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Preface

Welcome to the 2021 edition of Australasian Anaesthesia.

Two years ago, | wrote that the 2019 edition of Australasian Anaesthesia
was to be my last. | was mistaken about that as well as any other plans

| had made for my 2020 retirement. So, rather than living in Japan, | find
myself back in this role and once again | am indebted to so many of you,
authors, editors, and designers who have excelled during this time to
produce a bumper edition.

It has been a biennium like no other. The COVID-19 pandemic has been
the most disruptive, dangerous, and challenging period | have witnessed
in my 40 years of medicine. At its onset, | even found myself ruminating on
the possibility of dying at work, rather than dying en route to work. Reports
of healthcare workers becoming seriously ill and dying while caring for
patients with the same disease were frightening. In a selfish way, | was relieved when anaesthetists aged 60
and over were deemed unsuitable to be on the hospital intubation team. However, | felt some guilt for those in
related specialties who were required to maintain their frontline roles. | saw colleagues shaving their beards,
living separate lives from their families, working during their days off, and putting aside other pursuits during
this most awful time. Many of us know friends, family members and colleagues who have become sick and even
died, if not in our countries, then elsewhere.

At the same time, | have been impressed at the massive efforts of our anaesthesia and intensive care colleagues
who have accepted the challenge and faced the disease head on. Equally impressive have been those
colleagues who have become leaders of the healthcare response, at local, regional, and national levels. It has
been said that anaesthetists are not perceived as natural leaders. Yet when there is a crisis, at a local or global
level, we can and do assume such roles. Anaesthetists have taken prominent roles at the medical response to
the Bali bombings; the Beaconsfield (Tasmania) gold-mine collapse; the Thai cave rescue; the terrorist attack in
Christchurch, New Zealand; and most recently there has been the Whakaari (White Island) volcanic eruption in
New Zealand and the global COVID-19 pandemic.

Which brings me to this edition. Australasian Anaesthesia 2021 features articles on these recent medical
catastrophes and even delves into leadership and ethical considerations during these times. There is a
wonderful variety of topics to keep your interest and cardiology topics are equally highlighted in this edition.

During these times of stress, fluctuating workloads, and persistent uncertainties, please continue to take care of
yourself, your colleagues, and those whom you love.

| wish to thank the authors, the regional editors and ANZCA's Liane Reynolds, Elizabeth Short and
Frances Rowsell for their work and support in producing this edition; often working from home. Please thank
our authors personally when you can and consider writing for the next edition.

Finally, allow me to acknowledge all those who have faced these challenges despite personal risk.
Thank you so much!

Associate Professor Richard Riley

Editor, Australasian Anaesthesia 2021
bluebook@anzca.edu.au
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Pandemic planning during a global respiratory crisis: Anaesthesia
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Western Australia
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Dr Grobler is deputy director of the department of anaesthesia and pain medicine and the director of trauma
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Department of Anaesthesia and Pain Medicine, Royal Perth Hospital, Western Australia
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INTRODUCTION

“The world has to maintain vigilance against the recurrence of outbreaks from environmental sources or
laboratories. Global efforts and co-operation are required to control devastating pandemics as our world is
miniaturised by rapid air travel” .

On 11 March 2020, the World Health Organization (WHO) declared the novel coronavirus SARS-Co-V-2
(COVID-19) outbreak a global pandemic. Following the declaration, many changes and plans were
implemented within hospitals in Australia in preparation for the pandemic. At the time of the declaration, the
definitive transmission and characteristics of COVID-19 were not fully understood, but like other respiratory
pathogens, it was thought to be predominantly droplet spread with aerosol transmission in certain settings.

The majority of influenza-like illnesses are believed to spread via droplets (>5 microns) and airborne
transmission is not considered likely unless an aerosol generating procedure (AGP) (see Table 1) is being
performed. Airborne transmission is believed to occur when a susceptible host inhales infectious particles
contained in small aerosols (<5 microns)2. The risk for airborne transmission to healthcare workers (HCWs)
therefore exists when treating patients with a pathogen known to spread via the airborne route (for example,
measles, TB, SARS and MERS), when conducting an AGP, or with a novel respiratory virus where the modes
of infection, transmissibility or characteristic are not yet clearly understood (for example, COVID-19)3.

Table 1. Aerosol generating procedures (AGPs)
Reproduced with permission from the Communicable Disease Control Directorate, WA Health for the
identification and use of PPE in the clinical setting during the coronavirus pandemic 9 April 2020.

AGPs include:

= Bag and mask ventilation.

= Tracheal intubation and extubation.

= Tracheostomy.

= Ventilation via supraglottic airway (including insertion and removal).
= Non-invasive ventilation including CPAP and BiPAP.

= High flow nasal oxygen therapy.

= Diagnostic and therapeutic instrumentation of the airway including bronchoscopy.
= Nebuliser administration.

= Sputum induction.

= Open airway suctioning.

= Surgical AGPs.

It was clear that change needed to occur rapidly within our hospital to deal with newly emerging challenges.
Concerns were raised around health workers’ personal protective equipment (PPE) in terms of what was
appropriate PPE for particular situations and the availability of PPE within the state and also there were
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concerns re staff education and welfare. Decisions were required regarding a dedicated intubating team,
Critical Care Outreach Teams and potential staff re-deployment across critical care areas. Regular multi-
disciplinary working groups were necessary to map the hospital journey for COVID-19 patients; theatre
adaptations and plans for critical care pods were vital.

PERSONAL PROTECTIVE EQUIPMENT — INTRODUCTION OF FIT TESTING

The two main types of air-purifying respirators used (referred to as respirators hereafter) are either powered
(PAPR) or non-powered. Non-powered respirators utilise the negative pressure generated by the wearer to
draw air through the filter and thereby purify it. Multiple international and national guidelines exist which state
that fit-testing should be carried out prior to a respirator being used for the first time*®.

N95 filtering respirators should filter 95 per cent of airborne particles up to 0.3 microns in size, which is the
most penetrable size by air. Both P2 and N95 respirators are considered suitable for use in HCWs for this
purpose. P2 respirators are most commonly used in Europe and comply with the AUS/NZ 1716 standard. N95
respirators are those which have been approved and certified by the United States Institute for Occupational
Health and Safety (NIOSH). Both of these respirators are single use only’. In our hospital, we had small and
medium Halyard and BSN Proshield N95 masks available in theatre, but only one size was available in other
parts of the hospital.

At the time of the COVID-19 outbreak, fit testing was not part of our institutional protocol and was not routinely
carried out at any other hospital within Western Australia (WA). A fit check was the appropriate minimum
standard required in hospitals, and although fit testing was the Australian gold standard® there existed no
mandatory requirement at a national or state level. Based on the premise that there was some uncertainty on
the method of spread at the time the COVID-19 pandemic was declared, and due to the nature of the clinical
work and the role that anaesthetists would play during a respiratory pandemic, we believed our staff to be at
sufficiently high risk to initiate the introduction of qualitative fit-testing within our department. Similar measures
were taken at other institutions within metropolitan WA.

THE EDUCATIONAL BENEFITS — A FIT-TEST VS A FIT-CHECK

A fit-test aids to ensure that the correct size of respirator is chosen by the wearer to ensure unfiltered air is

not entrained from a poorly fitting mask. The average penetration by ambient aerosols can be 33 per cent for a
poorly fitting respirator versus 4 per cent for a well-fitting respirator®. A fit-test should be conducted annually,
whereas a fit-check needs to be undertaken every time a wearer uses a respirator. For the inexperienced
wearer, a fit-check can be incorrectly done around 25 per cent of the time. It is reasonable to assume that the
willingness of a HCW to work during an infectious respiratory pandemic will depend on perceived risk. Asking
a wearer to perform a fit-check for the first time in a clinical scenario which is time critical and highly stressful
does not assuage any such perception, nor does it instil faith within the wearer. Past experience has shown that
the majority of HCWSs who become infected do so during the first few days of exposure when understanding,
protocol familiarity and vigilance in the correct use of respirators is the lowest™.

