection from the anesthesia machine and how

life-threatening it can become if refractory to treatment. Furthermore, it stresses the point

on the interactions between hypoxemia and other factors, such as residual drug effects

and hypothermia, that should also be considered in the case of delayed recovery from

general anesthesia.

Keywords: horse, anesthesia, recovery, hypoxemia, estimated shunt fraction, hypothermia, residual drug effects

INTRODUCTION

A9-year-old Boulonnais gelding weighing 914 kgwas referred to the Equine Clinic of theUniversity
of Liege for transpalpebral enucleation of the left eye under general anesthesia. Preoperative
laboratory values including total protein, packed cell volume (PCV), total hemoglobin (tHb), total
and differential white blood cell count, serum creatinine, total and conjugated bilirubin, and gamma
glutamyl transpeptidase were within normal limits. Physical examination was unnoticeable unless
a mild tachypnoea (24 breaths/min), the patient was graded II according to the American Society
of Anesthesiologists physical status.

Food, but not water, was withheld for 10 h prior to surgery. Vitamin E acetate and sodium
selenite pentahydrate (VMD, Belgium; 6500mg and 130mg respectively), were administered IM
twice, the day before and the morning of the surgery. A 12-gauge intravenous catheter was placed
in the left jugular vein. Procaine penicillin (Kela, Belgium; 19.2M UI IM), gentamicin (Franklin
Pharmaceuticals, Ireland; 6 g IV), and acepromazine (Kela, Belgium; 90mg IM) were administered
120min before induction. Flunixin meglumine (Ecuphar, Belgium; 950mg IV) immediately
followed by xylazine (Prodivet Pharmaceuticals, Belgium; 480mg IV) were administered as
preanaesthetic medication. Anesthesia was induced with midazolam (Mylan, Belgium; 55mg IV)
and ketamine (Ecuphar, Belgium; 2 g IV) and the trachea was intubated with a 30mm cuffed
endotracheal tube (ETT) as soon as the patient was recumbent. The horse was positioned in
right lateral recumbency on a padded surface and conducted to the operating room where he was
connected to a rebreathing circuit.
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A 20-gauge catheter was placed in the left dorsal metatarsal
artery for continuous direct arterial pressure measurement
and repeated arterial blood sampling. Invasive arterial blood
pressure, pulse oximetry, electrocardiogram, inspired and
expired percentages of oxygen and isoflurane, inspired and
expired carbon dioxide partial pressures, airway pressure,
and flow-volume loops were continuously recorded using a
multiparameter monitor (Tafonius, Vetronics, UK). Arterial
partial pressure of oxygen (PaO2) and carbon dioxide (PaCO2),
pH, PCV, plasma electrolytes, arterial saturation of hemoglobin
(SaO2), tHb, oxyhemoglobin (O2Hb), carboxyhemoglobin, and
methemoglobin were measured with co-oxymetry (Cobas b 123,
Roche, Belgium).

Isoflurane (Zoetis, Belgium) was delivered in 100% oxygen
and its end-tidal percentage was maintained between 0.9 and
1.3%. Intermittent positive pressure ventilation (IPPV) was
provided during the whole procedure (Tafonius) to maintain
end-tidal carbon dioxide partial pressure between 35 and 45
mmHg (respiratory rate: 6–8 breaths/min, tidal volume: 9.5–
10 L, I:E ratio = 1:2 and maximum peak inspiratory pressure: 35
cmH2O). Retrobulbar nerve block was performed with 100mg
lidocaine (AstraZeneca, Belgium) and 100mg mepivacaine
(AstraZeneca, Belgium) and auriculopalpebral nerve block with
20mg lidocaine. Ketamine was administered three times as IV
bolus (300mg) to increase the anesthetic depth and morphine
(Sterop, Belgium; 90mg) was injected IV to control pain 82min
after induction. Partial intravenous anesthesia using ketamine
(1 mg/kg/h) and midazolam (0.02 mg/kg/h) was added 25min
after induction, lasted for 95min to be finished 80min before
the end of anesthesia. Lactated Ringer’s solution (Dechra, UK)
was infused during anesthesia at a rate of 5.6 ml/kg/h. Standard
transpalpebral enucleation of the left eye was completed within
150min and the total anesthesia time was 200min.

Heart rate was comprised between 35 and 45 beats/min.
Systolic, mean and diastolic arterial blood pressures ranged
between 85 and 120, 65 and 95, and 50 and 85 mmHg,
respectively. The first arterial blood gas revealed mild hypoxemia
(PaO2 64 mmHg). Salbutamol (Sandoz, Belgium; 1.9mg)
was administered through the ETT with a metered-dose
inhaler 37min after induction. However, the second arterial
blood sample showed only a small improvement (PaO2

73 mmHg). Therefore, an alveolar recruitment maneuver
(ARM) was performed 47min after induction. Practically,
it consisted in interrupting IPPV during inspiratory phase
and applying a continuous positive airway pressure (CPAP)
of 50 cmH2O during 45 s. Afterwards, IPPV was resumed
and a positive end-expiratory pressure (PEEP) of 10 cmH2O
was maintained until the end of the procedure. Ulterior
arterial blood samples showed a progressive improvement
and hypoxemia was solved (PaO2 80, 103, 153, and 203
mmHg at 3, 34, 61, and 90min post-recruitment maneuver,
respectively). Data from blood gas analysis are displayed in
Table 1.

At the end of surgery, the horse was placed in right
lateral recumbency in a rubber floored and heavily padded
recovery stall. The ETT was secured and oxygen (15 L/min) was
administered through it. The horse became extremely agitated

5min after isoflurane discontinuation and needed to be sedated
nine times with xylazine (total dose: 930mg IV) and butorphanol
(Ecuphar, Austria; 20mg IV) to avoid self-inflicted traumas. The
trachea was extubated 70min after the end of anesthesia. Because
of snoring, 10ml of a solution of 0.5% phenylephrine (Bausch
and Lomb, Belgium) was instilled in each nostril, a 16mm
nasopharyngeal tube was inserted through the left nostril and
oxygen therapy was continued. He removed the nasopharyngeal
tube during one of his violent uncoordinated movements but,
because he was not snoring anymore, the oxygen hose (15 L/min)
was placed directly in the nose to the pharynx and maintained in
place whenever it was possible. Following the nine unsuccessful
attempts to sedate the horse with xylazine, and as he was still
not standing at that time, acepromazine was administered (50mg
IV), providing light but longer sedation (Figure 1).

Supportive therapy was started in the recovery stall as the
recovery period exceeded 180min. It consisted in fluid therapy
with lactated Ringer’s solution (11 ml/kg/h) supplemented
with calcium gluconate (Dechra, Belgium), magnesium sulfate
(Sterop, Belgium), and potassium chloride (Braun, Germany).
Alternatively, sodium chloride 0.9% (Aguettant, Belgium) was
infused according to plasma electrolytes measurement (sodium
137.2 mmol/l; chloride 98.6 mmol/l). Furthermore, nutrition
support was provided with glucose 50% (Baxter, Belgium;
2mg/kg/min). Inotropic support with dobutamine (Mylan,
Belgium; 1 µg/kg/min) was also added as the pulse was
weak. Analgesia was provided with morphine (90mg IM)
TID and flunixin meglumine (950mg IV) BID. The horse
was also given a single dose of dexamethasone (Eurovet,
Holland; 92mg IV) 285min after isoflurane discontinuation.
Regular physical examinations were performed: the pulse
became stronger after fluid therapy and inotropic support
were initiated. Mucosa were pink and refill capillary time was
prolonged up to 4 s. He presented tachycardia (50–64 beats/min)
with arrhythmias and mild tachypnoea (22–28 breaths/min).
Hypothermia, up to 33.4◦C, was efficiently treated by covering
him with blankets. Furthermore, he showed nystagmus and
an obtunded pupillary light reflex. As the recovery period
abnormally prolonged, concern was raised about generalized
post-anaesthetic myopathy. However, the soft and non-painful
muscle palpation, the normal gross appearance of urine and
serum creatine kinase levels (Table 1) did not advocate for this
condition.

A sling was put on the horse 8.5 h after entering the
recovery stall, in addition to head and tail ropes, which
were attached from the beginning, to lift him up with the
hoist. Unfortunately, we did not manage to get him to
standing position after having tried several times. Because
he was very agitated and heavy, we also failed to change
recumbency and he spent 14.5 h (including surgery) in right
lateral recumbency. At 11 h after anesthesia, he managed to
get and stay intermittently in sternal recumbency. Twenty-nine
hours after the end of anesthesia, the horse finally stood up
without any assistance. The right front leg was painful and
he could not bear any weight on it, he kept standing for
90min before lying down again. The horse finally stood up 5 h
later and he was moved out of the recovery stall. The likely
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TABLE 1 | Peripheral arterial and venous blood samples analyzed during anesthesia (A), when recumbent during recovery (R) and after standing (S).

Time A/R/S Patm FiO2 pH Hba PaO2 SaO2 PaCO2 PvO2 SvO2 PvCO2 Lact CK PAO2 F-shunte

31min A 742.6 0.66 7.396 10.5 64.3 94.2 49.3 / / / / / 397.5 35

42min

(after

salbutamol)

A 742.7 0.71 7.380 9.3 73.0 96.0 44.9 / / / / / 437.8 32

50min

(after ARM)

A 742.8 0.80 7.379 9.9 79.7 96.6 49.8 / / / / / 494.4 33

1 h 21min A 742.7 0.82 7.361 10.5 103.3 98.0 51.0 / / / / / 506.7 31

1 h 48min A 742.7 0.84 7.364 9.8 153.1 98.8 52.0 / / / / / 519.4 27

2 h 17min A 742.8 0.85 7.384 9.7 203.4 98.9 51.7 / / / / / 526.8 25

5 h 42min R 742.0 0.30 7.501 / 40.5 / 36.4 / / / / / 163.0 /

5 h 46min R 741.8 0.30 7.441 / / / / 20.7 40.2 47.7 4.2 787 / /

10 h 38min R 741.8 0.30 7.401 13.2 48.1 84.9 46.0 / / / 3.2 / 150.9 46

13 h 27min R 742.0 0.30 7.377 12.8 57.2 91.0 44.1 / / / / / 153.4 35

21 h 36min R 740.7 0.21 7.340 / / / / 25.5 43.0 51.4 2.8 / / /

23 h 15min R 740.9 0.21 7.386 13.4 46.7 85.8 39.8 / / / / / 96.0 44

27 h 27min R 740.8 0.30 7.401 / 61.6 / 34.1 / / / / 13,000 165.5 /

34 h 44min R (after

S)

741.8 0.21 7.424 11.3 49.0 89.0 41.2 / / / 3.8 / 94.4 34

45 h 59min S 743.4 0.21 7.454 11.8 38.1 78.6 41.2 / / / 0.9 3,788 94.7 51

Patm, atmospheric pressure (mmHg); FiO2, inspired oxygen fraction (mmHg); Hba, arterial hemoglobin concentration (g/dl); PaO2, arterial oxygen partial pressure (mmHg); SaO2, arterial

hemoglobin oxygen saturation (%); PaCO2, arterial carbon dioxide partial pressure (mmHg); PvO2, venous oxygen partial pressure (mmHg); SvO2, venous hemoglobin oxygen saturation

(%); PvCO2, venous carbon dioxide partial pressure (mmHg); Lact, lactates (mmol/L); CK, creatine kinase (UI/L); PAO2, alveolar oxygen partial pressure (mmHg); F-shunte, estimated

shunt fraction (%); ARM, alveolar recruitment maneuver.

PAO2 = FiO2*(PAtm− PH2O)]− (PaCO2/0.8).

F − shunte =

{

[(

1, 36*Hba*
(

1− SaO2

))

+
(

0, 0031*
(

PAO2 − PaO2

))]

[

1, 36*Hba*
(

1− SaO2

))

+
(

0, 0031*
(

PAO2 − PaO2

))

+ 3, 5
]

}

*100.

radial neuropathy and/or triceps myopathy were treated by
administering acepromazine (46mg IM) TID, morphine (90mg
IM) TID, ketamine (460mg IM) QID and flunixin meglumine
(950mg IV) BID. Low molecular weight heparin (Sanofi,
Belgium; 150mg) was administered SC SID and supportive hoof
bandages were placed on both front legs to prevent laminitis.
Moreover, the horse presented paralysis and distortion of the
nose and lips to the right side, most likely due to paralysis of
the buccal branch of the right facial nerve, which spontaneously
returned to normal upon discharge. Furthermore, the horse
developed a surgical wound dehiscence due to infection, which
successfully healed after a second surgery under standing
sedation.

BACKGROUND

Perioperative Respiratory Complications
Horses are susceptible to quickly developing large areas of
atelectasis and a consequent large pulmonary shunt causing
significant impairment of gas exchange during recumbency and
anesthesia (1–4). Pulmonary shunt has been estimated at 1%
in standing horses, extending to 19%, and 33% in anesthetized
laterally and dorsally recumbent horses, respectively (5, 6).

Compression atelectasis is the major type of atelectasis in
anesthetized horses (6). Recumbency changes distribution of
ventilation by reducing lung volume and altering the pleural

pressure gradient to such an extent that the peripheral airways
close in the dependent regions of the lung where closing volume
exceeds functional residual capacity (2, 5). Body weight and body
shape both influence PaO2 and alveolar arterial oxygen gradient
(Aa gradient). Indeed, light-weight animals which are tall with
large thoracic circumference and flat belly better maintain
oxygenation (7–9).

Moreover, characteristics of the pulmonary artery in
the caudodorsal regions of the lung alter the hypoxic
vasoconstrictive response to alveolar hypoxia, leading to
preferential caudodorsal lung perfusion and larger ventilation
perfusion mismatch regardless of the posture (3, 10, 11). In
addition, most anesthetics, and particularly inhalants, deeply
reduce or even abolish hypoxic vasoconstriction and flow
redistribution (12).

Consequently, there can be prolonged periods of hypoxemia
during general anesthesia in horses (4, 13–16).

Since ventilation perfusion (V/Q) mismatch persists
into the postoperative period (17), hypoxemia remains an
important concern in the early recovery period, especially when
breathing room air reduces the inspired oxygen fraction (FiO2),
requiring vigilant monitoring and oxygen supplementation (18).
Nasotracheal insufflation of oxygen at a flow rate of at least
15 L/min immediately after disconnection from the anesthesia

machine efficiently improves PaO2 and relieves hypoxemia in
the recovering horse (18). Furthermore, horses auto-recruit
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FIGURE 1 | Time line of the main events that happened during recovery. RL, right lateral.

their lungs by inspiratory breath holding following recovery
from general anesthesia, possibly reflecting a compensatory
mechanism to counteract persistent atelectasis (19).

Residual Drug Effects
Ketamine infusion is commonly used to balance inhalational
anesthesia and midazolam infusion is frequently added to reduce
the central excitatory effects of ketamine (20). Nevertheless,
common concerns are often raised about their negative influence
on recovery quality after prolonged infusion and the difficulty to
predict the pharmacokinetics and pharmacodynamics of drugs
combinations.

