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Clinical implementation of Pulsed inhaled
Nitric Oxide in equine anaesthesia

Abstract

Hypoxaemia is a common complication during horse anaesthesia that is a challenge
to treat. The primary cause of hypoxaemia is the development of a large intra-
pulmonary shunt that leads to significant ventilation-perfusion mismatch. Opening
and ventilating atelectasis during anaesthesia requires high airway pressures and
repeated manoeuvres. Another approach to improve gas exchange in the lung is to
redistribute blood flow from atelectatic to well-ventilated lung regions. In
experimental studies, it has been shown possible to target the vasodilating gas nitric
oxide to open ventilated lung parts by pulsing the gas at the beginning of inspiration.

In the first experimental study of the present thesis, the effect of Pulsed inhaled Nitric
Oxide (PiNO) was evaluated during different modes of ventilation in combination
with normal or low cardiac output and blood pressure. In the following clinical
studies, PINO was evaluated in colic horses undergoing abdominal surgery and in
healthy horses undergoing arthroscopy. In the last study, it was investigated if PINO-
induced improved arterial oxygenation had an impact on the quality of recovery after
anaesthesia compared to controls. The results showed that PINO was effective
during mechanical ventilation only if cardiac output blood pressure were adequate,
while PINO was effective under both hypotensive and normotensive conditions
during spontaneous breathing. In the clinical studies, PiNO effectively improved
arterial oxygenation in both healthy and colic horses, ventilated spontaneously or
mechanically. In the last study, horses that received PiNO during anaesthesia had
better recovery quality compared to controls. In addition, a positive correlation
between arterial oxygenation during anaesthesia and recovery quality was seen.

In summary, PiNO offers a simple and effective option to treat hypoxaemia in
anaesthetised horses. In the future, the effect of oxygenation on the quality of
recovery needs to be further investigated as well as the long-term effects, such as
wound healing in the postoperative period.

Keywords: horse, anaesthesia, hypoxaemia, nitric oxide, recovery, ventilation



Implementering av pulsad inhalerad
kvaveoxid under hastanestesi i kliniken

Sammanfattning

Hypoxemi &r en vanlig komplikation hos sévda héstar som &r en utmaning att
behandla. Den primara orsaken till hypoxemi &r en stor intrapulmonell shunt som
leder till betydande obalans mellan ventilation och perfusion. Att 6ppna upp och
ventilera atelektaserna under anestesi krdver hdga luftvagstryck och upprepade
mandvrar. Ett annat tillvigagangssatt for att forbattra gasutbytet i lungan ar att
omfordela blodflodet fran atelektatiska till valventilerade lungdelar. | experimentella
studier har det visat sig mgjligt att anvénda den kérlvidgande gasen kvéveoxid som
en puls i borjan av varje andetag for att 6ka blodflédet i de ventilerade lungdelarna.

I den forsta experimentella studien i avhandlingen utvarderades effekten av Pulserad
inhalerad kvéveoxid (PiNO) under olika ventilationssétt i kombination med normalt
eller 14g blodtryck. I féljande kliniska studier utvarderades PiNO hos kolikhastar
som genomgick bukkirurgi och hos friska hdstar som genomgick artroskopi. | den
sista studien undersoktes om PiNO-inducerad forbattrad arteriell syresattning hade
en inverkan pa kvaliteten pa uppvaket efter anestesi. Resultaten visade att PiNO var
effektivt under mekanisk ventilation endast om hjartminutvolymen och blodtrycket
var normalt, medan PiNO var effektivt under bade hypotensiva och normotensiva
forhallanden under spontanandning. | de kliniska studierna forbattrade PiNO
effektivt arteriell syresattning hos bade friska hastar och kolikhastar, ventilerade
spontant eller mekaniskt. | den sista studien hade hastar som fick PINO under
anestesi battre uppvakskvalitet jamfort med kontroller. Dessutom sags ett positivt
samband mellan arteriell syresattning under anestesi och uppvaksskvalitet.

Sammanfattningsvis &r PiNO en effektiv alternativ metod for att behandla hypoxemi
hos sovda hastar. | framtiden behover effekten av syresattning pd kvaliteten pé
uppvakningen undersokas ytterligare liksom de langsiktiga effekterna, sdsom
sarlakning i den postoperativa perioden.

Nyckelord: hést, anestesi, hypoxemi, kvéveoxid, uppvak, spontanandning, mekanisk
ventilation
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1. Introduction

Horses are extreme athletes; they are prey animals and therefor adapted to
run fast. However, they are not suited to be under general anaesthesia, which
can be seen from the statistics in comparison to humans, dogs and cats. The
anaesthesia-related mortality rate in horses is around 1%, (Johnston et al.
2002; Dugdale et al. 2016), while the mortality rate in humans and small
animals is much lower, 0.17% for dogs, 0.24% for cats (Brodbelt et al. 2008)
and in humans <0.01% (Lagasse 2002). Interestingly, the mortality rate in
these species has declined over the last 20 years whereas this is not the case
for horses. Most of the fatalities related to equine anaesthesia occur during
the recovery period (Johnston et al. 2002), which is when the horse wakes
up from surgery and has to get up into a standing position.

One major complication that can occur during anaesthesia is hypoxaemia,
i.e. low oxygen content in the blood. Hypoxaemia during equine anaesthesia
has been associated with increased lactate concentrations in the blood,
decreased skeletal muscle oxygenation, post anaesthetic cerebral necrosis
and sudden cardiac arrest in horses (Steffey et al. 1992; Whitehair et al. 1996;
McGoldrick et al. 1998; Taylor 1999; McKay et al. 2002; Portier et al. 2009).
Apnoea in horses with hypoxaemia can drastically aggravate the hypoxaemia
that causes cardiovascular instability, which in worse case can progress to
cardiac arrest (Guedes et al. 2016). There is also one study that showed that
intraoperative hypoxaemia increases the risk of postoperative wound
infection (Costa-Farré et al. 2014). Reducing the oxygen delivery to the
tissues during anaesthesia can also have a negative impact on the recovery
after surgery. This thesis explores a new method for improving oxygenation
during anaesthesia which might reduce the mortality rate during anaesthesia
and complications during recovery in horses.
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2. Background

As mentioned in the introduction, the anaesthesia-related mortality rate in
healthy horses is relatively high, around 1% (Johnston et al. 2002; Laurenza
et al. 2020), however, the mortality for compromised horses, such as horses
with colic, is much higher. The higher mortality rate is at least partly because
these compromised horses often have impaired circulation and more often
are hypoxaemic during anaesthesia. Horses are exposed to anaesthesia for
many reasons, both planned elective procedures as well as emergency
surgeries like wound repair or abdominal surgery. The compromised
circulation in horses with colic can be due to dehydration and endotoxaemia
as well as having acid base disturbances. In addition to this, some colic
horses have distended intestines, which besides from causing severe pain
also impairs the ventilation during anaesthesia. Compared to healthy horses,
horses with colic have a negative oxygen balance before they are
anaesthetised and they also have an insufficient muscle oxygenation during
anaesthesia (Edner et al. 2007). In a retrospective study by Pascoe et al.
(1983), 13.1% of the horses with colic that underwent abdominal surgery
were hypoxaemic during anaesthesia. The anaesthesia-related mortality rate
in horses with colic undergoing abdominal surgery is much higher than for
horses undergoing other types of surgery. In the study by Johnston et al.
(2002), the mortality rate was 8.0% in colic horses undergoing abdominal
surgery. In a later study, the anaesthesia related mortality in colic horses was
3%, however if horses that were euthanized due to an inoperable lesion were
included the mortality rate was 33% (Laurenza et al. 2020).

15



2.1 Hypoxaemia

The incidence of anaesthesia-induced hypoxaemia, commonly defined as an
arterial oxygen tension (PaO;) below 8 kPa, is not fully known but is
suggested to be around 12-17% (Pascoe et al. 1983; Day et al. 1995;
Whitehair & Willits 1999). There are five causes for hypoxaemig;
hypoventilation, low inspired fraction of oxygen (FiO.), vascular shunt,
diffusion impairment and ventilation/perfusion mismatch (VA/Q)
(Auckburally & Nyman 2017).

When a horse is placed in dorsal recumbency during general anaesthesia
there is a cardiopulmonary impairment which often leads to hypoxaemia
(Nyman & Hedenstierna 1989; Nyman et al. 1990; Wagner 2008a). If no
interventions are done the hypoxaemia will persist not only during the whole
time that the horse is recumbent but also during the time when the horse is
in lateral position during the recovery period (Trim & Wan 1990). In horses,
the hypoxaemia is primarily due to atelectasis formation in the dependent
areas of the lung (Nyman et al. 1990). The atelectasis leads to an increase in
Va/Q mismatch, which is most prominent when the horse is placed in dorsal
recumbency (Dobson et al. 1985; Nyman & Hedenstierna 1989).

During general anaesthesia the respiratory muscles become relaxed and
this decreases the functional residual capacity (FRC) (Sorenson & Robinson
1980; Moreno-Martinez et al. 2022). When the FRC decreases bronchioles
will collapse and the distal alveoli to theses bronchioles will no longer be
ventilated (Moreno-Martinez et al. 2022). Generally horses will receive a gas
mixture with high FiO,, and high FiO, can lead to absorption atelectasis
(Marntell et al. 2005). Both these factors contribute to an impairment in gas
exchange during anaesthesia. Decreasing the FiO, in horses during
anaesthesia has various results. While lower FiO, decreases the alveolar-
arterial oxygen gradient (P(A-a)O.) it has a negative impact on the
oxygenation, thus higher FiO2 in horses during inhalation anaesthesia will
result in higher oxygen levels in the blood (Savvas et al. 2021).

As stated in the introduction, there are numerous consequences of
hypoxaemia during equine anaesthesia, even though it is not fully
understood. The older a horse is the worse its oxygenation during anaesthesia
is (Laurenza et al. 2020). A high PaO2/FiO- ratio seems to decrease the risk
of respiratory complications, like pulmonary oedema, and also decrease the
risk of cardiovascular complications (Laurenza et al. 2020).
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2.2 Improvement of oxygenation by controlling the
ventilation

Hypoventilation frequently occurs in horses during general anaesthesia.
Drugs that are commonly used for premedication and induction of general
anaesthesia all cause respiratory depression to some extent. Both romifidine
and xylazine have been shown to increase arterial partial pressure of carbon
dioxide (PaCO) in horses (Ringer et al. 2013). However, the main
respiratory depressants are the inhalation anaesthetics used for maintenance
of anaesthesia (Hubbell & Muir 2015). The respiratory rate decreases with
isoflurane and can be as low as two breaths per minute. The tidal volume
(V7) is not usually effected that much unless high doses of isoflurane are
used (Steffey 2002).

Since hypoventilation often occurs during general anaesthesia, some form
of ventilation strategy is commonly used. Applying mechanical ventilation
(MV) is effective for overcoming hypoventilation, and decreasing PaCO;
(Moreno-Martinez et al. 2022). However, when MV is applied there will be
a positive intrathoracic pressure that decreases the venous return and there
by a decrease in cardiac output (CO), this in turn can worsen the hypoxaemia
and oxygen delivery (DO;) (Cournand & Motley 1948). Mechanical
ventilation with recruitment manoeuver (RM) and applied positive end
expiratory pressure (PEEP) continuously improved PaO; in a clinical study,
but gastrointestinal oxygenation was decreased (Hopster et al. 2011, 2017).
The use of RM and PEEP requires transiently high inspiratory pressures to
open up collapsed alveoli and the elevated mean airway pressure can
decrease CO, resulting in decreased oxygen delivery to the tissues (Hopster
et al. 2017). The use of selective MV of dependent lung regions with a
combination of PEEP decreases VA/Q mismatch and increases PaO. during
anaesthesia (Nyman et al. 1987; Moens et al. 1992, 1994). Unfortunately this
method requires interventions that are not suitable for a clinical situation
(Moens et al. 1992).

Assisted ventilation is a form of controlled mandatory ventilation
(Mosing & Senior 2018). During assisted ventilation, the patient’s breath
triggers the ventilator and a mechanical positive pressure is then applied to
increase the V1 (Moens 2013). This allows the patient to contribute to the
minute ventilation and offers several advantages over controlled ventilation
(Hodgson et al. 1986; Kacmarek et al. 2015), it can decrease the risk of
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barotrauma, improve intrapulmonary gas distribution and enhance blood
flow (Hodgson et al. 1986).

2.3 Improving oxygenation by controlling the perfusion

A second way to improve the VA/Q matching is to regulate lung perfusion.
In equine anaesthesia one method to improve arterial oxygenation is to give
salbutamol as an aerosol. Salbutamol is a B-adrenergic agonist that has a
selectivity for Bo-receptors and was first used for treatment of bronchospasm
in horses with recurrent airway disease (Derksen et al. 1999). Later on it was
studied in horses during general anaesthesia to improve oxygenation
(Robertson & Bailey 2002). Salbutamol improves arterial oxygenation,
however unwanted cardiovascular effects and profuse sweating is not
uncommon (Robertson & Bailey 2002; Casoni et al. 2014). The
cardiovascular side effects include tachycardia, hypotension and also a case
of ventricular arrhythmia has been reported (Casoni et al. 2014). These
unwanted side effects suggest that there is a systemic uptake of salbutamol
when delivered as an inhalant. There are also reports on reduction in arterial
potassium levels after salbutamol administration (Adami et al. 2020; Loomes
2021), indicating that extra hematologic monitoring may be necessary during
and after if salbutamol is chosen for treatment of hypoxaemia.

A way to improve arterial oxygenation without systemic effects is
therefore desired and that is where pulsed inhaled nitric oxide (PiNO) comes
in.

2.3.1 Nitric oxide

In 1987 nitric oxide (NO) was revealed to be the endothelium-derived
relaxing factor that causes vasodilation in the body (Palmer et al. 1987),
before this discovery, NO was only considered to be a pollutant for the
environment. Nitric oxide is a potent vasodilator that is normally produced
endogenously and causes smooth muscle relaxation (Ignarro et al. 1987;
Blitzer et al. 1996).

Nitric oxide can be administered as a gas during inhalation; this is called
inhaled nitric oxide (iNO). Inhaled nitric oxide has been commonly used in
human medicine, e.g. for adults and children with acute hypoxaemic
respiratory failure and for neonates with pulmonary hypertension (Rossaint
et al. 1993; Dobyns et al. 1999; Clark et al. 2000). When NO is inhaled it
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diffuses across the alveolar membrane to the smooth muscles of the
pulmonary vessels, where it increases cyclic guanosine monophosphate
(cGMP) causing relaxation of the vascular smooth muscle which results in
vasodilation (Ichinose et al. 2004; Bhatia et al. 2021).

There are few studies done on iNO during anaesthesia of horses. In
neonatal foals with experimentally induced pulmonary hypertension,
continuous delivery of iNO did improve arterial oxygenation (Lester et al.
1999). Conversely, continuous delivery of iNO in adult horses showed no
positive effect on oxygenation (Young et al. 1999). Heinonen et al. (2000)
compared pulsed delivery of iNO (PiNO) during inspiration to constant
inspired concentration of NO in anaesthetized pigs and concluded that with
PiNO the NO was used more effectively and environmental exhausts were
reduced. This method of pulsed delivery of NO was developed in an
additional study by the same research group, where PiNO turned out to be an
effective way to counteract hypoxaemia in horses during general anaesthesia
(Heinonen et al. 2001). Further studies showed that a pulse of iNO during
the first part of inspiration (30-45% of the inspiration time) improved arterial
oxygenation in healthy horses (Heinonen et al. 2002; Grubb et al. 2008,
2013b; a; Nyman et al. 2012). Additionally, a study using multiple inert gas
elimination technique (Wagner 2008b), and scintigraphy demonstrated that
pulmonary blood flow was redistributed from dependent atelectatic lung
regions to non-dependent ventilated areas during PiNO, resulting in a
reduction of right to left vascular shunt (Grubb et al. 2014). The improvement
in arterial oxygenation during PiINO has been shown to be sustained
throughout 2.5 hours of anaesthesia (Nyman et al. 2012) and no adverse
effects, i.e. rebound after PiNO discontinuation, have been observed in the
studies done on horses (Grubb et al. 2008, 2013b; a, 2014; Nyman et al.
2012).

2.3.2 Metabolism of nitric oxide

When nitric oxide is given as an inhalant, the excess diffuses to the blood
and forms methaemoglobin and nitrate after a reaction with oxyhaemoglobin
(Ichinose et al. 2004). In humans around two thirds of the NO that is inhaled
is absorbed and then excreted as nitrate via the kidneys within 48 hours after
inhalation (Young et al. 1996). If iNO is given in higher doses it can
recirculate in the breathing system and then react with oxygen and form
nitrogen dioxide (NO_) (Bhatia et al. 2021). Nitrogen dioxide is a toxic gas
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that even in small concentrations causes irritation in the airways (Weinberger
et al. 2001). To reduce the risk of NO; toxicity and lethal
methaemoglobinaemia the recommended maximum iNO dose from the U.S.
Food and Drug Administration is 80 parts per million (ppm). For preterm
infants the highest recommended dose is 20 ppm for a maximum of 14 days
(Witek & Lakhkar 2022).

2.4 Recovery

The recovery period is the most critical part during the perioperative period
in horses (Johnston et al. 2002; Dugdale & Taylor 2016; Laurenza et al.
2020; Gozalo-Marcilla & Ringer 2021). For a horse to recover after
anaesthesia it has to stand up, more or less on its own. Complications occur
more frequently in horses than in other companion animals, and fatal injuries,
like fractures and severe myopathies are not uncommon. Most recovery-
related injuries are less severe, such as abrasions and lacerations to the head
or extremities.