A fit-test utilises either a “qualitative” or “quantitative” method to determine whether a particular size, type
and model of respirator will give the wearer an adequate seal if worn correctly’. The qualitative method relies
on detecting leakage of a test substance into the face piece. This is a subjective test; it neither measures

nor allows testers to quantify the actual amount of any leakage. The two main qualitative solutions used are
saccharin, which leaves a sweet taste, and Bitrex solution, which leaves a bitter taste in the subject’'s mouth.
Qualitative fit testing is generally used for half-mask respirators. Quantitative fit-testing on the other hand, can
be used for any tight-fitting respirator, including full face respirators, and utilises a machine to measure the
actual amount of leakage which occurs'.

Our department used the Bitrex qualitative fit-testing method and the trainers were certified remotely by the
3M safety representative. It is an inexpensive test when compared with quantitative fit testing, simple to use, is
portable and the masks are not damaged during the test and can be reused by the wearer in to minimise waste
of PPE. However, qualitative fit testing is subjective, may be claustrophobic and is dependent on the subject
tasting the solution.

As a department, it was decided that all intubations would be carried out by senior staff — anaesthesia
consultants and fellows. All senior anaesthesia staff rostered to work during the initial outbreak were

tested, unless they were over the age of 60 years or had a medical condition which precluded them from
treating COVID-19 patients — (see RIDER criteria Table 2). Anaesthesia technicians who formed part of the
anaesthesia intubating team (hereafter referred to as the SWAT team) were also tested.
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Table 2. RIDER criteria
Reproduced with permission from the WA DOH RIDER interim plan, January 2020.
Note: The table refers to pathogen X and the plan was approved prior to COVID-19 becoming a pandemic.

As per the WA DOH Interim Respiratory Infectious Diseases Emergency Response (RIDER) plan,
HCW with the following are considered high risk:

= Pregnant women.
= Individuals with chronic respiratory conditions including asthma and chronic pulmonary disease (COPD).
= Persons with morbid obesity.

= Persons with chronic illness predisposing to severe respiratory disease such as cardiac
disease (excluding hypertension)/diabetes mellitus/chronic renal disease/haemoglobinopathies/
immunosuppression (including that caused by cancer, medications or HIV/AIDS infection)/chronic
neurological conditions.

= Other conditions, as appropriate.

NO “ONE SIZE FITS ALL” - THE PROOF IN THE PUDDING

The design of respirators has been based on facial size and shape measurements. Earlier designs used
respiratory fit test panels (RFTP) which were based on measurements originally from American air forces
personnel — predominantly Caucasian males. These RFTP were then used to design masks for the general
population. Facial characteristics and shape differ between ethnic groups, and the same respirator may not give
the same level of protection to all wearers. Papers published from lessons learnt during the SARS pandemic
highlighted the same®'213,

Following the fit-testing within our department, we audited the results which showed that the “one size fits all”
belief was indeed false. Despite re-testing, we found that an adequate seal could not be achieved with the
“first line” BSN Proshield mask in 17 per cent of our staff. Prior to re-testing, our first pass rate was 60 per
cent. Consequently, we attempted to source alternate brands for our anaesthetists. We encountered numerous
obstacles and difficulties in trying to source alternate brands during a pandemic due to worldwide shortages.
Options were limited during the pandemic due to import restrictions and multiple delays occurred due to
service disruptions in freight and courier companies.

Early in the pandemic, the COVID-19 Pandemic Infection and Control Clinical Advisory Group was created
within the WA Department of Health. This committee was responsible for the provision of advice regarding
product selection and the management of state wide stockpiles and distribution of PPE, thus centralising all
PPE access. Over time, more N95 masks became available in the central warehouse, which were suitable for
those staff members who failed their fit test with the “duck billed” N95 masks. The Department of Health has
also recommended the use of CleanSpace Halo systems (a portable, lightweight air-purifying power unit) for
which training has been rolled out. Plans to use another PAPR system were abandoned as that brand had not
been approved by the TGA.

Following the decision of various anaesthesia departments across metropolitan WA to introduce their own
qualitative fit-testing, the results enabled each department to feedback to the Health Executive. The WA
Department of Health have since introduced quantitative fit-testing for all frontline employees. We hope to
establish this as a permanent part of an employee’s orientation package to the hospital.

PSYCHOLOGICAL WELLBEING — WELFARE AT THE HEART OF IT

Another lesson learnt from the SARS pandemic was the need for a focus on staff wellbeing. Although patient
and staff safety are central tenets, staff resources may be depleted early in any pandemic due to both illness
and poor morale®.

At the beginning of the pandemic, our departmental welfare officers recognised that physical distancing,
especially within the social hubs of the department, meant staff were not interacting with each other as
frequently or meaningfully as before. This, combined with mounting stress induced by health anxieties,
separation from family, formal exam uncertainty and so on, meant there was a significant concern for the
psychological wellbeing of the department. A “checking-in" chain was rapidly established and at the time
of press is ongoing. The chain utilises a core group of consultants and registrars who have committed to
contacting and supporting an allocated small group of colleagues on a regular basis. This “checking—in"
attempts to mitigate the effects of social isolation and identify anyone who may be struggling with their
circumstances and/or mental health. It was well received within the department from inception and has
subsequently been adopted by other departments within the hospital.
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Additionally, the hospital pastoral care service provided training sessions to numerous staff members within
our department with the aim of improving listening skills and confidence in initiating conversations around
mental health. The team also offered a confidential avenue of support, outside the department, for any staff
members in distress.

Considerations for staff physical wellbeing were also made. Care bundles consisting of toiletries were stored
within the department for use following a COVID-19 exposure procedure. Extra rest space was created to allow
for adequate rest while maintaining social distancing. Links to online exercise classes and exercise regimes
were provided to staff to facilitate wellbeing and for those unable to attend gym classes due to mandatory
closures. Office spaces were also reconfigured to accommodate additional sleeping mattresses, in anticipation
of an increased after-hours workload and shift pattern.

For members of staff who felt they could not return home following contact with a COVID-19 patient (due to living
with vulnerable family members), special hotel rates were organised by the hospital executive with local hotels.

All of these welfare provisions were regularly shared with the department via regular “COVID-19 Welfare" email
updates, which also included links to other useful wellbeing resources.

“FRONTLINE” HEALTH CARE WORKERS - GENESIS OF CORE INTUBATING
TEAM CONCEPT

The abundance of literature which has emerged from the Wuhan experience, has aided and guided pandemic
preparedness across multiple WA institutions. Among the models of care, was the inception of dedicated
airway response teams'#'5. The belief was held that by choosing a small group of anaesthetists to form the
airway response team would allow for focussed training and repetitive practise of important pathways. It also
facilitated early consolidation of core PPE principles, allowing for minimisation of risk through familiarity. During
the early period of the COVID-19 pandemic, when uncertainty existed regarding the exact transmission mode,
it was reasonable to assume that patients were likely to be maximally infectious at their time of ICU admission
as they were during the SARS pandemic'’®. By having a small group involved in intubating, we hoped that early
lessons learnt would be concentrated and the knowledge could then be distilled to the wider group in a more
controlled manner.

WA major training hospitals were early adoptees of this approach and anaesthesia intubating teams were
created. At our hospital, the premise was that all COVID-19 intubations for the entire hospital (for example,
intensive care unit, emergency department and negative pressure rooms on the respiratory unit), would be
carried out by the SWAT team. This was an anaesthesia consultant-led service and a separate roster was
established for on-site and afterhours cover from home 24/7 at the beginning of the pandemic. As our state
numbers decreased, the SWAT team was disbanded after seven months, and extra cover for COVID-19
patients is now provided by the general on call consultant from home.

Storage areas became necessary in remote areas for airway equipment, COVID-19 trolleys and cognitive

aids, examples of these areas being respiratory wards and the COVID-19 testing clinic. A backpack was
created containing additional miscellaneous equipment not readily available in other locations — single use
laryngoscopes, CMAC blades, stylets, bougies, various sized suction above cuff endotracheal tubes (SACETT)
and iGel LMAs. This was initially carried by members of the SWAT team and is now carried by the medical
emergency team (MET) anaesthesia registrar. The pharmacy also created specific COVID-19 intubation drug
packs containing drugs necessary for intubation and haemodynamic stabilisation for use in remote locations.
These drugs included ketamine, fentanyl, midazolam, propofol, metaraminol and various muscle relaxants. The
quantity of drugs included in the pack allowed for both induction and maintenance infusions in preparation for
transfer to ICU.

