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Mechanical ventilation in dogs
and cats with tick paralysis

Tess O'Keeffe* and Rebekah E. Donaldson

Department of Critical Care, Queensland Veterinary Specialists, Brisbane, QLD, Australia

Respiratory failure from tick paralysis (TP) is an important cause of mortality in
cats and dogs in Australia, occurring from a combination of respiratory muscle
paralysis, upper respiratory tract obstruction and pulmonary disease. Patients
may require positive-pressure ventilation in management of any combination
of hypoxemia, hypoventilation or respiratory fatigue, but may also require
airway management due to laryngeal paralysis. No single ventilation strategy is
recommended due to the heterogenous disease presentations. Lung protective
ventilation should be used in patients with pulmonary disease. Due to local
and systemic effects of TP, patients are at higher risk of complications such
as aspiration pneumonia and corneal ulceration and may have additional
intravenous fluid and nutritional considerations. Treatment with hyperimmune
serum is associated with improved outcomes. Prognosis is considered good
with documented survival to discharge (STD) of 52.6-77% for animals with TP
ventilated with lung disease and 90.5% for animals without lung disease. Median
reported duration of ventilation for TP ranges from 23 to 48 h (range 3 h—10 days).
The severity of individual neuromuscular signs and the presence of associated
conditions such as aspiration pneumonia and laryngeal paralysis may necessitate
longer periods of mechanical ventilation. This review aims to summarize the
current recommendations regarding indications, management and prognosis of
cats and dogs undergoing MV for TP and to identify areas for future research.

KEYWORDS

positive-pressure ventilation, lower motor neuron disease, respiratory failure,
hypoventilation, Ixodes holocylus

1. Introduction

Tick paralysis (TP) is a cause of morbidity and mortality in dogs and cats, with >10,000
pets estimated to present to veterinary clinics for treatment annually (1). Clinical disease is
most common in animals that reside in known geographical tick regions but can occur in
patients with a history of travel to or from these areas (1).

Within Australia, TP is caused primarily by the release of toxins from the salivary
glands of adult female Ixodes holocyclus ticks (2), although there are reports of clinical
disease in animals infested with a morphologically similar species Ixodes cornuatus (3, 4).
In the United States of America, Dermacentor species cause paralysis that resolves with
identification and removal of the tick (5).

The toxin prevents the presynaptic release of acetylcholine at the neuromuscular
junction leading to a clinical syndrome characterized by ascending flaccid paralysis (6).
Treatment involves administration of hyperimmune serum and supportive care until clinical
signs resolve (7). Complete recovery from TP is possible but mortality rates of 2-5% (8, 9) in
treated dogs and cats persist (7, 8). Death occurs due to respiratory failure (8-10).
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A retrospective analysis of 2077 cats with TP demonstrated
that MV was recommended in 6% of presenting cases (11). The
proportion of dogs with TP that develop an indication for MV is
currently unknown.

Mechanical ventilation (MV) is an important intervention in
cats and dogs severely affected by TP. The objective of this review is
to summarize the current recommendations regarding indications,
management and prognosis of cats and dogs undergoing MV for
TP and to identify areas for future research.

2. Pathophysiology and management
of tick paralysis

The species of tick associated with paralysis in Australia are
I holocyclus and I cornuatus, with each occupying a distinct
geographical location. Ixodes holocyclus populates the coastline of
Queensland and New South Wales with a small number of cases
documented in Eastern Victoria (11, 12) and is the more significant
to clinical disease. Ixodes cornuatus is more southernly distributed
in Victoria and Tasmania (4, 12). Affected animals are presented to
veterinary clinics year-round, although a distinct seasonal pattern
exists, with a peak in spring and summer, coinciding with large
numbers of adult females (11, 12).

Holocyclotoxinl is a 5-6 kDa molecule produced in the
salivary glands of the tick. Peak production occurs at day 3-
4 following attachment and coincides with the development
of clinical signs (2, 13). Holocyclotoxinl (14) binds to the
presynaptic neuromuscular junction, preventing the release of
acetylcholine (6). The resulting clinical syndrome is primarily an
ascending flaccid motor paralysis with progressive alteration in
respiratory mechanics leading ultimately to respiratory failure in
the untreated animal (10). Additional clinical signs may include
dysphonia, vomiting, regurgitation (10), megaesophagus (15),
bladder dysfunction (10), signs of left-sided congestive heart failure
(16) and focal neurological deficits, including anisocoria, absent
palpebral reflexes, asymmetrical facial paralysis, and laryngeal
paralysis (14).

Conventional grading systems exist to define severity of clinical
signs and are widely used in clinical practice (Table 1) (I, 17).
Patients are assigned a gait and respiratory score at time of
diagnosis. Increasing respiratory scores in dogs and increasing gait
scores in cats are predictive of mortality (1, 17).

Proposed mechanisms of respiratory compromise include
respiratory muscle paralysis in isolation or combination with upper
respiratory tract (URT) obstruction (18, 19), central respiratory
depression (20, 21), cardiopulmonary disease (16) and aspiration
pneumonia (8, 9).

A study investigating lung histopathology in dogs euthanized
for TP demonstrated pulmonary parenchymal changes in all
samples submitted (n = 25) (8). Severe inflammation consistent
with bronchopneumonia was present in 60% of samples, with the
remainder showing evidence of pulmonary congestion and oedema
(8). Another study examining lung histopathology of dogs and cats
with fatal TP also found evidence of bronchopneumonia in 48%
(11/23) of dogs but only 18% (2/11) of cats (9).
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TABLE 1 Respiratory and gait scoring system for tick paralysis (17).

Gait score

1 Mild weakness

2 Can stand but not walk

3 Cannot stand but can right itself and maintain sternal
recumbency
4 Unable to right itself, cannot maintain sternal recumbency

Respiratory score

A Normal

B Mild: increased respiratory rate and effort

C | Moderate: any respiratory distress or dyspnea, restrictive
breathing pattern, coughing, gagging, or retching

D Severe: severe dyspnea, cyanosis, progressive reduction in
respiratory rate, open-mouth breathing

The primary cause of bronchopneumonia in animals with TP
is believed to be aspiration (8, 9). The cause of pulmonary edema
(PE) is less clear and may be multi-factorial (8, 9, 16).