Several studies have investigated what factors can influence the quality
of recovery in horses. Factors proven to affect the quality of the recovery and
to potentially lead to mortality during the recovery period are numerous and
include, for example, the age and health of the horse as well as the duration
of anaesthesia (Dugdale et al. 2016; Laurenza et al. 2020). Although it has
not been certain how hypoxaemia affects recovery, there are publications that
suggest that hypoxaemia during anaesthesia leads to inferior recoveries in
horses (Trim et al. 1989; Riegg et al. 2016). In one study, looking at
ventilation and recruitment of collapsed alveoli, the horses that had a higher
PaO. during anaesthesia had shorter time to sternal position and fewer
attempts to stand compared to horses with lower PaO, (Hopster et al. 2011).
In another study, a possible correlation between PaO- and recovery score was
seen and horses that received medetomidine had higher PaO. during
anaesthesia and a better recovery score compared to horses receiving S-
ketamine (Menzies et al. 2016). Hypoxaemia during anaesthesia was found
to be a risk factor for lower recovery quality in one study looking at non-
assisted versus head and tail rope-assisted recovery (Riegg et al. 2016).
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2.4.1 Scoring of recovery quality

To date, there is no validated method for scoring the quality of recovery in
horses after general anaesthesia. Vettorato et al. (2010) examined and
compared four different systems for scoring of recovery quality. The
recovery quality scoring systems were a visual analogue scale, a composite
rating scale, a simple descriptive scale and the Edinburgh scoring system.
All four systems were comparable and had a low inter-observer variability.
A simple descriptive scale was used in 91 of 124 studies included in a review
looking at the influence of anaesthetic protocol on recovery quality (Loomes
& Louro 2022), indicating that this scoring system, even though not validated
is used extensively. Of three scoring systems, whereas two were included in
the study by Vettorato et al. (2010), all systems seemed to be reproducible
and repeatable (Suthers et al. 2011). One simple descriptive scale that was
included in these studies is from Young & Taylor (1993), and is considered
to be easily applied and provides a rapid overview (Suthers et al. 2011) and
this system was chosen for the study on recovery in this thesis.
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3. Aims of the thesis

The first hypothesis, in the experimental study, was that mechanical
ventilation and increased pulmonary blood flow would optimize the effect of
PiNO on arterial oxygenation. The second hypothesis was that PiNO during
inhalation anaesthesia improves arterial oxygenation during anaesthesia in
healthy as well as colic horses undergoing elective and emergency surgery.

The overall aim was to confirm that PiNO can be used to improve arterial
oxygenation in anaesthetised horses in a clinical setting.

The specific aims were to:

o Determine the impact of two ventilation modes (mechanical ventilation
and spontaneous breathing) and two perfusion conditions (mean arterial
blood pressure < or > 70 mmHg) on PiNO-mediated oxygenation.

¢ Evaluate the effect of PINO on arterial oxygenation and subsequent
blood lactate concentration in colic horses breathing spontaneously
during abdominal surgery.

o Determine and compare, with a control group, the effect of PINO on
arterial oxygenation in anaesthetised mechanically ventilated horses
that were anaesthetised for either elective or emergency surgery.

o Determine if there is a correlation between intraoperative PaO- and
quality of recovery in healthy horses undergoing arthroscopy.
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4. Materials and methods

4.1 Inclusion criteria Study II-IV

Inclusion criteria for the healthy group were determination of clinical health
(ASA status I-11) by physical examination and admission to the hospital for
elective arthroscopy (Group A in study I11) in dorsal recumbency. Inclusion
criteria for the compromised group were all adult horses with signs of
abdominal pain (colic) referred to the clinic for emergency abdominal
surgery (Group C in Study I1) in dorsal recumbency. Horses under the age
of 6 months were excluded from both groups.

In Study Il, every other horse received PiINO and the rest served as
controls. In Study Il all horses were breathing spontaneously (SB) during
anaesthesia. In Study 111, the horses which, according to the approved owner
consent, could be included in the study were divided so that every other horse
received PiNO, labelled A-INO and C-INO, A standing for arthroscopy and
C for colic. Control horses, not receiving PiNO, were labelled A-CN and C-
CN. AIll horses were scheduled for mechanical ventilation during
anaesthesia.

4.2 Horses

In Study I, which was an experimental study, 27 healthy Standardbred
trotters were included. The age ranged from 1 to 25 years and the body
weight ranged from 375 to 610 kg.

Study 1I-1V were clinical studies and informed, written owner consents
were obtained. Thirty horses with colic undergoing abdominal surgery were
included in study 11, 15 received PiNO and 15 served as controls (C). The
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study included 14 Warmbloods (six PiNO, eight C), six Standardbred trotters
(three PiNO, three C) and 10 various breeds including ponies, Icelandic
horses and draft horses (six PiNO, four C). The age in horses receiving PiNO
was 10 * 6 years and 11 £ 6 years in the control group. The body weight
ranged from 337 to 688 kg and 250 to 616 kg in the PiNO and control group,
respectively. In study 11, a total of 80 horses were included, 50 horses were
healthy horses undergoing elective arthroscopy (Group A) and 30 horses had
signs of colic and underwent acute abdominal surgery (Group C). In both
groups every second horse received PiNO and the rest served as controls. In
horses undergoing arthroscopy, 23 were Standardbred trotters (12 PiNO, 11
C), 23 Warmbloods (12 PiNO, 11 C) and four were of various breeds (one
PiNO, three C). The age ranged from 1 to 12 and from 1 to 15 years in PINO
and control group, the body weight ranged from 330 to 690 and from 340 to
700 kg in PiNO and control group, respectively. Amongst horses undergoing
acute abdominal surgery, 20 were Warmbloods (eight PiINO, 12 C) and the
rest were of various breeds (seven PiNO, three C). The age ranged from 1 to
19 and from 1 to 18 years in PiNO and control group, the body weight ranged
from 360 to 700 and from 390 to 690 kg in PiNO and control group
respectively.

In Study 1V 26 of the 50 healthy horses undergoing arthroscopy in Study
Il were included. Twelve of the horses received PINO and 14 served as
controls. The study included 17 Warmbloods, six Standardbred trotters and
three of various breeds. The horses were in average 6.5 + 4 years old and
weighed 535 + 97 kg.

4.3 Anaesthesia

4.3.1 Studyl

Food, but not water, was withheld for 12 hours prior to anaesthesia.
Acepromazine (0.03 mg kg?) was administered intramuscular (IM)
approximately 30 minutes before induction of anaesthesia. The subcutaneous
tissues over the jugular veins were infiltrated with lidocaine before
catherisation. The left jugular vein was catheterized with a 14 gauge catheter,
and the right jugular vein was catheterized with two 8.5F sheath introducers
(one positioned distally in the vein and the other positioned proximally in the
vein).
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Additional premedication consisted of xylazine hydrochloride (1.1 mg kg™?)
intravenously (IV) and butorphanol tartrate (0.025 mg kg™) IV. When
sedation was apparent, anaesthesia was induced by rapid IV administration
of a bolus of ketamine hydrochloride (2.2 mg kg ™) and diazepam (0.05 mg
kg1). After the horse was recumbent, the trachea was intubated with a cuffed
endotracheal tube (internal diameter, 26 mm). The horse was hoisted onto a
padded surgical table, positioned in dorsal recumbency, and connected to a
large-animal breathing system and anaesthetic machine (Tafonius, Vetronic
Services, Devon, UK). Anaesthesia was maintained with isoflurane
vaporized in oxygen. The FiO, was maintained at approximately 0.9 by the
computer-controlled FiO, technology of the anaesthetic machine.
Ventilatory mode was SB or continuous mandatory MV. The mean arterial
blood pressure (MAP) was deliberately allowed to decrease to < 70 mm Hg
or was maintained at > 70 mm Hg by administration of a variable rate
infusion of dobutamine.

4.3.2 Study lI-IV

After aseptic preparation, a 14 gauge catheter (Milacath®; Mila International
Inc., Erlanger, USA) was placed in one of the jugular veins for administration
of intravenous (1V) drugs and fluids and collection of blood for venous blood
gas analysis. For all horses premedication included 1.1 mg kg flunixine
meglumine (Flunixin N-vet®; N-vet AB, Sweden) 1V, 0.1 mg kg * romifidine
(Sedivet®; Boehringer Ingelheim Vetmedica, Sweden) IV and 0.025 mg kg™
butorphanol (Butador®; Vetoquinol, Sweden) IV. Group A horses also
received 0.03 mg kg acepromazine (Plegicil®; Pharmaxim, Sweden) IM.
For induction of anaesthesia, 0.03 mg kg diazepam (Diazepam-
ratiopharm®; Ratiopharm, Germany) and 2.2 mg kg * ketamine (Ketaminol®;
Intervet, Sweden) were administered V. The tracheas of the horses were
intubated and anaesthesia was maintained with isoflurane (IsoFlo; Orion
Pharma Animal Health, Sweden) in oxygen (fresh gas flow 1 L 100 kg
minute ). In Study | mechanical ventilation began when the horse was
connected to the large animal anaesthetic machine (Tafonius, Vetronic
Services, Devon, UK). In Group A, MV was initiated within five minutes
after intubation and in Group C after 5-30 minutes. The initial settings for
MV were a Vr of 10 mL kg and a respiratory frequency (fr) of six to eight
breaths minute™*. The settings were changed during anaesthesia in response
to blood gas values.

27



For horses in Study Il and 11, low arterial blood pressure was treated with
intravenous crystalloid fluids (Ringer-acetat; Fresenius Kabi, Sweden),
colloid fluids (Voluven; Fresenius Kabi, Sweden) and 0.5-2 pg kg™ minute™
dobutamine (Dobutamin Carino; Carinopharm GmbH, Germany) with the
goal to maintain mean arterial blood pressure (MAP) >65 mmHg. Horses in
Group C received a 2 mg kg lidocaine (Xylocain; AstraZeneca, Sweden)
bolus administered over 20 minutes immediately after induction and
followed by a lidocaine constant rate infusion (2 mg kg™t hour™?) until 20-30
minutes before recovery.

4.4 Delivery of PINO

Nitric oxide was administered through a device which immediately triggered
the delivery of the gas when the horse produced a negative inspiratory
pressure during spontaneous breathing (Datex-Ohmeda Research Unit,
Helsinki, Finland). In Study 11, the length of the pulse was adjusted step wise
to effect from onset of inspiration to the first 30, 45 or 60% of the total
inspiratory time. The shortest pulse to improve PaO, was used throughout
the anaesthesia. In Study | and Ill, the pulse length was 45% of the total
inspiratory time. The delivery device was connected with a plastic tube to an
adapter located at the proximal end of the endotracheal tube (Figure 1) and
once started the horse would get a pulse of NO with every breath. The NO
was supplied from a cylinder of 2,000 ppm NO in nitrogen gas (AGA AB,
Sweden).

Figure 1. The device that delivers PINO (NOrse) and the arrow indicates where the line
is attached to the patient Y connector.
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4.5 Instrumentation

45.1 Studyl

After a horse was positioned on the surgical table, an 18 gauge catheter was
inserted in the transverse facial or mandibular branch of the facial artery for
measurement of blood pressure and collection of arterial blood samples for
analysis. The catheter was connected via a 3-way stopcock to a pressure-
monitoring line and transducer, which was connected to the multiparameter
monitor integrated in the anaesthetic machine. A 7.5F Swan-Ganz catheter
was inserted via the distal introducer in the right jugular vein and guided into
the pulmonary artery by use of pressure guidance from another
multiparameter monitor. This catheter was used to measure mean pulmonary
arterial pressure as well as CO (determined by thermodilution) and to enable
collection of mixed-venous blood samples. By use of a similar technique, a
7.5F pigtail multiple-hole catheter was inserted through the proximal
introducer in the right jugular vein and guided into the right atrium. This
catheter was used to measure right atrial pressure and to inject ice-cold saline
(0.9% NaCl) solution for CO measurement. Both catheters were secured by
use of the Luer-lock adaptor on the introducers. The ECG was monitored
during placement of the catheters. All pressure transducers were calibrated
to zero at the level of the shoulder joint.

Thermodilution was used to measure CO. The Swan-Ganz catheter was
connected to the multiparameter monitor, and a 20 mL bolus of ice-cold
(0°C) saline solution was manually injected through the pigtail catheter. A
minimum of three boluses were injected, and the mean value was calculated
and recorded.

452 Study II-IV

After aseptic preparation, a catheter was placed in the facial artery for blood
pressure monitoring and for collection of arterial blood. Monitoring during
anaesthesia was performed with a multi-parameter monitor (Tafonius,
Vetronic Services, Devon, UK) and included arterial blood pressure, heart
rate, electrocardiogram, ventilation parameters (End-tidal partial pressure of
carbon dioxide [ETCO2], FiO, fR, V1, peak inspiratory pressure [PIP]) and
continuous respiratory gas analysis including measurement of the volatile
anaesthetic agent concentration (isoflurane).
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Arterial and jugular venous blood samples were obtained for assessment
of PaO,, jugular venous oxygen tension, PaCO,, arterial oxygen saturation
(Sa0y), pH, haemoglobin (Hb) and lactate concentrations. A device from
Radiometer (ABL 90 flex, Radiometer, Denmark) was used for the blood-
gas analysis. Since no mixed venous blood samples were obtained, an
oxygen content-based index of Qs/Qt (F-shunt) was calculated. All blood
samples were stored on ice if not analysed immediately. Baseline data was
collected during anaesthesia, after instrumentation before PiNO delivery to
treatment group. Then blood-gas samples were taken every 15 to 30 minutes
during anaesthesia, the last sample during anaesthesia was labelled end
value.

The respiratory gas and blood-gas analysers were calibrated routinely
according to the manufacturers’ guidelines.

4.6 Recovery

The recovery was recorded using a camera (Foscam, Foscam Intelligent
Technology Co., Ltd, US) that was installed in one corner in the recovery
box, visualizing the whole box. All videos were stored on a computer and
the persons scoring the quality of the recovery were blinded to physiologic
status, including PaO, as well as to allocation to treatment or control, during
anaesthesia. The quality of recovery was analysed using a simple descriptive
scale scoring system developed for recovery of horses after anaesthesia
(Young & Taylor 1993). There were three people doing the blinded scoring,
one licenced veterinary nurse and two veterinary nurse students. The score
is presented as a number from 0 to 5, where 5 is indicating the best recovery,
for details see Table 1.
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Table 1. Scoring of quality of recovery (Young & Taylor 1993)

Score Description

5 No ataxia, no struggling, stands up at first attempt as if fully
conscious

4 Slight ataxia and staggering, stands up at first or second attempt,
no serious instability

3 Some ataxia and staggering, a few unsuccessful attempts to stand,
ataxic immediately after standing

2 Excitement, paddling when recumbent, several attempts to stand,
severe ataxia once standing, may fall, danger of self-inflicted injury

1 Excitement when recumbent, persistent unsuccessful attempts to

stand, severe ataxia and falls once standing, aimless walking, high
risk of self-inflicted injury

0 Very violent (“wall of death”), self-inflicted injury, prolonged
struggling or unable to stand 2 hours after the end of anaesthesia

4.7 Calculations

Oxygen content of end capillary (Cc’O,), arterial (CaO2) and mixed venous
(CvOy) blood were calculated as CxO, = (1.36 x [Hb] x SxO2) + (0.003 x
PxO,), where x is ¢’, a or ¥; alveolar partial pressure of oxygen (PAO) was
used to calculate Cc’Oo.

PAO;was calculated using the alveolar gas equation:

PAO; = FIO; (barometric pressure — water vapor pressure) - PACO2/RQ.
Where: PACO:; is substituted with PaCO; and RQ is the respiratory quotient
taken as 0.8 (West 2012).

The alveolar-arterial oxygen partial pressure difference P(A-a)O2 = PAO; —
Pa0;.

Oxygen delivery (DO,) was calculated as CaO, x Qt.

Venous admixture (Qs/Qt) was calculated using the Berggren shunt formula:
Qs/Qt = (Cc’0; — Ca0,)/(Cc’0, — CVO,) (Berggren 1942)

Minute volume (Ve) was calculated as fR x V.
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The oxygen extraction ratio (OER) was calculated as:
OER =C(a— V)0, / Ca0..

Pulmonary vascular resistance (PVR) was calculated as:
PVR = MPAP-PCWP/ Qt x 80

Cardiac index (CI) was calculated as Cl = cardiac output/body weight

Alveolar dead space (Vo/V1) was estimated as Vo/Vr = (PaCO; —
ETCO,)/PaCO:;

F-shunt was calculated using:

F-shunt = (Cc’O; - Ca0y) / ([Cc’O; - Ca0;,] + 35)

Where 35 is a fixed value of C(a-v)O in ml L™ (Araos et al. 2012; Briganti
et al. 2015)

4.8 Statistics

The raw data collected were entered in Microsoft Excel 2010 (Microsoft
Office, Microsoft, WA, USA) and then processed. For statistical calculations
in Study I and I, the statistical package GraphPad Prism 5 (GraphPad
Software, CA, USA) was used. Data were tested for Gaussian distribution
using the Shapiro-Wilk test.

In Study I, Mann-Whitney tests were used to compare differences
between SB and MV in hypotensive and normotensive horses, and a
Friedman ANOVA and Dunn multiple comparisons post hoc test were used
to compare differences over time within each group.

In Study I, Mann-Whitney tests were used for individual changes and
unpaired t tests were used to compare the difference between the two groups
and Wilcoxon tests and paired t tests to compare differences within the
groups.

In Study Il the statistical package Minitab 18 was used for all statistical
calculations. Data from Group A and data from Group C were analysed
separately. A general linear model, with horse ID as a random effect, was
used. Residual plots were used to determine if residual are normally
distributed with equal variances. PaO, and lactate were not normally
distributed and the raw data for these parameters were log transformed before
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analysed. The Tukey method with a family error rate of 0.05 (equal to a 95%
simultaneous confidence level) was used to compare baseline and end values
for each parameter.

In Study IV, the raw data collected were entered in Microsoft Excel 2016
(Microsoft Office, Microsoft, WA, USA) and then processed. For statistical
calculations of intra-class correlation (ICC) between the three different
people who scored the recovery, Microsoft Excel 2016 was used. In
Microsoft Excel 2016 it is not possible to calculate for missing values and
there were three missing values so in ICC, the statistics was calculated for
24 scores. The statistical package GraphPad Prism 9 (GraphPad Software,
CA, USA) was used for correlation calculations. Correlation was calculated,
using Spearman correlation, between the mean recovery score and different
parameters. For values that change throughout the anaesthesia an average
value during the anaesthesia, baseline, before commencement of PiNO,
value excluded, was calculated and used for correlation calculations.
Comparisons between groups was done using students t-test.

Data are presented as mean + standard deviation, mean and range or as
median and interquartile range (IQR) for normally or not normally
distributed data, respectively. In all studies the difference was considered
significant when p < 0.05 with a confidence interval of 95%.
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5. Results & discussion

Pulsed inhaled nitric oxide improved arterial oxygenation in both
compromised and healthy horses during general anaesthesia.