HOSPITAL ADAPTATIONS — NEGATIVE PRESSURE THEATRES AS A FUTURE
POSSIBILITY

During the period when elective work was ceased, the decision was supported to change the pressure
differential within one of the operating suites to convert it to a “negative pressure” operating suite (relative to
the anaesthesia room and theatre corridors). This was achieved by reducing air inflow without altering outflow
or laminar flow characteristics. This became our dedicated COVID-19 theatre. Change to a “negative pressure
theatre” has not been achieved within our institution in the past, despite the fact that we have for years, and
continue to conduct, both surgical (for example, bronchoscopies, lung biopsies) and anaesthetic AGPs on
patients requiring airborne precautions. Our institutional guideline advocates that AGPs in patients under
airborne precautions be performed in a negative pressure room if practical. The theatre anaesthesia room then
became the donning area for anaesthesia staff and preparation zone prior to the arrival of the patient, with all
necessary equipment, including PPE being kept on a dedicated COVID-19 trolley.
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HOSPITAL ADAPTATIONS - THE RISE OF SURGE CAPACITY

Reconfiguration of the emergency department (ED) occurred with the creation of a new Acute Respiratory
liness Zone (ARIZe) for the acute management of COVID-19 or suspected COVID-19 cases presenting to the
hospital. All patients were triaged outside ED before entry and then assigned to a zone. The ARIZe area was
cordoned off from the rest of the ED and hospital and designed to facilitate a “one-way” patient flow model. It
was accessible only by staff working in that area to reduce the risk of cross contamination. It had a dedicated
elevator to the COVID wards, stopping only on these floors and the fourth floor, which allowed access to ICU
and theatres. ARIZe contained six negative pressure high acuity rooms with ample space for PPE donning and
doffing, where patients could be intubated prior to transfer to ICU. Creation of a separate zone allowed for
low-risk patients, including multi-trauma patients, to be treated separately with the business-as-usual model. It
was accepted that the occasional COVID patient could be missed, especially if asymptomatic, but overall it was
hoped that by dividing ED into the two main sections it would lower the risk to both staff and patients. Our ED
has subsequently converted back to its usual configuration for triage, patient flow and use of clinical areas.

In preparation for an increased demand for critical care beds, escalation plans were established in conjunction
with ICU and ID/IPM (infectious diseases/infection prevention medicine) to accommodate extra ICU

patients outside of the dedicated ICU unit. One of our day surgery admission units adjacent to ICU was
recommissioned and within a short period of time, three extra isolation rooms were built. ICU equipment was
also moved to establish an extra eight fully equipped high acuity beds in this area. In addition to this, other areas
were identified for surge capacity including operating theatres, the Coronary Care Unit and the State Trauma
Unit should the need arise. Patients could be ventilated in part of the theatre complex under the care of ICU
and the anaesthesia department, while also allowing non-COVID emergency cases to continue in other areas
of the theatre complex. Including all ICU appropriate areas (others were also identified) within the hospital, this
would allow for ICU numbers to substantially increase from 24 to 98.

Anaesthesia registrars with previous ICU experience were identified and allocated to ICU for one week for skills
expansion, familiarisation with ICU protocols and ventilators, in preparation for re-deployment to ICU during the
pandemic. Preparation was made on the anaesthesia roster for consultants to cover anaesthesia registrar shifts
if necessary. Several anaesthesia technicians were also allocated to ICU to support the respiratory technicians
and become familiar with equipment.

Recovery nursing staff were also deployed to ICU for upskilling, and other hospital nursing staff with critical
care experience were identified and received education. An educational program was started for theatre nurses,
should they be required to help with the recovery of patients in theatre.

During the initial period of the pandemic, arrangements were made between all of the large teaching and
training hospitals, so that staff were based in one hospital only, and not across multiple sites, thereby
minimising risk of cross-site infection if one staff member was infected. As with most healthcare facilities,
efforts to minimise future potential spread have resulted in stricter entry points and limited access to the
hospital by the public.

Throughout the pandemic, twice-weekly meetings were established between ICU, infectious diseases,
anaesthesia, physiotherapists, allied health, nursing staff, pharmacy and the executive to facilitate
communication for surge capacity planning.

EDUCATIONAL OPPORTUNITIES - FUTURE PANDEMIC PREPAREDNESS

The pandemic raised both our awareness of and familiarity with infection control principles. Across healthcare
institutions, we could exploit this renewed interest to re-appraise historical standards and bring about change.

A statewide multi-pronged approach was employed. Collaborative groups, including virtual group forums and
online information repositories were established across metropolitan and regional Western Australia (WA) to
effectively share local, national and international knowledge and guidelines, and problem solve clinical dilemmas
that were encountered or those that could potentially occur.

New up-to-date institutional management guidelines, protocols and checklists were developed and published
and departmental pandemic preparedness strategies were developed and disseminated. Visual guides to assist
and remind staff in evidence-based clinical management were developed and presented both online and in print
form and made available in all clinical areas.

Audiovisual resources were generated from multiple anaesthesia departments to provide instruction on the
correct technique for safe airway management of the COVID-19 patient, including the donning and doffing
of PPE, intubating/extubating COVID-19 patients and transferring these patients from a remote location.
In collaboration with other WA hospitals, dedicated airway trolleys and “shadow boards” for intubation
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were designed. The pandemic highlighted that we were ill prepared and had no plans in place to deal with an
infectious respiratory threat. To improve pandemic preparedness, low and high-fidelity simulations for staff were
held across multiple clinical environments including the ED, medical wards and theatres. As part of an ongoing
pandemic preparedness strategy, our department undertakes quarterly online PPE refresher courses and
annual practical PPE sessions run across our institution. As a result of increased meetings and training, inter-
departmental relationships were strengthened.

Departmental teaching and business meetings moved to a virtual platform to reduce the risk of spread. Caps
were placed on numbers allowed in the seminar room, and these caps remain, with all others joining meetings
virtually via Microsoft Teams from their own offices. The move towards online meetings has allowed for
international speakers to be involved in our departmental meetings on a regular basis.

The pandemic has also encouraged us to use telehealth and phone consultations. Telehealth, until now has
been used almost exclusively for rural patients, but during the pandemic, there was a rapid expansion in the
use of phone and video consultations for all patient groups allowing healthcare to continue while minimising
exposure to both staff and patients at the same time. One hundred additional rooms were equipped with
webcams for outpatient telehealth appointments and 200 additional staff were trained to deliver telehealth
services. Between January and June 2020, over 30 per cent of patients over the age of 60 from regional

and metropolitan areas attended their general outpatient appointments via telehealth — more than double

the number of appointments in 2019'¢. Seventy per cent of Aboriginal patients living in rural and remote
communities attended their appointments via telehealth in April 2020. The use of telephone and video consults
peaked in April 2020 with an average 62 per cent of patients from metro and regional areas attending their
appointments virtually — almost six times more than pre-COVID-19 periods. Overall during the first six months
of 2020, there was a 700 per cent increase in the use of video consults compared with 2019¢. Telehealth,
predominantly phone consults, were used by our department for preoperative appointments and malignant
hyperthermia services, while the pain service used a combination of video and telephone consults. Peak usage
for the pre-assessment clinic were the months of April and May, with over 90 per cent of patients having
telephone/video appointments’®. Although the transition to phone consults took time to adjust, it allowed us

to continue assessing patients during the pandemic and minimise exposure for both patients and staff while
continuing with daily clinics.

LESSONS LEARNT - GROWTH IN THE TIME OF COVID

COVID-19 caught us all unaware. It exposed deficits in our systems and revealed how easily day-to-day
healthcare can be disrupted. The pandemic also demonstrated the need for adaptations to daily routines and
that working outside one’s usual clinical area may be necessary in a pandemic. The need for communication
between departments, executive staff and other metropolitan hospitals was highlighted, allowing us to share
ideas, skills and resources. The importance of collaboration between WA hospitals was shown by allowing
access to shared resources, thereby providing a safe environment for both staff and patients. Increasing use
of telehealth and telephone consultations, has demonstrated this form of consultation may be appropriate to
continue in a larger capacity long term, and the necessity for clinicians to embrace digital technology as normal
service. Its sudden introduction also highlighted the need for computer and equipment upgrading. From a PPE
aspect, WA Health's introduction of fit testing for all frontline staff, has emphasised the importance of effective
use of this component of PPE for staff safety.