A study of five dogs with TP demonstrated that the protein
concentration of edema fluid was less than half the serum protein
concentration. The authors proposed these findings were consistent
with hydrostatic PE secondary to toxin-related cardiac dysfunction
(16). Another study of post-mortem lung histopathology identified
10/25 dogs had pulmonary parenchymal disease without evidence
of bronchopneumonia (8). Hydrostatic pulmonary edema was
deemed the most likely mechanism in the absence of fibrin
deposition, hyaline membranes, and alveolar cellular infiltrate in
these dogs (8). These findings are insensitive and non-specific for
diagnosing the etiopathogenesis of pulmonary oedema (8).

A combined retrospective and prospective study of lung
histopathology in fatal TP demonstrated evidence of high protein
oedema and fibrin exudation in 100% (23/23) and 69.6%
(16/23) of dogs and 100% (11/11) and 90.7% (10/11) cats,
respectively (9). Toxin-induced acute lung injury or inflammatory
reactions were suggested as possible mechanisms (9). Negative
pressure pulmonary oedema secondary to upper respiratory tract
obstruction is also recognized in humans and dogs with laryngeal
paralysis (22, 23). Whether laryngeal paralysis plays a role in the
development of PE in TP is unknown.

Vomiting and regurgitation are common presenting signs
of tick paralysis in dogs and cats (10, 24). Regurgitation may
occur secondary to megaesophagus and is a major contributor to
aspiration pneumonia in dogs with TP (15). Esophageal motility
disorders are uncommon in cats (25) due to differences in the
smooth muscle content and innervation of the distal third of the
esophageal body compared to dogs (26). The literature suggests
bronchopneumonia is less common in cats with TP and supports
hypoventilation as the primary cause of respiratory failure in this
species (9).

Acute management of TP involves intravenous administration
of tick anti-serum (TAS), clipping of the coat and topical
application of a rapid kill acaricide to locate and remove any
remaining ticks (27, 28). Serial tick searches should be performed
multiple times a day to facilitate prompt removal of any ticks not
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killed by the acaricide (27, 29). It is unclear if removal of additional
ticks after treatment necessitates repeat administration of TAS.
Innate immunity and the circulating half-life of TAS may influence
the need for additional doses; further research is required in this
area. One prospective survey reported 20% lower survival in dogs
receiving multiple TAS doses for a single exposure compared to
those receiving a single dose (1). The rationale for additional doses
was not reported, so it is unclear if clinical deterioration or illness
severity prompted additional TAS administration as opposed to the
discovery of additional ticks.

Supportive care should be tailored to individual patient needs
and may consist of intravenous fluid therapy, supplemental
oxygen, sedation, medicated ocular therapies, physiotherapy,
bladder management, prokinetics and proton pump inhibitors
(27, 28, 30). Broad-spectrum parenteral antibiotic therapy is
indicated in patients with a confirmed or suspected diagnosis
of aspiration pneumonia (28). Appropriate antibiotic selection is
associated with survival to discharge (odds ratio 45.8, 95% CI
1.98-14,808) (31). Lower airway culture sampled by endotracheal
wash or bronchoalveolar lavage is recommended and antibiotic
de-escalation driven by these results.

In depth discussion of the management of animals with TP
but without respiratory failure is beyond the scope of this review
and the author directs the reader’s attention to the recent clinical
guidelines provided by an expert advisory panel (28).

3. Indications for mechanical
ventilation in animals with tick
paralysis

Animals with TP are at risk of respiratory failure from
hypoventilation, hypoxemia, and unsustainable respiratory effort
(20, 21). MV is indicated when severe hypoventilation is
demonstrated by significant hypercapnia [arterial partial pressure
carbon dioxide (PaCO;) >60 mmHg] despite therapy or when
severe hypoxemia [arterial partial pressure oxygen (PaO,) <60
mmHg or peripheral oxygen saturation (SpO;) < 90%)] persists
with supplemental oxygen. Unsustainable respiratory effort with
concern for impending respiratory arrest is another important
indication and is a subjective assessment based on clinical
judgement (32).

A retrospective multi-center study investigating the indications
of MV in dogs and cats with TP found that 38.9% (21/54) of
dogs were ventilated for hypoxemia, 33.3% (18/54) for hypercapnia,
18.5% (10/54) for unsustainable breathing effort and 7.4% (4/54)
for fatigue resulting in respiratory arrest (30). Cats were most
frequently ventilated for hypoventilation [71.4% (5/7)], with 14.3%
(1/7) ventilated due to hypoxemia (30). This is reflective of the low
histopathological incidence of pulmonary parenchymal disease in
this species (9).

Arterial blood gas analysis remains the gold standard
assessment of oxygenation; however, it is technically challenging
and not always practical in a conscious, dyspneic patient (33).
A prospective observational study demonstrated pulse oximetry
to be an insensitive measure of hypoxemia in the conscious dog
(34). The venous partial pressure of carbon dioxide (PvCO,)

Frontiers in Veterinary Science

10.3389/fvets.2023.1071191

and the end tidal CO, (ETCO;) obtained via capnography are
accepted surrogate markers for PaCO; in the absence of increased
physiological dead space, returning values 2-10 mmHg higher and
lower than PaCO3, respectively (35, 36).

Early intubation of dyspneic patients protects the airway
from oropharyngeal and gastric secretions (37), relieves possible
URT obstruction (38) and allows for more accurate assessment
of respiratory mechanics, either via blood gas analysis (36) or
capnography (35) and pulse oximetry (34). Intervention should not
be withheld based on an inability to document absolute indication
for MV and should be performed if the clinician deems appropriate.

4. Management of the ventilated
patient

4.1. Airway management

Endotracheal intubation and general anesthesia are required
to maintain MV in most veterinary patients (39). A recent
retrospective study suggests TP dogs and cats can require several
days of MV (median 4 days, range 1-10 days) (31), so care
must be taken to mitigate complications associated with prolonged
endotracheal (ET) intubation, which include pressure necrosis
(40), obstruction or dislodgement of the tube and introduction
of pathogens into the airway, with subsequent development of
ventilator-associated pneumonia (VAP) (41, 42). Incidence of
VAP in dogs and cats with TP is reported as 3.8% (1/26) in a
retrospective analysis of patients with positive airway cultures (31).
Care must be taken to ensure that the ET tube (ETT) is placed
in a sterile manner and secured with non-porous material that
does not promote formation of biofilm (43), such as sterile fluid
extension lines. Stringent attention should be paid to hand hygiene
and examination gloves worn for all subsequent management of
the airway.