5.1 Arterial oxygenation and delivery of PINO

In horses with colic that underwent abdominal surgery and were breathing
spontaneously (Study 1), the effect of PINO was both immediate and
sustained throughout the whole duration of anaesthesia (Figure 2). The PaO,
increased and the calculated F-shunt decreased compared to baseline and
also compared to the control group. As long as the PiNO was delivered it had
a positive effect, even when the anaesthesia time was more than 2.5 h, this is
in line with previous studies (Nyman et al. 2012; Grubb et al. 2013b). In
Study 11, the arterial oxygenation in the colic horses that received PiNO
improved compared to baseline and also compared to the control group
(Figure 3). The PaO; increased during administration of PINO from 7.7 (6.4,
8.5) median and IQR at baseline to 15.5 (9.9, 26.9) kPa at end of anaesthesia.
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Figure 2. Study II. Arterial oxygen saturation (SaO-) and arterial oxygen tension (PaO2)
in horses that received pulsed inhaled nitric oxide (PiNO group) and those that did not
receive PiINO (C group) during anaesthesia. Data is presented as mean + SD at baseline
(beginning of anaesthesia before PINO delivery commenced), at 1 hour and at end of
anaesthesia in PINO group and C group, respectively. The dotted lines indicate 90 and
95% Sa0,, and PaO, 8 and 10 kPa (60 and 75 mm Hg). *Significantly different compared
to C; °significantly different from baseline value.

In Study Il, the pulse length of PINO was started at 30% of the total
inspiratory time. If there was no clinically significant increase in PaO, after
15 minutes the pulse length was adjusted to 45% and if still no significant
increase in PaO; after 15 minutes it was increased to 60% of the total
inspiratory time. Administration of the shortest pulse length, 30%, of PINO
improved PaO; in eight of the 15 horses, six horses responded with the 45%
pulse length and one horse needed a pulse length of 60% to have a clinically
significant increase in PaO,. The result on pulse length from Study Il was
then used when it was decided to administer a pulse length of 45% of the
total inspiratory time in Study I and I1I.
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Figure 3. Study I11. Boxplot, with individual points and whiskers min to max, of change
in arterial oxygen tension (PaO:) in kPa from baseline (beginning of anaesthesia before
PiNO delivery commenced) to end of inhalation anaesthesia in horses that were
administered pulsed inhaled nitric oxide (PiNO) and underwent arthroscopy (A-INO) or
colic surgery (C-INO) and controls (A-CN, C-CN). *Indicates significant change
(P<0.05) from baseline to end within respective group.

5.2 Pulmonary shunt

Pulmonary shunt is the amount of blood that flows through the lungs without
participating in the gas exchange. It has been shown that treatment with
PiNO reduces the pulmonary shunt via altering the blood perfusion and blood
flow by redistribution of blood from the atelectasis to the well ventilated
areas of the lung (Auckburally et al. 2022). As Study Il and 111 were clinical
studies performed on equine patients, the use of a Swan-Ganz catheter was
excluded and thus it was not possible to collect mixed venous blood.
However, it is described by Briganti et al. (2015) that it is accurate to use the
calculated F-shunt for estimation of changes in pulmonary shunt in equine
clinical studies, so this calculation was used in Study Il and Ill. In horses
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receiving PiNO in Study Il, the F-shunt decreased during anaesthesia, from
a baseline value of 39 + 10% to 27 + 6% at end of anaesthesia. In horses in
the control group, the F-shunt went from a baseline value of 40 + 12% to 44
+ 12% at end of anaesthesia. Amongst the colic horses in Study Ill, the F-
shunt did not change during anaesthesia in the control group. In the colic
horses receiving PiNO in that study, the F-shunt decreased significantly,
from a baseline value of 46 £ 9% to 35 + 7% at the end of anaesthesia (Figure
4). In Study I, mixed venous blood was collected; hence, the Berggren
formula for pulmonary shunt calculation was used. In Study I, the shunt
fraction decreased after PiNO delivery commenced, irrespectively of
ventilation mode or blood pressure. Interestingly, the shunt fraction
decreased in the MV-L group however, the PaO, did not increase
significantly in this group. In the MV-L group the PvO, was significantly
lower compared to the other groups and it did not increase when PiNO was
administered, and with a slight, but not significant, increase in PaO,, the
result was a decreased shunt fraction.
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Figure 4. Study I11. Boxplot, with individual points and whiskers min to max, of change
in F-shunt in % from baseline (beginning of anaesthesia before PiNO delivery
commenced) to end of inhalation anaesthesia in horses that were administered pulsed
inhaled nitric oxide (PiNO) and underwent arthroscopy (A-INO) or colic surgery (C-
INO) and controls (A-CN, C-CN). *Indicates significant change (P<0.05) from baseline
to end within respectively group.

5.3 Blood pressure and ventilation

To obtain an optimal effect of PINO the cardiac output and blood pressure
also has to been taken into account, especially if the horses are ventilated
with positive pressure ventilation. For an optimal gas exchange the
ventilation and perfusion has to be matched. The effect of PINO during
different ventilation modes and circulatory status was evaluated in Study |
(Figure 5). There was no response to PiNO when the horses with low MAP
were ventilated (MV-L). On the contrary, arterial oxygenation improved in
hypotensive but spontaneously breathing horses during PiNO administration.
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In hypotensive, ventilated horses the Vp/Vr was increased compared to
horses in the MV-N group, and the lack of effect of PINO on gas exchange
might be due to profound Va/Q mismatch with decreased perfusion to well
ventilated lung regions. It is well known that positive pressure during
mechanical ventilation affects the circulation negatively. Auckburally et al.
(2022) recently showed that the perfusion in nondependent lung regions was
reduced during mechanical ventilation compared to spontaneous breathing.
Mechanical ventilation decreases CO and if DO; is lower than the oxygen
demand in the tissues, the venous oxygen saturation decreases and as a
consequence PaO; will be reduced as well (Cournand & Motley 1948; Day
et al. 1995).
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Figure 5. Study I. Mean PaO, (diamonds), blood flow (as determined by measurement of
CO; gray bars), and minute ventilation (Vg; white bars) for 4 groups of anesthetized
horses: SB with low (< 70 mm Hg) MAP (group SB-L; n = 7); SB with physiologically
normal (> 70 mm Hg) MAP (group SB-N; 8), MV with low MAP (group MV-L; 6), and
MV with physiologically normal MAP (group MV-N; 6). Horses were anesthetized and
allowed a 60-minute equilibration period. At the end of that period (time 0; baseline),
PiNO was delivered for 30 minutes. Variables were determined at baseline and 15 and
30 minutes after the start of PiNO.

The horses in the clinical studies Il and 111 were treated with IV fluids and
dobutamine to maintain a MAP above 70 mmHg during anaesthesia. Cardiac
output was not measured in the clinical equine patients, but previous studies
and the results in Study | show that PiNO itself has no effect on CO.
(Heinonen et al. 2000, 2001, 2002; Nyman et al. 2012; Grubb et al. 2013b).
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Horses breathing spontaneously in Study | hypoventilated, at end of
anaesthesia PaCO; was 9.1 + 2.3 and 9.3 + 1.9 kPa in PiNO and control
group, respectively. In Study Ill, there was no target set regarding PaCO-
during ventilation, it was up to the anaesthetist to adjust the fR and V. The
horses in this study were slightly hypoventilated, although not to the same
extent as the horses in Study Il. Since mechanical ventilation has a negative
impact on the circulation, the anaesthetists might for this reason have been
reluctant to ventilate the horses as much as would have been needed to reach
a normal pH and a normal PaCO,. Also an increased PaCO; has been shown
to increase the cardiac index in horses during anaesthesia (Khanna et al.
1995).

The effect of pulsed inhaled nitric oxide on oxygenation has also been
tested under ventilation modes other than spontaneous breathing or
mechanical ventilation (Wiklund et al. 2018). Under certain circumstances,
it can be beneficial to let the horse breathe spontaneously and tailor the
ventilator settings to each individual horse’s breathing pattern, so-called
assisted ventilation. Examination of assisted breathing on nine horses
showed that the effect of PINO on oxygenation also functioned during
inhalation anaesthesia (Figure 6). Compared to baseline, PaO,, P(A-a)O, and
Sa0, improved significantly. While Qs/Qt decreased significantly, PaCO-
did not change compared to baseline. Even though the horses in this
experimental study were hypoventilating despite assisted ventilation, this
mode of ventilation can be favourable compared to mechanical ventilation.
Assisted mode of ventilation may reduce the risk of barotrauma, improve
pulmonary gas distribution and preserve blood flow (Hodgson et al. 1986).
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Figure 6. Individual and median arterial oxygen tension (PaO,), baseline before PiINO
delivery (BL) and at 15 minutes and 30 minutes of PiNO delivery in anaesthetised horses
during assisted ventilation.

5.4 Lactate

Lactate is produced as a result of anaerobic metabolism and a normal plasma
lactate concentration is < 1.5 mmol/L (Radcliffe et al. 2015). Tissue hypoxia
due to hypoperfusion is the most common cause for lactic acidosis (Allen &
Holm 2008), and hence hypoxaemia can worsen this effect. High lactate
concentrations in the blood can affect the anaesthetic outcome. In a study on
horses undergoing emergency laparotomy for acute intestinal diseases and
healthy horses undergoing elective surgery, an arterial lactate in recovery >
5 mmol/L was associated with a 2.25 times greater relative risk of
complications (McCoy et al. 2011).

Measurements of lactate in Study Il showed that the blood lactate
concentration decreased 17 + 21% in the PiNO group during anaesthesia,
from3.1+2.6t02.3+ 1.3 mmol L (p=0.01). During anaesthesia, the blood
lactate concentration decreased in 10 horses in the PiNO group, in two horses
the concentration did not change and in three horses the blood lactate
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concentration increased (Figure 7). There was no significant change (2 +
31%) in blood lactate concentration in the control group, the concentration
went from 2.4 + 1.2 to 2.3 + 1.1 mmol L (p = 0.8). However, looking at
individual horses in the control group, blood lactate concentration decreased
in eight horses and an increase was measured in seven horses during
anaesthesia. In a study by Edner et al. (2007) blood lactate concentration did
not change during a 3-hour anaesthesia in colic horses undergoing abdominal
surgery, however, lactate content increased in the gluteus muscle.
Interestingly, in Study Il a decline in blood lactate concentration during
anaesthesia was evident in the PiNO group, whereas amongst controls no
changes occurred. The treatment of impaired circulation, based on infusion
of crystalloid fluids and dobutamine during anaesthesia, did not differ
between the two groups. However, decreasing lactate levels in the PINO
group and increased OER compared to the control group suggests improved
peripheral perfusion and oxygenation. Still, many factors may influence
lactate levels in individual horses, and the clinical effects of improved
arterial oxygenation remains to be investigated. In Study IlI, no changes in
the average lactate concentration were measured between horses treated with
PiNO compared with controls, differences were only noted on an individual
basis. It has been shown previously that the increase in plasma lactate
concentration is not paralleled by similar increases in muscle lactate (Edner
et al. 2002). Dissimilarities may be due to individual differences in venous
drainage and an accumulation of produced lactate within the muscle during
anaesthesia, thus, more studies are needed to investigate if the effect of PINO
can influence muscle metabolism and lactate concentration. In Study I, blood
lactate was slightly but significantly higher in the MV-L group compared to
MV-N, however, all lactate values in Study | was within normal limits. The
reason for the higher lactate in the MV-L group could be the lower arterial
oxygenation as well as the lower blood flow causing tissue hypoxia in this

group.

43



Lactate

i
s —
wwossJ]]

PO 1
PNO 3
PHNO S
PHNO &
PO T
PO B -
PNO 5 -
PNO 114
PNO 13+
P.NF 1-1

-6.54—

Figure 7. Study IlI. Individual change in blood lactate concentration in mmol L from
baseline to end of anaesthesia in horses that received pulsed inhaled nitric oxide (PiNO)
and those that did not received PiNO (C). The baseline value is at the beginning of
anaesthesia before PiNO delivery commenced.

5.5 Dobutamine

Enhanced blood flow can improve oxygenation by improving cardiac output
and pulmonary perfusion which can then increase the uptake of oxygen from
the lungs (Kelman et al. 1967). Dobutamine infusions during anaesthesia
have been shown to increase CO and systemic and pulmonary pressure in
horses (Gasthuys et al. 1991; Mizuno et al. 1994). However, dobutamine can
have a negative impact on oxygenation. In healthy awake humans,
dobutamine infusion lead to recruitment of intrapulmonary shunt vessels due
to the increased CO, which increased the Qs/Qt and P(A-a)O; (Bryan et al.
2012). Dobutamine also had a negative effect on PaO- in critically ill humans
that were mechanically ventilated, by increasing the shunt (Rennotte et al.
1989). However, in horses intrapulmonary shunt vessels have not been
described in the lungs, and it is unlikely that any recruitment occurs when
the CO is increased, and therefore there is little influence on arterial
oxygenation (Manohar & Goetz 2005). In another study on horses
dobutamine increased CO during anaesthesia, while P(A-a)O2, Qs/Qt and
Vo/Vr did not change (Swanson & Muir 1986).
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In Study I, Qs/Qt and P(A-a)O, decreased in both MV and SB horses,
likely because of the simultaneous administration of dobutamine during
PiNO. Dobutamine administered alone to humans with pulmonary
hypertension worsens shunting, but administration of a combination of NO
and dobutamine had favourable effects on the pulmonary circulation (Vizza
et al. 2001). In that study, selective pulmonary vasodilation due to NO was
augmented by an increase in CO, with the deleterious effects of dobutamine
on gas exchange being offset by the NO (Vizza et al. 2001). The same
mechanism likely contributed to the increase in PaO, with PiNO and
concurrent dobutamine administration in Study I. However, it cannot be
ruled out that this could have been an effect of dobutamine alone because a
control group that received dobutamine without PiNO was not included. The
greatest decrease in P(A-a)O; was seen in the MV-N group most likely
because the nondependent portion of the lungs was better ventilated in
combination with an increase in pulmonary perfusion as a result of
simultaneous administration of PINO and dobutamine infusion.

5.6 Potential side effects of PINO

Endothelin-1 is a potent vasoconstrictor and in lambs an increase in ET-1 has
been detected after discontinuation of delivery of iNO (Ross et al. 2005). In
piglets plasma ET-1 concentrations increased both during and after
withdrawal of iNO (Chen et al. 2001) and in humans pulmonary
hypertension has been seen after prolonged treatment with iNO after iNO
was discontinued (Atz et al. 1996).

In the studies included in this thesis, no side effects were discovered
during or after delivery of PiNO. Cardiac output was only measured in Study
I, and in that study, the CO did not change after initiation of PiNO delivery.
It cannot be ruled out that the CO changed in Study Il and Il after PINO
delivery commenced, but it is unlikely since no adverse effects of PiNO on
CO has been measured in several previous experimental studies (Heinonen
et al. 2000, 2001, 2002; Nyman et al. 2012; Grubb et al. 2013b).

Endothelin-1 (ET-1) was not measured in Study I-111, however previously
done studies in horses have not revealed increased plasma ET-1
concentration during PiNO or after PiNO delivery has ended (Grubb et al.
2008, 2013a; b). In one of the studies ET-1 was measured during anaesthesia
while PiNO was administered and after abrupt cessation of PiNO, the ET-1
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concentration was not affected (Grubb et al. 2008). In another study, looking
at plasma ET-1 concentrations during the early recovery phase after
discontinuation of isoflurane anaesthesia, the control group had higher ET-1
concentrations compared to the group that received PiNO during anaesthesia
(Grubb et al. 2013a).

5.7 Effects of oxygenation on the quality of recovery

An interesting aspect of treatment with PINO under anaesthesia is
whether the effect persists during the early recovery period.

When the horses in Study I1-111 were disconnected from the anaesthesia
machine for transportation to the recovery box, they were breathing room air.
In the recovery box they got supplementary oxygen into the endotracheal
tube with a flow of 10 L per minute, however, this extra oxygen will only
result in a FiO; around 40% (Wilson et al. 2006), compared up to
approximately 90% during anaesthesia. The decrease in FiO, will lead to a
decrease in arterial oxygenation.

In a previous study by Grubb et al. (2013a) the effect of PiNO on arterial
oxygenation was measured and lasted 30 minutes after discontinuation
compared to horses that were not treated with PiNO during anaesthesia.
Inhaled NO has shown to be a successful treatment for severe hypoxaemia
in humans after surgery (Teman et al. 2015; Zhang et al. 2020), and since the
horses remain in lateral position for longer than 30 minutes in the recovery
box it would be favourable to be able to continue to administer PiNO after
the end of inhalation anaesthesia.

Study 1V is the first study to investigate if improved PaO, through treatment
with PiINO and improved arterial oxygenation throughout the entire course
of anaesthesia has an effect on the quality of recovery in horses. The results
in Study IV show a positive correlation between PaO, and recovery score
(Figure 8), which is in line with previous studies (Hopster et al. 2011;
Menzies et al. 2016; Rilegg et al. 2016). In their studies the PaO; during the
course of the whole anaesthesia time is not taken into account and a single
blood gas during anaesthesia probably does not reflect how well oxygenated
the blood and tissues were throughout the anaesthesia. The strength of the
present study is that the average PaO; for each individual horse during the
entire anaesthesia was used for correlation calculations and that the assessors
were blinded to the PiNO treatment. The intra-class correlation between the
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three observers were 0.79, which is considered to be good. The mean
recovery score for all horses were 3.8 + 0.8, with a range from 1.67 to 5.0.
There was a significant (p = 0.02) difference in recovery score between
horses receiving PiNO and controls. Horses that received PiINO had a mean
score of 4.2 + 0.4, while horses in the control group had a recovery score of
3.5+ 0.9. Two horses had a recovery score at or below 2, both of them were
in the control group.

As far as the authors are aware, the duration of hypoxia necessary to have
a negative effect on the quality of recovery is not known. Treatment with
PiNO during anaesthesia has previously been shown to have an impact on
the oxygenation during recovery (Grubb et al. 2013a). In that research study,
horses receiving PiNO during 2.5 hours of inhalation anaesthesia showed
higher PaO, and SaO, up to 30 minutes after discontinuing the treatment
compared to a control group (Grubb et al. 2013a).
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Figure 8. Correlation between arterial oxygen tension (PaO2) and recovery score. Horses
that received PiNO during anaesthesia are presented as red squares and controls are
presented as unfilled circles.