CONCLUSION

In comparison to other parts of the world, we have been very fortunate in western Australia with our COVID-19
numbers. Despite our low numbers, much has been learnt and much has changed within our hospital since

the declaration of the pandemic. The COVID-19 and suspected COVID patients we now treat are from hotel
quarantine and international ships. The extra time compared with our colleagues elsewhere in Australia, has
given us time to prepare for what lies ahead. Social distancing and virtual meetings have become the norm.
Periodic simulations continue as refreshers in anticipation of another COVID wave and visual guides are readily
available in theatres. The pandemic has helped us forge better communication and relationships between
various departments, and between departments and the hospital executive staff. WA health quantitative fit
testing commenced in early 2021. Vaccination of hospital staff has commenced and is ongoing. COVID-19 has
shown us that life can change rapidly, necessitating an accordingly rapid response in our professional, social
and personal lives.

Pandemic planning during a global respiratory crisis: Anaesthesia experience of service redesign at a major teaching hospital in Western Australia
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INTRODUCTION

Coronavirus disease 2019 (COVID-19) is an infectious disease caused by the highly contagious severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2). A novel coronavirus was identified in Wuhan in late 2019
through the “pneumonia of unknown aetiology” surveillance program and was linked to the Huanan Seafood
wholesale market"2. Prior to 2019, there were six coronaviruses that were known to cause human disease. Of
these, four cause the common cold, while more serious disease was caused by the severe acute respiratory
syndrome (SARS) and Middle East respiratory syndrome (MERS) coronaviruses. COVID-19 has subsequently
led to a global pandemic with unprecedented consequences to human health and society, leading the World
Health Organization (WHO) to declare a global emergency in January 2020. The morbidity and mortality rates
due to the pandemic are increasing rapidly worldwide, causing overwhelming impacts on current and ongoing
provisions of intensive care.

CLINICAL FEATURES OF SEVERE COVID-19

Premorbid risk factors that predict progression to severe or critical illness with COVID-19 include age and
underlying medical conditions. However, the exact potential effect of various comorbidities on the severity of
COVID-19 illness is unclear and predicting disease trajectory from the time of symptom onset is difficult®.

Patients with COVID-19 present most commonly with fever (temperature > 38 degrees Celsius), cough,
shortness of breath, anosmia and fatigue*. Clinical features of severe infection include interstitial pneumonia,
respiratory failure, acute respiratory distress syndrome (ARDS) and sepsis®.

Critically il COVID-19 patients typically develop pneumonia approximately five days following symptom onset
and severe hypoxaemic respiratory failure requiring intensive care unit ICU) admission at approximately day
seven to 123,

Severity of infection with COVID-19 can be classified as mild, moderate, severe or critical, as per the Australian
Guidelines for the Clinical Care of people with COVID-19 (see Table 1).
Table 1. COVID-19 Disease Severity Classification®

Mild illness Asymptomatic, or
Mild upper respiratory tract symptoms, or

Cough, myalgia, asthenia without shortness of breath or reduction in oxygen
saturation.

Moderate iliness Oxygen saturations of >92% on up to 4L/min oxygen via nasal prongs.
Prostration, severe asthenia, fever >38° C or persistent cough.
Clinical or radiological signs of lung involvement.

No clinical or laboratory indicators of clinical severity or respiratory impairment.
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Severe illness Adult patients meeting any of the following criteria:
. Respiratory rate 230 breaths/min, or
. Oxygen saturation <92% at rest, or

= Arterial partial pressure of oxygen (PaO2)/ inspired oxygen fraction (FiO2) <300.

Critical illness Adult patients meeting any of the following criteria:
Respiratory failure

. Severe respiratory failure (PaO2/FiO2 <200), respiratory distress or ARDS. This
includes patients deteriorating despite advanced forms of respiratory support
(non-invasive ventilation (NIV), high-flow nasal oxygen (HFNO)) OR patients
requiring mechanical ventilation.

OR other signs of significant deterioration
. Hypotension or shock.
= Impairment of consciousness.

= Other organ failure.

ASSESSMENT FOR SUSPECTED COVID-19

All patients presenting with any of the documented symptoms or signs of COVID-19 should be tested and
considered “suspected COVID" until proven negative, according to both risk stratification, epidemiology and
microbiological tests. Given the non-specific nature of many of the clinical features of COVID-19, it is important
to maintain a high index of suspicion and test all potential cases.

The test of choice to confirm COVID-19 infection is viral PCR, with swab samples from both the oropharynx
and nasopharynx to optimise virus detection. Sputum samples should also be obtained where possible. Avoid
bronchoscopy and bronchoalveolar lavage due to the risk of aerosolisation, unless there is a strong suggestion
that it may change management.

A full septic screen should be considered for all suspected or confirmed COVID-19 patients admitted to ICU,
including blood, urine, sputum and faecal cultures, atypical pneumonia screen and chest radiograph.

Common observations in laboratory abnormalities in severe and critically unwell COVID-19 patients include
lymphocytopaenia, elevated ESR and CRP, as well as elevated ferritin levels’. Very high ferritin levels (>700ng/
ml) seen in severe COVID-19 patients may be a marker of overwhelming systemic inflammation and increased
risk of cytokine storm syndrome®. The cytokine storm may be responsible for two main causes of mortality in
COVID-19, ARDS and secondary haemophagocytic lymphohistiocytosis®.

Serological tests detect evidence of recent infection and are therefore not used in the acute assessment or
management of COVID-19 ICU patients.

Severe COVID-19 pneumonia can present with bilateral opacities on chest radiograph or ground-glass
opacities with or without consolidation on chest CT. Other less common findings include pleural effusions,
interstitial disease and pericardial effusion.

ICU ADMISSION CRITERIA FOR COVID-19 PATIENTS

Admission to ICU with COVID-19 depends on a number of factors, including patient age, comorbidities and
clinical state. It is also important to consider any previously expressed values and preferences, communicated
directly by the patient or via their medical decision treatment maker.

ICU Liaison Services consist of experienced critical care nurses and doctors who provide follow up of patients
discharged to the ward from ICU, as well as support for medical and nursing staff caring for deteriorating
patients on the ward. The ICU Liaison service may be able to regularly review and manage COVID-19 positive
patients on the ward and update the ICU team of their progress or deterioration, in order to streamline their
admission to ICU if required, and prevent unnecessary ICU admissions in times of increased demand.

The clinical features that prompt consideration of ICU admission are those of severe or critical illness:
respiratory failure, shock and multiple organ dysfunction (see Table 2).
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Table 2. Clinical features of COVID-19 patients prompting consideration of ICU admission

Respiratory
. Hypoxaemia (requiring >6L O, via nasal prongs to achieve SpO, >92%, or arterial partial pressure of
oxygen (PaO,) / inspired oxygen fraction (FiO,) <300.

- Respiratory distress or increased work of breathing (respiratory rate >30 breaths/minute).

= Patient deterioration despite advanced respiratory support (via either non-invasive ventilation (NIV) or
high flow nasal oxygen).

= Worsening lung infiltrates on chest radiograph.

Cardiovascular
= Systolic blood pressure <90mmHg.

= Heart rate >120 beats per minute.

Neurological
. Altered conscious state.

Other

. Deteriorating multiple organ function.

MANAGEMENT

General ICU management
Fluid management

Notwithstanding initial resuscitation requirements, severe and critically unwell COVID-19 patients in ICU
should be managed with a conservative fluid approach, aiming for relative euvolaemia. Fluid should be
administered cautiously as patients with severe and critical COVID-19 may develop myocardial dysfunction,
with the attendant risks of acute pulmonary oedema.

Thromboprophylaxis

Studies have suggested that there is an increased risk of thromboembolism associated with COVID-19
infection™. Australian guidelines recommend the use of higher doses of prophylactic anticoagulants in adults
with severe or critical COVID-19 infection (for example, enoxaparin 40mg twice daily for patients with normal
renal function, or once daily in those with impaired renal function), unless there is a contraindication, such as
major bleeding or thrombocytopaenia®.