Cuff-induced tracheal injury, encompassing tracheal mucosal
irritation, rupture, pressure necrosis and post-intubation stenosis,
are important complications of ET intubation in cats and dogs
(44-46). Cuff pressures should be high enough to provide a seal
and prevent aspiration of oral secretions around the cuff without
compromising tracheal blood flow (47). Pressure ranges of 20-
30 cmH,O are standard and have been extrapolated from human
data, with the goal to remain below tracheal capillary perfusion
pressure, which ranges from 30-43.5 cmH,0O (47). The use of
commercial syringe devices designed for ETT cuft inflation is
recommended, as they have been shown to be superior to the
minimum occlusive volume technique or palpation of the pilot
balloon for estimating cuff pressure (47). Performance of tube
care (oropharyngeal suctioning and measurement of cuff pressure)
every 4h is recommended to reduce the likelihood of tracheal
pressure necrosis (48).

Aspiration pneumonia is an important consequence of TP
(8, 9, 30), with megaesophagus (15) and laryngeal paralysis (19)
predisposing this subset of patients to aspiration of oropharyngeal
and gastric secretions. Bronchopneumonia has been demonstrated
in lung samples of 48-60% of dogs and 18% of cats affected by the
disease (8, 9). Furthermore, micro-aspiration of oral secretions is
thought to be the first step in the pathogenesis of VAP in people
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(49). To reduce the incidence of VAP, the American Thoracic
Society recommends cuff pressures >20 cmH,O, suctioning of the
oropharynx to remove oral secretions above the cuff prior to tube
repositioning and tube replacement only as required to manage
obstruction by respiratory secretions (50).

Temporary tracheostomy (TT) and cricothyrotomy (CTT)
tubes are recommended in animals with generalized LMN disease
requiring long-term ventilation (51) or to facilitate weaning in
animals with URT obstruction. Their use has been described in cats
and dogs with TP (18, 52). Benefits of a surgical airway include
tracking of neurological progress, reduction of costs associated with
anesthetic drugs, shorter ventilation times and improved weaning
rates for animals with laryngeal paralysis secondary to TP (52).
Common reported complications of TT include obstruction and
dislodgement of the tube, as well as aspiration pneumonia (53).

When considering a patient for a surgical airway, a clinician
should weigh the risk and costs of TT/CTT against the expected
time and cost of continued MV. A surgical airway in TP patients is
indicated to facilitate weaning in animals that are expected to fail
extubation due to ongoing laryngeal paralysis (19, 52, 54). As focal
neurological deficits can persist for days to weeks after resolution
of generalized paralysis (14), experts recommend TT to improve
weaning rates in this subset of patients (28, 52).

One case report describes the successful use of a cricothyrotomy
tube in a dog undergoing MV for TP and aspiration pneumonia
that failed weaning due to persistent laryngeal paralysis (18). This
was the first reported use of a CTT in clinical practice and the
author noted a less technically challenging procedure, ease of tube
replacement due to an anatomically robust stoma and the need for
only one stay suture as potential benefits over the more traditional
TT (18). Studies comparing outcomes and complication rates of
each procedure are required before recommendations can be made
for one technique over another.

Animals with TP that require intubation for URT obstruction
or airway protection should be considered for MV as apparatus
dead space (55) and the respiratory depressive effects of sedatives
(32) may contribute to hypoventilation, atelectasis, and work
of breathing (52). ICU ventilators provide real time feedback
on respiratory mechanics, allow the operator to set fraction of
inspired oxygen (FiO;) and employ lung protective strategies by
administration of set tidal volumes, inspiratory pressures, and
positive end expiratory pressure (PEEP) (55). If an ICU ventilator
is not available, anesthetic ventilators or manual ventilation can
be used but lack the ability to titrate oxygen concentration and
may increase the likelihood of ventilator induced lung injury
(VILI) from barotrauma or volutrauma (32). Intubated, non-
ventilated patients also are at risk of atelectasis due to an
inability to provide PEEP (56). In animals that are intubated
but not ventilated, intratracheal oxygen may be titrated via a
sterile feeding tube down the ETT with flow rate adjustments
to meet PaO, targets (53). Humidified air can be supplied to
intubated, non-ventilated patients via intermittent nebulization,
however, they remain at increased risk of VAP from an open
system (57).

Dogs and cats mechanically ventilated for pulmonary
parenchymal disease have higher mortality rates (23-47.4%)
than those receiving positive pressure ventilation (PPV) for
ventilatory failure (9.5%) (30, 31). With the high incidence of
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bronchopneumonia in dogs with TP (8, 9), future research should
evaluate whether early and aggressive airway management would
improve survival rates for these animals.

4.2. Anesthesia

General anesthesia is typically required to facilitate invasive
mechanical ventilation. Total intravenous anesthesia (TIVA)
is preferred as inhalant anesthesia (32) may cause greater
cardiopulmonary depression, suppression of hypoxic pulmonary
vasoconstriction (58, 59), and pose greater exposure risks for staft
(32). When selecting agents for TIVA, a clinician must consider the
hemodynamic effects, duration of action and mode of elimination
of each medication and how it may be of complement or detriment
to the patient’s physiologic state. Typically, a multi-agent balanced
anesthetic approach allows lower dose rates of each drug, in turn
minimizing adverse effects (60). Patient-ventilator asynchrony has
been described in a patient receiving propofol 0.2-0.4 mg/kg/min
as the sole anesthetic agent (61). In this case report, a progressive
increase in the required propofol dose coincided with the return
of strong ventilatory efforts seen with the gradual resolution of
the patient’s polyridiculoneuritis (PRN) (61). Given the clinical
similarities between PRN and tick paralysis, it is logical to theorize
that an increase in propofol dose over time would be expected
in animals ventilated for tick paralysis as the underlying disease
process resolves.