In human literature, the neurological effects of hypoxaemia have been
described. For example it has been shown to cause delirium (Powell et al.
1996; O’reilly et al. 2000). As far as the authors are concerned, it is not
known if this could happen to horses as well. If horses develop delirium
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because of hypoxaemia during anaesthesia this might be a factor that effects
the recovery quality.
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6. Conclusions

The main conclusion in this thesis is that pulsed inhaled nitric oxide was an
effective method to improve arterial oxygenation in horses during general
anaesthesia and surgery in a clinical setting.

In the experimental Study (1), the degree of pulmonary perfusion affected
PiNO efficacy during MV but not during SB. Use of PiNO failed to increase
oxygenation in the MV-L group, likely because of profound ventilation-
perfusion mismatching induced the impact on both ventilation and perfusion
by positive pressure ventilation.

During SB, PiNO improved oxygenation irrespective of the magnitude of
blood flow, but hypoventilation and hypercapnia persisted. Use of PINO was
most effective in horses with adequate perfusion.

In the clinical studies (11-1V) the results showed that it is possible to
effectively reduce the F-shunt and improve arterial oxygenation in both
healthy and compromised horses, ventilated spontaneously or mechanically,
by continuous delivery of PiINO.

Results in this thesis suggest that improved oxygenation during
anaesthesia can have a positive effect on the recovery quality in horses. Since
PiNO improves oxygenation, it can benefit the recovery postoperatively. In
the future, the effect of oxygenation on recovery quality needs to be further
investigated as well as the long-time effects, such as wound healing.
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Popular science summary

PiNO — A method during anaesthesia that can save horses’ lives

Did you know that 1 out of 100 horses that are anaesthetised die? That is a
staggeringly high mortality rate of 1% compared to the mortality rate 0.04%
for the world’s most dangerous sport, BASE jumping. By using PiNO, a
method that | have introduced to horse patients through my PhD thesis, more
horses might be saved from an early death, in Sweden and worldwide.

Horses are among the most popular domestic animals in Sweden, from
competition at high levels to trail riding, and surgeries that require
anaesthesia are common. Every vyear, thousands of horses undergo
anaesthesia for surgery in Sweden alone. Horses might undergo anaesthesia
for planned surgeries, for example castration, but also for emergency
surgeries like abdominal surgery due to colic, a painful condition where the
intestines need surgical correction.

A horse under anaesthesia has a relatively high risk of not surviving. This
can be because often when a horse is in surgery it has to be positioned on its
back, in a special padded bed shaped to fit a horse. In a horse the intestines
are very heavy and take up 34% of the body weight — compare that to dogs
where the intestines only take up 13% of the body weight. The unnatural
position causes the horse’s heavy intestines to compress the lungs, which can
lead to complications.

One common complication during horse anaesthesia when the horse is on its

back is low oxygen in the blood (hypoxaemia) which is why my PhD project
is focused on a new way to treat hypoxaemia. The method, called PiNO
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(Pulsed inhaled Nitric Oxide) delivery involves giving a small pulse of the
gas nitric oxide in the beginning of each breath during anaesthesia. The
molecule nitric oxide changes how the blood flows throughout the horse’s
lungs and greatly improves oxygen levels in the horse’s blood.

In my research, | divided the horses into two groups, one group that was
treated with PiNO and one control group. When treated with PiNO, both
healthy horses, undergoing scheduled surgeries and horses that were sick and
undergoing emergency surgeries, improved their oxygen level in the blood
during anaesthesia. With PiNO, horses that had better oxygen level in the
blood during anaesthesia also had better recovery from anaesthesia, for
example the horses needed fewer attempts to stand and were more stable
once standing.

PiNO is currently being spread throughout the world of horse anaesthesia, in

the hope that it will have a positive impact and make it possible for more
horses to survive anaesthesia and have better recovery.
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Popularvetenskaplig sammanfattning

PiNO — en metod under anestesin som kan radda hastars liv

Visste du att 1 av 100 héstar som sovs inte dverlever operationen? Det &r en
hog dodlighet pa 1 %, jamfort en med dodlighet pa 0,04 % for varldens
farligaste sport, BASE-hoppning. Med metoden PiNO under narkos kan man
radda fler hastar fran en tidig dod, i Sverige och vérlden 6ver.

Hastar &r bland de popularaste husdjuren i Sverige, fran tavlingar pa hog niva
till hobbyridning, och det &r vanligt med operationer som kraver anestesi.
Enbart i Sverige genomgar varje ar flera tusen hastar operationer dar de
behdver anestesi. Hastar kan sovas for planerade operationer, till exempel
for kastration, men dven for akuta kirurgier som buképpning pa grund av
kolik, ett mycket smartsamt tillstdnd dar hastens tarmar behdver rattas till vid
en operation.

En hést som sovs har relativt stor risk att inte klara sig. Det beror bland annat
pa att nar hasten opereras maste den ofta ligga pa rygg, pa ett speciellt bord
med vaddering som &r formad for att passa en hést. Tarmarna hos en hast &r
mycket tunga och tar upp 34 % av kroppsvikten, jamfort med hundar dér de
bara tar upp 13 %. Nar hasten ligger pa rygg pressar tarmarna ihop lungorna,
vilket leder till komplikationer.

En vanlig komplikation vid anestesi av hastar nar de ligger pa rygg ar
syrebrist i blodet (hypoxemi). Min avhandling handlar om ett nytt sétt att
behandla hypoxemi. Metoden, som kallas PiNO (Pulsed inhaled Nitric
Oxide, pulsad inhalerad kvaveoxid), innebér att man ger en liten puls av
gasen kvéveoxid i borjan av varje andetag under anestesin. Kvéveoxid-
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molekylerna forandrar hur blodet strommar genom héstens lungor och
forbéattrar avsevért syrehalten i hastens blod.

I min forskning delade jag in hastarna i tva grupper, de som fick PiINO och
en kontrollgrupp. PiNO gor att bade friska hastar som genomgar planerade
operationer och sjuka hastar som genomgar akuta operationer forbéttrar sin
syrehalt i blodet under anestesin. Med PiNO far hastarna ocksa béttre
aterhamtning efterat, till exempel behover hasten farre forsok att sta upp och
ar mer stabil nar den val star upp.

PiNO formedlas for nérvarande 6ver hela varlden i hopp om att det kan ha

en positiv inverkan och gora det mojligt for fler hastar att Overleva narkosen
och fa battre uppvakning efterat.
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OBJECTIVE

To determine the impact of mechanical ventilation (MV) and perfusion con-
ditions on the efficacy of pulse-delivered inhaled nitric oxide (PiNO) in
anesthetized horses.

ANIMALS
27 healthy adult horses.

PROCEDURES

Anesthetized horses were allocated into 4 groups: spontaneous breathing
(SB) with low (< 70 mm Hg) mean arterial blood pressure (MAP; group
SB-L; n = 7), SB with physiologically normal (= 70 mm Hg) MAP (group
SB-N; 8), MV with low MAP (group MV-L; 6), and MV with physiologically
normal MAP (group MV-N; 6). Dobutamine was used to maintain MAP
> 70 mm Hg. Data were collected after a 60-minute equilibration period
and at 15 and 30 minutes during PINO administration. Variables included
Pao,, arterial oxygen saturation and content, oxygen delivery, and physi-
ologic dead space-to-tidal volume ratio. Data were analyzed with Shapiro-
Wilk, Mann-Whitney U, and Friedman ANOVA tests.

RESULTS

Pao,, arterial oxygen saturation, arterial oxygen content, and oxygen deliv-
ery increased significantly with PINO in the SB-L, SB-N, and MV-N groups;
were significantly lower in group MV-L than in group MV-N; and were lower
in MV-N than in both SB groups during PiINO. Physiologic dead space-to-
tidal volume ratio was highest in the MV-L group.

CONCLUSIONS AND CLINICAL RELEVANCE

Pulmonary perfusion impacted PiNO efficacy during MV but not during
SB. Use of PiNO failed to increase oxygenation in the MV-L group, likely
because of profound ventilation-perfusion mismatching. During SB, PINO
improved oxygenation irrespective of the magnitude of blood flow, but
hypoventilation and hypercarbia persisted. Use of PINO was most effective
in horses with adequate perfusion. (Am J Vet Res 2019;80:275-283)

ABBREVIATIONS Mortality rates associated with general anesthe-
Cao, Arterial oxygen content sia of horses are unacceptably high (approx
g'o garg!ac index 0.9% to 1.1% in healthy horses)."? A deficiency in
Do O?:yg':ﬁ 3:&5::,), tissue Do, may be associated with morbidity and
|:|02Z Fraction of inspired oxygen fatalities.> The Do,, which is dependent on both
HR Heart rate perfusion and ventilation, is commonly decreased
MAP Mean arterial blood pressure in anesthetized horses as a direct result of the
m\é mietcr?cag';ﬂe"e"t'l“'o" cardiovascular and respiratory depressant effects
OER Oxygen extraction ratio of volatile anesthetics and the physical effect of
Pao, Alveolar partial pressure of oxygen recumbency.*

Pao, - Pao, Alveolar-arterial difference in partial pressure Decreased tissue perfusion, which may be
Perco Er?cfiot)'(gienart'al ressure of carbon dioxide a consequence of reduced CO (a determinant of

2 -tidal partial pressu ioxi io s . T e .

PINO Pulsed-delivered inhaled nitric oxide blood flow), is identified clinically as hypotension
Qs/Qt Pulmonary shunt fraction (defined as an MAP < 70 mm Hg in horses®). In
RR Respiratory rate anesthetized horses, hypotension is often treated
Sao, Arterial oxygen saturation with an infusion of dobutamine® (a nonselective
g?oz ;ﬁgzzic:ggjsbgi;g::gsaturacion Btadrenoceptor agonist that has positive ing)tro-
Vo/V1 Physiologic dead space-to-tidal volume ratio pic effects) to increase ventricular output.” Al-
\/le) Ventilation-perfusion ratio though blood pressure attributable to increased
\'As Tidal volume blood flow is increased with dobutamine, an in-
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fusion of dobutamine in horses does not ensure
improved arterial oxygenation.??

Hypoventilation, identified clinically by the
presence of hypercarbia, is commonly treated by
initiating MV. Although this is effective for treating
hypercarbia, hypoxemia and Do, can be worsened
by MV as a result of numerous factors, including a
positive intrathoracic pressure-mediated decrease
in CO via prevention of efficient venous return'' and
an increase in lung volume that impedes cardiac fill-
ing owing to chamber and pericardial compression
effects.!213

Administration of PiNO improves arterial oxy-
genation in SB anesthetized horses.'*' This effect
does not occur through changes in ventilation or
CO; instead, it is a result of redistribution of pulmo-
nary blood from atelectatic to aerated areas of the
lungs.!” Spontaneously breathing horses anesthetized
for abdominal exploratory surgery that receive PiNO
require dobutamine infusion for maintenance of
normotension.' Hypercarbia with subsequent respi-
ratory acidosis commonly develops in horses receiv-
ing PiNO that do not receive ventilatory support.1o-1
In healthy research horses, PINO delivered by MV
improved oxygenation; however, PiNO was delivered
for only 5 minutes." To fully support anesthetized
horses, a combination of PiNO, MV, and dobutamine
administration may be necessary, but the combined
impact of MV and PiNO during clinically relevant du-
rations of anesthesia is unknown.

The objective of the study reported here was to
determine the impact of 2 ventilation modes (MV and
SB) and 2 perfusion conditions (MAP < or>70 mm Hg)
on PiNO-mediated oxygenation in anesthetized hors-
es. Our hypothesis was that MV and increased blood
flow would optimize the effect of PINO on arterial
oxygenation.

Materials and Methods

Animals

Twenty-seven healthy Standardbreds were used
in the study. Age ranged from 1 to 25 years, and body
weight ranged from 375 to 610 kg. Horses were ran-
domly (computer-generated numbers) assigned to 4
groups: SB with low (< 70 mm Hg) MAP (group SB-L;
n = 7), SB with physiologically normal (= 70 mm Hg)
MAP (group SB-N; 8), MV with low MAP (group
MV-L; 6), and MV with physiologically normal MAP
(group MV-N; 6). The experiment was approved by
the local Ethical Committee on Animal Experiments
in Uppsala, Sweden (C 201/14).

Anesthesia

Food, but not water, was withheld for 12 hours
prior to anesthesia. Acepromazine (0.03 mgekg™) was
administered IM approximately 30 minutes before in-
duction of anesthesia. The subcutaneous tissues over
the jugular veins were infiltrated with lidocaine. The
left jugular vein was catheterized with a 14-gauge

catheter, and the right jugular vein was catheterized
with two 8.5F sheath introducers (one positioned dis-
tally in the vein and the other positioned proximally
in the vein).

Additional premedication consisted of xylazine
hydrochloride (1.1 mgekg™, IV) and butorphanol
tartrate (0.025 mgekg™, IV). When sedation was ap-
parent, anesthesia was induced by rapid IV admin-
istration of a bolus of ketamine hydrochloride (2.2
mgekg™) and diazepam (0.05 mgekg™). After each
horse was recumbent, the trachea was intubated
with a cuffed endotracheal tube (internal diameter,
26 mm). The horse was hoisted onto a padded sur-
gical table, positioned in dorsal recumbency, and
connected to a large-animal breathing system and
anesthetic machine.® Anesthesia was maintained
with isoflurane vaporized in oxygen. The Fio, was
maintained at approximately 0.9 by the computer-
controlled Fio, technology of the anesthetic machine.
Ventilatory mode was SB or continuous mandatory
MV. The MAP was allowed to decrease to < 70 mm
Hg or was maintained at > 70 mm Hg by administra-
tion of a variable rate infusion of dobutamine.

Instrumentation

After a horse was positioned on the surgical ta-
ble, an 18-gauge catheter was inserted in the trans-
verse facial or mandibular branch of the facial artery
for measurement of blood pressure and collection
of arterial blood samples for analysis. The catheter
was connected via a 3-way stopcock to a pressure-
monitoring line and transducer, which was connect-
ed to the multiparameter monitor integrated in the
anesthetic machine. A 7.5F Swan-Ganz catheter was
inserted via the distal introducer in the right jugu-
lar vein and guided into the pulmonary artery by use
of pressure guidance from another multiparameter
monitor.? This catheter was used to measure mean
pulmonary arterial pressure as well as CO (deter-
mined by thermodilution) and to enable collection
of mixed-venous blood samples. By use of a similar
technique, a 7.5F pigtail multiple-hole catheter was
inserted through the proximal introducer in the right
jugular vein and guided into the right atrium. This
catheter was used to measure right atrial pressure
and to inject ice-cold saline (0.9% NaCl) solution for
CO measurement. Both catheters were secured by
use of the Luer-lock adaptor on the introducers. The
ECG was monitored during placement of the cathe-
ters. All pressure transducers were calibrated to zero
at the level of the shoulder joint.

Hemodynamic analysis

Thermodilution was used to measure CO. The
Swan-Ganz catheter was connected to the multi-
parameter monitor,> and a 20-mL bolus of ice-cold
(0°C) saline solution was manually injected through
the pigtail catheter. A minimum of 3 boluses were
injected, and the mean value was calculated and
recorded.
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Systolic arterial blood pressure, diastolic arte-
rial blood pressure, and MAP were recorded from
the arterial catheter; HR, RR, minute volume, peak
inspired pressure, Perco,, end-tidal isoflurane con-
centration, and Fio, were recorded from the cali-
brated multiparameter monitor* integrated with
the anesthetic machine.

Arterial and mixed-venous blood samples were
simultaneously aspirated over a period of 3 breaths
from the arterial and pulmonary artery catheters,
respectively. Samples were analyzed immediately
(arterial pH, mixed-venous pH, Pao, mixed-venous
partial pressure of oxygen, Sao,, Svo,, Paco,, mixed-
venous partial pressure of carbon dioxide and he-
moglobin concentration) by use of a standard elec-
trode technique.©

Qs/Qt = (C¢o, - Cao,)/(Céo, - Cvo,)

where Cco, is the pulmonary end-capillary oxygen
content and Cvo, is the mixed-venous oxygen con-
tent. The CI was calculated as CO/body weight. Min-
ute ventilation was calculated as RR X Vr. Values for
Vb/Vrt were calculated as (Paco, - Perco,)/Paco,. The
Pao, was calculated by use of the alveolar gas equa-
tion?! as follows:

Pao, = (Fio,*[barometric pressure - water vapor
pressure]) - (Paco,/respiratory quotient)

where Paco, is the alveolar partial pressure of carbon
dioxide (the value for Paco, was used for Paco,) and
the respiratory quotient is 0.8. The Pao, - Pao, was
calculated as Pao, minus Pao,. The OER was calcu-
lated as the arterial-mixed-venous of oxygen content

divided by Cao,.
PiNO

Anesthetized horses were allowed a 60-minute
equilibration period. At the end of that period (time 0;

Calculated variables

The Do, was calculated as Cao, X CO. Venous ad-
mixture was calculated by use of the Berggren shunt
formula?’ as follows:

Table 1—Mean * SD values for blood flow variables at various time points for anesthetized horses with SB with low
(<70 mm Hg) MAP (group SB-L; n = 7), SB with physiologically normal (= 70 mm Hg) MAP (group SB-N; 8), MV with low MAP
(group MV-L; 6), and MV with physiologically normal MAP (group MV-N; 6).