Antimicrobials

Giiven the difficulty in distinguishing bacterial pneumonia or coinfection from COVID-19 alone, it is appropriate

for suspected or confirmed COVID-19 patients with an oxygen requirement to be managed empirically with
broad-spectrum antimicrobials with activity against both typical and atypical respiratory pathogens. This should be
reviewed daily and de-escalated as able, depending on the patient’s clinical picture and the available microbiology.

Sedation and analgesia

Requirements for sedation and analgesia in intubated COVID-19 patients vary. Generally, a Richmond
Agitation Sedation Score (RASS) of 0 to -2 can be targeted, unless there is evidence of ventilator
dysynchrony or a requirement for neuromuscular blockade (such as in critical hypoxemia), in which case
deeper sedation may be required. Deeper sedation may also be required for patients at risk of self-
extubating. Agents used for sedation include, but are not limited to, propofol, opioids such fentanyl and
benzodiazepines such as midazolam. Dexmedetomidine may be appropriate in the weaning stages for
selected patients, especially in the setting of delirium.

Other

Usual ICU supportive management includes stress ulcer prophylaxis and glycaemic control as per local
protocols, bowel management and strict pressure injury care. Discussion regarding goals of care should be
done early in patients’ hospital admission with consideration of their values and preferences and in conjunction
with their family and/or next-of-kin.
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Advanced life support

Cardiopulmonary resuscitation is a complex and difficult problem in patients with COVID-19 pneumonia and is
considered aerosol generating. It is important for institutions to develop internal protocols for the performance
of advanced life support (ALS) with modification to algorithms and the use of personal protective equipment
(PPE) both in patients with known COVID infection as well as in general hospital inpatients during periods of
high community transmission. It is important to monitor patients with COVID-19 infection who are at risk of
deterioration in higher acuity areas of the hospital, as well as have clearly documented “goals of care” (that is,
intubation/resuscitation status) for such patients to ensure appropriate decisions are made.

Staff safety remains a core priority during ALS. It is important that the hospital has appropriate PPE for staff
safety and that it is worn prior to commencing cardiopulmonary resuscitation (CPR) or entering a negative
pressure room (NPR). In the presence of community transmission of COVID-19, an unresponsive or collapsed
patient must be assumed to be high risk for COVID-19 infection, and therefore, healthcare workers (HCW)
must only proceed with resuscitative measures if they are in the appropriate PPE. Having a buddy system, or
"PPE spotter" to allow appropriate donning and doffing and restricting the number of staff entering the room
can help with this.

Recommended modifications to the ALS algorithm are listed in Table 3.

Table 3. Recommended modifications to the ALS algorithm'’

General

= All HCWs performing resuscitative measures should be dressed in PPE for full airborne precautions (for
example, gloves, eye protection, gown, N95 mask or powered air-purifying respirator (PAPR).

= Staff should wear a minimum of gloves, eye protection, and surgical face mask before placing
defibrillation pads on the chest, performing a rhythm check and defibrillating a patient.

. If able, resuscitation should be performed in the highest level of isolation room or area available.

Airway and breathing

. Use a mask, towel or sheet to cover the patient’s face to reduce the risk of aerosols during resuscitation.
. Provide oxygen via a face mask only. If possible, a supraglottic airway is preferred to a face mask.

. Place a hand on the patient’s chest to feel for chest rise and fall. Do not listen or feel for breathing.

. Use head tilt or chin lift only in order to clear the airway.

. Do not suction an airway with an open device (that is, Yankauer sucker) unless in an appropriate room
with airborne PPE.

. Early intubation via an experienced airway operator, using video laryngoscope

- Minimise bag-mask ventilation. Perform positive pressure ventilation ideally only once the patient is
intubated, with cuff up and the ETT position is confirmed.

Circulation
= Perform compression-only CPR until an endotracheal tube is inserted.
= Do not disconnect airway devices for defibrillation.

= Use mechanical CPR devices if available to reduce HCW exposure to COVID-19.

Psychological support to patients, families and staff

Staff wellbeing and support is vital in a pandemic in order to protect them and create a safe and sustainable
workforce. Increased workload, feelings of stress, anxiety and uncertainty are common. Prioritise clear,
consistent communication and education for all staff. Regularly monitor staff wellbeing and ensure staff know
how to access mental health and psychological support services. Ensure appropriate rostering and shift

breaks and encourage time off work to avoid burn out. Provide rest areas with adequate social distancing
measures in place. Ensure adequate and appropriate PPE is available for all staff caring for COVID-19 patients,
including the use of PPE buddies. Assign high-risk staff (including those aged over 65 years, pregnant or
immunocompromised) to patients who are confirmed COVID-19 negative.
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Establish a communication plan with families. If visitation is restricted or denied, provide frequent, scheduled
phone or video updates. Consider appropriateness of more lenient visitation during certain circumstances such
as end-of-life care, in conjunction with local hospital guidelines. Utilise telephone or video calls for patients in
order to enhance communication between themselves, their families and social supports.

Oxygenation and ventilation of COVID-19 patients
Oxygenation strategy

Severe and critical COVID-19 patients appear to suffer more from hypoxia than hypercapnia (Type 1 respiratory
failure) despite extensive pulmonary inflammatory changes.

The WHO has recommended targeting oxygen saturations (SpO,) greater than 96 per cent on initial
resuscitation and greater than 90 per cent on subsequent resuscitation'® This should be achieved with

the lowest FiO, possible and ideally via a low flow system (either face mask or nasal prong oxygen) with a
designated limit for ward-based care (such as 6 L/min). This will allow recognition of deterioration along with
minimising the risk of droplet aerosolisation and risk to patients and staff.

Patients with COVID pneumonia can vary in severity of pulmonary involvement. There is a spectrum of disease
ranging from mild to severe. The management can thus range from observation, to low-flow oxygen, to high-flow
or non-invasive ventilation and ultimately intubation and mechanical ventilation. Given both the infectivity of the
disease and that patients’ clinical conditions can change rapidly, it is important for hospitals to develop clear
guidelines and protocols to manage these patients during the course of their stay.

High flow nasal cannula oxygen and non-invasive ventilation

The appropriate modality to oxygenate patients who are deteriorating despite low level oxygen support is
challenging and is constantly evolving. In an early report of the first 1591 patients admitted to ICU in 72
hospitals in the Lombardy region, 88 per cent were intubated'®. However, intubating all patients who are failing
low flow oxygenation may lead to both some unnecessary intubations and will impact resource utilisation within
the hospital.

If a patient remains hypoxaemic despite increasing FiO,, positive end-expiratory pressure (PEEP) may be
indicated. Continuous positive airway pressure (CPAP) can be used with suggested pressure ranges of
8-14 cmH20, although the level may need to be adjusted as clinically indicated.

The use of high flow nasal prong (HFNP) oxygen and non-invasive ventilation (NIV) is challenging as they are
considered AGPs and so pose a potential risk to staff and other patients. Institutions with NPRs or single
isolation rooms may be able to use this modality more frequently but it remains problematic in open-plan areas.
NIV and HFNP oxygen may be limited to respiratory isolation rooms on the ward or in the ICU when provided
under infection control devices such as the “McMonty Hood" (see section on infection control).

All patients who are undergoing HFNP oxygen therapy need increased monitoring in a high-acuity (HDU or
ICU) environment due to the potential for rapid deterioration and the need for urgent intubation. Similarly, strict
attention to PPE regardless of the location of these patients is critical.

Self proning

Proning is an established mechanism for improving oxygenation in patents with refractory type 1 respiratory
failure by minimising ventilation/perfusion mismatch in the lung'®. Self-proning in awake COVID-19 patients
prior to intubation was initially reported in a single centre French study that described 24 spontaneously
ventilating hypoxic patients with posterior lesions on chest CT'¢. Of these patients, 63 per cent were able to
tolerate this for more than three hours, although oxygenation increased in only 25 per cent. Given the small
data-sets and complexities with nursing care of these patients, individual hospitals need to determine their own
protocols as to whether they should implement this strategy.

Intubation

The decision to intubate a patient with COVID pneumonia remains challenging. Waiting until a patient is in
extremis puts both patients and staff at risk in terms of both outcomes and infection. “Early” intubation has been
recommended but this is challenging both because the definition of what “early” means is debated and because
there is a subset of patients with COVID-19 pneumonia who remain relatively stable despite high levels of
supplemental oxygen therapy for many days.