The pharmacokinetics of midazolam has only been described
in conscious horses (21). Redistribution is responsible for the
termination of its clinical effect and accumulation in peripheral
compartment is highly probable.

Two studies described the pharmacokinetics of racemic
ketamine after infusion in conscious horses (22, 23). They
both mentioned that the pharmacokinetics of ketamine after
infusion was different from those described after single bolus.
Moreover, both studies stressed the point that premedication
or concurrent administration of inhalants or other anesthetics
were known to influence the pharmacokinetics of ketamine.
Ketamine undergoes rapid metabolism to norketamine, whose
redistribution and metabolism are slower than for parent drug.

Nevertheless, the contribution of ketamine’s metabolite to its
pharmacological effects is unknown in the horse.

Intraoperative administration of ketamine has been shown
to be a significant predictor of faster recovery time, indicating
that these horses were kept at a lighter plane of anesthesia, and
consequently had less isoflurane accumulation (24).

Inadvertent Perioperative Hypothermia
Several studies reported that hypothermia prolong time to
standing in horses (24–26).

Drug metabolism relies on enzymatic reactions that may be
altered by hypothermia. Hypothermia can therefore prolong
recovery time (27).

DISCUSSION

Perioperative Respiratory Complications
Assessment of Oxygenation

Diagnostic tools
Usually, clinical assessment is sufficient to monitor most
recoveries. However, different indices have been described to
assess oxygenation. Venous admixture (Qs/Qt) is the most
accurate but requires mixed venous blood collected from the
pulmonary artery. Estimated shunt fraction (F-shunte) is a
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content-based index that is calculated from peripheral arterial
blood and has the best agreement with Qs/Qt (28).

Perioperative hypoxemia and atelectasis
Arterial blood gas analysis revealed mild hypoxemia at the
beginning of the anesthesia period (PaO2 64 mmHg). Inhalation
of salbutamol and ARM followed by PEEP reverted hypoxemia
(PaO2 up to 203 mmHg at the end of the anesthesia period).
During anesthesia, F-shunte lay between 25 and 35%. In
the recovery stall, PaO2 was between 41 and 62 mmHg,
corresponding to mild to moderate hypoxemia, and F-shunte
lay between 34 and 46% (Table 1). These calculated values of
shunt percentage were largely superior to the expected value of
19% in anesthetized laterally recumbent horses (5, 6), suggesting
a large pulmonary shunt responsible for hypoxemia in that
horse. Moreover, PaO2 10 h after standing was 38 mmHg,
corresponding to severe hypoxemia and F-shunte was 51%.

Prevention and Treatment of Hypoxemia

Oxygen supplementation
These measurements showed that, despite oxygen insufflation
immediately after disconnection from the anesthesia machine,
hypoxemia developed during recovery. Administering oxygen
in ETT creates a combination of room air and oxygen leading
to FiO2 between 30 and 70% (29). The further distal in the
airway oxygen is delivered, the greater the increase in FiO2 for
a particular oxygen flow rate (29). However, the horse could not
bear the nasopharyngeal tube and was sometimes so agitated
that the anesthetist did not manage to maintain the oxygen
hose in his nose continuously, preventing from proper oxygen
insufflation. Furthermore, the degree of improvement in PaO2

depends on the increment in FiO2 and on the degree of V/Q
mismatch (29). Nevertheless, increasing FiO2 during anesthesia
is generally unsuccessful in correcting hypoxemia since much of
the impairment in gas exchange results directly from shunt (30).
Unfortunately, we did not measure the real FiO2 during recovery
and considered 30% for F-shunte calculation, which might be a
potential source of imprecision.

Lung recruitment
Open lung concept consists in, first, applying a high PIP to
reinflate atelectatic lungs, which is also referred as ARM, and,
second, maintaining a PEEP to prevent re-collapse. Indeed,
once a critical amount of atelectasis is present in the equine
lung, it is difficult to recruit that portion of the lung using
traditional ventilation strategies (29) and PIP of up to 80 cmH2O
and PEEP of up to 30 cmH2O are required (31–36). Two
strategies are commonly used: either a stepwise incremental and
decremental PIP and PEEP titration; or a sustained high-pressure
maneuver followed by a predetermined PEEP. Although high
airway pressures inevitably induce cardiovascular and pulmonary
side effects, the first technique may present two main advantages:
first, by allowing the cardiovascular system to better adapt to
higher intrathoracic pressures; and second, by using the lowest
PEEP required to keep recruited alveoli open (32, 34, 35, 37, 38).
Optimal PEEP for each patient is best titrated by monitoring
PaO2 or the compliance of the dependent lung assessed by

electrical impedance tomography (35). Despite that the sustained
high-pressure ARM followed by predetermined PEEP used in this
case resulted in reduction of pulmonary shunt and resolution of
hypoxemia, these improvements did not extend in the recovery
period. These observations suggested re-collapse as soon as
positive airway pressure is lost, which is conflicting with studies
reporting applications of modified open lung concept techniques.
It is technically difficult to provide PEEP after disconnection, but,
in theory, it may have limited de-recruitment (32, 33, 36, 37).

Auto-recruitment
It has been reported that horses auto-recruit their lungs
by inspiratory breath holding until 5 h after standing (19).
Nevertheless, this seemed not to be the case for this horse because
pulmonary shunt and hypoxemia worsened after standing for
10 h. The reason why he did not manage to recruit his lungs is
not clear. Obviously, the horse did not present a clinical picture
compatible with a severe lung pathology such as pulmonary
edema, pneumothorax, or pulmonary embolism. However, gene
expression quantification has shown that mechanical ventilation,
either IPPV (PIP of 20 cmH2O) or stepwise ARM combined
with PEEP (PIP of up to 60 cmH2O and PEEP of 20 cmH2O),
might be responsible for an early inflammatory state in the
lungs. Indeed, these ventilation strategies both increased markers
possibly associated with lung injuries without being related to any
histological lesion nor any modification of total and differential
cell counts in bronchoalveolar lavage fluid (39). Therefore, we
cannot exclude that the ventilation strategy applied to this horse,
and combining IPPV (PIP of up to 35 cmH2O) and sustained
high-pressure ARM followed by predetermined PEEP (CPAP of
50 cmH2O and PEEP of 10 cmH2O), might not have caused
alterations in the lungs that prevent from auto-recruitment.

Moreover, the higher weight of that draft horse might have
played a role as for example prolonged atelectasis has been
demonstrated in morbidly obese patients (40).

Body weight
As body weight and body shape both influence PaO2 and Aa
gradient (7–9), body weight might have played a role in the
development of atelectasis, compression atelectasis being the
major type of atelectasis in anesthetized horses (6).

Duration of anesthesia
Duration of anesthesia is known to influence the incidence
of episodes of hypoxemia in humans (41, 42). The total
anesthesia time was 200min, which is much more than usual
for transpalpebral enucleation and might have contributed to
hypoxemia.

Anaesthetics
Anaesthetics may alter cardiorespiratory function and therefore
negatively influence gas exchange. However, morphine
and butorphanol have not produced clinically significant
cardiorespiratory impairments, maintaining PaO2 (43, 44).
Similarly, acepromazine has improved arterial oxygenation by
reducing V/Q disturbance and fall in PaO2 associated with
general anesthesia (45).
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Hypoxemia-Related Postoperative Complications

Delayed recovery
Inhalants attenuate autoregulation of cerebral blood flow (46).
Inhalants and hypoxemia can be involved in brain injury
and consequent altered cognition (47), potentially explaining
nystagmus and obtunded pupillary light reflex. They might
therefore affect recovery quality. However, hypoxemia is
aggravated by repeated attempts to stand (48). Moreover,
hypoxemia reduces the strength of muscle contraction (49). In
that case, reduced cardiac output, probably added to hypoxemia,
led to further decrease in tissue oxygen delivery. Indeed, pulse
became stronger after initiation of supportive therapy, suggesting
improvement in circulatory function.

Residual Drug Effects
The use of midazolam (loading dose 0.04 mg/kg and infusion
rate 0.02 mg/kg/h) and ketamine (loading dose 2.5 mg/kg and
infusion rate 1 mg/kg/h) in sevoflurane-anesthetized horses
has been described (50). All horses recovered satisfactorily but
showed mild ataxia for 15–20min, probably due to midazolam.
As doses that we used were comparable to those described in
this study; and as infusion lasted for a shorter duration (95 vs.
126–190min) and was discontinued well before switching off
inhalant (80 vs. 0min), it is less likely that neither midazolam nor
ketamine prevented our horse from standing.

Some studies described ketamine infusions in halothane-
anesthetized horses (51–53), using loading doses ranging from
2.2 to 2.4 mg/kg and infusion rates from 2.0 to 2.8 mg/kg/h. All
recoveries were considered acceptable and comparable of those
observed with halothane only. We used comparable loading dose
but our infusion rate was two to almost three times less than that
described in these studies. Furthermore, the maximum infusion
time was shorter (95 vs. 127min) and it was stopped much more
ealier than inhalant (80 vs. 0–15min). Consequently, it is less
likely that ketamine might have interfere with recovery in our
case.

Although its pharmacological activity has not been described
yet in horses, norketamine accumulation is still a concern. Its
implication in the nystagmus and the obtunded pupillary light
reflex that we observed can not be ruled out.

Inadvertent Perioperative Hypothermia
Hypothermia might be partly responsible for prolonged
recovery. Indeed, it may play a part in midazolam and ketamine

accumulation by reducing their metabolism. Moreover,
by reducing baroreceptor function and cardiomyocytes
contractility, hypothermia may be involved in the low cardiac
output suspected in our case as well as in the cardiac arrhythmias
that we noticed (54, 55). Furthermore, it may decrease central
nervous system function and alter cerebral perfusion, potentially
leading to the altered cognition that we observed (56). In
addition, hypothermia and consequent shivering might have
worsened hypoxemia by greatly increasing oxygen consumption.
In our case, body temperature should have been more closely
monitored during anesthesia and recovery; and hypothermia
should have been aggressively treated as soon as it appeared.

CONCLUDING REMARKS

When facing complicated recovery, all the potentially
contributing factors should always be contemplated. In this
case, hypoxemia, residual drug effects, and hypothermia are
three relevant factors that might have prolonged the period
of time elapsed before the horse stood up. Indeed, although
hypoxemia is a common complication in equine anesthesia and
should be considered, residual drug effects and hypothermia
should not be misregarded as they might have been responsible
for rough recovery even without hypoxemia.
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Do the Manual or
Computer-Controlled Flowmeters
Generate Similar Isoflurane
Concentrations in Tafonius?
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1 Bristol Veterinary School, University of Bristol, Bristol, United Kingdom, 2 Section of Anaesthesiology and Pain Therapy,
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Introduction: Tafonius is an anesthesia machine with computer-controlled monitor and

ventilator. We compared the isoflurane fluctuations in the circuit with manual (MF) or

computer-driven (CF) flowmeters, investigated the origin of the differences and assessed

whether isoflurane concentration time course followed a one-compartment model.

Material and Methods: A calibrated TEC-3 isoflurane vaporizer was used. Gas

composition and flows were measured using a multiparametric monitor and a digital

flowmeter. Measurements included: (1) Effects of various FiO2 with MF/CF on the

isoflurane fraction changes in the breathing system during mechanical ventilation of a

lung model; wash-in kinetic was fitted to a compartmental model; (2) Gas outflow at

the common gas outlet (CGO) with MF/CF at different FiO2; (3) Isoflurane output of

the vaporizer at various dial settings with MF/CF set at different flows without and with

reduction of the CGO diameter.

Results: (1) The 3% targeted isoflurane concentration was not reached; additional time

was required to reach specific concentrations with CF (lowest FiO2, longer time). The

exponential course fitted a two-compartment model; (2) Set and measured flows were

identical with MF. With CF at 0.21 FiO2, flow was intermittently 7.6 L min−1 or zero (mean

total: 38% of the set flow); with CF at 1.00 FiO2, flow was 10.6 L min−1 or zero (mean:

4–5.3 L min−1); with 0.21 < FiO2 < 1.00, combined flow was intermittent (maximum

output: 15.6 L min−1); (3) With MF, isoflurane output was matching dial setting at 5 L

min−1 but was lower at higher flows; with CF generating intermittent flows, isoflurane

output was fluctuating. With the 4mm diameter CGO, isoflurane concentration was close

to dial setting with both MF and CF. With a 14G CGO, isoflurane concentration was lower

than dial setting with MF, higher with CF.

Conclusions and Clinical Relevance: Using MF or CF led to different isoflurane

fraction time course in Tafonius. Flows were lower than set with CF; the TEC-3

did not compensate for high/intermittent flows and pressures; the CGO diameter

influenced isoflurane output.

Keywords: anesthesia, flowmeter, horses, Tafonius, TEC 3, vaporizer, ventilator, veterinary
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INTRODUCTION

Tafonius (Hallowell EMC and Vetronic Services LTD, UK) is
a large animal anesthesia machine with integral computer-
controlled monitor and ventilator. Although fresh gas flow (FGF)
into the breathing system is conventionally controlled by a
manually-driven flowmeter (MF), a computer-driven flowmeter
(CF) can be used as an alternative. This feature is particularly
useful to administer oxygen-air admixtures in versions of the
machine fitted with an oxygen (O2) and nitrous oxide (N2O)
manual flowmeters but nomedical air flowmeter.When using the
CF, the user sets the targeted inspired oxygen fraction (FiO2) and
the total FGF. In an attempt to deliver the desired gas mixture,
oxygen (O2) from the pipeline or cylinder supply is blended with
room air pumped into the anesthetic machine. The data from
the gas measurement module attached to the anesthetic machine
is used by the computer to determine the required flows of air
and/or O2 into the system.

Delivery of inaccurate amounts of volatile agents during
equine anesthesia can represent a serious safety concern.
Insufficient volatile concentrations might lead to movements
or awaking of anesthetized horses; excessive concentrations
might result in cardiovascular and respiratory complications,
prolonged and poor recoveries. Based on personal experience
in anesthetized horses, the authors noticed that using the CF
instead of the MF altered the inspired volatile agent fraction
reached and on the time required to reach similar fractions. It
was hypothetized that, at similar FGF settings, changes in time of
volatile agent fraction in the breathing system would be different
betweenMF and CF. The aim of this bench study was to compare
the isoflurane fraction fluctuations in the Tafonius anesthetic
machine when using the MF or CF and investigate the origin
of the differences observed. Wash-in and wash-out kinetics of
isoflurane in a breathing system have been described to follow
a one-compartment model and are characterized by the time
constant (1). The present study also aimed to investigate whether
the isoflurane time course followed this assumption with the
Tafonius anesthetic machine.

MATERIALS AND METHODS

Equipment
Tafonius 07 (Hallowell EMC andVetronic Services LTD, UK) was
used in this study. Oxygen and N2O (but no medical air) manual
flowmeters were present on this version of the machine. The
machine had been serviced and calibrated the week before the
experiment. A recently serviced and calibrated Datex-Ohmeda
TEC-3 isoflurane vaporizer was fitted onto the backbar. Prior
to each experimental procedure the anesthetic machine was
connected to the hospitals piped O2 supply and isoflurane added
to the vaporizer until the fill gauge was at the recommended
maximum level. The anesthetic machine was switched on, the
piston zeroed and the automatic leak and compliance check
ran following the manufacturer’s instructions. The buffer value
for the ventilator setting of the Tafonius was set at 15 L. The
total volume of the breathing system was calculated to be 28 L
(manufacturer’s information: breathing tubes [6 L], down-pipes
and area above the soda-lime [7 L], and buffer volume [15 L]).