Variable Group Baseline 15 minutes 30 minutes P value*
HR (beats*min~") SB-L 38+7 36+5 35+ 6t NS
SB-N 48+ 15 45+ 14 4212 NS
MV-L 35+ 3¢t 33+ 3¢t 32 £ 31% 0.002
MV-N 45+ 10 49 % |1 50 12 NS
MAP (mm Hg) SB-L 53+ 10t 66 + 71 68 + 611 0.004
SB-N 725 80+7 80+8 0.018
MV-L 53+ 9% 55 + 81§ 56 + 91§ NS
MV-N 77+ 11 82+4 8l +3 NS
MPAP (mm Hg) SB-L 13+4 133 1443 NS
SB-N 16 +4 15+ 4 144 NS
MV-L 15+3 14+3 13£3 NS
MV-N 123 123 I£3 NS
Cl (mLekg'*min~") SB-L 45+ 91 50 10t 50 % I 0.027
SB-N 84 +30 81 +£23 7922 NS
MV-L 45 + 61 437t 46 £ 51 NS
MV-N 72+ 10 80+8 8l %10 NS
Qs/Qt SB-L 0.35+0.10 0.29 £ 0.12 0.28 + 0.12% <0.00!
SB-N 0.38£0.10 0.28 + 0.09% 0.28 £ 0.11 0.005
MV-L 0.46 + 0.07 0.37 £ 0.09 0.36 + 0.09% <0.00!
MV-N 0.39 £0.10 0.36 £ 0.10 0.32 + 0.07% <0.00!
Hemoglobin (geL™") SB-L 101 £6 96 + 401 97 + 4t 0.004
SB-N 13 £ 17 110 £ 17 108 + 17 NS
MV-L 105 + 4+ 105 + 31§ 106 + 31§ NS
MV-N "7 £9 122 £ 12 123+9 NS
Lactate (mmol-L~') sB-L|| 0703 0.7 £0.2 0.8+0.2 NS
SB-N]P 0.6+0.2 0.6 +£0.2 0.6+0.2 NS
MV-L 0903 1.0 £ 0.3} 1.1 £04 NS
MV-N 0702 07+£0.3 0.7+0.2 NS

Horses were anesthetized and allowed a 60-minute equilibration period. At the end of that period (time 0; baseline), PINO was delivered
for 30 minutes. Variables were determined at baseline and |5 and 30 minutes after the start of PINO.

*Within a group, values differ significantly (P < 0.05; Friedman ANOVA with the Dunn multiple comparison test) among time points.
fWithin a time point within a ventilation mode (SB or MV), value differs significantly (P < 0.05) from the value for SB-N or MV-N. I Within
a group, value differs significantly (P < 0.05) from the baseline value. §Within a time point, MV value differs significantly (P < 0.05) from the
corresponding value for SB-L or SB-N. || Represents results for only 3 horses. [PRepresents results for only 4 horses.

MPAP = Mean pulmonary arterial pressure. NS = Not significant (P > 0.05).
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baseline), PiNO was delivered for 30 minutes. Nitric
oxide was delivered via the endotracheal tube by use
of a specially designed device. The device delivered
a pulse of NO at the beginning of inspiration, and the
flow sensor was triggered by the negative pressure
generated by SB or the positive pressure generated
by the ventilator during MV. The device was con-
nected to a cylinder containing 2,000 ppm of NO in
nitrogen.¢ The NO was delivered during the first 45%
of inspiration (controlled by the device). The most
effective timing and duration of delivery have been
determined in previous studies.!#10.17

Data collection

Arterial and mixed-venous blood gas samples
were collected at 0, 15, and 30 minutes (ie, before
and 15 and 30 minutes after the start of PiNO) and
analyzed to determine Pao,, Sao,, mixed-venous par-
tial pressure of oxygen, Svo, Paco, pH, hemoglobin
concentration, and venous lactate concentration. At
the same time points, HR, RR, systolic and diastolic
arterial blood pressures, MAP, mean pulmonary ar-
terial pressure, right atrial pressure, Perco,, end-tidal
isoflurane concentration, Fio,, oxygen saturation
measured by use of pulse oximetry, CO, and VT were
recorded, and CI, Pao,, Cao,, mixed-venous oxygen
content, Do,, Qs/Qt, minute ventilation, Vb/Vr, and
OER were calculated. At the end of the procedure,
horses were moved to a padded recovery stall and al-
lowed to recover from anesthesia or were euthanized
(IV administration of a barbiturate overdose), as de-
termined by requirements of concurrent projects.

Statistical analysis
Raw data were entered into a spreadsheet pro-
gram! for processing. For all statistical calculations, a
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Figure 1—Mean Pao, (diamonds), blood flow (as determined
by measurement of CO; gray bars), and minute ventilation
(Vg; white bars) for 4 groups of anesthetized horses: SB with
low (< 70 mm Hg) MAP (group SB-L; n = 7); SB with physi-
ologically normal (= 70 mm Hg) MAP (group SB-N; 8), MV
with low MAP (group MV-L; 6), and MV with physiologically
normal MAP (group MV-N; 6). Horses were anesthetized and
allowed a 60-minute equilibration period. At the end of that
period (time 0; baseline), PINO was delivered for 30 minutes.
Variables were determined at baseline and |5 and 30 minutes
after the start of PINO.

statistical package® was used. Data were tested for a
Gaussian distribution by use of the Shapiro-Wilk nor-
mality test. Mann-Whitney tests were used to com-
pare differences between SB and MV in hypotensive
and normotensive horses, and a Friedman ANOVA
and Dunn multiple comparisons post hoc test were
used to compare differences over time within each
group. Differences were considered significant at P <
0.05. Data were reported as mean * SD.

Results

Animals
Age and body weight did not differ significantly
among the groups.

Blood flow

Heart rate was higher in horses with physiological-
ly normal MAP than in horses with low MAP at all time
points for MV horses and at 30 minutes for SB horses
(Table I). The MAP was significantly higher in horses
with physiologically normal MAP than in horses with

Change in Qs/Qt (%)

Baseline 15 minutes 30 minutes

Change in PAo, - Pao, (%)

Baseline 15 minutes 30 minutes

Change in Pao, (%)
2

Baseline 15 minutes 30 minutes

Figure 2—Percentage change in Qs/Qt (A), Pao, - Pao, (B),
and Pao, (C) in anesthetized horses before (baseline) and 15
and 30 minutes after the start of PINO for 7 horses in group
SB-L (gray diamonds and dashed line), 8 horses in group SB-N
(gray squares and solid line), 6 horses in group MV-L (black di-
amonds and dashed line), and 6 horses in group MV-N (black
squares and solid line). See Figure | for remainder of key.
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Table 2—Mean * SD values for ventilation variables at various time points for 4 groups of anesthetized horses (7
horses in group SB-L, 8 horses in group SB-N, 6 horses in group MV-L, and 6 horses in group MV-N).

Variable Group Baseline I5 minutes 30 minutes P value*
Minute ventilation (Lsmin~") SB-L 295+ 125 24.1 £8.6 23626 NS
SB-N 285+ 10.5 24.3 £ 14.1 255+ 9.1 NS
MV-L 44.8 £ 47§ 48.9 + 5.8§ 47.6 +4.7§ NS
MV-N 472+ 11.7§ 47.1 £7.7§ 49.6 £ 10.1§ NS
RR (breathssmin~') SB-L 49+2.0 36+ 1.5 3.6+ 1.3 NS
SB-N 4.2 +2.1 36+ 1.7 33+1.6 NS
MV-L 77 +£0.8§ 8.0 +0.6§ 8.0 £ 0.6§ NS
MV-N 8.2+ 1.0§ 7.8+ 04§ 8.0 +0.6§ NS
PIP (cm H,0) SB-L NA NA NA NA
SB-N NA NA NA NA
MV-L 272 + 341 267 +2.2 277 +£39 NS
MV-N 20.8+3.8 23.0 £ 3.6% 23.3 £ 3.6% 0.008
Paco, (mm Hg) SB-L 63.0+75 69.8 + 11.3¢ 69.0 +8.3% 0.001
SB-N 76.5+ 18 743 £ 10.5 76.5 % 13.5 NS
MV-L 63.0+75 55.5 + 4.5§ 55.5 +3.8§ NS
MV-N 60.0 £ 9.8 60.8 + 11.3§ 58.5 +8.3§ NS
Vb/VT SB-L 0.29 £ 0.07 0.25+0.10 0.24+0.13 NS
SB-N 0.30 + 0.06 0.24 £0.12 0.22+0.10 NS
MV-L 0.29 £ 0.08 0.28 + 0.08t 0.29 + 0.07 NS
MV-N 0.22 + 0.04§ 0.18 + 0.04 0.18 + 0.06 NS

NA = Not applicable. PIP = Peak inspiratory pressure.
See Table | for remainder of key.

low MAP for both MV groups and both SB groups and
significantly higher in the SB-L group than the MV-L
group at 15 and 30 minutes. There were no significant
changes in mean pulmonary arterial pressure. The CO
(measured as CI) was significantly higher in the SB-N
group and MV-N group than the SB-L group and MV-L
group, respectively, at all time points, but there were
no differences between the MV-N and SB-N groups or
between the MV-L and SB-L groups (Figure I). The
Qs/Qt decreased during PiNO in all groups, but there
were no differences among groups (Figure 2).

Minor clinically unimportant changes were evi-
dent at various time points. Hemoglobin concentra-
tion was higher in horses with physiologically normal
MAP than in horses with low MAP. Lactate concen-
tration was higher in the MV-L group than the MV-N
group, but no changes in lactate concentration were
detected between the SB groups.

Ventilation

Minute ventilation and RR were higher in the MV
groups than in the SB groups. However, there were
no differences between the SB-L and SB-N groups or
between the MV-L and MV-N groups and no change
over time in the MV or SB groups (Table 2). The Paco,
was lower in the MV groups than the SB groups at 15
and 30 minutes. There were no differences in Paco,
between the SB-N and SB-L groups or between the
MV-N and MV-L groups, and there were no changes
over time except for the SB-L group, in which Paco,
was higher at 15 and 30 minutes than at baseline. The

AJVR Vol 80 * No. 3 * March 2019

Brought to you by Swedish University of Agricultural Sciences | Unauthenticated | Downloaded 02/28/22 08:42 AM UTC

Vp/Vr was higher in the MV-L group than the MV-N
group at 15 and 30 minutes.

Oxygenation

The Pao, - Pao, decreased during PiNO administra-
tion in all groups, except for the MV-L group (Table
3; Figure 2). The Pao,, Sao,, and Cao, increased signifi-
cantly during PiNO in the SB-L, SB-N, and MV-N groups,
compared with respective baseline values (Figure 1).
There were no differences between the SB groups,
but Pao,, Sao,, and Cao, were significantly lower in the
MV-L group than the MV-N group at all time points. The
Sao, was significantly lower in the MV-L group than the
SB-L group at all time points. The Pao, changed over
time. The Do, increased significantly during PiNO in all
groups, except for the MV-L group. The Do, was signifi-
cantly higher at all time points for the SB-N group and
MV-N group than for the SB-L group and MV-L group,
respectively (Figure 3). There were no differences in
Svo, between SB groups. The Svo, was significantly low-
er in the MV-L group than the MV-N group at all time
points. The OER was significantly higher in the MV-L
group than the MV-N group, but there were no other
differences among groups.

Discussion

Results of the present study supported the hy-
pothesis that MV in combination with adequate blood
flow promoted optimal gas exchange during PiNO
by improving arterial oxygenation and managing
hypercarbia. During MV, the degree of PiNO-mediat-
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Figure 3—Box-and-whisker plots of Do, (A) and Svo, (B)
at baseline and 15 and 30 minutes after the start of PINO for
7 horses in group SB-L, 8 horses in group SB-N, 6 horses in
group MV-L, and 6 horses in group MV-N. The lower and up-
per boundaries of each box represent the 25th and 75th per-
centiles of the data, respectively; the horizontal line in each
box represents the median; and the whiskers represent the
minimum and maximum values. See Figure | for remainder
of key.

ed improvement in oxygenation, Do,, and Qs/Qt was
related to an increase in blood flow as measured by
an increase in CI. It was obvious that MV had a nega-
tive impact on the degree of improvement in oxygen-
ation in horses with low blood flow. Interestingly,
during SB, arterial oxygenation increased with PiNO
regardless of the magnitude of blood flow. However,
hypoventilation commonly developed in SB horses,
which led to hypercarbia.

The lack of impact of PINO on oxygenation for
the MV-L group was unexpected because PiNO re-
portedly has a positive effect on oxygenation during
short-term use.'* On the basis of the increase in Vb/Vr
for the MV-L group, compared with results for the
MV-N group, we speculate that this lack of effect was
attributable to profound V/Q mismatching and a lack
of perfusion to some ventilated lung regions. There is
optimal gas exchange when ventilation and perfusion
are equally matched, but MV can have deleterious ef-
fects on V/Q matching in a number of ways. First, CO
is reduced during MV because of a reduction in cardiac
filling pressure.!! If Do, decreases below tissue oxygen
demand, then Svo, decreases and Pao, is reduced.?? In
the present study, OER was higher and Svo, was lower

in the MV-L group. Thus, a larger fraction of oxygen
was extracted from the blood when capillary beds
were perfused. This indicated that when hemoglobin
saturation with oxygen was adequate, blood flow was
proportionately more important than oxygen content
for tissue oxygen supply, which agrees with results of
other studies.?>?* In those studies,?>?* oxygen uptake
did not differ between SB and MV, but Do, decreased
during controlled ventilation, which is a reflection of
lower blood flow. Second, the V/Q matching was dis-
turbed because the areas of lung normally ventilated
became overventilated. This situation, compounded
by the decrease in CO, increases alveolar dead space
by reducing perfusion of the overventilated alveoli.'>??
More importantly, during periods of positive intratho-
racic pressure, blood is forced from nondependent ar-
eas of the lungs (ie, those that are normally ventilated)
and driven toward dependent areas of the lungs, a large
proportion of which are atelectatic.>>2° Conventional
MV will not recruit dependent atelectatic areas of the
lungs because the alveolar pressure produced is insuf-
ficient. Additionally, the compressive effect on the pul-
monary capillaries increases pulmonary vascular resis-
tance and thereby further reduces perfusion. Overall,
these effects will worsen V/Q mismatching, increase
Qs/Qt and Vb/Vr, and reduce Pao,. These negative ef-
fects of MV were not detected in horses with sufficient
CO during PiNO, presumably because of concomitant
improvements of perfusion and vasodilation in well-
ventilated pulmonary regions. Analysis of results of the
study reported here suggested that the deterioration in
CO,induced by MV affected blood pressure as well as
V/Q matching and gas exchange in the lungs.

In the present study, SB did not have a negative
impact on oxygenation, and relative increases in ox-
ygenation and a reduction in Qs/Qt were greatest in
these horses. The respiratory mechanics during SB fa-
vors the distribution of gas in the lungs and improves
ventilation of dependent juxtadiaphragmatic lung re-
gions.?”?® The negative intrathoracic pressure during
inspiration also promotes alveolar recruitment and
counteracts cyclic alveolar collapse in dependent lung
regions.?® Furthermore, arterial blood pressure is bet-
ter preserved during SB through better cardiac preload
and higher systemic vascular resistance attributable
to acidemia associated with hypoventilation and sub-
sequent hypercarbia.?” These combined effects likely
contributed to improved V/Q matching in the study
reported here. The similar effects of PINO on arterial
oxygenation for both the SB-L and SB-N groups sug-
gested that the mode of ventilation played an integral
role in the distribution of pulmonary perfusion, rather
than being reliant on total blood flow.

Increased oxygenation with increased blood flow
is attributable to an increase in pulmonary perfusion
with subsequent uptake of oxygen from the lungs.°
Infusions of dobutamine increase CO and systemic
and pulmonary pressure in anesthetized horses.3!-3
However, dobutamine can also have a negative im-
pact on oxygenation. In healthy awake humans,
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Table 3—Mean + SD values for oxygenation variables at various time points for 4 groups of anesthetized horses (7 horses in
group SB-L, 8 horses in group SB-N, 6 horses in group MV-L, and 6 horses in group MV-N).

Variable Group Baseline 15 minutes 30 minutes P value*
Fio, SB-L 0.90 + 0.07 0.92 £ 0.03 0.91 £0.03 NS
SB-N 0.90 + 0.02 0.90 + 0.03 0.90 + 0.02 NS
MV-L 0.85 + 0.05§ 0.84 + 0.05§ 0.85 +0.05§ NS
MV-N 0.90 + 0.01 0.88 +0.02 0.88 +0.02 NS
Pao, - Pao, (mm Hg) SB-L 495.0+42.8 390.8 + 69.8% 3773 £ 60.8% 0.003
SB-N 402.0 £ 129.8 318.8 % 112.5 306.0 £ 99.8% 0.038
MV-L 474.0 £ 45.8 465.0 + 48.81 466.5 + 45.81§ NS
MV-N 349.5 £ 142.5 264.0 £ 139.5 253.5 + 133.5¢ 0.006
Pao, (mm Hg) SB-L 97.5 + 28.5¢ 189 + 57.8% 199.5 + 59.3% <0.00!
SB-N 153.0 £ 120.8 237.0 £ 122.3% 250.5 + 97.5% <0.00!
MV-L 69.0 + 55.5¢ 75.8 + 46.51§ 75.8 + 40.51§ NS
MV-N 217.5 + 145.5 293.3 £ I51.5¢% 301.5 + 142.5% 0.002
Sao, (%) SB-L 95.7+2.2 98.6+ 1.3 98.8 + 1.2% <0.00!
SB-N 947 £2.7 979  I.1% 978 £ 1.7 <0.00!
MV-L 85.0 + 741§ 89.3 + 6.21§ 89.8 + 7.11§ NS
MV-N 955+ 1.2 96.3+0.7 96.7 + 0.4% <0.00!
Cao, (mLsL™") SB-L 130.6 + 6.3 136.9 + 4.8% 137.5 + 4.9¢ <0.00!
SB-N 146.3 £ 24.5 153.2 £ 21.4% 153.5 £ 20.0% <0.00!
MV-L 120.6 + 149t 126.8 + 1541 127.0 £ 16.71 NS
MV-N 169.4 + 15.6 176.2 £ 16.3% 178.8 + 20.9% 0.002
Do, (mL+kg~'*min~") SB-L 6.0 1.21 6.9 + 1.5t% 7.0 £ 1.6t% <0.00!
SB-N 128+64 12.6 + 4.9% 123+43 NS
MV-L 5.5+0.8t 5.2+ 1.01 5.6+ 1.01 NS
MV-N 122+£2.8 14.5 £ 2.1 15.1 £3.9% 0.008
Pvo, (mm Hg) SB-L 39875 41.3+53 42.8 £ 5.3t NS
SB-N 51.8+12.0 52.5+9.8 540+ 12.8 NS
MV-L 31.5 +3.81§ 31.5 +3.81§ 30.8 +3.81§ NS
MV-N 51.0+9.0 57.0 + 7.5% 570+ 10.5 0.012
Svo, (%) SB-L 67 = 12 73 + 4% 73+ 13 0.004
SB-N 74+ 10 77+ 11 78+9 NS
MV-L 60 |1t 60 11t 58 + 10t NS
MV-N 82+6 86 + 4 85+5 0.029
Cao, - Cvo, (mL-L™") SB-L 403+ 15.2 382+ 16.71 38.8 16.5t 0.004
SB-N 324198 355+ 13.6 345+ 12.8 NS
MV-L 364 + 3.6t 41.9 £ 497§ 44.7 + 6.51§ NS
MV-N 28.3+6.1 252+42 27.3+43 NS
OER (%) SB-L 3112 32+8 2913 NS
SB-N 23+9 24+ 11 23+ 10 NS
MV-L 31 £ 71 34+ 7t 367t NS
MV-N 17+£5 154 16 +4 NS

Cao, - Cvo, = Arterial-mixed-venous difference in oxygen content. Pvo, = Mixed-venous partial pressure of oxygen.