Consideration for intubation may include rapid deterioration over hours, inability to maintain oxygen saturations
greater than 90 per cent with an FiO, of 0.6 or higher, hypercapnoea, increasing work of breathing,
haemodynamic instability and multi-organ failure.
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Intubation is considered an AGP and so ideally should be performed in a NPR by the most experienced
practitioner available'. Staff protection remains a key priority even in the context of significant patient deterioration
and as such, early planning and identification of patients potentially needing intubation is of critical importance.

Some institutions utilise “airway teams”, often including senior intensivists and anaesthetists, to intubate
suspected or confirmed COVID-19 patients. Simulation, education and clear protocols are helpful given the
stressful nature of intubating critically unwell and infective patients in often unfamiliar environments, including
the use of cognitive aids, and outside and inside room checklists. These serve as reminders for the team leader
of the critical steps involved in the intubation process. If a NPR is available for intubations, it can be beneficial
to create two different teams — one team as the primary intubators and a second team in the antechamber to
allow rapid communication and equipment management.

Intubation and equipment checklists consistent with society guidelines should be created, printed out in high
colour and laminated to provide visual guidance and to help create consistency of approach.

Adjustments need to be made to multiple pieces of equipment to allow safe intubation in patients with
COVID-19 pneumonia. With face mask ventilation, the circuit should be modified so that a viral filter is
connected directly to the face mask to minimise the risk of infectious aerosolisation.

The ventilator should also be set up prior to intubation with pre-specified settings. The circuit for connection
should be modified to include closed system suctioning. Once intubation has been confirmed and the patient
transferred to the ventilator, a decision needs to be made as to whether to keep end tidal carbon dioxide
monitoring in place. This is normally considered a routine part of care of the intubated patient, but the risk of
aerosolisation may mean that some institutions decide to leave it out.

A modified rapid sequence induction (RSI) approach is used for intubation. Modifications may include two
handgrip mask oxygenation to minimise gas leak, extended pre-oxygenation time up to five minutes, use of a
large dose of paralysing agent, avoidance of routine cricoid pressure, avoidance of bag mask ventilation unless
life threatening hypoxaemia develops, using video-laryngoscopy to optimise view for first pass intubation and
confirmation of cuff up on the pilot balloon prior to commencing ventilation.

A structured approach to then transition the patient to the ventilator is also required to minimise risks to patient
and staff. This may include turning off the oxygen at the wall to the self-inflating bag, clamping the endotracheal
tube (ETT) prior to disconnection, connecting the patient to the ventilator, unclamping the ETT and then
commencing ventilation.

Clear communication is required between all team members throughout this process. Depending on local
resources it may be prudent to then protocolise the insertion of nasogastric (NG) tubes or central venous
catheters (CVCs) in addition to the timing of being able to leave the NPR.

Ventilation strategy

The approach to ventilation in patients with COVID pneumonia follows a similar approach to ventilation in
ARDS. On commencement of ventilation, a routine mode of mechanical ventilation should be chosen to allow
uniformity of practice. For example, synchronised intermittent mandatory ventilation mode, with a tidal volume of
4-8mls per kilogram ideal body weight, a plateau pressure target of less than 30cmH, O, a respiratory rate of 20
and an |E ratio of 1:2.

Default ventilation targets should also be aimed for in the patient that may include saturations of greater than 88
per cent, a partial pressure of oxygen (pO,) greater than 55-60mmHg and acceptance of hypercapnoea.

The approach to maintaining ventilation may include plateau pressures of less than 30-32cmH,O with
tidal volumes of 4-8mls/kg. The use of PEEP-FiO, tables can be used in this patient group and a higher
PEEP strategy is recommended'®. Other changes to routine ventilation include using closed in-line suction
catheters, avoidance of nebulised medications and not routinely performing bronchoscopy (all designed to
minimise aerosol generation).

In the setting of refractory hypoxaemia, a structured approach should be taken including reassessing the
patient for any reversible causes of the deterioration (such as sputum, ventilator associated pneumonia,
pneumothorax or cardiac failure) and then a sequential series of management strategies such as
neuromuscular blockade (either as a bolus dose of infusion), diuresis, recruitment manoeuvres and the
consideration of prone positioning.

In settings of refractory hypoxaemia despite these measures, consideration may be made for extracorporeal
membrane oxygenation (ECMO) although this is a resource intensive strategy, has limited data in COVID-19
pneumonia and is not widely available.
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Proning

Prone position ventilation has been used in severe COVID pneumonia with refractory hypoxaemia. The
indications for proning include a PF ratio of < 150 with an FiO2 > 0.6 with a PEEP > 5¢cmH,O with a tidal
volume of around 6ml/kg. Proning is most effective in units that are familiar with the technique and practice
it routinely. Unit protocols, a team-based approach and regular simulation are required in order for this to be
successful. Patients should be placed in the prone position for approximately 16 hours per day.

Extubation

Ideally, extubation should be performed when the patient is deemed to no longer be infective, and in this
instance, standard extubation procedures can be followed.

Timing of extubation of patients still infective with COVID-19 should be carefully assessed to decrease any
chance of failure, or of the patient requiring NIV or re-intubation. They should ideally be ready to extubate
onto a facemask.

Readiness for extubation should be assessed via standard protocols, including the use of a spontaneous
breathing trial (SBT)'®. COVID-19 patients are often intubated for longer periods than non-COVID patients
with evidence suggesting increased airway oedema and secretions®. Consider using lower pressure support
ventilation (PSV) parameters (for example, 0-5¢cm H,0 instead of 5-10cm H,0) and for a longer period of time to
ensure a higher degree of readiness.

Consider the use of prophylactic corticosteroids in the 24-28 hours prior to planned extubation of patients with
prolonged intubations to decrease laryngeal oedema.

Extubation is an AGP and for a patient who is still infective, this should be performed in a NPR with appropriate
PPE for droplet and contact precautions (including gown, gloves, N95 mask and eye protection), or under a
McMonty/Ventilation Hood. Minimise the number of staff in the room, with staff available outside should they be
needed, including senior staff who are trained to re-intubate if required.

Assessing for a cuff leak prior to extubation is not recommended due to its potentially poor positive predictive
value and sensitivity, and the potential to generate aerosolised particles?'.

Consider mechanisms to minimise the risk of coughing, including intravenous opioids or dexmedetomidine and
care during oral suctioning.

Once extubated, place an oxygen mask over the face and do not encourage patents to cough afterwards.
The patient should remain in the NPR for 30-60 minutes following extubation to allow for clearance of
aerosolised particles, however the ideal time for this is still unclear and a balance must be found between
staff and patient safety, and hospital efficiency.

Tracheostomy

Patients with COVID pneumonia often have prolonged ICU stays and slow ventilatory weans. Tracheostomy
may be required to facilitate weaning from mechanical ventilation. There is no specific evidence guiding the
timing of tracheostomy and the decision to proceed with the procedure needs to balance the risks of staff with
the potential benefit to the patient. Current ANZICS guidelines recommend waiting until day 10 of intubation
prior to consideration of tracheostomy insertion. The tracheostomy procedure is aerosol generating and so strict
protocols for performing it with appropriate PPE are required.

COVID-19-specific management
Antiviral therapy — remdesevir

Remdesivir is an RNA polymerase inhibitor which has been shown to shorten the time to recovery and
reduce the risk of death in adults hospitalised with COVID-19 infection and with evidence of lower
respiratory tract infection®2.

Australian guidelines recommend consideration of treatment with remdesivir for five days for ICU patients with
moderate to severe COVID-19 infection who do not require ventilation (invasive, non-invasive or extra-corporeal
membrane oxygenation (ECMO))®.

Antiviral therapy — baracitinib

Baracitinib is an orally administered selective inhibitor of Janus Kinase 1 and 2. It inhibits the intracellular
signalling pathways of cytokines known to be elevated in severe COVID-192%. Baracitinib plus remedesivir has
been shown to be superior to remdesivir alone in reducing recovery time and accelerating clinical status among
patients with COVID-19. Australian guidelines currently recommend using baracitinib (4mg oral or nasogastric
daily dose for up to 14 days) in adults who require supplemental oxygen particularly where there is evidence of
systemic inflammation®.
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Corticosteroids

Corticosteroids may have activity against the associated cytokine-release syndrome seen in severe and critical

COVID-19 iliness?. Evidence suggests there may be a mortality benefit with the use of dexamethasone for

patients hospitalised with COVID-19 who required supplemental oxygen or additional supports, by modulating

inflammation-mediated lung injury and thereby reducing progression to respiratory failure and death?.