In addition to the monitoring unit of the Tafonius, a Datex-
Ohmeda S/5 anesthetic monitor was used throughout the study
to measure fractions of O2 (FiO2, FE′O2) and isoflurane (FiISO,
FE′ ISO) within the breathing system (mean sampling rate of
150mL min−1; the extracted volume was not redirected to
the breathing system). Before each experiment, this monitor’s
gas module was calibrated using a calibration gas (Quick Cal
Calibration gas, Ref: 755583-HEL [CO2 5.00%, O2 55.0%, N2O
33.0%, Desflurane 2.00%] GE Healthcare, Helsinki, Finland)
according to the manufacturer’s recommendations.

Phase 1: Effects of Various FiO2 Settings
on the Isoflurane Fraction in the Breathing
System During Mechanical Ventilation of a
Lung Model
The breathing system was connected to an artificial lung
constructed from a rubber reservoir bag (with a volume of 12 L
including tubing) within a closed transparent plastic cylinder.
This unit was the “bag in bottle” assembly of another large
animal ventilator (Dräger Large Animal ventilator; Dräger, UK).
Small amount of foam padding was placed within the cylinder
to reproduce lung compliance. The artificial lung was connected
to the Y-piece of the breathing system. Absence of leak under
pressure up to 40 cm H2O was checked after assembling the
device (manually before connection to Tafonius). Controlled
mechanical ventilation was applied (tidal volume: 4 L; respiratory
rate: 6 breaths per minute; I:E ratio: 1:3). Peak inspiratory
pressure was 35 cm H2O. All gas measurements were taken from
the gas sampling port of the Y-piece of the breathing system
through a three-way tap allowing simultaneous sampling for the
monitoring unit of the Tafonius and for the Datex gas module.

Step 1a: Effect of FiO2 and Fresh Gas Flow (FGF) on

the Rise (0–3%) of Isoflurane Fraction (FE′ ISO)
At the beginning of each step the isoflurane vaporizer was off,
and both the breathing system and the artificial lung were pre-
filled with the admixture of gases (O2 and air) until the FE′O2

being tested remained unchanged for 15min. The vaporizer dial
was then turned on 3%, and isoflurane and O2 partial pressures
measured in the breathing system were manually recorded every
minute for 90min or until FE′ ISO remained unchanged for
15min. The order of experiments was: (1) FiO2 1.00, MF 5 L
min−1; (2) FiO2 1.00, CF 5 L min−1; (3) FiO2 0.21, CF 5 L min−1;
(4) FiO2 0.40, CF 5 L min−1; (5) FiO2 0.40, CF 10 L min−1; (6)
FiO2 0.70, CF 5 L min−1.

Step 1b: Effect of FiO2 on the Reduction (3–1%) of

Isoflurane Fraction (FE′ ISO)
At the beginning of each test the isoflurane vaporizer dial was set
on 3%, and both the breathing system and the artificial lung were
pre-filled with the admixture of gases (O2 and air) until the FE′O2

being tested remained unchanged for 15min. The vaporizer dial
was then turned on 1%, and isoflurane and O2 partial pressures
measured in the breathing system were manually recorded every
minute for 90min or until FE′ ISO remained unchanged for
15min. The order of experiments was: (1) FiO2 1.00, MF 5 L
min−1; (2) FiO2 1.00, CF 5 L min−1; (3) FiO2 0.40, CF 5 L min−1;
(4) FiO2 0.70, CF 5 L min−1.
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For steps 1a and 1b, the difference for the time required to
reach a target concentration between MF (as reference) and CF
(at different FiO2) is calculated as a mean of comparison.

Step 1c: Comparison of Isoflurane Time Course to

One-Compartmental Model
The time course of the isoflurane concentration (FE′ ISO) during
the previous steps was fitted to a pharmacokinetic compartmental
model (Phoenix 8.1, Certara USA Inc.), and compared to the
ideal behavior of a one-compartmental model for a volume of
distribution of 40 L (28 L of the breathing system + 12 L of the
lung simulator) and a clearance equal to the input.

Step 1d: Effect of FiO2 Changes on the Stability of

the Isoflurane Fraction in the Breathing System Using

the CF
The system was filled with O2 (FiO2 1.0, MF 10 L min−1) and
isoflurane (set at 3% on the vaporizer) until FE′O2 and FE′ ISO
remained unchanged for 15min. MF was switched off, CF turned
on at 5 L min−1, and FE′ ISO recorded every minute for 15min.
Afterwards, FiO2 was decreased stepwise to 0.8, 0.6, and 0.4, and
then re-increased to 0.6, 0.8, and 1.00. At each FiO2, FE′ ISO was
recorded every minute until the targeted FE′O2 was reached and
remained unchanged for 15min, before moving to the next step.

Phase 2: Measurements of the Gas
Outflow at the Common Gas Outlet With
MF or CF Set at Different FiO2
Gas flows were measured with a calibrated portable digital
flowmeter (PFM 100 Flow Meter, manufactured by Rusz
Instruments Inc. Pittsfield, Massachusetts, USA) connected at
the common gas outlet (CGO). Investigated gas (O2 or air) was
selected on the digital flowmeter to allow accuratemeasurements.

Step 2a: Measurements of the Gas Outflow at the

Common Gas Outlet With MF (FiO2 = 1.0) Across a

Range of Flow Settings
TheMF was set over a wide range of FGF: 0.5 and 1 L min−1 then
up to 10 L min−1 by 1 L min−1 increments.

Step 2b: Measurements of the Gas Outflow at the

Common Gas Outlet With CF Set at Different FiO2,

Across a Range of Flow Settings
When the CF is used, both the O2 flow and the air intake pump
(for FiO2 < 1.0) are intermittent. This intermittent functioning
is audible and can be recorded.

The average gas outflow generated by the CF over a range of
flow settings (5, 10, 15, and 20 L min−1) was calculated at FiO2 =

1.0 (only O2) and FiO2 = 0.21 (only air). For each setting (FGF,
FiO2), the delivered gas outflow was measured continuously over
2min, as well as the duration of pump functioning. Combination
of these two values provided the average gas outflow (L min−1).

Phase 3: Measurements of the Isoflurane
Output of the TEC-3 Vaporizer at Different
Dial Settings (0.5–5%), With MF or CF (set
at FiO2 of 0.21 or 1) and Across a Range of
Flow Settings (5–20 L min−1)
The CGO (4mm. internal diameter) was connected to a 22mm
scavenging corrugated hose.

Step 3a:
The scavenging corrugated hose was directed to a F/air canister
for waste anesthetic gases (Hanna pharmaceuticals, UK) and the
vaporizer dial was successively turned on 0.5-1-1.5-2-2.5-3-3.5-4-
4.5-5% and the isoflurane output measured at (1) FiO2 1.00, MF
5–10 L min−1; (2) FiO2 1.00, CF 5-10-15-20 L min−1; (3) FiO2

0.21, CF 5-10-15-20 L min−1. The isoflurane output (FE′ ISO) was
measured by the gas analyser with the sampling line attached
to a 20G needle inserted through the corrugated hose close to
the CGO.

Step 3b:
An average isoflurane output was measured by collecting
the outflow for 4min within a 30 L rubber bag instead of
the absorption canister, and measuring its final isoflurane
concentration. This was performed at 5 L min−1 with: (1) MF,
FiO2 1.00; (2) CF, FiO2 1.00; (3) CF, FiO2 0.21.

Thesemeasurements were repeated with a connector reducing
internal diameter by introducing and sealing a 14G needle in the
CGO before the corrugated tube.

The figure 1 summarizes the different steps of
the investigations.

STATISTICAL ANALYSIS

Each experiment was conducted only once so statistical analysis
were not performed. Phoenix 8.1, Certara USA Inc. was
used for the pharmacokinetics modeling. For the graphical
representations of the additional time required to reach a specific
isoflurane concentration at different settings, SigmaPlot for
Windows 13.0, Systat Software Inc, CA, USA was used.

RESULTS

Phase 1: Effects of Various FiO2 Settings
on the Isoflurane Fraction in the Breathing
System During Mechanical Ventilation of a
Lung Model
Step 1a and Step 1b
The time difference between MF and CF (at different FiO2) in
order to reach a target concentration obtained from steps 1a and
1c is presented in Figure 2 (SigmaPlot for Windows 13.0, Systat
Software Inc, CA, USA).

Step 1c
The time course obtained with MF differed from the ideal one-
compartment model (Vd = 40 L, ke = 0.125 min−1, τ = 8min,
Cl = 5 L min−1). The targeted isoflurane concentration (3%)
was not reached requiring a higher elimination constant (ke =
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FIGURE 1 | Steps of investigation of the manual or computer-driven flowmeters’ different performance on isoflurane changes in Tafonius.

FIGURE 2 | Additional time (minutes) required to reach a specific isoflurane concentration in the breathing system of the Tafonius anesthesia machine during

mechanical ventilation of a lung model (bag in a bottle) with a computer-driven flowmeter (CF) at different settings, compared to the use of a manual flowmeter at 5 L

minute−1. (A) Isoflurane increase from 0 to 3% (dial setting of a calibrated TEC 3 vaporizer). (B) Isoflurane decrease from 2.7 to 1%.

0.138 min−1, τ = 7.25min, Cl= 5.52 L min−1). The exponential
course fitted better a model including two rather than one
compartment (Figure 3).

Step 1d
Changes in FiO2 had no effect on the steady isoflurane partial
pressure in the breathing system.
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FIGURE 3 | Predicted isoflurane time course to increase from 0 to 3% at 5 L

min−1 following a one-compartmental model of 40 L and an elimination of 5 L

min−1 (Ideal model), with an elimination of 5.52 L min−1 (Ideal, higher Cl), and

with a 2-compartments model of 40 L and an elimination of 5.52 L min−1

(Ideal, 2 compartments), compared to the observed time course (Observed

model).

TABLE 1 | Calculation of the mean fresh gas flows (FGF) at the common gas

outlet of the Tafonius anesthesia machine with the computer-controlled flowmeter

(CF) set at different FiO2 and FGF based on outflow measurements, frequency,

and duration of the air or O2 intakes.

FiO2 FGF (L

minute−1)

Number of

air/O2 intakes

over 120 s

Approximative duration

(seconds) of air/O2

intakes over 120 s

Calculated

mean FGF (L

minute−1)

0.21 5 12 30 1.9

10 12 60 3.8

15 12 90 5.7

20 1 120 7.6

1 5 12 45 4.0

10 10 50 4.4

15 12 55 4.9

20 12 60 5.3

Phase 2: Measurements of the Gas
Outflow at the Common Gas Outlet With
MF or CF Set at Different FiO2
Step 2a: Measurements of the Gas Outflow at the

Common Gas Outlet With MF (FiO2 = 1.0) Across a

Range of Flow Settings
Set and measured flows were identical when the MF was used.

Step 2b: Measurements of the Gas Outflow at the

Common Gas Outlet With CF set at Different FiO2,

Across a Range of Flow Settings
With CF at FiO2 of 0.21 (delivering only air), the air outflow was
intermittently 7.6 L min−1 or none. Based on recorded durations
and frequencies (Table 1), the mean total flow was 38% of the set
flow, reaching continuous flow (7.6 L min−1) for a set FGF of 20
L min−1.

With CF at FiO2 of 1.00 (delivering only O2), the O2 outflow
was intermittently 10.6 L min−1 or none. Based on recorded
durations and frequencies (Table 1), the mean total flow was
between 4 and 5.3 L min−1, varying mildly with the set FGF and
never reaching continuous flow.

With CF at 0.21 < FiO2 < 1.00 (mixing air and O2), the
combined outflow was intermittent with a maximum output of
15.6 L min−1.

Phase 3: Measurements of the Isoflurane
Output of the TEC-3 Vaporizer at Different
Dial Settings (0.5–5%), With MF or CF (set
at FiO2 of 0.21 or 1.0) and Across a Range
of Flow Settings (5 to 20 L min−1)
WithMF, the isoflurane output of the vaporizer was matching the
dial setting at 5 L min−1 and 76.6% (± 0.06) of it at 10 L min−1.

With CF set at 20 L min−1 for FiO2 of 0.21 (continuous FGF
of 7.6 L min−1), the isoflurane output of the vaporizer was 87.9%
(± 0.03) of it.

For other settings of CF, the intermittent flow generated a
fluctuating vaporizer output with a rapid sigmoidal increase up to
a peak value, followed by a slower exponential decrease down to a
basal value (Table 2), maintained until the next intermittent flow.

With the 4mm diameter CGO, the average isoflurane
concentration obtained after a 4-min collection in a bag (5 L
min−1) was close to the dial setting with both MF and CF
(Table 3). With the reducing connector to 14G, the average
isoflurane concentration was lower than the dial setting (85%)
with MF, and higher than the dial setting with CF (particularly
when dialed at 1.00%).

DISCUSSION

When ventilating a lung model, it was challenging to predict
the isoflurane fraction course in Tafonius’ breathing system
when the CF was used. The wash-in kinetics did not follow the
expected one-compartment model and variations in isoflurane
fraction were slower with the CF compared to the MF,
particularly at lower FiO2. This difference was attributable
to (1) the discrepancy between flows set on the CF and
actual lower delivered flows and (2) to the fact that the
isoflurane output of the TEC-3 vaporizer was inaccurate for
flows higher than 5–7.5 L min−1, for intermittent flow or for
flows entering it at high pressures. Interestingly, a smaller tubing
downstream the TEC-3 vaporizer worsened the accuracy of
isoflurane output.

Factors governing the time course of a change in partial
pressure of a volatile anesthetic in a circle breathing system are:
(1) the volume of the system; (2) the FGF and the concentration
of anesthetic in the gas admixture entering the system, (3) the
extent to which circuit components absorb the anesthetic and the
extent to which the anesthetic is degraded by the soda lime; (4)
the uptake of anesthetic by the animal when connected to the
breathing system; (5) the flow and concentration of anesthetic in
the gas admixture leaving the system. The concentration of an
anesthetic gas in a breathing system is expected respond to an
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TABLE 2 | Peak and basal isoflurane concentration (in % of the dialed concentration) generated by the intermittent flow of the computer-driven flowmeter at different FiO2

and across a range of isoflurane dial setting of the vaporizer.

FiO2 1.00 FiO2 0.21

5L min−1 10L min−1 15L min−1 20L min−1 5L min−1

Isoflurane (%) Peak (%) Basal (%) Peak Basal (%) Peak Basal (%) Peak Basal (%) Peak Basal (%)

0.5 380 116 90 88 90 220

1.0 200 100 86 82 86 140

1.5 147 93 80 80 80 114

2.0 140 95 85 85 90 110

2.5 124 92 84 84 84 104

3.0 114 90 87 87 87 104

3.5 111 89 83 83 86 100

4.0 105 88 83 83 85 98

4.5 96 84 80 80 82 98

5.0 100 82 78 76 78 98

TABLE 3 | Mean isoflurane concentration obtained by a 4-min collection in a bag

at different dial setting of the isoflurane vaporizer under different settings (Manual

flowmeter at FiO2 1.00, Computer-controlled flowmeter at FiO2 0.21 and 1.00,

fresh gas flow set at 5 L min−1 ).