Combinations of opioids, benzodiazepines, and anesthetic
agents, including propofol and ketamine, have been described
in small animals with good success (62, 63). A standardized
anesthetic protocol using constant rate infusions (CRIs) of
propofol (0.05-0.4 mg/kg/min), butorphanol (0.1-0.4 mg/kg/h)
and midazolam (0.1-0.5 mg/kg/h) was described in dogs and
cats undergoing mechanical ventilation for tick paralysis, with
no reported anesthetic complications. No similar studies exist to
compare protocols, but the high survival to discharge rate (75%
when financial euthanasia was excluded) suggests appropriateness
of this protocol (30). The authors’ institution uses fentanyl CRI in
preference to butorphanol as it is easily titratable and as a pure-
mu opioid agonist is more amenable to reversal. Sufentanil (0.5
mcg/kg/h) has been used in a case of PRN successfully weaned from
mechanical ventilation (51). Dexmedetomidine (0.5 mcg/kg/h) was
used in the same protocol with maintenance of hemodynamic
stability and facilitated 50% reduction in propofol dose and rapid
extubation (51). Medetomidine CRIs have been used at the authors’
institution with anecdotal success to facilitate weaning in patients
with tick paralysis.

While midazolam is frequently used in TIVA protocols,
withdrawal ~ syndromes are associated with long-term
benzodiazepine use in humans and are an important consideration
for patients receiving long term mechanical ventilation. Signs
of withdrawal develop within 48h of discontinuation of therapy
and have been associated with agitation, muscle twitching,
disorientation, and seizures, with an overall higher prevalence
in children (64, 65). Midazolam withdrawal was suspected in a
case series of generalized seizures in three mechanically ventilated
puppies (2-5 months old), based on exclusion of systemic disease
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with biochemistry, timing, resolution of signs with reintroduction
and subsequent weaning of benzodiazepines over 24-48h and
an absence of seizures at long-term follow-up (66). In this case
series, the dose of midazolam used was high (0.3-1.5 mg/kg/h) in
2/3 cases (66), exceeding the rate recommended for management
of TP (0.1-0.3 mg/kg/h) (28). Causation cannot be proven in
this study with limitations including the absence of intracranial
work-up for all patients and the presence of severe hypoxemia
(67) and atracurium administration (68) as cofounding variables.
Midazolam is also associated with respiratory muscle paresis in
humans (69). The above highlights the importance of multi-agent
balanced anesthesia in reducing the side-effect profile of individual
agents due to the dose reduction afforded by the synergy of the
medications chosen (60).

Comparative studies are needed to determine whether the
functional neuromuscular blockade caused by holocyclotoxin
allows for lower anesthetic doses in patients with TP. As naturally
occurring lower motor neuron paralysis is present, neuromuscular
blocking agents may not provide additional ventilatory control
and their use should be carefully considered with appropriate
troubleshooting for other causes of patient-ventilator asynchrony.

4.3. Ventilator settings

The goal of mechanical ventilation is to maintain appropriate
blood gas parameters with the least aggressive ventilator settings.
Ideally, the clinician should aim for a partial pressure of arterial
oxygen (PaO,) between 80 and 120 mmHg and a partial pressure
of arterial carbon dioxide (PaCO,) between 35 and 50 mmHg (39),
although targets of PaO, > 60 mmHg, SpO; > 90% and PaCO,
< 60 mmHg, have been used successfully in animals with tick
paralysis (30).

Optimal ventilator settings in cats and dogs with naturally
occurring tick paralysis, neuromuscular, or pulmonary disease
are unknown. Pressure-control, volume-control and synchronized
intermittent mandatory ventilation (SIMV) modes of ventilation
have been described for use in TP (18, 30), however, no literature
exists (human or veterinary) that compares their use or outcomes
for this patient subset. The general recommendations for initial
settings in patients with pulmonary and non-pulmonary disease
are described elsewhere (39) and are predominantly extrapolated
from small studies in healthy animals and available human clinical
trials. A single case report detailing the successful management of
a dog with TP and associated aspiration pneumonia and laryngeal
paralysis described volume-controlled mandatory ventilation, FiO,
1.0, Tidal volume (Vte) 8 ml/kg and PEEP 5 cmH,O as initial
settings (18). While guidelines are a useful starting point, settings
must ultimately be tailored to the individual and optimization can
only be determined with trial and error (39, 70).

Patients with pulmonary parenchymal disease have reduced
lung compliance and may require more aggressive ventilator
settings than patients with ventilatory failure alone (32). PPV is
not a benign process and the effects of VILI in pathological and
pre-injured lung have been recognized in human medicine (71, 72).

Plateau pressures > 30 cmH,O, tidal volumes > 10 ml/kg and
cyclic alveolar opening and closing are the main determinants of
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VILI in humans (71-73). Patients with pulmonary parenchymal
disease are more susceptible to VILI due to heterogenous
compliance of lung units predisposing to alveolar overdistension,
biotrauma secondary to inflammation and decreased surfactant
from alveolar flooding necessitating higher driving pressures (71,
72).

A small experimental study of anesthetized healthy adult
cats receiving pressure-controlled mandatory ventilation with
inspiratory pressures (Pi) of 5 and 7 cmH,O and 0 ¢cmH,0
PEEP generated a Vte of 6-10 ml/kg with minimal overinflation
as assessed by computed tomography (CT) (74). At 15 cmH,0
Pi, CT identified a significant increase in overinflated lung
occurred (74). These findings suggest that initial inspiratory
pressures of 5-7 cmH,O are appropriate in dogs and cats without
pulmonary disease.

Lung protective ventilation strategies have been demonstrated
to decrease mortality in critically ill, mechanically ventilated
humans with acute respiratory distress syndrome (ARDS) (75).
While most literature supports a benefit in humans with, or at
risk of, ARDS, there is evidence to suggest a wider population
may benefit from these strategies given the risk of VILI in
all patients receiving PPV, (76). Current human guidelines
recommend the use of low tidal volumes (typically 6-8 ml/kg),
to limit alveolar overdistension, and moderate-high PEEP (5-
12 cm H,O) to promote alveolar recruitment and reduce sheering
injury (56, 77). Permissive hypercapnia refers to the tolerance
for respiratory acidosis in these patients provided they continue
to oxygenate effectively and remain cardiovascularly stable (76).
Additionally, the sympathomimetic effect (increased HR and
BP) of increasing PaCO; can be beneficial in moderating the
cardiovascular depressive effect of high PEEP (78). Pilot studies
evaluating lung protective strategies in dogs have demonstrated
the techniques are well-tolerated in healthy animals (79) and there
is some indication of reduced inflammation in experimentally
induced models of acute lung injury (80, 81).