Australian guidelines recommend using dexamethasone 6mg daily intravenously or orally for up to 10

days in adults with COVID-19 who are receiving supplemental oxygen (including mechanically ventilated

patients). If dexamethasone is unavailable, alternative acceptable options include hydrocortisone,

prednisolone or methylprednisolone®.

Immunotherapy

Immunotherapy may help modulate the effects of the cytokine storm seen in some patients with severe
COVID-19 infection?. For adults with COVID-19 who require supplemental oxygen, especially those
with evidence of systemic inflammation, tocilizumab or sarilumab may reduce the risk of death, however,
the RECOVERY and REMAP-CAP trials showed benefit when tocilizumab was used in conjunction with

corticosteroids for this subset of patients??7.

Others

Minimal evidence supports the use of aspirin, azithromycin, colchicine, convalescent plasma, hydrochloroquine,

interferon R-1a or lopinavir-ritonavir in the treatment of adults with COVID-19 and this is not recommended.

There are a number of other agents and experimental therapies that are also not recommended for use outside

of clinical trials, and expert guidance from local and international societies is recommended (see Table 4).

Table 4. Disease-modifying treatments not recommended outside of clinical trials for patients with

severe to critical COVID-19*

Antiandrogens

= Dutasteride

Antineoplastics

= Angiotensin 2 receptor agonist (C21)
= Camostat mesilate

Antiparasitic, antifungals and other anti-infective agents

= Chloroquine

= Doxycycline

= Ivermectin

= Ivermectin plus doxycycline

= Nitazoxanide

Antihypertensives

= Telmisartan

Antithrombotic, antiplatelets and related therapies
= Sulodexide

Antivirals

= Baloxavir marboxil

= Darunavir-cobicistat

= Enisamium

= Favipiravir

= Sofosburiv-daclatasvir

= Triazavirin

= Umifenovir

Human and blood derived products

* Human umbilical cord mesenchymal stem cells
= Intravenous immunoglobulin

= Intravenous immunoglobulin plus
methylprednisolone

*National COVID-19 Clinical Evidence Taskforce. Australian Guidelines for the clinical care of people with COVID-19. 2021

[version 44]. Available from: https://covid19evidence.net.au/

Immunomodulating drugs

= Anakinra

= Lenzilumab

= Ruxolitinib

= Tofacitinib

Interferons

= Interferon -1a (inhaled)
= Interferon B-1b

= Interferon gamma

= Interferon kappa plus trefoil factor 2 (IFN-k plus
TFF2)

= Peginterferon lambda

Other antibody related therapies

= Bamlanivimab

= Bamlanivimab plus etesevimab
= Regdanvimab

Other therapies

= Aprepitant

= Bromhexine hydrochloride

= Fluvoxamine

* Recombinant human granulocyte colony-
stimulating factor (rhG-CSF)

Vitamins, supplements and cofactors

= Combined metabolic cofactor supplementation
(CMCS)

= N-acetylcysteine

= Vitamin C

= Vitamin D analogues (calcifediol/cholecalciferol)
= Zinc

INFECTION CONTROL

COVID-19 Transmission

COVID-19 is extremely transmissible and gains entry thought the mucous membranes. There are three main
routes of transmission in humans:

1. Direct contact with virus-contaminated fomites on skin, surfaces or other objects.
2. Larger, respiratory droplets.

3. Smaller, micro-droplets or aerosols of virus-containing particles that persist in the environment from human
breathing, shouting, singing, coughing or sneezing.

COVID-19 can survive on surfaces for hours to days and in aerosolized droplets for up to three hours?. Data
from Australia in 2020 suggests that most infected HCWs acquired their infection in the workplace.'” Therefore,
anyone treating confirmed or suspected COVID-19 patients must use the appropriate PPE.

Aerosol generating procedures

AGPs increase the risk of nosocomial transmission of COVID-19 among HCWs. AGPs include any procedures
of the respiratory tract, including tracheal intubation, extubation, tracheostomy, bronchoscopy, suctioning and
mouth care. Other high risk AGPs include, nebuliser therapy, high flow nasal oxygen, non-invasive ventilation,
transoesophageal echocardiography (TOE) and endoscopy (gastroscopy), as well as chest compressions and
defibrillation?.

Protecting staff

To adequately protect staff, appropriate local guidelines, in conjunction with the most up-to-date evidence-
based recommendations must be established. These include frequent hand hygiene with alcohol-based hand
sanitiser or soap and water, avoidance of touching one's face with contaminated hands, regular disinfection of
equipment and surfaces, and practising social distancing. Staff should avoid sharing equipment and minimise
personal effects taken into the workplace. Staff must be provided with the appropriate PPE, as well as training
and supervision in PPE use.

Steps to maximise staff safety while performing patient interventions include:
. Minimise the number of times each intervention is performed.

. Minimise the time taken to perform the intervention, with the most experienced person available performing
the intervention.

. Minimise the number of people at the bedspace or in the room where the intervention is being performed.
. Perform AGPs in a NPR or, if unavailable, a single room.

There are a number of measures which can be taken to help reduce staff infection rate and increase staff
sustainability (see Table 5).

Table 5. Reducing staff infection rate and increasing staff sustainability

Single negative pressure isolation rooms for COVID-19 patients

. Only perform AGPs in NPRs.

= Anteroom for donning and doffing PPE.

Single standard pressure isolation rooms for COVID-19 patients

Clearly designated “COVID-19 areas” for patients in open ICUs

Minimise HCW contact with suspected and confirmed COVID-19 patients
. Single team member to examine patients.

. Visiting teams to the ICU to send minimum number to see patient, prefer over-the-phone consultation.
Minimise HCW cross-infection with COVID-19

= Cancel face-to-face meetings.

. Social distancing in break rooms.

- Clean personal equipment, minimise personal effects, wear scrubs in clinical areas that can be changed
out of at the end of a shift and shoes that can be readily disinfected.


https://covid19evidence.net.au/
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Personal protective equipment

PPE includes hand hygiene, gown, gloves, N95 respirators, face-shields or goggles, and sometimes a powered
air-purifying respiratory (PAPR) if clinically appropriate. Different levels of PPE include standard, contact,
droplet and airborne precautions?®.

Contact and airborne PPE precautions are recommended to care for all suspected or confirmed COVID-19
patients in ICU, as well as when assessing suspected or confirmed COVID-19 patients elsewhere in the
hospital. Staff training in PPE fitting, compliance and competency is recommended, including “fit testing” of
N95 masks and the use of a buddy or “PPE spotter” to supervise and monitor any breaches when donning and
doffing PPE. Multidisciplinary staff training and simulation is recommended to improve practise.

Patient isolation hood

The McMonty patient isolation hood is a portable shielded plastic hood that was developed with the aim

of reducing HCW COVID-19 infections®. It covers the patient in the hospital bed and has an extractor

fan which creates a negative pressure system under the hood that passes through a viral filter. It allows
aerosols generated by patients to pass through this viral filter rather than passing into the environment. This
is hypothesised to decrease the risk of transmission of COVID-19 both to other patients and to HCWs. The
use of novel technologies such as this may be particularly important in ICUs with predominantly open plan
environments and minimal NPRs or isolation rooms. It may similarly have roles in emergency departments and
ward-based environments. Such novel devices need to undergo trial analysis to confirm their usefulness and
units should be encouraged to participate in such trials if they can.

Vaccines

The global administration of safe and effective vaccines against SARS-CoV-2 are vital to controlling the
pandemic. There are three primary vaccines being used in Australia at the time of publication; two messenger
RNA (mRNA) vaccines (BNT162b2, Pfizer-BioNTech and mRNA-1273, Moderna), and an adenoviral vector
vaccine (ChAdOx1 nCoV-19, Oxford/AstraZeneca). These vaccines have been shown to be highly effective in
preventing symptomatic and asymptomatic SARS-CoV-2 infections and COVID-19-related hospitalisations,
severe disease and death®®?!. By late 2021, it became mandated for many Australian industries and workers
(including frontline HCWs) to be fully vaccinated to leave home to work on-site. Data from observational studies
have suggested the possibility of waning vaccine-elicited immunity and decreased vaccine effectiveness over
time3223, Administration of booster doses for certain high-risk individuals in Australia were becoming available at
the time of publication.