Flowmeter FiO2 % isoflurane

vaporizer

setting

% isoflurane

measured in

collection bag

with 14 G

% isoflurane

measured in

collection bag

with 4 mm

MF 1.00 0.50 N/A 0.50

1.00 0.86 1.00

3.00 2.50 3.00

CF 0.21 0.50 N/A 0.53

1.00 2.20 1.00

3.00 3.30 2.70

1.0 0.50 N/A 0.70

1.00 2.50 1.10

3.00 3.70 3.00

equation of a simple compartment model equation (2):

C (t) = Css ×
(

1− e−t/τ
)

where C(t) and Css are the time dependent and steady state
concentrations of the volatile agent considered, respectively. A
steady state is reached when outflow of gases equals the inflow,
in ∼3 times the time constant τ (ratio between volume of
the breathing system and FGF in case no animal is uptaking
the anesthetic gas) (3). However, in the present study, when the
volume of the system was forced at 40 L, data fitted better a two-
compartment model precluding the use of the time constant to
compare the different scenarios.

The 3% targeted isoflurane concentration was not reached
in our study. A higher than expected elimination constant was
necessary to obtain a good fit of the model with the observed
data. This suggests that isoflurane and oxygen were not leaving
the system in the same proportion at which they were entering it,
isoflurane “elimination” being greater. Three hypotheses could be

considered. First, some isoflurane could be degraded by the soda
lime (4–7). Second, isoflurane could be absorbed by components
of the breathing system, particularly by the rubber bellows of the
lung model (8). Rubber is more permeable to anesthetic agents
than other components of the breathing system and substantial
absorption of isoflurane is likely to happen in clinical anesthesia
conditions (8). If this were to be the case, the artificial lung would
be the most important site of absorption and the amount of
absorbed isoflurane in Tafonius under clinical conditions could
be less than what potentially happened in the present study.
Third, the dump valve function could be relevant. The dump
valve is the equivalent in Tafonius to a pop-off valve in other
ventilators and it is computer-controlled. It opens when the level
of the piston rises to the point equal to the sum of tidal volume
and buffer volume (when the FGF is continuous and greater
than patient uptake and leaks, the level of the piston at the
end of expiration rises breath by breath). In Tafonius, CGO and
exhaust ports are at the same level and close to one another.
Since gas movements in a circle breathing system are intermittent
(inspiratory and expiratory valves and intermittent ventilation),
the mixing of the FGF within the breathing system might not be
uniform and a greater portion of the FGF could be scavenged in
some circumstances. The fact that our data fitted better a two-
compartment model may actually suggest non-uniform mixing
of gas inflow in the breathing system. Our study focused on
partial pressure of gases at the level of the Y-piece and on flows
and vaporizer output at the CGO but waste gases flows and
composition were not investigated.

When flows higher than 5 L min−1 were delivered through
the vaporizer, isoflurane output was lower than dial setting,
particularly at settings >2% (Table 2). This finding was in
accordance with previous reports (9). The flows delivered when
the CF was in use were intermittent and high (7.6 L min−1 with
0.21 FiO2, 10.6 L min−1 with 1.00 FiO2 and 15.6 L min−1 total
combined flow). This could contribute to explain the differences
in isoflurane fraction changes between MF and CF.

Although FGF and temperature are known to potentially
influence the volatile output in some models of vaporizers
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(10, 11), the variability in vaporizer output associated with
the intermittent flows encountered when CF was used was,
not anticipated. A situation that can lead to variable vaporizer
output is the “pumping effect” (12). Initially observed during
inspiratory phases of intermittent positive pressure ventilation,
the “pumping effect” originates from an increase in the resistance
in the outlet of the anesthetic machine which leads to an
intermittent and variable increase in the anesthetic gas pressure
transmitted back to the vaporizer. The gas present in the outlet
is saturated with volatile anesthetic; when the backpressure is
released, the expanding carrier gas (also saturated) exits both the
inlet and the outlet of the vaporizer chamber. The gas leaving
the inlet enters the bypass and adds to the vaporizer output,
hence the increase of the final vapor output (12). Compared
to earlier versions, various modifications have been performed
in the Mark 3 to reduce the impact of the pumping effect: the
volume of the vaporizing chamber has been reduced in order to
minimize the effect of compression. The vapor control channel
has been placed on the outlet side of the vaporizing chamber in
order to make the resistance of the chamber outlet higher than
that of the inlet; a small annular expansion chamber, unprovided
with wicks, adjacent to the vaporizing chamber inlet and a long,
narrow, annular throat, without wicks, leading down from the
expansion chamber to the liquid volatile has been added to
confine anesthetic vapor to regions of the chamber remote from
the inlet (13). Performance of the Cyprane Fluotec Mark 3 for
halothane was evaluated and compared to the TEC 2 and the
pumping effect seemed eliminated (13). However, only fairly
modest pressures (up to 35 cm H2O) were investigated in the
latter study. With the CF in Tafonius, O2 bypasses the MF and
likely reaches the system at higher than atmospheric pressure
upstream the vaporizer. This pressure will further increase if
the diameter of the tubing is decreased downstream (Haggen
Poiseuille equation). Oxygen pressures reaching the vaporizer
were not measured but are expected to be markedly above the
usual subatmospheric pressure of usual fresh gas inlet. Plenum
vaporizer are designed to work at atmospheric pressure and,
likely, cannot compensate for high gas pressures. We believe
that, under such conditions, an alteration of the splitting ratio in
the vaporizer could also explain our findings. Performance of a
TEC-3 vaporizer at different given known pressures has not been
reported yet and deserves characterization when Tafonius is used
in CF mode.

There are several limitations to the present study. Since each
experiment was conducted only once, no statistical analysis
was performed. Although there is no reason for the results to

be markedly different using the same equipment in the same
situation, this was not investigated. It could have been interesting
to repeat the experiment on several different Tafonius but the
ventilator tested was an early model and may not represent
more recently constructed units. We used an infrared multi-
gas analyser (Datex-Ohmeda S/5 anesthetic monitor) to measure
isoflurane tension. The monitor was calibrated prior to each
experiment according to the manufacturer’s instructions. This is
a single point calibration. Gas chromatography (often considered
as the most accurate method to measure the concentration of
inhaled anesthetic gases) and infrared gas analysis with the
monitor we used cannot be used interchangeably as deviations
between the techniques exist and performances of individual
analysers differ unpredictably (14). Advantages of the infrared
monitoring are practicality and limited cost: it is readily available
and provides continuous data. Although our isoflurane absolute
values may not be perfectly accurate because of the technique we
used, we standardized the experiment so that the comparison is
valid and we believe the infrared analysis and our results are of
clinical relevance.

CONCLUSION

Under experimental conditions, using MF or CF led to
different isoflurane fraction time course in Tafonius. The wash-
in kinetics did not follow a one-compartment model and
variations in isoflurane fraction were slower with the CF
compared to the MF, particularly at lower FiO2. Actual delivered
flows were lower than set with CF and the TEC-3 did not
compensate for high/intermittent flows and pressures. It was
therefore challenging to predict the isoflurane fraction course in
Tafonius’ breathing system when the CF was used. Caution is
recommended when using the CF.
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A retrospective analysis was performed to determine mortality and morbidity rates for

elective and emergency cases in an equine university teaching hospital. It investigated

the effect of horse-, anesthetic-, timing, and clinician experience-related variables on

anesthetic complications. In total, 1,161 horses undergoing general anesthesia between

January 2012 and December 2016 were included in the study. Patient information

and details of the anesthetic, recovery period and immediate complications were

retrieved from an archival database. Statistical analysis of qualitative and quantitative

factors affecting anesthetic complications was performed using an univariable and

multivariable ordinal logistic regression. Odds ratio of variables primarily affecting

mortality and complications were calculated. Statistical significance was set at p

< 0.05. General anesthesia-related global mortality rate was 1.4% (95% CI [7.1–10.4])

but was only 0.96% (95% CI [0.44–1.82]) for non-colic cases. The complication

rate was 17.5% (n = 204; 95% CI [15.2–20.0]) of which 46.9% [39.4–54.5] were

neuromuscular, 22.6% [16.7–29.5] were respiratory, 15.8% [10.8–22.0] were systemic,

13.6% [8.9–19.5] were cardiovascular, 1.1% [0.1–4.0] were other complications. Ninety

two percent of complications occurred during recovery. Major risk factors for mortality

and complications included high weight, surgeon experience, increasing age, high ASA

score, long duration of anesthesia, quality of induction, lateral recumbency, orthopedic

surgery, and hypotension. In these models, colic surgery did not influence the rate of

any complications.

Keywords: horse, equine, anesthesia, mortality, perioperative complications, risk factors

INTRODUCTION

Equine anesthesia has become a routine practice in most horse hospitals. However, the anesthetic
risk of mortality does not seem to have decreased over time (1). The most severe complications
being fatal. In 2002, the Confidential Enquiry into Perioperative Equine Fatalities (CEPEF), a
prospective observational epidemiological multicenter study, found a risk of death (up to 7 days
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after anesthesia) to be 0.9% for healthy horses (2). The most
recent study, performed in a single equine university teaching
hospital between 2010 and 2013, published an identical mortality
rate (0.9%) for elective cases (up to the return of the horse to its
stable) (3). Since the mortality rate is more easily calculated, it is
more often studied than the morbidity rate. Nevertheless the fact
remains that the published results are extremely variable from
one study to another (4).

While caution in comparing the results of such studies should
remain the rule (due to differences, for example, in study
design, hospitals, sample size, selection of cases, observation time,
definition of the outcomes), the issue of decreasing anesthetic
mortality over time has always been debated and compared
across species (1). Mortality rate in healthy horses is higher than
in healthy dogs (0.05%), cats (0.11%), and rabbits (0.73%) (5).
The death rate in humans is more than a thousand times smaller
(0.69 10−3%) than in animals. In France, an investigation into
millions of procedures showed that mortality was divided by
10 in 15 years between 1986 and 2000 (6). Since the mortality
and morbidity rate is high in equine anesthesia compared with
human anesthesia, it should be possible to make a risk analysis
using smaller samples than in humans (1). The reasons for these
differences in rates and trends between species are multiple. The
heavy weight of the horse and its poor tolerance to depression of
cardiovascular and respiratory functions could explain a higher
rate of complications in this species (4). The recovery phase is
described as the riskiest phase of equine anesthesia. This may be
related to the anatomy and behavior of the horse and to lack of
monitoring and cardiovascular support in the recovery box (2).

However, the mortality and morbidity rates related to
anesthesia should not be directly correlated with safety level.
There is little information on morbidity, but even if the mortality
rate has not changed a lot, some progresses have been made
in terms of monitoring, anesthesia equipment, training and
information of equine veterinarians (7, 8). In parallel surgical
procedures have become more complex and are performed on
patients at higher risk (9). Therefore, it is reasonable to assume
that in the near future the decrease in anesthetic mortality and
morbidity will be related to an improvement in safety.

One of the best ways to improve security is to inform equine
anesthesiologists and surgeons in order to guide the logic of
their interventions/professional practices made in the interest
of anesthetic safety. The effectiveness of guidelines to reduce
anesthetic risk is controversial (1). Nevertheless, attempts to
reduce the risk of anesthesia are still possible by continuing
to document mortality and morbidity rates and describing any
factor associated with an increased rate of death/post-operative
complication. The analysis of triggering causes, favoring or
simply associated with these events, is essential. Risk factors
(associated with increased rate of death) mostly reported in
the equine literature are American Society of Anesthesiologists
(ASA) physical status, age, the type of surgery, prolonged
duration of anesthesia and out-of-hour surgery (4).

The primary aim of this retrospective single-center study
was to document the mortality and morbidity rate associated
with elective and emergency procedures in horses undergoing
general anesthesia in our clinic. The secondary aim was to

investigate the intrinsic and extrinsic factors that determined
anesthetic mortality and morbidity from the pre-operative
clinical examination up to the end of recovery. The complications
that occurred between the end of recovery and the 48 h
postoperative were also described.

MATERIALS AND METHODS

The medical records of all horses (n = 1,161) that underwent
general anesthesia at the Equine Teaching Hospital of Lyon
for elective and emergency surgeries between January 2012 and
December 2016 were collected. Patient information and details
of the anesthetic management, recovery period and immediate
complications within 48 h postoperatively were obtained from
the anesthesia report, the surgical report and the complication
report if applicable.

The information (and their categorization) recorded from
these documents were as follows: details about the horse: breed
(pony, sport horse, draft horse, racehorse, other), age (year), sex
(male, gelding, mare), body mass (kg), pregnancy (yes/no), ASA
physical status classification (1–5). The types of surgery were
arthroscopy, colic, castration, skin tumor resection, orthopedic
surgery (other than arthroscopy), head surgery, septic surgery,
others. The distribution of surgeries in these categories is
detailed in Table 1. The experience of the surgeon (resident vs.
senior), whether anesthesia was done for elective or emergency
procedure, fasting (yes/no), time of the year (first or second

TABLE 1 | Distribution of the 1,161 surgeries, performed at the Equine Teaching

Hospital of Lyon between January 2012 and December 2016, in each of the eight

categories defined in the study.

Surgery

categories

Surgical procedures Number of

Cases

Arthroscopy Bursoscopy, tenoscopy, intra-articular

lavage

253

Colic Colic, umbilical hernia, inguinal hernia,

dystocia, cesarean section

229

Castration Castration 199

Skin tumors

resection

Sarcoids resection 135

Orthopedic surgery Fracture, arthrodesis, angular

deviation, cast change, neurectomy,

osteosynthesis material removal,

keratoplasty, sequestrectomy, cyst

excision, periosteal elevation, surgical

correction of patellar luxation

108

Head Transarterial coil embolization,

sinusotomy, ethmoid hematomas,

dentistry, ophthalmic surgery,

laryngeal surgery

99

Septic surgery Wounds, foreign body and abscess

debridement, umbilical infection,

patent urachus

98

Others X-Ray, computer tomography,

myelography, cerebrospinal fluid

puncture, cisplatin treatment, stem

cells injection

40
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semester), time of the week (weekend or not), time of the day
(8 a.m.−8 p.m./8 p.m.−00 a.m./00 a.m.−8 a.m.) were also noted.