A randomized control trial of 40 dogs without pulmonary
disease undergoing CT were anesthetized and randomized to four
groups: Vte 8 ml/kg with or without 5cm H,0 PEEP and Vte 15
ml/kg with or without 5cm H,O PEEP (74). Atelectic, overinflated
and normally aerated lung units did not differ between groups
at end inspiration, but at end expiration dogs receiving Vte 15
ml/kg with PEEP had significantly more normally aerated lung
and significantly less poorly- or non-inflated lung than the other
groups (74). Oxygenation was not different between groups (74).
These findings suggest that the application of PEEP may be more
important to prevent lung heterogeneity than Vte specifically,
supporting the safety of lower Vte in dogs in which lung protective
ventilation is indicated.

Patients with reduced pulmonary compliance and persistent
hypoxemia secondary to ventilation-perfusion (VQ) mismatch may
benefit from alveolar recruitment maneuvers (ARMs) (76, 82, 83).
These strategies aim to open (recruit) alveoli by applying a short-
term increase in transpulmonary pressure and to subsequently
prevent alveolar collapse (decruitment) by implementation of
moderate-high PEEP following the maneuver (84). Current
recommendations in humans with uninjured lungs are that ARMs
should be performed with PEEP titration at low tidal volume
when O, saturation is below 92% (85). Various methods applied
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to anesthetized dogs and cats with healthy lungs have shown
that ARMs increase pulmonary compliance and may increase or
have no effect on oxygenation (74, 83, 84, 86). Transient alveolar
overdistention (84), increased plateau pressures and a decrease
in mean arterial pressure (MAP) have been demonstrated during
maneuvers (74, 82-84) and the risk of volutrauma, barotrauma
and hemodynamic compromise should be recognized in these
patients. A prospective clinical study demonstrated evidence
of alveolar overdistension in healthy dogs using a stepwise
increasing/decreasing PEEP recruitment maneuver at tidal volumes
of just 7 ml/kg (84). A recent systematic review on the use of ARMs
in people with severe pulmonary disease, found that transient
increases in oxygenation were of uncertain benefit in patients with
AL recommending maneuvers be considered for individuals with
life-threatening hypoxemia rather than on a routine basis (87). To
the authors’ knowledge there is no published literature on the use of
ARMs in veterinary patients with diseased lungs. Further research
is required before recommendations can be made for their use in
this patient subset.

An invasive, mandatory mode of ventilation is recommended
initially to provide airway protection and relieve work of breathing
in patients experiencing neuromuscular paralysis and potentially
respiratory fatigue, respectively (61). Most existing veterinary
literature supports the initial use of a continuous-mandatory
mode (assist-control) (30, 68, 88). While successful MV with
synchronized intermittent mandatory ventilation (SIMV) has been
described in tick patients, multi-center human trials demonstrated
a longer time to extubation in patients on SIMV over other modes
of ventilation (89).

Continuous spontaneous ventilation modes (such as pressure
support ventilation) are most suited to patients with reduced
ventilatory capacity and normal respiratory drive. This mode is
unlikely to be appropriate in the initial phases but should be
considered in patients recovering from respiratory paralysis (such
as those with TP) and when assessing suitability for weaning
(61, 90).

Following initiation of ventilation, the patient should be
monitored continuously, and the suitability of settings assessed by
ensuring respiratory mechanics and arterial blood gas parameters
are within recommended targets (39). All patients should
commence ventilation on a fraction of inspired oxygen (FiO;)
of 1.0. Once the patient is stable a gradual reduction in FiO,
is typically the first adjustment made, with the goal of reducing
inspired oxygen below the threshold for toxicity (<0.6) (91).
Following this, adjustment of other settings can proceed and will
depend on the mode of ventilation chosen by the operator.

Trigger variables should be set to facilitate spontaneous
respiratory efforts. Unlike mandatory breaths, spontaneous breaths
can be triggered by a detected change in flow or pressure.
The trigger sensitivity should be set so that genuine respiratory
efforts can be recognized by the machine to increase patient
comfort with care not to be set so low that patient movement
or routine patient care triggers breaths artefactually (61). While
the trigger can be adjusted to prevent spontaneous efforts, this
may mask patient-ventilator asynchrony and delay appropriate
troubleshooting. Patients suffering lower motor neuron disease
may be unable to initiate strong spontaneous breaths and are likely
to benefit from low trigger variables (61). Text recommendations
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for initial MV trigger variables in dogs and cats are a flow rate of 1-
2 L/min or pressure of 1-2 cmH, O (32). To the authors’ knowledge,
no literature exists detailing optimal trigger variables in dogs or
cats with TP. A case report of a puppy receiving MV for PRN, a
morphologically similar disease process to TP, reported an initial
flow trigger of 0.5 L/min. As the patient regained muscular strength,
the flow trigger needed to be increased to 1 L/min (61).

The cycle variable is the parameter terminating inspiration
(92, 93). Time is the most common cycle variable used and may
be determined by the inspiratory time or inspiratory/expiratory
(LE) ratio set by the operator (55). These variables may be
manipulated to minimize hypercapnia when lung protective
ventilation strategies are used; this subset of patients is expected
to be relatively tolerant of permissive hypercapnia. No veterinary
thresholds for permissive hypercapnia exist, so it is reasonable to
apply limits of pH 7.2 and PaCO; 80 mm Hg as defined in the
human literature (94).

The use of pressure-control and volume-control ventilation has
been described in patients requiring MV for tick paralysis and other
causes (18, 30, 42, 61, 95). Pressure-control ventilation has been
postulated to reduce patient work of breathing and improve patient
comfort (96), however, a recent systematic review did not find any
difference in outcomes between the mode chosen (97). The authors
routinely use pressure-control ventilation, but there is insufficient
evidence to recommend one mode over another.