See Table | for remainder of key.

dobutamine infusion results in the recruitment of
intrapulmonary shunt vessels owing to increas-
ing CO, with a subsequent increase in Qs/Qt and
Pao, - Pao,.3* Furthermore, in critically ill mechani-
cally ventilated humans, dobutamine adversely af-
fects Pao, by increasing shunting.’> However, intra-
pulmonary shunt vessels have not been described in
the lungs of horses, and there is unlikely to be re-
cruitment in situations of increased CO; consequent-
ly, there is little impact on arterial oxygenation.3® In
the present study, Qs/Qt and Pao, - Pao, decreased in
both MV and SB horses, likely because of the simul-
taneous administration of dobutamine during PiNO.
Dobutamine administered alone to humans with
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pulmonary hypertension worsens shunting, but ad-
ministration of a combination of NO and dobutamine
has complementary effects on the pulmonary circula-
tion.?” In the present study, selective pulmonary va-
sodilation attributable to NO was augmented by an
increase in CO, with the deleterious effects of dobuta-
mine on gas exchange being offset by the NO.373% The
same mechanism likely contributed to the increase in
Pao, with PiNO and concurrent dobutamine admin-
istration. However, it is possible that this could have
been an effect of dobutamine alone because a control
group that received dobutamine without PiINO was
not included. The greatest decrease in Pao, - Pao, was
in the MV-N group because the nondependent por-
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tion of the lungs was better ventilated in combination
with an increase in pulmonary perfusion as a result
of dobutamine infusion and PiNO.
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Abstract

Objective To evaluate the effect of pulsed inhaled
nitric oxide (INO) on arterial oxygenation in horses
during abdominal surgery.

Study design Prospective, randomized, clinical
trial.

Animals Thirty horses that underwent abdominal
surgery at the University Animal Hospital in
Uppsala, Sweden.

Methods Anaesthesia was induced according to a
standard protocol — romifidine, butorphanol,
diazepam and ketamine and maintained with iso-
flurane in oxygen. Fifteen horses were adminis-
tered pulsed INO and 15 served as controls. After
baseline data collection, pulsed INO delivery
commenced. Arterial and venous blood were
collected and analysed. Cardiorespiratory parame-
ters were measured, and oxygen content and F-
shunt were calculated.

Results Arterial oxygen tension (PaO,) and arte-
rial oxygen saturation (SaO;) increased from
10.9 +5.7 kPa (82 +43 mmHg) and 93 + 6% to
17.3+6.9 kPa (134+52 mmHg) (p<0.0001)
and 98 +2% (p <0.0001), respectively, in horses
administered pulsed INO. In the control group,
Pa0O, and SaO, decreased from 13.9+9.1 kPa
(104 + 68 mmHg) and 93 + 7% to 12.1 + 8.6 kPa
(91+65 mmHg) (p=0.0413) and 91+8%
(p=0.0256), respectively. At the end of anaes-
thesia, the oxygen content was significantly higher
in horses administered pulsed INO compared to
controls (p=0.0126). The calculated F-shunt
decreased from 39 + 10% to 27 + 6% (p < 0.0001)
in horses administered pulsed INO, and remained

unchanged in controls, 40 +12% to 44 +12%.
Blood lactate concentration decreased
(=17 +£21%) in horses administered pulsed INO
(p=0.0119), whereas no difference was measured
in controls (2 + 31%).

Conclusions and clinical relevance The present
study showed that it is possible to effectively
reduce the F-shunt and improve arterial oxygen-
ation in horses during abdominal surgery by
continuous delivery of pulsed INO.

Keywords anaesthesia, colic, horse, hypoxaemia,
nitric oxide.

Introduction

General anaesthesia in horses causes cardiopulmo-
nary impairment, which frequently results in hypo-
xaemia (Nyman & Hedenstierna 1989; Nyman et al.
1990; Wagner 2008). During general anaesthesia,
hypoxaemia is mainly resulting from the develop-
ment of atelectasis in the dependent lung, and
ventilation/perfusion (VA / Q) mismatch is most
noticeable when the horse is positioned in dorsal re-
cumbency (Dobson et al. 1985, Nyman &
Hedenstierna 1989; Nyman et al. 1990).

There are two hypothetical ways to improve the
matching of ventilation and perfusion during anaes-
thesia: either the ventilation can be directed to lung
regions that are well perfused or the perfusion can be
redistributed to the well-ventilated lung areas. Most
research in the anaesthetized horse has focused on
the first way, i.e. improving the ventilation in the
perfused lung regions. Nyman & Hedenstierna
(1989) showed that neither mechanical ventilation
(MV) nor positive end-expiratory pressure (PEEP) had
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a positive effect on VA/Q ratios. Selective MV of
dependent lung regions with PEEP does decrease
Va / Q mismatch and increase arterial oxygen tension
(Pa0,) during general anaesthesia (Nyman et al.
1987; Moens et al. 1994). However, this method
requires technical interventions which are difficult to
apply in clinical conditions (Moens et al. 1992). More
recently, it has been shown in clinical studies that
MV with recruitment manoeuver (RM) and constant
PEEP improved PaO, but simultaneously decreased
arterial gastrointestinal oxygenation (Hopster et al.
2011, 2016). This method entails transiently high
inspiratory pressures and opens up previously
collapsed alveoli. Although the RM was considered to
successfully open the lungs based on the increased
Pa0,, the manoeuver had to be continually repeated
to keep the lungs open. Additionally, the elevated
mean airway pressure generated by PEEP decreased
cardiac output (CO) and consequently decreased ox-
ygen delivery to the tissues (Hopster et al. 2016).

The second way to improve the VA / Q matching is
to regulate the lung perfusion. Inhaled nitric oxide
(INO) is widely used in human medicine, e.g. for
children and adults with acute hypoxaemic respira-
tory failure and neonates with pulmonary hyper-
tension (Rossaint et al. 1993; Dobyns et al. 1999;
Clark et al. 2000). INO works as a selective pulmo-
nary vasodilator and does not cause systemic effects
in the rest of the body (Frostell et al. 1991). However,
few studies have been done on INO and horses. In one
study by Young et al. (1999), continuous delivery of
INO in horses showed no positive effect on oxygena-
tion. Conversely, in another study done on neonatal
foals with experimentally induced pulmonary hy-
pertension, continuous delivery of INO did improve
arterial oxygenation (Lester et al. 1999).

Heinonen et al. (2000) compared pulsed delivery of
INO during inspiration to constant inspired concen-
tration of NO in anaesthetized pigs and concluded
that the NO gas effect was used more effectively, and
environmental exhausts was reduced with pulsed
delivery. This method of pulsed delivery of NO was
developed in a study by Heinonen et al. (2001), in
which pulsed INO turned out to be an effective way to
counteract hypoxaemia in horses during general
anaesthesia. Further studies showed that a pulse of
INO during the first part of inspiration (30—45% of
the inspiration time) improved arterial oxygenation
in healthy horses (Heinonen et al. 2002; Grubb et al.
2008; Nyman et al. 2012; Grubb et al. 2013a,b).
Additionally, Grubb et al. (2014) used multiple inert
gas elimination technique and scintigraphy to
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demonstrate that blood flow was redistributed from
dependent atelectatic lung regions to non-dependent
ventilated areas during pulsed INO, resulting in a
reduction of right to left vascular shunt. The
improvement in arterial oxygenation during pulsed
delivery of INO has been shown to be sustained
throughout 2.5 hours of anaesthesia (Nyman et al.
2012) and no adverse effects, i.e. rebound, have
been observed in the studies done on horses (Grubb
et al. 2008; Nyman et al. 2012; Grubb et al.
2013a,b, 2014).

The present study is a progression from experi-
mental conditions to a clinical setting. The aim was to
evaluate the effect of pulsed INO on arterial oxygen-
ation and subsequent blood lactate concentration in
colic horses during abdominal surgery.

Materials and methods

The study was designed as a prospective randomized
clinical trial, and informed owner consents were ob-
tained. A sample size calculation indicated that the
number of horses should be 11 in each group, based
on the results of previous studies (Heinonen et al.
2001, 2002; Nyman et al. 2012; Grubb et al.
2013b, 2014) and with consideration that this study
did not include healthy horses. In the end, a total of 30
horses were included in the study, which increased the
power from 80% to 90%. The study was approved by
the local ethics committee for animal experiments,
Uppsala, Sweden (approval number C 201/14).

Horses

Inclusion criteria for the study called for horses to
show signs of colic and undergo acute abdominal
surgery at the Equine Clinic at the University Animal
Hospital in Uppsala, Sweden, between May 2012 and
December 2013. Horses with an approved owner
consent were randomized so that every second horse
was enrolled to the pulsed INO group. Horses younger
than 6 months were excluded from the study.

Anaesthesia

The horses were anaesthetized following the standard
protocol used at the Equine Clinic at the University
Animal Hospital. Premedication included
1.1 mg kg’1 flunixin meglumine (Flunixin N-vet; N-
vet AB, Sweden), 0.03 mg kg7l acepromazine (Ple-
gicil; Pharmaxim, Sweden), 0.1 mg kg~ romifidine
(Sedivet; Boehringer Ingelheim Vetmedica, Sweden)
and 0.025 mg kg’1 butorphanol (Butador;

© 2017 Association of Veterinary Anaesthetists and American College of Veterinary Anesthesia and Analgesia. Published by

Elsevier Ltd. All rights reserved., 44, 1139—1148



Effects of PINO during colic surgery M Wiklund et al.

Vetoquinol, Sweden). For induction, 0.03 mg kg’1
diazepam (Diazepam-ratiopharm; Ratiopharm, Ger-
many) and 2.2 mg kg ' ketamine (Ketaminol;
Intervet, Sweden) were administered. The horses'
tracheas were intubated and anaesthesia was main-
tained with isoflurane (IsoFlo; Orion Pharma Animal
Health, Sweden) in oxygen (fresh gas flow 1 L
100 kg~ ! minute™!). The horses were left to breath
spontaneously. Low blood pressure was treated with
intravenous crystalloid fluids (Ringer-acetat; Frese-
nius Kabi, Sweden) and 0.5—2 pg kg~! minute™!
dobutamine (Dobutamin Carino; Carinopharm
GmbH, Germany) as required. A 2 mg kg’] lidocaine
(Xylocain; AstraZeneca, Sweden) bolus administered
over approximately 20 minutes followed by a con-
stant rate infusion (2 mg kg71 hour ') was admin-
istered in the event of more complicated surgery.

Delivery of pulsed INO

The NO was administered through a device that
immediately triggered the delivery of the gas when
the horse produced a negative inspiratory pressure
during spontaneous breathing (Datex-Ohmeda
Research Unit, Finland). The length of the pulse was
adjusted stepwise, to effect, from onset of inspiration
to the first 30%, 45% or 60% of the total inspiratory
time. To minimize exhalation of NO, the shortest
pulse that improved PaO, was used throughout the
anaesthesia. The delivery device was connected with
a plastic tube to an adapter located at the proximal
end of the endotracheal tube, and once started the
horse would get a pulse of NO with every breath. The
NO was supplied from a cylinder of 2000 p.p.m. NO in
nitrogen gas (AGA AB, Sweden).

Instrumentation

All horses were instrumented with electrocardiogram
electrodes placed for lead II analysis and measure-
ment of heart rate. After aseptic preparation, the
horses were instrumented with a catheter in the
facial artery and in the jugular vein for collection of
arterial and venous blood. The arterial catheter was
also used for blood pressure monitoring.

Blood-gas analysis

Arterial and venous blood samples were obtained for
assessment of Pa0,, venous oxygen tension (PvO,),
arterial carbon dioxide tension (PaCO,), arterial ox-
ygen saturation (Sa0O-), pH, blood glucose and blood
lactate concentrations. Devices from Radiometer

(ABL 500 and ABL 90 flex), calibrated routinely ac-
cording to the manufacturer, were used for the blood-
gas analysis. Venous blood samples were also
collected in ethylenediamine tetra-acetic acid (EDTA)
tubes for analysis of haemoglobin (Hb). All blood
samples were stored on ice. Hb was analysed with the
Advia 2120 Hematology System (Siemens Healthi-
neers, Germany) at the Hematology and Chemistry
Laboratory at the University Animal Hospital in
Uppsala.

Collection of data

Once completely instrumented, data were collected
and used as anaesthesia baseline data. After baseline
data collection, pulsed INO delivery commenced for
horses in the pulsed INO group. Pulse rate was
counted by manual palpation of the pulse on the
facial artery and respiratory rate was counted by
watching thoracic movements. Continuous respira-
tory gas analysis (fractions of O, and CO,) including
measurement of the volatile anaesthetic agent con-
centration (isoflurane) was performed with a dedi-
cated  multi-parameter  anaesthesia ~ monitor
(Mindray, BeneView T5; Shenzhen Mindray Bio-
Medical Electronics Co., Ltd, China) using side-stream
gas sampling at the level of the connection of the
endotracheal tube to the Y piece of the circuit.

Calculated data

F-shunt was calculated as follows:
F-shunt = (CcO, — Ca0,)/([CcO; — Ca03] + 35),

where 35 is a fixed value of C(a-v)0, in mLL™" (Araos et al.
2012; Briganti et al. 2015).
Oxygen extraction ratio (O,ER) was calculated as:

C(a-v)02/Ca0,

Cc0,, Ca0,, and CvO, are oxygen content in
mL L' of capillary, arterial and venous blood,
respectively. These values were calculated as:
Cx0, = (Hb x 1.36 x Sx0;) + (0.227 x Px0,). The
value CcO, was calculated as: CcO,=(Hb x
1.36 x 1) + (0.227 x Pa0,).

Statistics
The raw data collected were entered in Microsoft
Excel 2010 (Microsoft Office, Microsoft, WA, USA)

and then processed. For all statistical calculations, the
statistical package GraphPad Prism 5 (GraphPad
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Software, CA, USA) was used. Data were tested for
Gaussian distribution using the Shapiro—Wilk test.
For individual changes, Mann—Whitney tests and
unpaired ¢ tests were used to compare the difference
between the two groups and Wilcoxon tests and
paired t tests to compare differences within the
groups. The difference was considered significant
when p <0.05 with a confidence interval of 95%.
Data are presented as mean =+ standard deviation.

Results

Fifteen horses were administered pulsed INO (pulsed
INO group) and 15 served as controls (C group).
Horses included in the study were on average
10—11 years old (pulsed INO: 10 + 6 years; C: 11 + 6
years). The weight in the pulsed INO and C group was
543+114 (337—688) kg and 508+105
(250—616) kg, respectively. Fourteen warmbloods
(six pulsed INO, eight C), six Standardbred trotters
(three pulsed INO, three C) and 10 various breeds
including ponies, Icelandic horses and draft horses
(six pulsed INO, four C) were included in the study.
During anaesthesia, crystalloid fluids were

administered continuously, 12.4 + 5.5 L to horses in
the pulsed INO group and 13.0 + 3.5 L to horses in
the C group. Twenty-two horses (11 pulsed INO, 11
C) were administered a lidocaine infusion during
surgery.

The time between induction of anaesthesia and the
baseline recordings was approximately 30 minutes.
Data were collected at 30-minute intervals until the
end of anaesthesia. This clinical study has several
missing values; Hb was not analysed in two horses
(one pulsed INO, one C) and venous blood samples in
three horses (one pulsed INO, two C). Physiological
data and calculations are presented in Table 1.
Administration of the shortest pulse length of pulsed
INO improved PaO, in eight of the 15 horses; six
horses responded with the 45% pulse length, and one
horse needed a longer pulse.

Arterial oxygen tension and saturation

All horses in the pulsed INO group (n = 15) presented
a higher Pa0, and SaO, at the end of anaesthesia
compared to baseline values (Fig. 1 and Table 2). Five
horses in the pulsed INO group had a low baseline

Table 1 Physiological data and calculations during anaesthesia in horses that were administered pulsed inhaled nitric

oxide (pulsed INO) and those that were not (C).

Parameter Group Baseline n End n p value
HR (beats minute™") Pulsed INO 40+6 15 40+6 15 ns
C 44 +22 15 40+8 15
ABP (mmHg) Pulsed INO 78 +21 15  82x22 15 ns
C 73+17 15 79+9 15
fx (breaths minute™") Pulsed INO  6+3 15 6+3 15 ns
C 6+4 15 7+3 15
FIO, Pulsed INO  0.80+0.10* 15  0.80+0.10* 15 0.0091*
C 0.88 +0.07 15 00.88+0.07 15
Glucose (mmol L) Pulsed INO  11.3+2.4 14 95+20 15 0.0121f
o] 11.3+15 13 9.9+197 14 0.0014
Hb (gL Pulsed INO 121 +14 14 114+18 14 ns
C 131+20 14 123+25 14
pH Pulsed INO 7.22+£0.07* 15 7.21+0.06 15 0.0195*
C 7.28+0.05 15  7.25+0.08 15
PaCO, [kPa (mmHg)] Pulsed INO  8.7+1.9 (65 + 14) 15 9.1+2.3(68 +17) 15
C 8.8+1.6 (66« 12) 15 9.3+1.9 (70 + 14)' 15 0.0330"
P(r-a)Oz [kPa (mmHg)]  Pulsed INO  56.4+8.5 (423 +64) 15 48.3+8.6 (362 +65) 15  <0.0001* 0.0003}
C 60.9+8.2 (457 +62) 15 62.7+8.8 (470 + 66) 15
CaO, (mL L") Pulsed INO  155+22 14 160+ 26* 14 0.0126*
¢ 163 +26 13 142+ 30 13 0.0218f
O2ER (%) Pulsed INO  20+14 14 22417 14 0.0328*
C 14+5 12 11+4 12

HR, heart rate; ABP, mean arterial blood pressure: fg, respiratory frequency; FIO,, fraction of inspired oxygen: Hb, haemoglobin; PaCO,, arterial carbon
dioxide tension; P(A-a)0,, alveolar—arterial gradient; CaO,, oxygen content; O,ER, oxygen extraction ratio. The baseline value is at the beginning of
anaesthesia before pulsed INO delivery commenced, and the end value is at the end of anaesthesia.