The conventionally used anesthesia protocol (administered
to the majority of healthy horses) included tranquilization
with acepromazine, premedication with an alpha 2 agonist
(romifidine, detomidine, or xylazine) and an opioid (morphine
or butorphanol), induction with diazepam and ketamine
and maintenance with isoflurane or sevoflurane in 100%
O2. Inspiratory positive pressure ventilation (IPPV) was
performed. The volume was adjusted to maintain normocapnia
with a maximal positive inspiratory pressure at 35 cmH2O.
Occasionally, anesthesia was maintained by an infusion of
guaiphenesin with ketamine and xylazine for short-term
procedures. Dobutamine was used to maintain mean arterial
blood pressure (MABP) above 70 mmHg, if necessary. Analgesia
was provided with a non-steroidal anti-inflammatory drug
(phenylbutazone or flunixin), an opioid (as described above)
and local anesthetic (lidocaine) when possible. The analgesic
protocol was sometimes complemented by constant rate infusion
(CRI) of morphine and/or ketamine and/or lidocaine and/or
dex/medetomidine, at the discretion of the anesthetist. Horses
presented in a state of physiological shock received a protocol
of resuscitation and the anesthesia was adapted to the case (for
example without acepromazine).

The following anesthesia data (and categorization) were
recorded from the anesthesia sheet: experience of the
anesthetist (senior vs. resident), body position (dorsal
vs. lateral), duration of anesthesia (from induction to
entrance in the recovery box), whether dobutamine was
administered during the second half of the surgery (yes/no),
premedication and induction protocol (conventional vs.
other), administration of a CRI (lidocaine or alpha 2 agonist
or none), anesthetics used for maintenance (isoflurane or
sevoflurane or injectable). Calcium plasma concentration
during colic surgery (mean concentration in mEq/L), pH (mean
value), PaO2/FiO2 ratio (mean value), invasive MABP (mean
value), hypotension index [HI = 1/12

∑

(70-MAP)] (10) were
also recorded.

Recoveries were performed in a rubber-padded recovery box.
Intranasal phenylephrine was administered before moving the
horse to the recovery box. Oxygen was administered either by a
demand valve (in case of apnea) through the orotracheal tube or
by insufflation through a nasopharyngeal or orotracheal tube.

The characteristics of the recovery that were recorded were as
follows: whether the recovery was assisted or not, the duration
(from entrance in the recovery box to standing) and the
quality of recovery (with a score using dichotomous objective
descriptors (11).

Cases were also classified according to the outcome of the
procedure: alive, dead, or euthanized. Total mortality was defined
as all cases that were euthanized or died within the period from
the induction of anesthesia to the return to the hospitalization
box. The dead were also divided according to the primary cause
of death.We defined anesthetic mortality as all deaths considered
due solely to anesthesia that unexpectedly occurred during
surgery, and euthanasia due to peri-anesthetic complications.
Non-anesthetic mortality was then defined as all deaths due to

a cause not attributable to anesthesia, and euthanasia related to
inoperable lesions.

Non-fatal complications were defined as complications that
did not induce death within the recovery period. They were
recorded and classified according to 4 categories: respiratory,
neuromuscular, cardiovascular and systemic. The overall non-
fatal complication rate for the observation period was also
calculated (number of non-fatal complications related to
anesthesia divided by the total number of anesthesia).

Statistical Analysis
Statistical analysis was performed using R (https://www.rstudio.
com/) statistical software. Qualitative data were described using
frequency distribution. Quantitative data were checked for
normality of distribution using a Shapiro Wilk test. They were
all normally distributed and expressed as the mean ± standard
deviation (SD).

The relationships between possible risk factors and mortality
or complications were tested using Pearson’s chi-squared test
or Fisher’s test for qualitative variables and Student’s t-test for
quantitative variable. Significance level was set at p < 0.05 for
univariate analysis.

Predictors which have been found significant at p < 0.2 by
the univariate logistic regression were tested in a multivariable
model. The Akaike information criterion (AIC) was used to
estimate the relative quality of the models as a mean for
model selection. The best model was also considered the one
with the smallest possible number of variables. The links
between explanatory variables were also studied in order to
identify confounding factors, using a linear regression analysis,
a correlation or a Chi-Square test.

RESULTS

The results presented here concern observation until the return
to the hospitalization box immediately after recovery. The
complications observed in the 48 h that followed are described in
the discussion. We could not include this observation period in
the statistical study because of the uncertainty of the recruitment,
this period not being under the control of the anesthetists.
In addition, some horses were discharged before 48 h post-
surgery.

Description of the Sample
A total of 1,161 horses underwent general anesthesia at the
Equine Teaching Hospital of Lyon for elective and emergency
surgeries between January 2012 and December 2016.

To study the risk factors for each type of anesthetic
complication those who died for surgical reasons (n = 84) were
excluded from this count. The medical records of 438 mares, 293
geldings, 346 stallions (total 1,077) were therefore studied (n =

236 in 2012, n = 214 in 2013, n = 224 in 2014, n = 214 in 2015,
n = 188 in 2016). They had a body mass of (median, range) 481
[38–730] kg and were aged 5 [1–35] years. The distribution by
breed category was as follows: saddle horses (n = 752; 70%),
ponies (n = 132; 12%), racehorses (n = 104; 10%), horses of
undetermined breed (n = 58; 5%), draft horses (n = 31; 3%).
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Horses ASA physical status was divided into 5 categories [ASA1
n= 118 (11%), ASA2 n= 631 (58%), ASA3 n= 152 (14%), ASA4
n= 104 (10%), ASA5 n= 72 (7%)].

Most of the surgeries were elective (n = 802; 74%) whereas
275 (26%) were emergency procedures. These surgeries were
performed by a diplomate of the European College of Veterinary

Surgery (ECVS) (n = 662; 61%) or a resident (n = 369; 34%),

for 46 (5%) surgeries the qualification of the surgeon was

not specified. Horses underwent arthroscopy (n = 252; 23%),
castration (n = 189; 17%), colic surgery (n = 160; 15%), skin

tumor resection (n = 136; 13%), surgery of the head (n = 108;

10%), orthopedic surgery (n= 104; 10%), septic surgery (n= 94;
9%), other type of surgery (n= 34; 3%).

The duration of anesthesia was (median, range) 135 [0–495]

min. The duration of recoveries was (median, range) 45 [5–
315] min. Recoveries were unassisted for 410 cases whereas

they were assisted (head and tail ropes or Anderson sling for

fractures) in 667 cases. Anesthesia was performed by a diplomate
of the European College of Veterinary Anesthesia and Analgesia
(ECVAA) in 343 (32%) cases and by a resident in 681 (63%)
cases. The qualification of the anesthetist was not specified for 53
(5%) surgeries.

Mortality Rates
Total mortality rate was 8.6% (n = 100/1161; 95% CI [7.1–
10.4]). Non anesthetic mortality rate was estimated at 7.2% of the
total case number (n = 84/1161; 95% CI [5.9–9.0]). Anesthetic
mortality rate was 1.4% (n = 16/1161; 95% CI [0.7–2.1]). A
total of 932 horses underwent surgeries other than emergency
abdominal surgeries. The non-colic anesthetic mortality rate was
0.96% (n = 9/932; 95% CI [0.44–1.82]). The anesthetic mortality
rate of horses presented for colic (n = 229) was 3% (7/229). The
rate of euthanasia due to inoperable lesion of horses anesthetized
for colic was 30% (68/229). The total mortality rate for horses
presented for colic was therefore 33% (75/229).

The details of the causes of mortality are presented in Table 2.

Factors Associated With Increased

Mortality
Among the studied factors described in the material and method
section, increased age (p = 0.04), higher ASA physical status
(p < 0.01), colic surgeries (p < 0.01), orthopedic surgeries (p
= 0.01), seniority of the surgeon (p = 0.02), emergencies (p =

0.04), longer anesthetic duration (p < 0.001), worst quality of
recovery (p < 0.001) were significantly associated (univariable

TABLE 2 | Details of primary causes of anesthetic and non-anesthetic mortality of horses which were presented at the Equine Teaching Hospital of Lyon between January

2012 and December 2016 for colic and non-colic surgery.

Number of deaths Euthanasia/Spontaneous Death Cause of death Death attributed to Reason of anesthesia

68 Euthanized Inoperable lesions surgery Colic surgery

3 Euthanized Inoperable lesions surgery Diagnostic Imaging

2 Euthanized Inoperable lesions surgery Wound debridement

2 Euthanized Inoperable lesions surgery Skin tumors resection

2 Euthanized Inoperable lesions surgery Fracture surgery

1 Euthanized Inoperable lesions surgery Arthroscopy

1 Euthanized Inoperable lesions surgery Septic arthritis

1 Euthanized Inoperable lesions surgery Thoracotomy

1 Euthanized Inoperable lesions surgery Articular lavage

1 Euthanized Inoperable lesions surgery Dystocia

1 Euthanized Inoperable lesions surgery Cisplatin treatment

1 Euthanized Inoperable lesions surgery Cast placement

2 Euthanized Failure of osteosynthesis material anesthesia Fracture surgery

1 Euthanized Fracture at recovery anesthesia Colic surgery

1 Euthanized Fracture at recovery anesthesia Fracture surgery

1 Euthanized Severe myopathy anesthesia Colic surgery

1 Euthanized Myelomacia anesthesia Castration

1 Euthanized Myositis+Vestibular syndrome anesthesia Transarterial coil embolization

1 Euthanized Fall anesthesia Fracture surgery

1 Euthanized Severe myopathy anesthesia Sinusotomy

1 Euthanized Weakness syndrome+Myopathy anesthesia Colic surgery

1 Euthanized Weakness syndrome+Paralysis anesthesia Arthroscopy

1 Dead Cardiorespiratory arrest at induction anesthesia Colic surgery

1 Dead Cardiorespiratory arrest at recovery anesthesia Colic surgery

1 Dead Cardiorespiratory arrest at recovery anesthesia Osteosynthesis material removal

1 Dead Intraoperative cardiorespiratory arrest anesthesia Colic surgery

1 Dead Myopathy, prolonged recovery, respiratory arrest anesthesia Colic surgery
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TABLE 3 | Results of the multivariable model showing odds-ratio of the explanatory variables for the risk of anesthetic mortality, neuromuscular, respiratory, systemic and

cardiovascular complications.

Variable Anesthetic

mortality

Neuro

muscular

complication

Respiratory

complication

Systemic

complication

Cardiovascular

complication

Senior surgeon 5.49

[1.05–10.10]

2.14

[1.10–4.44]

2.58

[1.04–7.79]

Weight/100 1.54

[1.02–2.60]

1.26

[1.00–1.63]

1.57

[1.08–2.42]

Age 1.71

[0.91–3.06]

1.08

[1.00–1.15]

Anesthesia duration 1.35

[1.05–1.71]

1.49

[1.12–1.94]

ASA 2.10

[1.27–3.56]

1.93

[1.42–2.61]

PaO2/FiO2 0.66

[0.47–0.92]

0.52

[0.33–0.88]

Dobutamine 0.37

[0.11–1.12]

Orthopedic surgery 9.82

[2.55–38.04]

Arthroscopy 0.55

[0.26–1.06]

IBP/10 1.25

[0.95–1.63]

Induction quality 0.82

[0.73–0.93]

Lateral recumbency 4.89

[1.78–13.45]

logistic regression) with increased mortality. Other factors had
no significant effect on survival.

Predictors that were significant at p < 0.2 were tested in a
multivariable model. The best model for explaining anesthetic
risk included 5 variables. The risk of anesthetic mortality was
multiplied by 1.5 when the weight of the horse increased
by 100 kg; 2.1 when the ASA score increased by one point;
by 5.5 when the surgeon who operated was a senior and
by 9.8 during orthopedic surgery. The risk was decreased
by 0.4 when the anesthesiologist used dobutamine during
the second half of the surgery. Odd-ratio of the explanatory
variables for the risk of anesthetic mortality are presented
in Table 3.

Non-fatal Complication Rates
The complication rate was 17.5% (n = 204; 95% CI [15.2–
20.0]) of which 46.9% [39.4–54.5] were neuromuscular,
22.6% [16.7–29.5] were respiratory, 15.8% [10.8–22.0] were
systemic, 13.6% [8.9–19.5] were cardiovascular, 1.1% [0.1–
4.0] were other complications. The details of the nature of
the complications and their frequencies are presented in
Figure 1. Almost all the complications (92 [87–96] %) occurred
during recovery.

Risk factors were associated with different types of
complication (univariable logistic regression).

Neuromuscular complications were significantly associated

to increased age (p < 0.01), increased weight (p < 0.01),
increased ASA physical status (p = 0.01), colic surgery

(p = 0.02), orthopedic surgery (p < 0.01), surgeon
experience (p < 0.001); emergency vs. elective procedure
(p = 0.03), when horses were not fasted (p = 0.04), lateral
recumbency (p = 0.04), longer duration of anesthesia
(p < 0.001), lower plasma calcium concentration (p <

0.001), higher hypotension index (p < 0.01), worst quality
of recovery (p < 0.00001), longer duration of recovery
(p < 0.00001).

Respiratory complications were significantly associated to the

year (p < 0.01), increased age (p < 0.001), higher weight (p
< 0.001), higher ASA score (p < 0.001), colic surgery (p <

0.00001), surgeries other than castration (p = 0.03), surgeries
other than skin tumor resection (p = 0.04), surgeon experience
(p < 0.01), emergency procedure (p < 0.01), end of the day
and night (p < 0.00001), longer duration of anesthesia (p
< 0.0001), lower Pa02/FiO2 ratio (p < 0.001), worst quality
of recovery (p < 0.01), and longer duration of recovery
(p < 0.01).

Systemic complications were significantly associated to

increased ASA score (p < 0.0001), colic surgery (p <

0.001), emergencies (p < 0.01), longer duration of anesthesia

(p = 0.01), worst quality and longer duration of recovery
(p < 0.00001).
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FIGURE 1 | Details and frequencies of the anesthetic complications suffered by horses anesthetized between January 2012 and December 2016 at the Equine

Teaching Hospital of Lyon.

Cardiovascular complications were significantly associated to
increased age (p < 0.001), lateral recumbency (p = 0.03), lower
PaO2/FiO2 ratio (p= 0.02).

Variables Explaining the Risk of Non-fatal

Complications in Multivariate Models
The risk of neuromuscular complications was multiplied by 1.3
when the weight of the horse increased by 100 kg, by 1.3 when the
duration of anesthesia increased by 1 h, by 2.1 when the surgeon
who operated was a senior and by 1.2 when the blood pressure
decreased by 10 mmHg. It decreased by 0.6 when the surgery was
an arthroscopy.

The risk of respiratory complications was multiplied by
1.7 when the age increased by 10 years, by 1.6 when the
weight of the horse increased by 100 kg, 1.5 for each hour of
additional anesthesia and 2.6 when the surgeon was a senior.
It decreased by 0.7 when the PaO2/FiO2 ratio increased by
one unit.

The risk of systemic complications was multiplied by 1.93
when the ASA score increases by 1 point.

The risk of cardiovascular complications was multiplied by 1.1
each additional year of age of the horse, and by 4.9 when the horse
was placed in lateral recumbency; It decreased by 0.5 when the
PaO2 / FiO2 ratio increased by one unit.

Odds-ratio of the explanatory variables for the complications
are presented in Table 3.

The links between explanatory variables are presented in
Appendix 1 (Supplementary Material).