It seems reasonable that the neuromuscular blockade effected
by holocyclotoxin would reduce patient-ventilator asynchrony
(which does not appear to be a common complication) (30, 88)
and negate the need for pharmacological neuromuscular blockade.
Further research is required before specific reccommendations on
ventilator settings in tick paralysis patients can be made.

4.4. Patient monitoring

Successful management of the ventilated patient requires
continuous monitoring and exemplary nursing care. At a
minimum, electrocardiography (ECG), blood pressure, pulse
oximetry and capnography should be continuously monitored, as
spontaneous breathing cannot be reliably observed (32).

Although technically challenging, placement of an arterial
catheter is recommended for real-time hemodynamic monitoring
and ease of sampling for arterial blood gas analysis, as retrospective
analysis of ventilated dogs demonstrated pulse oximetry to be
an insensitive measure of hypoxemia (34). Multi-lumen central
venous catheters or peripherally inserted central catheters can be
effective at preserving peripheral vasculature when regular blood
sampling is required, for administration of parenteral nutrition,
irritant solutions or coadministration of medications that would
otherwise be contraindicated due to risk of precipitation (32).

4.5. Nursing care
Continuous and exemplary nursing care is crucial for the

successful management of patients undergoing MV (70, 98).
Careful thermoregulation, physiotherapy, and rigorous eye, oral,
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airway and bladder care are necessary to minimize complications
of PPV, which include corneal, and oral ulceration, VAP, patient-
ventilator asynchrony, and decubital ulcers (48). It may be
difficult to differentiate complications of MV from those of the
neuromuscular paralysis caused by TP, and it is unclear in the
literature if there is a compounding effect of the two.

ICU hospitalization (99) and general anesthesia (100) have been
associated with decreased tear production in dogs. In addition
to decreased tear production, chemosis may develop in patients
immobilized for long periods and can contribute to lagophthalmos
and exposure keratopathy (98). Corneal ulceration has been
reported in 5-36% of patients undergoing MV for all causes (41,
42). Current recommendations are that ocular care be performed
every 2 h and encompass gentle cleaning with saline-soaked swabs
and administration of artificial tears (70, 98). In a population of
healthy anesthetized dogs, no difference in the incidence of corneal
ulceration was found when the use of artificial tears alone was
compared to administration of artificial tears and closure of the
eyelids with tape (100). Fluorescein stain should be administered
daily to evaluate both the presence and/or progression of corneal
ulcers (70). If corneal ulceration is identified, broad spectrum
topical antibiotics and atropine should be administered to prevent
infection and the development of synechiae, respectively (98).
Temporary tarsorrhaphy has been described in one patient with
progressive bilateral corneal ulcers where protracted MV was
anticipated (41). The ocular outcome in this case was not reported
and there is no literature that directly evaluates the superiority of
temporary tarsorrhaphy over standard medical care. Temporary
tarsorrhaphy may also prevent serial cranial nerve assessment in
the recovering TP patient.

Oral lesions have been reported in 37-90.5% of dogs receiving
orotracheal MV (41,
erosions or ulceration of soft tissue structures subjected to
continuous pressure from teeth, monitoring equipment, tube
ties or mouth gags, as well as, swelling and ranulas of the

101). The most common lesions include

tongue (41, 101). The oral cavity should be inspected for lesions
and care performed at least 4-6 hourly and may be required
more frequently in patients with copious oral secretions (98).
Mouth gags and monitoring equipment should be removed, and
the tube cuff pressure checked for appropriate inflation prior
to gentle suctioning of the oropharynx (98, 101). The tongue,
mucous membranes and oropharynx should then be wiped and
flushed with 0.05% chlorhexidine solution before the oropharynx
is again suctioned (28, 98). Tube ties should be loosened,
and the knot repositioned prior to replacement of monitoring
equipment and small mouth gags in a different position to
previous (98). Subglottic secretion drainage has been associated
with reduced rates of VAP in people (102). Patients should
be preoxygenated with 100% O, for 2min prior to oral and
ETT care.

Facial nerve paralysis (14), megaesophagus (15), laryngeal
paralysis (19) and toxin-associated autonomic dysfunction
(10) place animals with TP at risk of corneal ulceration
(14), bronchopneumonia (8, 9) and overflow incontinence
(10), respectively. To the authors’ knowledge, no study exists
comparing the incidence of such complications between animals
mechanically ventilated for TP and those for other disease
processes. Regardless, these patients have multiple known risk

Frontiers in Veterinary Science

10.3389/fvets.2023.1071191

factors for ventilator-associated complications, and it is imperative
that clinicians pay careful attention to these elements of the patient
care plan.

4.6. Intravenous fluid therapy

Pulmonary oedema is a prominent feature in animals with TP,
however the underlying mechanism for its development remains
poorly understood (8-10, 16). A study of 46 dogs with TP
demonstrated low protein pulmonary oedema due to reversible
diastolic dysfunction causing left-sided congestive heart failure
(16). However, a subsequent study of 80 dogs with TP and 31
healthy control dogs failed to show an increase in the biomarker
cardiac troponin I, suggesting an absence of myocardiocyte injury
in animals affected with the disease (103).

High protein alveolar fluid and fibrin deposition was identified
in pulmonary histopathology of cats and dogs that died from
TP without obvious evidence of bronchopneumonia. The authors
postulated these changes were suggestive of increased permeability
oedema and an acute inflammatory process or lung injury (9).
Given these findings, one may hypothesize that a combination
of increased hydrostatic pressure and altered permeability of the
pulmonary vasculature contributes to the development of oedema
in animals with TP.

The apparent need for judicious fluid therapy in these patients
does not preclude its use entirely. Animals with TP are routinely
kept nil per os (to reduce the possibility of aspiration secondary to
megaesophagus, laryngeal paralysis and reduced gag reflex) until
clinical signs resolve (15), placing them at risk of dehydration
and hypovolemia. Furthermore, it is well-recognized that MV
induces changes in the loading conditions of the cardiac ventricles
and hemodynamic fluid balance of the body (104). Adverse
effects associated with positive or negative fluid balance have the
potential to increase morbidity in cats and dogs with TP (28).
They may be avoided by the judicious monitoring and matching
of patient inputs (medications, intravenous fluids, and nutrition)
and outputs (urinary, fecal, gastric residual volumes and oral
secretions) (105). Serial assessment of body weight is a quick,
inexpensive, and sensitive measure for monitoring fluid shifts
within the body and should be performed at least every 12h (28).
Current recommendations from an expert panel are maintenance
rates of 2.5 ml/kg/h with replacement volume if clinical evidence of
dehydration is >7.5% (28).