*Significantly different compared to C.
{Significantly different from baseline value.
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Figure 1 Arterial oxygen saturation (Sa0,) and arterial oxygen tension (Pa0O,) in horses that were administered pulsed
inhaled nitric oxide (pulsed INO group) and those that were not (C group) during anaesthesia. Data are presented as
mean =+ standard deviation (SD) at baseline (beginning of anaesthesia before pulsed INO delivery commenced), at 1 hour and
at end of anaesthesia in pulsed INO group and C group, respectively. The dotted lines indicate 90% and 95% Sa0,, and 8 and
10 kPa (60 and 75 mmHg) Pa0O,. *Significantly different compared to C; °significantly different from baseline value.

Pa0, 7.0 + 1.1 kPa (53 = 8 mmHg). In these horses,
Pa0; increased to 14.2 + 5.0 kPa (106 + 37 mmHg)
during pulsed INO delivery, which improved SaO,
from 86 + 5% to 97 + 2%. Twelve of the 15 horses in
the C group presented a lower PaO, and SaO; at the
end of anaesthesia compared to baseline. In four
horses with a low baseline PaO, and SaO,
[6.5+0.7 kPa (49+5 mmHg) and 83+ 5%,
respectively|, PaO, was reduced to 6.1 +0.7 kPa
(46 +£ 5 mmHg) and Sa0, to 81 + 5%.

Calculated F-shunt

Comparison of each individual's change in F-shunt
during anaesthesia, calculated in percent, showed a
significant (p < 0.0001) difference between horses in
the pulsed INO group (n= 14) and horses in the C
group (n=14) (Fig. 2). At baseline, there was no
difference in F-shunt between the two groups
(p = 0.7652); however, there was a difference at the
end of anaesthesia (p =0.0014). In the pulsed INO
group, the F-shunt decreased 29+ 17% during
anaesthesia, from an actual value of 39 +10% at
baseline to 27 + 6% at the end of anaesthesia. In the
C group, the F-shunt increased 11 + 25%, from an

actual value of 40 + 12% at baseline to 44 + 12% at
the end of anaesthesia.

Blood lactate

Although individual variations were measured, the
blood lactate concentration decreased 17 +21% in
the pulsed INO group (n=15) during anaesthesia,
from 3.1 +2.6 to 2.3 + 1.3 mmol L! (p=0.0119).
In the pulsed INO group, 10 horses had a decrease in
blood lactate concentration during anaesthesia, two
horses had an unchanged concentration and three
horses had an increase (Fig. 3). There was no change
(2+31%) in blood lactate concentration in the C
group (n=15), the concentration went from
24+1.2t02.3+ 1.1 mmol L™ (p=0.8201). In the
C group, eight horses had a decreased and seven
horses had an increased concentration in blood
lactate during anaesthesia. There was no difference
(p=0.5462) in fluid therapy between the groups.

Discussion

The positive effect of pulsed INO on arterial oxygen-
ation was both instantaneous and sustained,
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Table 2 Change in arterial oxygen tension after pulsed
inhaled nitric oxide (INO) delivery. Individual change in
arterial oxygen tension (Pa0O,) in horses that were
administered pulsed INO during anaesthesia. The baseline
value is at the beginning of anaesthesia before pulsed INO
delivery commenced. Horses with lower PaO, [<10 kPa
(75 mmHg)] at baseline had a larger (p=0.0047) in-
crease in PaO, compared to horses with higher PaO,
[>10 kPa (75 mmHg)] at baseline.

Horse Baseline PaO, Highest PaO, Change
kPa (mmHg) kPa (mmHg)

INO 13 5.6 (42) 10.4 (78) 86%
INO8 6.0 (45) 11.0 (83) 84%
INO6 7.8 (58) 11.6 (87) 50%
INO3 7.9 (59) 15.5 (116) 97%
INO1 7.9 (59) 22.3 (167) 182%
INO7 8.8 (66) 24.3 (182) 175%
INO5 9.5 (71) 24.9 (187) 164%
INO2 9.5 (71) 14.6 (109) 54%
INO 12 9.7 (73) 19.2 (144) 98%
INO 15 10.0 (75) 32.0 (240) 222%
INO 11 11.2 (84) 13.7 (103) 23%
INO4 11.4(85) 18.5 (139) 62%
INO 14 13.6 (102) 20.7 (139) 53%
INO9 15.3 (114) 17.9 (134) 17%
INO 10 29.1 (218) 37.3 (280) 28%

Baseline PaO, n Mean change

kPa (mmHg)
<10 (75) 10 121%
>10 (75) 5 37%

regardless of general condition, aetiology of colic and
length of surgery.

The effect on PaO, and Sa0, during pulsed INO
was immediate, within 15 minutes, in all but one of
the 15 horses. In line with previous studies, the
positive effect of pulsed INO was present as long as NO
was administered, even when the anaesthesia lasted
more than 2.5 hours (Nyman et al. 2012; Grubb et al.
2013b). The effect of improved arterial oxygenation
resulted in significantly higher CaO, at the end of
anaesthesia in the pulsed INO group compared to the
C group, but no effect on Hb concentration was
observed. CO was not measured in this clinical study;
however, no adverse effect of pulsed INO on CO has
been measured in previous experimental studies
(Heinonen et al. 2000, 2001, 2002; Nyman et al.
2012; Grubb et al. 2013b). Thus, increased CaO, in
colic horses receiving pulsed INO possibly results in
enhanced oxygen delivery to the tissues.

At the end of anaesthesia, seven of the 15 horses in
the C group had a PaO; and SaO; less than 8 kPa
(60 mmHg) and 87%, respectively, which is consid-
ered as severe hypoxaemia (Grimm et al. 2015).
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None of the horses in the pulsed INO group had se-
vere hypoxaemia at the end of anaesthesia, and the
positive effect of pulsed INO was greater in colic
horses with PaO, below 10 kPa (75 mmHg) and SaO,
below 95% at baseline compared to horses with a
higher baseline value. This suggests that horses with
hypoxaemia might benefit the most from pulsed INO.

Earlier studies have shown that pulsed INO effec-
tively reduces the magnitude of right to left vascular
shunt as a result of redistribution of pulmonary blood
flow (Heinonen et al. 2001; Grubb et al. 2013b,
2014). Although mixed venous blood was not ob-
tained in the present study with clinical cases, the F-
shunt could be calculated. Based on the calculations,
reduction in the magnitude of shunt seems to also be
possible in colic horses with compromised general
condition undergoing abdominal surgery.

Although Edner et al. (2007) did not find changes
in blood lactate concentration during a 3-hour
anaesthesia in colic horses subjected to abdominal
surgery, lactate content increased in the gluteus
muscle. Interestingly, in the present study a decline in
blood lactate concentration during anaesthesia was
evident in the pulsed INO group, whereas in the C
group no changes occurred. The treatment of
impaired circulation, based on infusion of crystalloid
fluids and dobutamine during anaesthesia, did not
differ between the two groups. However, decreasing
lactate levels in the pulsed INO group and differences
in O,ER compared to the C group suggests improved
peripheral perfusion and oxygenation. Still, many
factors may influence lactate levels in individual
horses, and the clinical effects of improved arterial
oxygenation remains to be investigated.

Respiratory acidosis was evident in most cases
owing to some respiratory depression, but there was
no difference in PaCO, between horses administered
pulsed INO and controls. As shown previously, pulsed
INO does not affect the factors that determine minute
ventilation (i.e. respiratory rate and tidal volume)
(Nyman et al. 2012). In order to improve both
oxygenation and ventilation, the next step towards
clinical use is to evaluate pulsed INO during MV.
Twelve horses in the pulsed INO group and 12 in the
C group recovered from anaesthesia, but the quality
of recovery was not evaluated in the present study.

In conclusion, the present study shows that pulsed
INO effectively reduces the F-shunt and improves
arterial oxygenation in colic horses during abdominal
surgery. However, the effect of improved arterial
oxygenation on quality of recovery and clinical out-
comes still requires further exploration.
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Summary

Background: Administration of pulsed inhaled nitric oxide (PINO) improves arterial oxygenation in spontaneously breathing anaesthetised healthy
horses and in horses undergoing colic surgery. However, because hypoventilation commonly occurs, horses are often mechanically ventilated to
prevent hypercarbia.

Objectives: To evaluate the effects of PINO on arterial oxygenation during anaesthesia in mechanically ventilated healthy horses and horses
undergoing colic surgery.

Study design: Prospective nonblinded clinical trial.

Methods: Fifty horses undergoing elective arthroscopy (Group A) and 30 horses undergoing colic surgery (Group C) in dorsal recumbency were
included in the study. Every second horse in each group received PiNO (A-INO, C-INO), the others served as controls (A-CN, C-CN). All horses were
mechanically ventilated and anaesthesia was maintained with isoflurane. PINO was mechanically delivered at the proximal end of the endotracheal tube
as a pulse during the first part of each inspiration. Data were collected at the start (baseline, before PiINO) and at the end of inhalation anaesthesia. The
Tukey method was used to compare baseline and end values for each parameter.

Results: Arterial oxygen tension (Pa0,) increased from (median [IQR]) 13.6 (9.3, 30.1) at baseline to 24.2 (18.6, 37.0) kPa at the end of anaesthesia in A-
INO (P = 0.005) and from 7.7 (6.4, 8.5) to 15.5 (9.9, 26.9) kPa in C-INO (P = 0.007). Mean (95% Cl) difference in F-shunt between baseline and end were
—6 (—10; —1) and =11 (=22; —1) % in A-INO (P = 0.005) and C-INO (P = 0.04) respectively. There was no change in PaO, or F-shunt from baseline to

end of anaesthesia in A-CN or C-CN.

Main limitations: Cardiac output was not measured, thus O, delivery could not be calculated.
Conclusions: The combination of mechanical ventilation and PiINO improved pulmonary gas exchange during anaesthesia by a simultaneous decrease

in F-shunt and improved alveolar ventilation.

The Summary is available in Portuguese - see Supporting information

Keywords: horse; anaesthesia; PINO; colic; arthroscopy

Introduction

Hypoxaemia and hypoventilation are two common complications in the
anaesthetised horse [1-3]. The incidence of anaesthesia-induced
hypoxaemia, which is more difficult to treat than hypoventilation, is not
well defined but is suggested to be around 12-17% [4-6]. Mechanical
ventilation is commonly used to treat and prevent hypoventilation.
Hypercarbia and acid-base balance can be normalised with mechanical
ventilation in most cases [7-9]. However, there is no guarantee that
hypoxaemia will be alleviated with the improved ventilation [10,11].

Pulsed inhaled nitric oxide (PiINO) has been used to improve arterial
oxygen tension (Pa0,) and arterial oxygen content (CaO,) in spontaneously
breathing research horses [12-15]. Nitric oxide causes local vasodilation in
the pulmonary vessels, thereby enable a shift in blood flow from the
dependent (atelectatic) to the nondependent (aerated) regions of the lung
[14]. Using this technique, hypoxaemia is treated by redirecting blood flow,
or pulmonary perfusion, to the ventilated regions of the lung rather than by
changing ventilation of the lung [14]. However, PiINO does not affect
ventilation and hypercarbia developed in all or most horses in previous
studies [12-15]. These findings were also confirmed in a clinical study
where spontaneously breathing horses undergoing colic surgery treated
with PINO remained hypercarbic despite improved arterial oxygenation [16].

The aim of this study was to determine and compare the effect of PINO
on oxygenation in anaesthetised mechanically ventilated horses that were
anaesthetised for either elective or emergency surgery. The hypothesis
was that PINO in combination with mechanical ventilation would improve
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oxygenation from baseline in each group while providing normoventilation
as evidenced by normocarbia in both healthy horses and horses
undergoing colic surgery.

Materials and methods

The design of the study was a prospective nonblinded clinical trial. Practical
aspects and time limit influenced the final sample size which became 50
healthy horses undergoing elective arthroscopy (25 receiving PINO and 25
controls) and 30 horses undergoing emergency colic surgery (15 horses
receiving PiINO and 15 controls). Sample size calculations based on
improvement in PaO, with PINO in previous studies [13-18] indicated that
with a power of 80 and 5% Type | error rate a sufficient number of horses in
each group was 11 to detect an effect size of 50%. With the present sample
size smaller effect sizes can be detected with the same power.

Horses

Inclusion criteria for the healthy group were determination of clinical health
(ASA status IHI) by physical examination and admission to the hospital for
elective arthroscopy (Group A) in dorsal recumbency. Exclusion criteria
were any horses not ASA HHI. Inclusion criteria for the colic group were all
adult horses with signs of abdominal pain (colic) and admission to the
hospital for acute colic surgery (Group C) in dorsal recumbency. Horses
under the age of 6 months were excluded from both groups. Arthroscopic
procedures were performed at the Equine Clinic at the University Animal

Equine Veterinary Journal 52 (2020) 76-82 © 2019 EVJ Ltd
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Hospital in Uppsala, Sweden and at Malaren Equine Practice in Sigtuna,
Sweden, between September 2015 and September 2017. Colic surgeries
were performed at the Equine Clinic at the University Animal Hospital in
Uppsala, between October 2015 and November 2016.

The horses which, according to the approved owner consent, could be
included in the study were divided so that every other horse received
PINO, designated A-INO and C-INO. Control horses, not receiving PiNO,
were designated A-CN and C-CN. All horses were scheduled for mechanical
ventilation.

Anaesthesia

After aseptic preparation, a 14 gauge catheter (Milacath)® was placed in the
jugular vein for administration of intravenous (i.v.) drugs and fluids and
collection of blood for venous blood gas analysis. For all horses
premedication included 1.1 mg/kg bwt flunixin meglumine (Flunixin N-vet)°,
0.1 mg/kg bwt romifidine (Sedivet)® and 0.025 mg/kg bwt butorphanol
(Butador)® i.v. Group A horses also received 0.03 mg/kg bwt acepromazine

Effects of PINO during mechanical ventilation

(Plegicil)® i.m. For induction of anaesthesia, 0.03 mg/kg bwt diazepam
(D\'azepam—ratiopharm)' and 2.2 mglkg bwt ketamine (Ketaminol)® were
administered iv. Following endotracheal intubation, anaesthesia was
maintained with isoflurane (IsoFlo)" in oxygen (fresh gas flow 1 L/100 kg
bwt/min). Mechanical ventilation began when the horse was connected to
the large animal anaesthetic machine (Tafonius)'. In Group A, mechanical
ventilation was initiated within 5 min after intubation and in Group C after
5-30 min. The initial settings for mechanical ventilation were a tidal volume
of 10 mlikg bwt and a respiratory frequency of 6-8 breaths/min. The
settings were changed during anaesthesia in response to blood gas values.

Low blood pressure was treated with i.v. crystalloid fluids (Ringer-
acetat), colloid fluids (Voluven) and 0.5-2 pg/kg bwt/min dobutamine
(Dobutamin Carino)* with the goal to maintain mean arterial blood pressure
(MAP) > 65 mmHg. Horses in Group C received a 2 mg/kg bwt lidocaine
(Xylocain)' bolus administered over 20 min immediately after induction and
followed by a lidocaine constant rate infusion (2 mg/kg bwt/h) until 20—
30 min before recovery.

TABLE 1: Descriptive data of parameters at baseline (beginning of anaesthesia before PiINO delivery commenced) and at end of inhalation
anaesthesia in horses undergoing elective arthroscopy (Group A) or colic surgery (Group C)

Parameter Group Treatment Baseline End
Pa0, kPa A INO 13.6 (9.3, 30.1) 24.2 (18.6, 37.0)
CN 14.1 (10.2, 21.5) 11.3 (9.5, 22.9)
[¢ INO 7.7 (6.4, 8.5) 15.5 (9.9, 26.9)
CN 6.9 (5.4, 14.6) 7.4 (5.7,15.9)
Sa0y% A INO 94 £+ 3 96 £ 1
CN 95 £ 2 93 +£3
C INO 86+ 8 94+ 5
CN 85 £ 10 85+ 9
F-shunt% A INO 34+7 2945
CN 33+£6 37+7
C INO 46 £ 9 35+7
CN 47 £ 14 49 + 14
PaCO, kPa A INO 80+10 83 +038
CN 7.6 +£05 80+ 05
C INO 7.6 £14 79 +11
CN 78 +12 80+ 14
Ca0, mliL A INO 160 + 26 165 + 24
CN 160 + 18 158 + 21
C INO 128 + 28 160 + 34
CN 146 + 28 152 + 23
HR beats/min A INO 35+5 37 +8
CN 37+£5 40 + 6
C INO 39+7 42 £ 10
CN 37+6 4 +£9
MAP mmHg A INO 64 + 10 71 £13
CN 58 £ 10 73 £12
C INO 72 + 20 82+ 19
CN 78 £ 21 87 £ 15
P(A-a)0, kPa A INO 43.7 £ 115 369 +£ 104
CN 426 £ 9.4 47.9 £10.7
C INO 53.1 £ 10.1 455 £ 9.6
CN 52.0 £ 140 549 £ 128
pH A INO 7.34 £ 0.04 734 +£0.03
CN 7.36 £ 0.02 7.36 = 0.03
C INO 7.33 £0.07 733 £ 0.05
CN 7.31 £ 0.06 7.32 + 0.06
Lactate mmol/L A INO 1.2+03 14+£03
CN 13+04 14+£04
c INO 2.0 (1.7, 4.5) 1.9 (1.4,33)
CN 1.9 (1.2, 3.1) 2.1(1.8,2.8)

The horses were either given PINO (A-INO, n = 25; C-INO, n = 15) or served as controls (A-CN, n =25, C-CN, n=15). Data are expressed as
mean =+ s.d. or median (IQR) if normally or not normally distributed respectively.
Pa0,, arterial oxygen tension; SaO,, arterial oxygen saturation; PaCO,, arterial carbon dioxide tension; CaO,, arterial oxygen content; HR, heart rate;

MAP, mean arterial blood pressure; P(A-a)O,, alveolar-arterial gradient.
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TABLE 2: Comparison of baseline values and values at the end of anaesthesia of various cardiovascular and respiratory parameters in
horses undergoing elective arthroscopy and that were given pulsed inhaled nitric oxide (INO, n = 25) and those that were not (CN, n = 25)