DISCUSSION

Mortality Rate
The overall anesthetic mortality rate at the equine veterinary
teaching hospital of Lyon was 1.4% overall and 0.96% for non-
colic cases. These results are slightly higher than those that were
reported by Dugdale et al. (1.1% for all cases and 0.9% for elective
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cases for the same postoperative period of observation) (3). In
1993, 26 years earlier, Young and Taylor (10) had found an even
lower rate for elective cases (0.68%).

Nevertheless, when the observation period was extended to 7
days postoperatively, the published figures of mortality were 1.9%
overall anesthesia and 0.9% when colic surgeries were excluded
(2). As mentioned in the introduction, it is very difficult to
compare the results of studies that differ by many parameters.
The need for a multicenter prospective study is still relevant as
suggested by Gent and Bettschart-Wolfensberger (12). Horses
presented for colic surgery had a very high mortality rate (one
third) either because the lesions were inoperable (30%) or due
to anesthetic complications (3%). These results lie between those
given by Dugdale et al. (1.6%) and those of Mee et al. (4.3%)
(3, 13). A possible explanation for this high mortality rate is that
colic surgeries are performed on more and more complicated
cases. Leisure horses’ owners are increasingly willing to operate
their horses even if the prognosis is poor.

Many studies showed a significant increase in anesthetic risk
for colic surgery (2, 3, 13, 14). In this study, the factors considered
as the consequences of the colic syndrome (such as decreased
blood pressure, increased ASA score, hypoxemia, hypotension,
duration of anesthesia, senior surgeon, emergency, horses not
fasted, etc. . . ) also appeared as explanatory factors for mortality,
neuromuscular, respiratory or cardiovascular complications.
This may explain why colic surgery itself did not appear in the
final explanatory models of mortality and morbidity.

Explanatory Factors for Mortality
Our study showed that increased age was associated to increased
anesthetic mortality rate. This is consistent with several studies
that showed an increase in risk for horses aged 15, 14, and 12
years, respectively (2, 3, 15). However, the absence of foal in
our sample did not allow us to show a higher anesthetic risk in
horses <1 month, unlike Johnston et al. (2, 15). Muscle diseases,
sarcopenia and osteoarthritic degenerative changes are among
the most commonly reported clinical problems in aged horses
which appear to be prone to fractures and to difficult recoveries
(16). In our study, the age is indeed associated to an increased
risk of neuromuscular complications. Age increased with weight,
ASA score, and duration of surgery. That is certainly why it
did not appear to be a risk factor itself in the final model of
anesthetic mortality (which included weight and ASA score)
and neuromuscular complications (which included weight and
duration of surgery).

The results of this study are in agreement with those of many
publications that show a high risk of anesthetic mortality when
the ASA score is high in human as well as in animals (3, 9). This
could be explained by the fact that the ASA score was linked to
many confounding factors such as age, types of surgery, urgency,
duration of anesthesia, period of intervention.

Unlike studies by Mee et al. (13) and Dugdale et al. (4),
we found that weight is a significant risk factor for anesthetic
mortality. Among the confounding factors we found age, colic
surgery, PaO2/FiO2 ratio, blood pressure and duration of
anesthesia. Indeed it has been shown that the weight of the horse

influences the duration of recovery and increases post-operative
complications (17, 18).

The risk of anesthetic mortality was multiplied by 10 during
orthopedic surgery. This result is in accordance with Johnston
et al. (2). This can be explained by the length of these surgeries
that are often long, the urgency, that recoveries are complicated
(with a significant risk of fracture), that the ASA score is
increased. In addition, the surgeon’s seniority was identified as
a risk factor in our study, yet a senior surgeon is often involved in
orthopedic surgery.

Colic and fracture surgeries are performed urgently in horses
having a high ASA score. It is therefore natural to find a higher
mortality rate for emergency surgeries as Mee et al. also showed
in 1998 (13).

The duration of anesthesia increased the risk of anesthetic
mortality and systemic complications. Our data demonstrated
that anesthesia lasted longer when the ASA score increased, the
latter being a variable in the final model of anesthetic mortality
and systemic complications. Anesthesia was also longer when
the horse was heavier, during surgery performed by a senior,
during orthopedic surgery; all these variables were present in
the final model of anesthetic mortality. The literature is divided
on this point. Some studies including only emergency surgeries
showed an increase in anesthetic risk during long surgery (2, 13).
In contrast, Mee’s study of non-urgent surgeries showed no
significant difference (19).

Complication Rate
The non-fatal complications rate was of 17%, which is similar to
those found in the literature: 16.4% for Kim (14) and 13.7% for
Senior et al. (20).

Nature of Complication
The nature of these complications was predominantly
neuromuscular or respiratory.

The majority (92%) of the complications observed before the
horse returns to its box occurred during the recovery phase.

We did not observe colic during recovery. Nevertheless,
continuing the observation of the records up to 48 h
postoperatively, we observed slowing of intestinal transit in 19
horses and other types of colic in 19 other horses, all operated for
surgeries other than emergency abdominal surgeries. All resolved
medically. Among the horses who underwent colic surgery (n =

229), 11 were euthanized as their condition worsened.
Among the other complications described up to 48 h

after recovery, we recorded 21 corneal ulcers, 13 peaks of
hyperthermia, 7 thrombophlebitis, 3 diarrheas, a case of
bronchopneumonia, a case of peritonitis and a case of bilateral
nasal discharge and cough. Some horses were euthanized because
of the aggravation of their condition: three horses who had
undergone fracture surgery for which the reduction was not
effective, a case of septic arthritis and a case of dysphagia after
guttural pouch surgery. The difference between the nature of
complications observed during the period of anesthesia and those
observed at the return to the hospitalization box indicates the
need to separate these observation periods in future studies.

Frontiers in Veterinary Science | www.frontiersin.org 7 January 2020 | Volume 6 | Article 51489

https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles


Laurenza et al. Risks Factors in Equine Anesthesia

Explanatory Factors for Neuromuscular

Complications
Our study showed an increase in neuromuscular complications
when weight increased. This seems logical since the weight of
the body affects the weight worn on the muscles and nerves
of the dependent legs during recumbency. The etiology of
neuropathy and myopathy syndromes is temporary ischemia due
to prolonged pressure onmuscle groups (21). Nevertheless, this is
disputed by the study of Kim who found that, but did not discuss
why, the risk is increased in horses under 500 kg (14).

Maybe for the same reasons, our results showed that lateral
recumbency increased the risk of neuromuscular complications
in agreement with Johnston et al. (22). Indeed, we observed a
series of facial paralysis in horses placed in lateral decubitus
(despite the removal of the halter). We also recorded few radial
or femoral paresis. Movements of the limb (to massage the
shoulder) are now systematically implemented in horses placed
in lateral recumbency. The insufflation of the air mattress is also
controlled according to the weight of the horse so that it is not
too hard.

Furthermore, the risk of neuromuscular complications was
multiplied by 1.2 when the blood pressure decreases by 10
mmHg. This reinforces the observations of several authors on
the important role of hypotension, in addition to ischemia, in the
development of myopathy (21, 23, 24). This was confirmed by
the implication of a high hypotension index as a factor favoring
neuromuscular complications, as emphasized by the study of
Young and Taylor (10). It allowed the evaluation of the intensity
and duration of hypotension during anesthesia.

A high ASA score is associated with longer anesthesia and
with surgery performed more often by a senior. These two
variables are in the final explanatory model of neuromuscular
and respiratory complications. This probably explains why the
ASA score no longer appeared directly in the explanatory
models of these complications. Another possible reason is
that ASA 2 and 3 scores were the most represented during
orthopedic surgery, the latter being a factor increasing the risk
of neuromuscular complications.

The duration of anesthesia multiplied by 1.4 the risk of
neuromuscular complications every hour of additional surgery.
This can be logically explained, among other things, by the
fact that the duration of ischemia is correlated with the risk of
myopathy (21).

Hypocalcemia was associated with an increased risk of
neuromuscular complications. We could not study this
parameter in our final model since the systematic measurement
of this variable only concerned colic surgery. However, it would
be interesting to know if this parameter would prove to be
particularly important. For that, it would also be necessary to
extend our duration of observation to be able to observe its effect
on the digestive complications. Indeed, it was demonstrated that
decreased serum calcium promoted the appearance of ileus (25).

Explanatory Factors for Respiratory

Complications
Our model showed that the risk of respiratory complication
increased when the PaO2/FiO2 ratio decreased and the age

increased. In addition, the link between these variables showed
that the older the horse, the worse its oxygenation is. Hypoxemia
is one of the causes of pulmonary edema (26), which represents
80% of the respiratory complications observed in our study which
represented 22 % of total complications, therefore the incidence
of pulmonary oedema was 18% of all the complications observed.
Despite the aging of the population of anesthetized horses, the
management of hypoxemia has improved over the years at our
hospital, mainly thanks to the more and more systematic use of
salbutamol, the administration of which has been facilitated by
the acquisition of a spray system placed in the Y-piece of the
circuit. This has certainly led to an overall decrease in respiratory
complications by reducing the risk of pulmonary edema.

Our study also showed an increase in respiratory
complications associated with heavy weight. Body weight
as well as body shape influence arterial oxygenation and alveolar
arterial oxygen gradient, increasing the risk of hypoxemia (27).

The duration of anesthesia multiplied by 1.5 the risk of
respiratory complications every hour of additional surgery.
It is also possible that the duration of anesthesia influenced
the severity of atelectasis and therefore hypoxemia and
its consequences.

Respiratory complications were strongly associated to colic
surgeries. Horses operated for colic often have low plasma
protein concentration (28) which promotes the development of
pulmonary edema (26). Out of hours surgeries also increased the
risk of respiratory complication. This could be explained by the
link that exists with colic and emergency surgeries.

Upper respiratory tract obstruction (e.g., laryngeal edema due
to low head position during long surgery or nasal edema) is also
a potential cause of pulmonary edema.

Nevertheless, in our clinic, the horses are systematically
recovered with a naso-pharyngeal or oro-tracheal tube (after colic
surgeries) and a vasoconstrictor is administered in the nostrils at
the end of the surgery. The endotracheal tubes are removed only
when the horse is standing. Upper airway obstruction is therefore
an unlikely cause of pulmonary edema in this study.

Explanatory Factors for Cardiovascular

Complications
Lateral recumbency multiplied the risk of cardiovascular
complications by 5. The latter was more commonly used in
older horses undergoing arthroscopies, orthopedic surgeries or
surgeries of the head. Lateral recumbency was also associated to
ASA score higher than 3.

We found that age was also part of the explanatory model of
cardiovascular complications. Indeed, most of these confounding
factors with age are associated with increased anesthetic risk.

Explanatory Factors for Systemic

Complications
The ASA score was the only variable retained in the final model
of systemic complications. It was therefore the only explanatory
variable of the weakness syndrome (i.e., systemic complications)
that we had defined by a prolonged recovery time, the treatment
of the horse by more than one injection in the recovery box and
prolonged sternal position. Mee et al. also showed an increased
risk of systemic complication in horses with high ASA scores
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(19). Indeed, the American Society of Anesthesiologists (ASA)
Physical Status (PS) classification proved to be a very good tools
for identifying the animals at a greater risk of anesthesia-related
death and complications (9).

Recovery
Although recovery quality has been associated to factors that also
affect mortality (4), Mee et al. found no significant relationship
between them (19). To our knowledge our study is the first
to show that poor and prolonged recoveries are significantly
associated with increased risks of anesthetic mortality and
neuromuscular, respiratory and systemic complications. This
confirms the reliability of the recovery score used, based
on objective descriptors (11). Most complications occurred
during recovery unlike Johnston’s et al. study that suggested
increased fatalities (cardiac arrest) in the early time period
of anesthesia (2). This suggests that advances in monitoring
and in the safety of anesthesia molecules have shifted the risk
period to the recovery box where conditions are more difficult
to control.

Common Explanatory Factors
Among the most common explanatory factors for complications
and mortality that we observed in the final models, the surgeon’s
experience and horse weight appeared 3 times, the ASA score,
the duration of anesthesia and age of the horse appeared 2
times. A high PaO2/FiO2 ratio appeared to decrease the risk of
respiratory and cardiovascular complications. Weight, surgeon
experience and PaO2/FiO2 ratio were the least cited factors in the
literature (14). It is interesting to note that the most experienced
surgeons tended to be responsible for cases with the highest risk
and therefore associated to increased mortality and morbidity.
Unfortunately, we were not able to prove the same for the
anesthetists as the names noted on the anesthesia sheet were often
only those of the residents even if a senior had supervised them.

Bias
One of the biases of our study is the categorization of surgeries.
All surgeries in the same category are not necessarily perceived as
having the same risk.

The important limitation of this study is obviously the
small sample size. To identify risk factors that we could
modify to improve outcomes, epidemiological studies have to be
prospective and have to include many cases from several centers.
Nevertheless, as Senior (1) recommended, the study of cases of
a single clinic can also contribute to improving the safety of our
equine patients comparing our results to those published by other
clinics. It also helps to identify confounding factors. It could at
least be as effective as the publication of guidelines (1).

The prospective aspect is very important in order to limit
recruitment errors. In this study we could not extend a reliable
observation after the horse returned to his box and we could
not observe the effect of the recovery method on the risk of
complication. The prospective aspect is even more essential to
homogenize multicenter studies.

The study of intrinsic and extrinsic factors that determine
anesthetic mortality and morbidity is dependent on several
definitions, those of mortality and morbidity themselves but
also that of their correlation with the anesthetic procedure.
The definition of mortality (fatal outcome) is easy, however
the definition of morbidity is complex and can give rise to
various interpretations.

CONCLUSION

This study allowed us to identify the weight, the age of
the horse, the surgeon’s experience, the ASA score and the
duration of anesthesia as risk factors for mortality and anesthetic
complication. Unfortunately, among these factors only duration
of anesthesia could be improved. These results reinforce those of
previous studies and underline the interest of regularly reporting
these data. In particular, to recruit them, on a larger scale, in a
multicenter prospective study.
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Objective: To describe the development of recurrent hyperkalemia in a dog that

underwent general anesthesia at two different hospitals within a month. The definitive

underlying cause of the hyperkalemia remains unknown.

Case summary: A 11 year-old male neutered Rottweiler underwent general anesthesia

on two separate occasions at two different hospitals for ophthalmic surgery within a

month and developed marked hyperkalemia on each occasion. The patient received

similar drug protocols in both instances, including propofol, midazolam, non-depolarizing

neuromuscular blocking agents, and isoflurane inhalant anesthetic. The patient showed

ECG changes consistent with hyperkalemia during the first anesthetic event, but

not the second. No underlying cause of hyperkalemia was definitively identified. The

patient responded to standard therapy for hyperkalemia on both occasions and serum

potassium levels returned to normal. The patient was discharged from the hospital

without further complications and post-operative rechecks showed persistently normal

serum potassium levels.

Newor unique information provided: Considering that there is a relationship between

the development of severe hyperkalemia and propofol administration in human patients,

it is possible that such a relationship exists in veterinary patients. However, numerous

other diseases and medications can also lead to peri-operative hyperkalemia. Veterinary

professionals should be aware that hyperkalemia can develop intra-operatively and

remains be an important differential diagnosis in bradycardic patients under anesthesia

that are not responding to traditional therapies.