4.7. Nutrition

Nutritional support is recommended for patients in caloric
deficit for >72h (106). Malnutrition in mechanically ventilated
patients may contribute to weakness of the respiratory muscles
and difficulty weaning (107). Additionally, in critically ill humans,
malnutrition has been associated with immune-impairment,
increased risk of infection and high mortality rates (108), with
consensus guidelines recommending appropriate caloric intake be
a prominent component of therapy (109). The same principles are
likely to hold true for small animal patients, although care must
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be taken when extrapolating from human data due to inherent
differences between veterinary and human ICU populations. A
recent audit on the provision of nutritional support to mechanically
ventilated patients found that just 31% (18/58) of animals receiving
PPV had caloric supplementation. Of the animals that did not
receive nutrition, 22.5% (13/58) exceeded 72h of absent caloric
intake without obvious documented contraindication to both
enteral and parenteral administration, highlighting the ongoing
need for clear evidence-based guidelines in this space (110).

In mechanically ventilated patients, nutrition may be delivered
enterally or parenterally (107). Provision of enteral nutrition (EN)
is preferred as it allows for maintenance of gastrointestinal mucosal
integrity, reduction of bacterial translocation and decreases the
metabolic response to stress (111). Contraindications to EN include
persistent severe hypotension, trauma or infection at the proposed
feeding tube site, and the presence of vomiting, regurgitation, ileus
or megaesophagus. Reported complications of EN include vomiting
or regurgitation with subsequent aspiration, dislodgement of the
tube, delivery of nutrition outside of the gastrointestinal tract and
infections at the stoma site (110). Critically ill animals receiving
MYV are at risk of gastrointestinal and esophageal dysmotility (107).
Additionally, megaesophagus is prominent features of TP (15) and
a clinician should be conscious of the significant aspiration risk
these cases present when considering an EN feeding plan.

For severely affected animals requiring long-term ventilation,
PN may be required supplementary to or instead of EN, given
contraindications for EN are prominent features of TP (15).
Parenteral nutrition (PN) requires administration via a dedicated
port in single or multi-lumen jugular or long-stay peripheral
catheter and contraindications include inappropriate vascular
access, uncontrolled diabetes mellitus and hypervolemia (110).
PN is indicated in patients unable to achieve nutritional goals by
EN due to gastrointestinal dysfunction. Reported complications
include mechanical failure, sepsis, and inflammation at the site of
vascular access (112).

Little information is available regarding nutritional support
for animals with TP. Current recommendations from an expert
panel are that patients remain nil per os until clinical signs of
megaesophagus, laryngeal paralysis and reduced gag reflex have
resolved (28). Given the purported benefits of early goal directed
nutrition in critically ill ventilated humans (108) and the inability to
accurately assess neurological progress in anesthetized patients, the
nutritional recommendations for ventilated animals with TP may
differ from that of conscious, cardiovascular, and respiratory stable
patients (28).

EN via nasogastric (NG) tube is a minimally invasive
and cost-effective (113) way to provide nutritional support to
mechanically ventilated patients with TP. Due to the increased
risk of regurgitation and aspiration in this population (30),
patients with TP should only be considered for enteral nutrition
if they are cardiovascularly stable, have no regurgitation and
have gastric residual volume (GRV) <10 ml/kg (107). Animals
meeting these criteria should be commenced on a low percentage
of their daily recommended energy requirement (RER) and very
gradually increased if tolerance is demonstrated by continually
low GRV (114). Serial point of care ultrasound is an effective
bedside test that can be implemented to assess gastric content
and volume (115). During the weaning period, an NG tube can
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be utilized to empty gastric contents (116), reducing the risk
of aspiration.

Nasoesophageal and esophagostomy tubes are contraindicated
in patients with megaesophagus (15, 110) and cannot be utilized for
gastric decompression (116). Due to the transient and reversible
nature of tick paralysis, percutaneous gastrostomy tubes are not
currently recommended (113).

The median time for MV in animals with TP is 23 h—4 days
(30, 32, 40), suggesting enteral nutrition is likely to be required in
these patients. The timing of realimentation must be considered
against the potential risks of early nutritional support. Future
research should evaluate outcomes and complications of nutritional
support in animals with TP.

4.8. Weaning

To date, there has been no evaluation of predictive indices of
weaning in veterinary medicine. The decision to wean is dependent
on clinical judgement, invariably involving a degree of trial and
error (90, 117). The primary disease process (42, 95, 118), duration
of ventilation (95), disuse atrophy of the respiratory muscles (119,
120), ventilator-associated complications (41, 90), species (42, 95)
and sedative protocols used (62, 63) will contribute to the success
or failure of weaning.

Suitability for weaning may be considered when the patient
is cardiovascularly stable, there is clinical improvement in the
underlying disease process and the patient’s ventilatory load and
capacity are such that they can maintain respiratory mechanics
and arterial blood gases within acceptable physiological ranges on
minimal ventilator support (90, 121). Specifically, a patient should
be able to maintain a PaO, > 80 mmHg on FiO, < 0.6 and PEEP
< 5.0 cmH;O0, and their ventilatory drive and capacity should
be such that they are able to maintain a PaCO, < 60 mmHg
(90, 117). The use of checklists to assess suitability for weaning have
been described in veterinary medicine and the interested reader
is directed to a review on the topic (90). As discontinuation from
MYV can be a high-risk time for the patient, it is recommended that
breathing trials are performed during periods of maximal stafing
capacity to ensure close monitoring and adequate staff are on hand
should complications arise (90).

Several methods of ventilator weaning have been described
and compared in human clinical trials (89, 122, 123). Spontaneous
breathing trials (SBTs), synchronized intermittent mandatory
ventilation (SIMV) and pressure support ventilation are commonly
used in both human and veterinary medicine (90, 117, 122, 124).