Parameter Group A Difference of means Simultaneous 95% CI P-value
Pa0, log data Baseline INO-Baseline CN 0.0 (—0.3; 0.3) >0.9
End CN-Baseline CN —0.1 (—0.4; 0.2 0.8
End INO-Baseline INO 0.4 (0.1; 0.8 0.005
End INO-End CN 0.6 (0.2; 0.9) <0.001
Sa0.% Baseline INO-Baseline CN —1 (-2, 1) 0.6
End CN-Baseline CN -1 (=3; 0 0.1
End INO-Baseline INO 2 0; 4) 0.005
End INO-End CN 3 (1; 4) <0.001
F-shunt% Baseline INO-Baseline CN 1 (—3; 6) 0.9
End CN-Baseline CN 3 (-1, 8) 0.2
End INO-Baseline INO -6 (—10; -1) 0.005
End INO-End CN -8 (—=12; -4) <0.001
PaCO, kPa Baseline INO-Baseline CN 0.4 (—0.1; 0.8) 0.2
End CN-Baseline CN 0.4 (—0.1; 0.9) 0.2
End INO-Baseline INO 03 (—0.2; 0.8) 03
End INO-End CN 0.3 (—0.2; 0.8) 0.4
Ca0, mliL Baseline INO-Baseline CN 1 (—=9; 10) >0.9
End CN-Baseline CN -2 (=11:7) >0.9
End INO-Baseline INO 5 (—4; 14) 0.5
End INO-End CN 8 (=1,17) 0.1
HR beats/min Baseline INO-Baseline CN -2 (—=5; 2) 0.5
End CN-Baseline CN 3 0; 7) 0.1
End INO-Baseline INO 2 (—=1;6) 03
End INO-End CN -3 (—6: 1) 02
MAP mmHg Baseline INO-Baseline CN 6 (—2; 14) 0.2
End CN-Baseline CN 15 (7; 23) <0.001
End INO-Baseline INO 6 (=2; 14) 0.2
End INO-End CN -3 (—11; 5) 0.8
P(A-a)O, kPa Baseline INO-Baseline CN 1 (—6; 8) >0.9
End CN-Baseline CN 5 (=2;12) 0.2
End INO-Baseline INO -7 (—14; 0) 0.06
End INO-End CN -1 (—18; —4) 0.001
pH Baseline INO-Baseline CN -0.02 (—0.04; 0.00) 0.08
End CN-Baseline CN 0.00 (—0.02; 0.02) >0.9
End INO-Baseline INO 0.00 (—0.02; 0.02) >0.9
End INO-End CN —0.02 (—0.04; 0.00) 0.2
Lactate log data Baseline INO-Baseline CN 0.0 (—0.2; 0.2) >0.9
End CN-Baseline CN 0.1 (—0.1; 0.3) 0.7
End INO-Baseline INO 0.1 (—0.1; 0.3) 0.3
End INO-End CN 0.0 (—0.2; 0.2) >0.9

Pa0,, arterial oxygen tension; Sa0O,, arterial oxygen saturation; PaCO,, arterial carbon dioxide tension; CaO,, arterial oxygen content; HR, heart rate;

MAP, mean arterial blood pressure; P(A-a)O,, alveolar-arterial gradient.

Delivery of PINO

The NO was delivered by a device™ that was triggered by the positive
pressure at the beginning of each breath from the ventilator. The pulse
was delivered during the first part of inspiration, as determined in previous
studies [13,15,16]. The delivery device was connected with a plastic line to
an adapter located at the proximal end of the endotracheal tube, and once
started the horse would receive a pulse of NO with every mechanical
breath. The NO was supplied from a cylinder of 2000 p.p.m. NO in nitrogen

gas".

Monitoring and collection of data

After aseptic preparation, a catheter was placed in the facial artery for
blood pressure monitoring and for collection of arterial blood. Monitoring
during anaesthesia was performed with a multi-parameter monitor
(Tafonius)' and included arterial ~blood pressure, heart rate,
electrocardiogram, ventilation parameters and continuous respiratory gas
analysis including measurement of the volatile anaesthetic agent
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(isoflurane) concentration. Arterial and jugular venous blood samples were
obtained for assessment of PaO,, jugular venous oxygen tension, arterial
carbon dioxide tension (PaCO,), arterial oxygen saturation (SaO,), pH,
haemoglobin (Hb) and lactate concentrations. An automated whole-blood
gas analyser (ABL9O FLEX)° was used for the blood gas analysis. All blood
samples were stored on ice for up to two hours if not analysed
immediately. The respiratory gas and blood gas analysers were calibrated
routinely according to the manufacturers’ guidelines.

Once completely instrumented (after 15-25 min of inhalation anaesthesia
in Group A and after 25-60 min in Group C), data were collected and used
as anaesthesia baseline data. After baseline data collection, PiNO delivery
commenced for horses in the PINO groups. Data were then collected at
the end of inhalation anaesthesia.

Calculated data

F-shunt was calculated as follows:
F-shunt = (CcO,—Ca0,)/([CcO,—Ca0,] + 35), where 35 is a fixed value of
C(a-v)Oz in ml/L [19].

Equine Veterinary Journal 52 (2020) 76-82 © 2019 EVJ Ltd
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TABLE 3: Comparison of baseline values and values at the end of anaesthesia of various cardiovascular and respiratory parameters in
horses undergoing colic surgery and that were given pulsed inhaled nitric oxide (INO, n = 15) and those that were not (CN, n = 15)

Parameter Group C Difference of means Simultaneous 95% CI P-value
Pa0, log data Baseline INO-Baseline CN -0.1 (—0.6; 0.4) >0.9
End CN-Baseline CN 0.0 (—0.5; 0.5) >0.9
End INO-Baseline INO 0.7 0.1, 1.2 0.007
End INO-End CN 0.5 (0.0; 1.0) 0.05
Sa0ay Baseline INO-Baseline CN 1 (-7;8) >0.9
End CN-Baseline CN 0 (~7; 8) >0.9
End INO-Baseline INO 8 (0; 15) 0.04
End INO-End CN 8 (1; 16) 0.03
F-shunt% Baseline INO-Baseline CN —1 (=12; 9) >0.9
End CN-Baseline CN 2 (—9;12) >0.9
End INO-Baseline INO -1 (—=22; —1) 0.04
End INO-End CN —14 (—24; -3) 0.005
PaCO, kPa Baseline INO-Baseline CN -0.2 (—=1.1;,0.7) >0.9
End CN-Baseline CN 0.1 (—0.8; 1.0) >0.9
End INO-Baseline INO 03 (—0.6; 1.2) 0.8
End INO-End CN 0.0 (—0.9; 0.9) >0.9
CaO, mL/L Baseline INO-Baseline CN -17 (—41;7) 0.2
End CN-Baseline CN 6 (—18; 30) >0.9
End INO-Baseline INO 32 (8; 56) 0.005
End INO-End CN 9 (=15; 32) 0.8
HR beats/min Baseline INO-Baseline CN 2 (—6; 10) >0.9
End CN-Baseline CN 4 (—4;12) 0.6
End INO-Baseline INO 3 (—5; 11) 0.8
End INO-End CN 1 (=7;9) >0.9
MAP mmHg Baseline INO-Baseline CN —6 (—24; 13) 0.8
End CN-Baseline CN 9 (—9; 28) 0.5
End INO-Baseline INO 11 (—8; 29) 0.4
End INO-End CN -5 (—23; 14) 0.9
P(A-a)O, kPa Baseline INO-Baseline CN 1 (=9; 11) >0.9
End CN-Baseline CN 3 (=7;13) 0.9
End INO-Baseline INO -8 (=17; 2) 0.2
End INO-End CN -9 (=19; 0) 0.07
pH Baseline INO-Baseline CN 0.02 (—0.03; 0.07) 0.6
End CN-Baseline CN 0.02 (—0.03; 0.07) 0.8
End INO-Baseline INO 0.00 (—0.05; 0.05) >0.9
End INO-End CN 0.00 (—0.05; 0.05) >0.9
Lactate log data Baseline INO-Baseline CN 0.1 (—0.4; 0.6) >0.9
End CN-Baseline CN 0.0 (—0.5; 0.6) >0.9
End INO-Baseline INO —0.1 (—0.6; 0.5) >0.9
End INO-End CN 0.0 (—0.5; 0.5) >0.9

Pa0,, arterial oxygen tension; SaO,, arterial oxygen saturation; PaCO,, arterial carbon dioxide tension; CaO,, arterial oxygen content; HR, heart rate;

MAP, mean arterial blood pressure; P(A-a)O,, alveolar-arterial gradient.

CcO, is oxygen content in ml/L of capillary blood and calculated as:
CcO, = (Hb x 1.36 x 1) + (0.227 x Pa0y,).

For horses in Group A the mean value of the Hb during anaesthesia was
used in the calculations, for horses in Group C the measured Hb for each
time point was used.

Data analysis

The raw data collected were entered in Microsoft Excel 2010° and then
processed. For all statistical calculations, the statistical package Minitab 184
was used, data from Group A and data from Group C were analysed
separately. A general linear model, with horse ID as a random effect, was
used. Residual plots were used to determine if residual are normally
distributed with equal variances. PaO, and lactate were not normally
distributed and the raw data for these parameters were log transformed
before analysed. The Tukey method with a family error rate of 0.05 (equal
to a 95% simultaneous confidence level) was used to compare baseline and
end values for each parameter. Data are presented as mean + standard
deviation (s.d.), mean and range or as median and interquartile range (IQR)
for normally or not normally distributed data respectively.

Equine Veterinary Journal 52 (2020) 76-82 © 2019 EVJ Ltd

Results

Horses

All 50 horses in Group A and 30 horses in Group C completed the
study. The most common breeds were Warmblood (Group A and C) and
Standardbred trotter (Group A). There were no differences in age,
weight and anaesthesia time between treatments within each group. In
Group A mean (range) age were 4 (1-12) and 4 (1-15) years (P>0.9),
weight 480 (330-690) and 480 (340-700) kg (P>0.9), anaesthesia time 96
(40-215) and 75 (45-140) min (P = 0.1) in AINO and A-CN respectively.
In Group C mean age were 10 (1-19) and 11 (1-18) years (P = 0.6),
weight 520 (360-700) and 570 (390-690) kg (P = 0.2), anaesthesia time
216 (100-325) and 197 (135-310) min (P =0.4) in CINO and C-CN
respectively. Descriptive data, shown as mean + s.d. or median (IQR),
are presented in Table 1 and statistical results are presented in Table 2
and Table 3 for Group A and Group C respectively. Details of diagnosis
in the group of horses that underwent colic surgery are presented in
Supporting Item 1.
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Arterial oxygen tension and saturation

Compared with baseline values, median (IQR), 13.6 (9.3, 30.1) and 7.7 (6.4,
85) kPa, significant increased PaO, was measured at the end of
anaesthesia, 24.2 (18.6, 37.0) and 15.5 (9.9, 26.9) kPa, in A-INO (P = 0.005)
and C-INO (P = 0.007) respectively (Fig 1). There were no change in PaO,
from baseline to end of anaesthesia in A-CN (P = 0.8) or C-CN (P>0.9).
Baseline values were 14.1 (10.2, 21.5) and 6.9 (5.4, 14.6) kPa and end
values were 11.3 (9.5, 22.9) and 7.4 (5.7, 15.9) kPa in A-CN and C-CN
respectively.

Compared with baseline, SaO, was significantly higher at end of
anaesthesia in A-INO (P = 0.005) and C-INO (P = 0.04). Mean (95% Cl)
difference between baseline and end were 2 (0; 4) and 8 (0; 15)% in A-INO
and C-INO respectively. There were no change in SaO, from baseline to
end of anaesthesia in A-CN (P = 0.1) or C-CN (P>0.9).

F-shunt

At the end of anaesthesia the F-shunt had decreased significantly
compared with baseline values in AINO (P = 0.005) and C-INO (P = 0.04).
Mean (95% CI) difference between baseline and end were —6 (—10; —1)
and —11 (=22; —1)% in A-INO and C-INO respectively (Fig 2). There were no
change in F-shunt from baseline to end of anaesthesia in A-CN (P = 0.2) or
C-CN (P>0.9).

Arterial carbon dioxide tension

Compared with baseline, there were no changes in PaCO, at the end of
anaesthesia in any of the four groups.

Discussion

Based on PiNO-induced increases in PaO,, Sa0, and decreases in F-shunt,
the results of this study show that delivery of PINO is an effective method
to improve oxygenation in horses undergoing arthroscopy and colic
surgery that are mechanically ventilated during anaesthesia. The
improvement in arterial oxygenation and decrease in shunt was expected
based on the results from previous studies [12-16]. However, horses in
those studies were hypercarbic due to hypoventilation. During inspiration,
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Fig 1: Boxplot, with individual points and whiskers min to max, of change in
arterial oxygen tension (PaO,) in kPa from baseline (beginning of anaesthesia
before PiNO delivery commenced) to end of inhalation anaesthesia in horses that
were administered pulsed inhaled nitric oxide (PINO) and underwent arthroscopy
(A-INO) or colic surgery (C-INO) and controls (A-CN, C-CN). *Indicates significant
change (P<0.05) from baseline to end within respective group.
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mechanical ventilation contributes to an increased intrathoracic pressure,
which can force pulmonary blood from nondependent (aerated) to
dependent (atelectatic) areas of the lung [20,21], and hence it was not
certain whether or not PiNO would be effective. When compared with the
Group A horses, Group C horses appeared to have greater
cardiorespiratory depression as indicated by the elevated lactate, high F-
shunt, and low PaO, and Sa0,. Even though Group C horses showed
clinical signs of impaired circulation, the MAP was above 70 mmHg at the
beginning of anaesthesia. This is likely due to increased vascular resistance
(SVR), since HR was not elevated. Although there are no research studies
in horses, in other species gastric distension [22] and pain [23], both of
which can occur with colic, can contribute to increased SVR.
Haemodynamic compromise, advanced age and higher weight can all
negatively affect the ventilation/perfusion matching [24,25]. Nevertheless,
PINO caused a significant increase in arterial oxygenation in the colic
horses with a magnitude comparable to the improvement in arterial
oxygenation induced by PiNO in healthy horses. This finding is important
because many horses undergoing colic surgery, including many of the
horses in this study, have oxygen deficiency at the induction of anaesthesia
[26,27].

It has been shown in previous studies that improvement in arterial
oxygenation depends on decrease in right to left pulmonary shunt in
horses receiving PINO [14]. The magnitude of the F-shunt in the present
clinical study decreased with PiNO in both Group A and Group C. A
possible explanation for the high F-shunt at the beginning of anaesthesia in
Group C horses might be gas- or digesta-distended abdomen that causes
increased compression atelectasis due to a cranial displacement of the
diaphragm [24,26].

The improvement in oxygenation and decrease in F-shunt were not only
statistically significant but also clinically relevant as some of the Group C
horses had dangerously low PaO, and SaO, levels (<8 kPa [<60 mmHg]
and <90% respectively) prior to PiNO delivery but all were at or above that
level during PINO delivery. Administration of oxygen alone is unlikely to
improve indices of oxygenation when the pulmonary shunt is >30-40% [28].
In all horses, the shunt % was >30% and the shunt % increased and indices
of oxygen decreased in horses not receiving PINO.

The horses in this current study were, despite mechanical ventilation,
to some extent hypercarbic, but the lowest pH averaged 7.31 and was
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Fig 2: Boxplot, with individual points and whiskers min to max, of change in F-
shunt in % from baseline (beginning of anaesthesia before PINO delivery
commenced) to end of inhalation anaesthesia in horses that were administered
pulsed inhaled nitric oxide (PiINO) and underwent arthroscopy (A-INO) or colic
surgery (C-INO) and controls (A-CN, C-CN). *Indicates significant change (P<0.05)
from baseline to end within respective group.
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not considered clinically important. Although the impact of different
levels of PaCO, was not compared in our study, mild hypercarbia has
been shown to be beneficial for cardiovascular function in anaesthetised
horses in other studies [29,30]. In addition, ventilation to completely
return the patient to normocarbia, including the use of positive end-
expiratory pressure and/or recruitment manoeuvres, can be detrimental
[31,32]. These techniques improve PaO, and decrease PaCO,, but the
high airway pressures required for the recruitment of alveoli decreased
the cardiac output (CO) and oxygen delivery (DO,) to the tissues [31,32].
As evidenced in this study, PaO, can be improved without high airway
pressures by administering PINO, and mild hypercarbia may be
advantageous for maintaining circulation and tissue oxygen delivery [30].
Although no changes in the average lactate concentration were
measured between horses treated with PINO compared with controls,
differences were noted on an individual basis. It has been shown
previously that the increase in plasma lactate concentration is not
paralleled by similar increases in muscle lactate [33]. Dissimilarities may
be due to individual differences in venous drainage and an
accumulation of produced lactate within the muscle during anaesthesia,
thus, more studies are needed to investigate if the effect of PINO can
influence muscle lactate concentration.

Limitations of this study include a slight difference in anaesthesia
protocols between Groups A and C, and lack of cardiac output
measurements. The anaesthetic protocol in Group A, but not Group C,
included acepromazine. Oxygenation was higher and shunt fraction lower
in horse receiving acepromazine plus romifidine as premedicants when
compared with horses receiving romifidine alone [34]. This might have
facilitated PiNO effects on oxygenation and shunt fraction in the Group A
horses but a control group without acepromazine would be required to
make that conclusion. Although the Group C horses did not receive
acepromazine, it is not an appropriate control group. The type of surgery
and the fact that horses presented for emergency surgery may have more
physiologic abnormalities which make these groups too dissimilar for
meaningful statistical comparison. Since cardiac output was not measured
DO, could not be calculated. Although previous studies have shown that
the CO is not affected by PiNO [12,15,17,18,35], the effect on DO, under
clinical circumstances needs to be studied. Presumably, avoidance of
forceful expansion of the alveoli which would have been caused by
positive end-expiratory ventilation and administration of adequate fluid
therapy preserved CO and DO, in the horses in this current study. This was
a clinical study to determine the clinical utility of PINO in anaesthetised
healthy and colic patients, not research horses, so these limitations did not
influence the goal of the study.

In conclusion, the combination of mechanical ventilation and PINO
improves the pulmonary gas exchange during anaesthesia by a
simultaneous decrease in F-shunt and improved alveolar ventilation.
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