Keywords: propofol, hyperkalemia, propofol infusion syndrome, anesthesia, canine

INTRODUCTION

Hyperkalemia is a potentially life-threatening electrolyte abnormality defined as a
serum potassium level >5.5 mmol/L in dogs (1). It is an uncommon intra-operative
complication but can occur secondary to a variety of causes. Recently, there have
been increased reports of the development of hyperkalemia in canine patients under
anesthesia (2–4). This case report describes the development of repeated severe
hyperkalemia under general anesthesia in a dog of which the cause remains unknown.
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CASE PRESENTATION

An 11-year-old, 49.9 kg, male neutered Rottweiler was presented
to the Ophthalmology Service of Cornell University Veterinary
Specialists (CUVS) for an elective bilateral phacoemulsification
of diabetes mellitus-induced cataracts. The patient had an
extensive medical history of the following: historical facial
trauma resulting in right-sided facial nerve paralysis and
right-sided lagophthalmos, inflammatory bowel disease,
diabetes mellitus with episodes of diabetic ketoacidosis, bilateral
cranial cruciate ligament rupture with bilateral tibial plateau
leveling osteotomies, recurrent urinary tract infections, an
acute intervertebral disc extrusion necessitating a C6–C7
ventral slot surgery, and a splenectomy for a splenic mass
with histopathology confirming extramedullary hematopoiesis.
He had a history of mild, intermittent hyperkalemia (5.6–
5.9 mmol/L) that was suspected to be pseudohyperkalemia
secondary to thrombocytosis. Other causes of this mild,
intermittent hyperkalemia had previously been ruled out through
extensive diagnostic testing, including an abdominal ultrasound,
thoracic and abdominal computerized tomography, as well as
endocrine testing (resting cortisol levels, adrenocorticotropic
hormone [ACTH] stimulation tests, and serum lead levels). Pre-
operative blood work performed 3 weeks prior to his cataract
surgery with his primary care veterinarian was submitted to
an external laboratory1 and revealed mild hypoalbuminemia,

TABLE 1 | Pre-operative bloodwork at primary care veterinarian 3 weeks prior to

anesthesia.

Albumin (g/dL)

(RI 27–44 g/dL)

25

ALT (U/L)

(RI 12–118 U/L)

46

ALP (U/L)

(RI 5–131 U/L)

148

Glucose (mmol/L)

(RI 3.8–7.7 mmol/L)

32.9

Sodium (mmol/L)

(RI 139–154 mmol/L)

137

Potassium (mmol/L)

(RI 3.6–5.5 mmol/L)

5.6

Cholesterol (mmol/L)

(RI 2.39–8.42 mmol/L)

18.4

Amylase (U/L)

(RI 290–1125 U/L)

441

Phosphorus (mmol/L)

(RI 0.8–1.93 mmol/L)

1.35

Calcium (mmol/L)

(RI 2.22–2.84 mmol/L)

2.27

Hematocrit (%)

(RI 36–60%)

38

Platelet count (103/uL)

(RI 170–400 103/uL)

292

RI, reference interval; ALP, alkaline phosphatase; ALT, alanine transaminase.

1Zoasis Laboratory: Antech Diagnostics, Inc., Los Angeles, CA.

elevated alkaline phosphatase, hyperglycemia, hyponatremia,
mild hyperkalemia, and hypercholesterolemia (Table 1). His
platelet count was normal (Table 1). His fructosamine level was
normal (333 umol/L; reference interval 136–350 umol/L) which
indicated good diabetic regulation (<360 umol/L). Despite
the adequate fructosamine level, a 24-h blood glucose curve
performed 2 days after his pre-operative blood work showed
a blood glucose range of 21–36 mmol/L. As such, his Neutral
Protamine Hagedorn (NPH) insulin dose was increased to 30
units subcutaneously (SQ) every 12 h.

On admission to the hospital, his heart rate (HR) (136
beats/min; reference interval, 80 to 140 beats/min) and body
temperature (38.1◦C; reference interval, 37.8◦ to 39.5◦C)
were within normal limits, but his respiratory rate was
elevated as he was panting. This patient was aggressive and
always had a higher resting HR documented during his
previous 41 visits to the hospital (128–168 bpm) which was
attributed to anxiousness. Physical examination revealed
normal cardiothoracic auscultation. A complete ophthalmic
examination was performed by a board-certified veterinary
ophthalmologist including slit lamp biomicroscopy, rebound
tonometry, fluorescein staining, electroretinography, and
posterior segment ocular ultrasound. He had received NPH
insulin2 SQ (15 IU) at half of his normal dose 3 h prior to
admission. He had received ketorolac3 1 guttae (ggt) in both eyes
(OU), prednisolone acetate4 1 ggt OU, and Genteal5 ¼ strip OU
12 h prior to admission. His blood glucose at presentation was
21 mmol/L (reference interval 4–9.7 mmol/L). Pre-operatively,
per standard ophthalmology protocol, he received a total of four
doses each of ketorolac, prednisolone acetate, tropicamide6, and
neomycin-polymyxin B-gramicidin7 OU. He also received one
dose each of phenylephrine8 and dorzolamide-timolol9 OU.

A peripheral intravenous catheter10 was placed and the
patient was premedicated with methadone11 (0.3 mg/kg) and
midazolam12 (0.2 mg/kg) administered intravenously (IV).
General anesthesia was induced with propofol13 (1 mg/kg) IV
to allow endotracheal intubation. The patient was connected
to a rebreathing anesthetic circuit with isoflurane14 as the
inhalant anesthetic and was mechanically ventilated throughout
the procedure. Cefazolin15 was given at the beginning of surgery

2NPH insulin: Lilly, Indianapolis, IN.
3Ketorolac Tromethamine 0.5% Ophthalmic Solution: Akorn Inc., Lake Forest, IL.
4Prednisolone Acetate 1% Ophthalmic Suspension USP: Alcon Vision LLC, Fort

Worth, TX.
5GenTeal Tears: Alcon Vision LLC, Fort Worth, TX.
6Tropicamide 1% Ophthalmic Solution USP: Valeant Pharmaceuticals North

America LLC, Bridgewater, NJ.
7Neomycin and Polymyxin B Sulfates and Gramicidin Ophthalmic Solution, USP:

Valeant Pharmaceuticals North America LLC, Bridgewater, NJ.
8Phenylephrine Hydrochloride 2.5% Ophthalmic Solution, USP: Akorn Inc., Lake

Forest, IL.
9Dorzolamide HCl 2%/Timolol Maleate 0.5% Ophthalmic: Valeant

Pharmaceuticals North America LLC, Bridgewater, NJ.
10I.V. catheter: Terumo (Phillipines) Corporation, Laguna, Philippines.
11Methadone: Mylan Institutional LLC, Rockford, IL.
12Midazolam: Akorn Inc., Lake Forest, IL.
13Propofol: Zoetis, Kalamazoo, MI.
14Isoflurane: Henry Schein, Dublin OH.
15Cefazolin: West-Ward, Eatontown, NJ.
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TABLE 2 | Point of care bloodwork (venous) at CUVS.

Date/Time 12/06/2018

12:40

During isoflurane

anesthesia when

bradycardia occurred

12/06/2018

13:30

1-h following

anesthesia

12/06/2018

21:20

9-h

following anesthesia

12/07/2018

08:30

20-h following

anesthesia

12/10/2018

4 days

following anesthesia

Venous pH

(RI 7.32–7.44)

7.178 7.250 7.375 7.435 –

pCO2 (mmHg)

(RI 39–47 mmHg)

40.2 37 30.8 28.3 –

HCO−
3 (mmol/L)

(RI 18–26 mmol/L)

14.8 15.9 17.6 18.6 –

BE (mmol/L)

(RI −5 to +1 mmol/L)

−13.1 −10.5 −6.4 −4.4 –

Glucose (mmol/L)

(RI 3.5–6.16 mmol/L)

16.7 18.1 15 9.8 23.4

Sodium (mmol/L)

(RI 140–150 mmol/L)

134.3 138.8 143 143.3 145.1

Potassium (mmol/L)

(RI 3.9–4.9 mmol/L)

8.08 6.08 4.08 4.4 4.6

Chloride (mmol/L)

(RI 109–120 mmol/L)

112 114 111 113 104

iCa (mmol/L)

(RI 1.2–1.5 mmol/L)

1.21 1.27 1.19 1.18 1.22

Lactate (mmol/L)

(RI 0.5–2 mmol/L)

1.58 1.57 1.55 1.67 2.3

RI, reference interval; pCO2, partial pressure of carbon dioxide; HCO
−
3 , bicarbonate; BE, base excess; iCa, ionized calcium.

as a peri-operative prophylactic antimicrobial agent. Monitoring
consisted of continuous electrocardiography (ECG), esophageal
thermometry, capnography, pulse oximetry, and indirect blood
pressure measurement16. Once the dog was anesthetized and
positioned in dorsal recumbency for surgery, cisatracurium
besylate17 (0.2 mg/kg each time) was given IV 35- and 50-min
following induction of anesthesia. Train-of-four monitoring was
performed in the superficial peroneal nerve to assess depth of
neuromuscular blockade. Fluid therapy was provided throughout
the procedure with Plasmalyte18 (10 mL/kg/hr). The patient’s HR
remained between 100 and 120 bpm initially and his systolic
blood pressure (SBP) between 100 and 120 mmHg as measured
by an indirect oscillometric device16. Phacoemulsification and
intraocular lens implantation of the left eye were completed
uneventfully. Patient positioning was adjusted slightly after
completion of the surgical procedure on the left eye to bring
the right eye into appropriate position under the surgical
microscope. Ninety minutes following propofol induction and
55min following cisatracurium administration, a marked, acute
decrease in his HR (25–30 bpm) and blood pressure (SBP
65–70 mmHg) were noted during phacoemulsification of the
right lens. His end-tidal carbon dioxide was 39 mmHg. Given
the onset of his bradycardia and hypotension, and the nature

16LifeWindow: Digicare Biomedical, Boynton Beach, FL.
17Cisatrucurium: AbbVie Inc, North Chicago IL.
18Plasmalyte-A: Baxter Healthcare Corp, Deerfield, IL.

of surgery, iatrogenic triggering of the oculo-cardiac reflex was
considered a possibility; therefore, anticholinergic medications,
both glycopyrrolate19 (0.02 mg/kg) and subsequently atropine20

(0.02 mg/kg), were given IV. However, as the patient’s eye
was not being actively manipulated and no improvement was
noted with anticholinergic medications, oculo-cardiac reflex was
considered less likely. The bradycardia and hypotension did

not respond to administration of a crystalloid fluid bolus (10
mL/kg Plasmalyte), decreasing inhalant anesthetic concentration,
or antagonism of his previously administered methadone and
midazolam with intravenous administration of naloxone21

(0.02 mg/kg) and flumazenil22 (0.01 mg/kg), respectively. A
venous blood gas sample23 obtained from his cephalic vein
revealed metabolic acidosis with marked hyperkalemia and
relative hyponatremia (Table 2). His blood glucose and lactate
were normal (Table 2). Throughout this period, his ECG

demonstrated sinus bradycardia with absent P waves and tented

T waves, consistent with changes secondary to hyperkalemia.
The patient received 10% calcium gluconate24 (0.15 mL/kg) IV

for cardioprotection. His bradycardia rapidly resolved following
administration of calcium gluconate. Regular insulin25 (0.12

19Glycopyrrolate: West-Ward, Eatontown, NJ.
20Atropine: Vet One, Boise, ID.
21Naloxone: Akorn Inc., Lake Forest, IL.
22Flumazenil: West-Ward, Eatontown, NJ.
23RapidPoint 500: Siemens, Munich, Germany.
2410% Calcium gluconate: Fresenius Kabi, Lake Zurich, IL.
25Regular insulin: Lilly, Indianapolis, IN.
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TABLE 3 | In-house chemistry panel at CUVS 1-h following anesthesia.

Albumin (g/dL)

(RI 27–39 g/dL)

23

ALT (U/L)

(RI 18–121 U/L)

38

ALP (U/L)

(RI 5–160 U/L)

102

Glucose (mmol/L)

(RI 3.5–6.3 mmol/L)

15

Cholesterol (mmol/L)

(RI 3.4–8.97 mmol/L)

14.6

Amylase (U/L)

(RI 337–1469 IU/L)

835

Phosphorus (mmol/L)

(RI 0.8–1.9 mmol/L)

1.55

Calcium (mmol/L)

(RI 2.09–2.94 mmol/L)

2.14

RI, reference interval; ALP, alkaline phosphatase; ALT, alanine transaminase.

IU/kg) and terbutaline26 (0.01 mg/kg) were also subsequently
administered IV to facilitate potassium transport into the
intracellular fluid compartment. As the bradycardia resolved,
so did the hypotension (SBP 110–120 mmHg). Recheck venous
blood gas analysis an hour later revealed mild improvement
in his metabolic acidosis, hyperkalemia, and hyponatremia
(Table 2). An in-house chemistry panel27 was checked and
revealed moderate hyperglycemia, mild hyperphosphatemia,
mild hypoalbuminemia, hypercholesterolemia and a mildly low
amylase (Table 3).

In order to further investigate the cause of his acute
hyperkalemia, additional diagnostic testing performed included
an abdominal ultrasound which revealed static hyperechoic
hepatomegaly with heterogeneous hepatic echotexture,
mild bilateral adrenomegaly, a small left renal cortical cyst,
and an absent spleen. An ACTH stimulation test28 was
performed and revealed no evidence of hypoadrenocorticism or
hyperadrenocorticism (pre-cortisol: 132.5 nmol/L, post-cortisol:
182.2 nmol/L). A recheck venous blood gas obtained 9 h later
revealed resolution of the metabolic acidosis, hyperkalemia
and hyponatremia (Table 2). The patient recovered well from
anesthesia and his surgical procedure. He was discharged from
the hospital 26 h post-operatively and remained stable at home.
Recheck electrolytes measured 4 days post-operatively were
within normal limits (Table 2).

Over the next 2 weeks, the patient was re-evaluated several
times and remained normokalemic. However, his chemistry
panel28 showed that he remained mildly hypoalbuminemic and
hypercholesterolemic (Table 4). His phosphorus and amylase
levels normalized (Table 4). Moderate intraocular pressure
elevation was detected 1 week after surgery, and dorzolamide-
timolol ophthalmic solution was prescribed to be applied to
both eyes twice daily. Despite this, an acute, severe pressure

26Terbutaline: West-Ward, Eatontown, NJ.
27IDEXX VetLab Station: IDEXX Laboratories, Westbrook, ME.
28IDEXX Laboratories, Westbrook, ME.

TABLE 4 | Chemistry panel submitted by CUVS 2 weeks following anesthesia.