During a spontaneous breathing trial, the patient is removed
from the ventilator and allowed to breathe oxygen enriched air
through a Bain circuit (90). This method forces the patient to
abruptly take over the work of breathing and the determination of
readiness to wean is largely subjective due to the loss of machine
monitoring. Alternatively, a patient can remain attached to the
ventilator and a low level (2-5 cmH,0) of continuous positive
airway pressure applied (117) to overcome the work of breathing
associated with the dead space and resistance from the machine and
circuit (125).
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The SIMV mode of ventilation provides a fixed number of
mandatory breaths, with the patient able to make spontaneous
efforts at other times. During weaning, a clinician can slowly
decrease the number of mandatory breaths delivered, gradually
increasing the work of breathing to the patient (90, 117). It was
originally thought that this gradual transfer of effort may be
beneficial to patients with respiratory muscle fatigue; however,
several multi-center human trials demonstrated a longer duration
of weaning when this method is used over SBTs or pressure support
modes (89, 125). There are currently no veterinary clinical trials
comparing weaning modes and the efficacy of SIMV in cats and
dogs remains unknown.

In pressure support mode, the patient is allowed to initiate
and cycle breaths through the ventilator circuit and the machine
augments the breath with an inspiratory pressure set by the
operator. The operator is gradually able to decrease the amount
of pressure support over time and the patient maintains control of
respiratory rate, tidal volume, and inspiratory flow (90, 117). One
clinical trial demonstrated this method of weaning to be superior
to a SBT and SIMV as a means of weaning (123). Pressure support
mode weaning is the method predominantly used at the authors’
institution with anecdotal success in TP patients.

Cats and dogs with TP are likely to have a degree of
respiratory muscle weakness contributing to respiratory failure
(10). Additionally, serial neurological assessment can prove
challenging in the mechanically ventilated anesthetized individual,
making it challenging to determine resolution of the primary
disease process. Consequently, a mode which allows demonstration
of appropriate patient generated tidal volumes despite gradual
reduction in pressure support may help to increase a clinician’s
confidence that a weaning trial will prove successful.

The successful use of pressure support ventilation was recently
described for long-term PPV in a puppy with neuromuscular
paralysis due to PRN. Following stabilization on a mandatory
pressure control mode, the patient was switched to spontaneous
pressure support. The authors used the maintenance of adequate
tidal volume and ABGs with a gradual reduction and increase in
pressure support and flow trigger respectively, as an indication of
suitability for weaning (61).

Estimation and planning for patient needs post-extubation is
important in optimizing weaning success (52). Ongoing sedation,
oxygen and airway requirements should be considered and
implemented prior to a weaning attempt. Patients with ongoing
laryngeal paralysis may require placement of a TT or CTT (18).
Patients with resolving pneumonia should have an oxygen cage
prepared or nasal lines placed (52). High flow nasal oxygen is a non-
invasive ventilation technique that has been demonstrated to be a
safe, effective and well-tolerated means of increasing markers of
oxygenation in dyspneic dogs (126). Removal of gastric contents via
nasogastric tube may reduce the risk of aspiration in this precarious
period (116).

5. Prognosis

It has been demonstrated that reversible disease processes,
including toxicoses (42), left-sided congestive heart failure (54),
pulmonary contusions (95), and elapid snake envenomation
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(127), are associated with higher weaning rates from positive
pressure ventilation. Studies examining animals with respiratory
failure from TP have also demonstrated favorable outcomes with
implementation of MV (30, 118). When financial euthanasia was
removed from analysis, Webster et al. reported an overall survival
to discharge (STD) of 75% (39/52) in cats and dogs mechanically
ventilated for TP (30). When stratified by indication for ventilation,
animals treated for ventilatory failure were shown to have a
distinct survival benefit [90.5% (19/21) STD] over those treated
for hypoxemia [52.6% (10/19)] (30). A 77% (20/26) STD was
documented in a more recent analysis of 24 dogs and 2 cats
with TP and positive airway cultures from the same institution,
suggesting that prognosis may not be influenced by concurrent
bronchopneumonia. TP survival rates are higher compared to
reported outcomes for veterinary patients undergoing MV for both
lower motor neuron disease and all causes, where only 22-23%
of animals with pulmonary disease and 21-39% of animals with
non-pulmonary disease were discharged from hospital (42, 88, 95).

Two retrospective observational studies documented median
duration of MV of 23-24h (3-152h), including non-survivors
from cardiopulmonary arrest and euthanasia (30, 118). A more
recent retrospective analysis reported a longer median duration
of MV of 4 days (range 1-10 days) in 26 dogs and two cats with
TP and bronchopneumonia (31). Survivors were ventilated for
longer (median 5 days, range 2-10 days), which is representative
of the confounding effect of euthanasia in earlier literature and
supports that TP is a recoverable disease with appropriate intensive
care management.

6. Areas for future research

MV can be used to successfully manage respiratory failure
in cats and dogs with TP, with reported survival rates of 52.6-
77 and 90.5% in animals with diseased and healthy lungs,
respectively (30, 31). Despite its recognized utility in treating
severe TP, there is little published literature which forces
clinicians to extrapolate from adjacent human or veterinary
MV literature or rely on anecdotal expert recommendation
(28). Furthermore, given the narrow geographic distribution of
cases, much of the existing data originates from a handful
of institutions which may limit its generalizability. Prospective
studies investigating and comparing the role of early airway
protection, sedation protocols, ventilator modes and settings, lung
protective strategies, ARMs, weaning techniques, intravenous fluid
therapy, nutrition, and frequency of nursing care on patient
outcomes are required to optimize evidence-based management of
this condition.

7. Conclusion

MYV is an important treatment modality in cats and dogs
suffering respiratory failure from TP (30, 52, 118) that is indicated
when severe hypoxemia, hypercapnia or work of breathing
persists in dyspneic patients despite oxygen therapy and sedation
(32). The reported median time of MV is 23 h—4 days (3
h—10 days) (30, 31, 118). Ventilator-associated complications
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include VILI, corneal ulceration and erosions of the tongue

( > >

that have preexisting corneal ulcers, megaesophagus, aspiration

) which may be exacerbated in animals with TP

pneumonia or laryngeal paralysis causing URT obstruction (I,
). Further research is required to determine whether

> >

ventilation strategies and ancillary care requirements differ for
this patient subset when compared to animals ventilated for
all causes.
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