Albumin (g/dL)

(RI 23–40 g/dL)

20

ALT (U/L)

(RI 10–125 U/L)

57

ALP (U/L)

(RI 23–212 U/L)

113

Glucose (mmol/L)

(RI 4.07–7.86 mmol/L)

17.3

Cholesterol (mmol/L)

(RI 2.86–8.55 mmol/L)

12.7

Amylase (U/L)

(RI 500–1,500 IU/L)

406

Phosphorus (mmol/L)

(RI 0.8–2.19 mmol/L)

2.22

Calcium (mmol/L)

(RI 1.97–2.99 mmol/L)

2.07

RI, reference interval; ALP, alkaline phosphatase; ALT, alanine transaminase.

elevation was noted in the right eye 13 days post-operatively and
in the left eye 14 days post-operatively. Over the following week,
aqueocentesis was performed repeatedly (a total of three times)
to relieve the intraocular hypertension, two episodes of which
were facilitated using propofol for sedation (total dose each time
was 0.5 mg/kg). During both instances, he did not develop any
clinical signs suggestive of hyperkalemia, but his electrolytes were
not rechecked immediately post-procedure.

The patient was then presented to Central Hospital For
Veterinary Medicine 21-days post-operatively for bilateral
endolaser cyclophotocoagulation to treat refractory glaucoma.
Pre-operative point of care bloodwork29 was within normal
limits (Table 5). A peripheral intravenous catheter was placed.
He was premedicated with hydromorphone30 (0.1 mg/kg) and
midazolam (0.2 mg/kg) IV. General anesthesia was induced with
propofol (1.06 mg/kg) IV to allow endotracheal intubation. The
patient was connected to a rebreathing anesthetic circuit with
isoflurane as the inhalant anesthetic and he was mechanically
ventilated throughout the procedure. Fluid therapy was provided
with lactated Ringer’s solution31 at 10 mL/kg/hr. Atracurium32

(0.2 mg/kg) was administered 30min following induction and
was reversed with neostigmine33 (0.02 mg/kg) IV 150-min
following induction. Two additional bolus doses of propofol
(0.6 mg/kg each) were administered IV intra-operatively at
60- and 90-min following induction to maintain adequate
depth of anesthesia. The patient remained hemodynamically
stable throughout the surgery but upon recovery, point of
care bloodwork was checked which revealed hyperkalemia with
relative hyponatremia (Table 5). Regular insulin (0.1 IU/kg),
50% dextrose34 (100 mg/kg) and 0.9% NaCl35 (0.4 mL/kg)

29Hydromorphone: West-Ward, Eatontown, NJ.
30VetScan i-STAT: Abaxis Inc., Union City, CA.
31Lactated Ringer’s Solution: Dechra, Overland Park, KS.
32Atracurium Besylate: Schaumburg, IL.
3350% dextrose: Vet One, Boise, ID.
340.9% NaCl: Hospira, Lake Forest, IL.
35Alfaxalone: Jurox Inc., North Kansas City, MO.
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TABLE 5 | Point of care bloodwork (venous) at Central Hospital For Veterinary Medicine.

Date/Time 12/26/2018

15:00

24-h prior to anesthesia

12/27/2018

15:19

Immediately following

anesthesia

12/27/2018

20:11

5-h

following anesthesia

12/28/2018

00:07

9-h following

anesthesia

12/28/2018

13:25

21-h

following anesthesia

HCT (%)

(RI 35–50%)

32 25 30 30 31

BUN (mmol/L)

(RI 3.57–9.28 mmol/L)

5.7 4.64 5.36 5.7 5.7

Creatinine (umol/L)

(RI 44.2–114 umol/L)

79.5 79.5 61.8 61.8 70.7

iCa (mmol/L)

(RI 1.12–1.4 mmol/L)

1.15 1.25 1.26 1.27 1.23

Glucose (mmol/L)

(RI 3.3–6.3 mmol/L)

5.7 20.5 28.9 16 22

Sodium (mmol/L)

(RI 142–150 mmol/L)

145 136 136 144 141

Potassium (mmol/L)

(RI 3.4–4.9 mmol/L)

4.5 8 6.2 4.5 4.8

Chloride (mmol/L)

(RI 106–127 mmol/L)

118 113 114 114 115

RI, reference interval; HCT, hematocrit; BUN, blood urea nitrogen; iCa, ionized calcium.

were given IV. Eight hours later, the hyperkalemia resolved
(Table 5). An abdominal ultrasound was repeated to investigate
possible causes of recurrent hyperkalemia, and the findings were
unchanged from previous study 21 days prior. A resting cortisol
level was sent to an external laboratory28 at this time and was
now low (8.28 nmol/L, reference interval 55.2–165.6 nmol/L);
however, this result was suspected to be influenced by the fact
that the patient had been treated with ophthalmic prednisone
acetate drops. Hypoadrenocorticism was considered unlikely
in this patient due to a previously reported normal cortisol
level, normal ACTH stimulation test 3 weeks prior, and static
ultrasonographic appearance of the adrenal glands reported on
two separate occasions 3 weeks apart. A fasted triglyceride level
was checked to rule out marked hypertriglyceridemia causing
pseudohyperkalemia and was mildly elevated (1.96 mmol/L,
reference interval 0.22–1.65 mmol/L). The patient recovered well
and was discharged 6 days post-operatively.

Due to the development of repeated intra-operative
hyperkalemia at two different facilities, propofol infusion
syndrome was considered a potential cause for the acute
hyperkalemia. Given this concern, when the patient underwent
a third anesthetic episode for bilateral enucleation at CUVS
7 weeks later, alfaxalone36 (1 mg/kg) IV was used as an
anesthetic induction agent instead of propofol. Methadone
(0.2 mg/kg) and midazolam (0.2 mg/kg) were used as
premedication. General anesthesia was maintained using
isoflurane inhalant anesthetic but no neuromuscular blocking
agents were used. Pre- and post-operative electrolyte levels
remained within normal limits throughout this hospital stay.
The patient’s diabetes mellitus was better controlled during
this visit: blood glucose was 11.5 mmol/L pre-operatively

36Neostigmine: Amphastar Pharmaceuticals Inc, Rancho Cucamonga, CA.

and 19.7 mmol/L post-operatively. The patient had an
uneventful recovery and was discharged the following
day. No further hyperkalemic episodes were suspected
or documented.

Five months after his cataract surgery, the patient was
diagnosed with a rapidly progressive C7–T1 myelopathy. At
that time, considering the patient’s multitude of health issues
and concerns for his overall poor prognosis, his owners elected
humane euthanasia.

DISCUSSION

This report describes the repeated development of marked
hyperkalemia during general anesthesia for ophthalmologic
surgery in a dog. There are many causes of intra-operative
hyperkalemia, broadly divided into the following categories:
altered potassium distribution (e.g., increased potassium
release from cells or other transcellular shifts, including severe
metabolic acidosis, thrombocytosis, hemolysis, rhabdomyolysis)
(1, 5), reduced renal/urinary excretion (e.g., uroabdomen,
administration of potassium-sparing diuretics, intravascular
volume depletion, hypoaldosteronism/hypoadrenocorticism),
malignant hyperthermia, an increased exogenous potassium
load (e.g., drug-related, iatrogenic potassium chloride
injection) or parasitic infestation (whipworms). There
are also reports of veterinary species-specific problems
such hyperkalemic periodic paralysis in Quarter Horses
(6) [also reported in a dog (7)], episodic hyperkalemia
in Greyhounds (8), and unexplained hyperkalemia in
non-domestic felids (9). There was a recent case series
documenting repeated intra-operative hyperkalemia in two
Greyhounds where the inciting cause was not identified
(2). Greyhounds reportedly have significantly lower than
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average basal aldosterone levels, which may have contributed
to the development of hyperkalemia or to their inability
to rapidly and/or effectively respond to increases in serum
potassium when they occurred. These dogs also received
medetomidine which could contribute to hyperkalemia due to
the inhibitory effects of alpha-2 adrenergic receptor agonists
on the production of insulin (2). Our patient was neither a
Greyhound nor did he receive an alpha-2 adrenergic agonist,
therefore the above hypothesis is unlikely to be applicable in
this case.

The patient in this report had a prior history of mild
pseudohyperkalemia secondary to thrombocytosis. However,
this typically results in a mild increase in potassium levels
(0.3–0.5 mmol/L above baseline) secondary to increased
potassium release from activated platelets. In the absence of
hemolytic serum and elevated bilirubin levels, intravascular
hemolysis appeared unlikely. The patient did not receive
any drugs that would impair potassium excretion and
the risk of iatrogenic injection of potassium chloride
was considered negligible—all fluid bags and medications
administered were rechecked, and the fact the hyperkalemia
recurred at a different veterinary facility made this unlikely.
Rhabdomyolysis was considered unlikely given the lack
of pigmenturia observed on both occasions and a normal
creatinine kinase level obtained 3 days after the initial event.
Acute kidney injury was ruled out by normal urea nitrogen
and creatinine levels, and adrenal function testing did not
support hypoadrenocorticism. Considering the above, metabolic
causes were thought to be less likely and the focus shifted to
drug-induced hyperkalemia.

Timolol was considered to be a potential contributing cause
of hyperkalemia due to a single case report in human patients
which described the development of severe hyperkalemia after
administration of timolol (10). Timolol is a beta-antagonist
that can impair potassium homeostasis by reduced sodium-
potassium-ATPase activity, preventing potassium influx and
sodium efflux into cells and leading to development of
hyperkalemia. Given the scarce reports of beta-antagonist
induced hyperkalemia in human patients, the authors believe
timolol was unlikely to be the cause of the hyperkalemia.
Other medications that the patient received on both occasions
included midazolam, isoflurane inhalant, propofol, and non-
depolarizing neuromuscular blocking agents. Extensive literature
review revealed no case reports or known associations between
midazolam and the development of hyperkalemia. Isoflurane-
induced malignant hyperthermia (MH) leading to hyperkalemia
has been reported in both human medicine and in a dog
(11). MH is thought to be an autosomal dominant inherited
disease caused by a mutation of RYR1 gene. The most common
features of MH in dogs are hypercarbia, hyperthermia, and
cardiac arrhythmias (11). Rhabdomyolysis is thought to be the
cause of hyperkalemia in MH. Given the patient’s multiple
previous exposures to isoflurane, low-normal body temperature,
and normal end-tidal carbon dioxide throughout both surgeries,
malignant hyperthermia was considered highly unlikely.

Propofol infusion syndrome (PRIS) has been reported in
human medicine (12, 13) and in one veterinary case report (3).

This is a syndrome occurring in critically ill patients receiving
propofol infusions, typically at high doses (>5 mg/kg/h) or
prolonged infusion (>48 h), and is characterized by one of the
following changes that are otherwise unexplained: metabolic
acidosis, rhabdomyolysis, or ECG changes, with or without
AKI, hyperkalemia, hyperlipidemia, cardiac failure, elevated liver
enzymes, or raised serum lactate (12, 13). There are also human
case reports documenting hyperkalemia after a single bolus of
propofol at an average dose (14, 15). There have been a few
recent case reports published describing development of peri-
operative hyperkalemia in dogs and all of these patients received
propofol (2–4). However, aside from the case reported byMallard
et al. (3), none of the dogs developed signs supportive of PRIS
except for hyperkalemia and did not receive a continuous rate
infusion. The patient in our study had received propofol at
varying doses (0.5–4 mg/kg) on eight occasions previously and
had no hemodynamic changes consistent with PRIS. However, it
is still possible that the signs noted during these two events was
related to early PRIS, or was a precursor for the development of
PRIS, since a dose-dependent relationship has been suggested in
human medicine (12).

Another recent report described development of marked
hyperkalemia intra-operatively in a dog with poorly controlled
diabetes mellitus undergoing anesthesia for phacoemulsification
(4). This patient underwent the same procedure (elective
phacoemulsification), received propofol as an induction agent,
was maintained on inhalant isoflurane anesthesia, and received
a non-depolarizing neuromuscular blocking agent (atracurium).
An additional similarity between this dog and the patient in
our study was that both animals were diabetic patients that did
not have optimal glycemic control. However, the diabetic patient
described in the previous report also received medetomidine,
which may have contributed to the hyperkalemia noted. In
that report, the patient’s hyperkalemia was presumed to be
caused by poorly controlled diabetes mellitus leading to a
combination of insulin deficiency and hyperosmolality, resulting
in hyperkalemia through fluid shifts from the intracellular
to extracellular compartment (4). A normal fructosamine
level was documented pre-operatively in our patient; however,
moderate hyperglycemia was documented in the post-operative
period following development of hyperkalemia. The patient
had previously been exposed to propofol on multiple occasions
(prior splenectomy, spinal surgery, endoscopy, and abdominal
explore); however, these instances occurred before his diagnosis
of diabetes mellitus (he had been diagnosed 7 months
prior to his cataract surgery). There is evidence in animal
models to suggest that propofol induces whole body insulin
resistance and causes glycogen synthase kinase 3β-related
mitochondrial dysfunction and apoptosis, and the link between
insulin resistance and mitochondrial dysfunction has been well-
described (16, 17). These studies have suggested that propofol-
induced insulin resistance may contribute to the development
of PRIS. The authors hypothesize that once this patient became
a diabetic with altered carbohydrate metabolism, he may have
been more susceptible to the development of mitochondrial
dysfunction which could have mediated the development of
early PRIS in this case on both occasions. This may explain
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why hyperkalemia or other signs suggestive of PRIS were
not documented during previous exposures to propofol in
this patient.

Neuromuscular blocking agents were also considered
potential causes for our patient’s hyperkalemia. There
are well-documented reports of succinylcholine-induced
hyperkalemia in human patients (18, 19) and one case report
in an experimental study in dogs (20). Succinylcholine is
a depolarizing neuromuscular blocking agent that differs
from non-depolarizing agents in that it results in prolonged,
irreversible binding at the postsynaptic acetylcholine (ACh)
receptors. Succinylcholine has been reported to cause a transient,
mild increase in potassium concentration up to 0.5 mmol/L
above baseline (18). However, this effect can be exacerbated
when the Ach receptors on skeletal muscle are upregulated
or if denervation occurred such that the constituent subunits
of the Ach receptor were altered (19). Both the patient in
the aforementioned case report (4) and this patient received
non-depolarizing neuromuscular agents, either cisatracurium
or atracurium. There are no current human or veterinary
reports of hyperkalemia developing after administration
of either of these medications. However, the potential for
non-depolarizing neuromuscular blocking agents to have
contributed to intra-operative hyperkalemia cannot be entirely
ruled out.

Given these considerations, the authors hypothesize that this
patient’s repeated, marked intra-operative hyperkalemia was
most likely associated with propofol, although other contributing
causes such as suboptimal glycemic control of diabetes mellitus
and contributions from other medications cannot be ruled out
completely. Hyperkalemia can be a life-threatening emergency
and is an important differential in bradycardic patients under
anesthesia that are not responsive to traditional therapies.
Administration of calcium gluconate to increase the cardiac
threshold potential and administration of insulin with dextrose,
beta-2 agonists or sodium bicarbonate to encourage the

intracellular shift of potassium are interventions that should
be considered to reduce the risk of fatal arrhythmias and
to decrease circulating potassium concentrations. Although
a definitive underlying cause could not be identified in this
patient, this case report adds to current veterinary literature
by raising awareness of the potential for development of
severe intra-operative hyperkalemia that could be related
to various anesthetic medications. Close monitoring and
prompt identification of intra-operative hyperkalemia is
vital for rapid intervention to treat this life-threatening
anesthetic complication.
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