ICU PANDEMIC PLANNING

Staffing and surge capacity

Institutional and regional pandemic planning is essential in order to minimise strain on the healthcare system
and maintain the highest standards of staff and patient care.

Pandemic plans must include approaches to reduce ICU demand and increase ICU capacity from both an
infrastructure and workforce and staffing point of view. See Table 6.

Sick leave for HCWs, as well as requirements to self-isolate or furlough will lead to staff shortages and have
a significant impact on workforce sustainability. Re-deployment of critical care trained staff (for example,
anaesthetists) to ICU may be necessary. Also, non-critical care trained staff from medical, nursing and allied
health departments may need to assist in ICU under the supervision of trained critical care staff.

Regular and effective communication and information sharing at local, regional and state levels is crucial to the
successful delivery of safe and effective clinical services in a pandemic.

Determining risk of ICU admission involves an analysis of local prevalence, cluster epidemiology, rates of new
COVID-19 cases and the ability to control community outbreaks.
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Table 6. Measures to reduce ICU demand and increase ICU capacity during a pandemic'’

Measures to reduce ICU demand during the pandemic
= Access to fast COVID-19 testing for ED, ICU and theatre patients.

= Defer or cancel non-urgent elective surgery.

= Expedited patient discharge from ICU, including additional support or supervision for ward staff to
manage higher acuity patients.

. Reserving ICU admission for patients requiring ICU-specific interventions, including extended stays in
areas such as theatre recovery or CCU.

. Proactive consideration of treatment goals and documentation of goals-of-care to avoid ICU/HDU
admissions in patients who are more appropriately managed on the ward.

Measures to increase ICU capacity (Infrastructure)

. Daily discussions between tertiary, metro and regional ICUs to assess clinical strain and resource
availability.

= Transfer patients between ICUs to ensure equitable distribution of patient numbers and workload.

. Repurpose alternative clinical areas for critical care patients, including CCU, HDU, theatre recovery, or
unstaffed or old ICU bays.

= Assess current stock of ICU equipment and anticipate requirements with increasing ICU load and
methods of procuring additional equipment.

Measures to increase ICU capacity (workforce and staffing)
. Re-deployment of critical care trained staff (for example, anaesthetists) to ICU.

. Non-critical care trained staff from medical, nursing and allied health departments may need to assist in
ICU under the supervision of trained critical care staff.

ICU OUTCOMES

Outcomes specific to patients admitted to ICU have varied widely. The reasons for these significant differences
may relate to local resources, ICU admission criteria and definition, diagnostic and treatment capabilities as well
as overall case load and hospital strain.

An early single centre study from China showed that of 138 patients with novel coronavirus infected pneumonia,
26 per cent of patients required admission to ICU and 4.3 per cent of patients died*®. Subsequently, a prospective
analysis of 257 critically ill patients admitted to two ICUs in New York reported that 39 per cent had died in
hospital with only 23 per cent being discharged alive (the rest remaining hospitalised at the time of publication).

At the time of writing, the most recent ICNARC report from the United Kingdom has reported 24,781 patients

in total admitted to ICU and outcomes thus far have shown 37.2 per cent have died in ICU%. In Australia and

New Zealand, 204 patients were admitted to ICUs in the “first wave”, and the mortality of ICU patients who were
intubated (22 per cent) was significantly higher than those who were not (5 per cent)?’.

CONCLUSION

The global COVID-19 pandemic has produced many challenges to human health and society. The impact on
intensive care has been profound and ongoing. The assessment and management of COVID-19 continues

to rapidly evolve from a critical care perspective and there is still minimal evidence as to what is optimal
management. Ongoing global efforts into research and clinical trials will aid in providing more robust evidence
into the potential treatment options for COVID-19. This requires commitment from national, regional and
hospital levels.
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INTRODUCTION

In early March of 2020, the COVID-19 pandemic exploded into a global concern and triggered a scramble to
secure more ventilators’. China had largely brought COVID-19 under control but the disease was spreading
rapidly. Knowledge and treatment rapidly evolved, and many nations began implementing lock-downs and social
distancing. In Lombardy, ltaly, ICU capacity was exceeded and mortality rose® Based on understanding of the
viral transmissivity and initial treatment protocols, models predicted a world-wide shortfall of intensive care beds
and mechanical ventilators®. Fears of spreading infection and questionable efficacy resulted in a reluctance to
use non-invasive ventilation strategies*®®.

Australian government modelling” predicted that uncontrolled spread of COVID-19 could result in a peak
demand of 35,000 ICU beds, or five times the existing capacity. Some models predicted that the USA alone
would require up to one million ventilators® from a baseline of around 150,0008. As the medical community
began to seriously consider the prospect of rationing access to ventilators®™, journalists'"'2 picked up the
story. Hospitals began to scramble for supplies'®'s, governments put out urgent calls to industry'®'® and some
institutions?, controversially?2?, shared a single ventilator with multiple patients.

The availability of ventilators, and the staff to support them, appeared even more precarious in less resourced
healthcare systems?®2* with the prospect of help from wealthy nations seeming remote. Even well-resourced
systems investigated the use of veterinary?® anaesthetic and transport ventilators to support ICU?6%”. Around
the world governments rapidly adopted new and more flexible approaches to emergency use authorisation for
devices capable of positive pressure ventilation. Government personnel reached out to engineers for advice,
often on a personal and informal basis. The United States Food and Drug Administration (FDA; March 13)%,
UK government (March 18)% and the Australian Therapeutic Goods Administration (TGA; April 7), provided
waivers® or clarification®' to existing guidelines. The UK “Specification for Rapidly Manufactured Ventilator
System (RMVS)"2 acted as a foundation for many teams.

By April there were real concerns that industry was going to be incapable of delivering the hardware that
the hospitals were going to need'®'4. Engineers and makers spanning the globe sprang into action®. While
much of this effort is opaque and unpublished, subject to concerns for intellectual property and corporate
interest, there was an explosion of interest in open-source approaches to ventilators®*34 and other pandemic
associated hardware'®. Competitions were initiated®. In excess of 100 open-source teams responded to the
perceived emergency®®.

However, as the pandemic unfolded it became apparent that the demand was not going to reach predictions,
despite many countries suffering multiple waves of infection. By late April initial worst-case estimates were
being wound down®, and by August the perceived ventilator shortage was essentially over.

A false alarm?

In retrospect, initial estimates were so wrong for several reasons.

Firstly, the public health measures were more effective than expected, enabling most countries to “flatten the
curve” or virtually eliminate it.
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Secondly, the indications for ventilating people with COVID-19 changed. Initial guidance in March of 2020%°
had called for avoidance of non-invasive ventilation and early intubation. This was largely motivated by the
desire to prevent aerosolisation of viral particles leading to infection of staff and others. However over the next
few months there was a gradual acceptance of the potential role of high-flow nasal oxygen®® and nasal CPAP,
providing that staff were provided with adequate personal protective equipment (PPE)%. By May, many authors
were beginning to seriously question the desirability of early intubation“®42. While data remained scant, there
was a growing realisation that the acute risks of ventilation-induced lung injury, ventilation-acquired pneumonia,
and difficulty weaning needed more consideration*2.

All through March and April 2020 many overwhelmed healthcare systems had been forced to defer intubation
because of limited capacity. The results of these natural experiments began to appear in the literature by early
June. One of the first case series*® compared four patients that had been intubated early with six following
patients who had been initially managed with high flow nasal oxygen and self-proning. While the intubated
group required a median of 12 days ventilation, only two of the second group required intubation and the length
of stay for this group was shorter overall. Many other case series of patients being treated successfully with
non-invasive ventilation and self-proning were soon published*42,

Concurrently, there was a realisation that COVID-19 induced ARDS was different to that observed from

other pathophysiological insults. COVID-19 ARDS generally followed the L type pattern with preserved
compliance, low recruitability*!4® and the so-called “happy hypoxia"®°. This realisation was not initially coupled
with a willingness to defer intubation; worrying evidence began to emerge that many patients were developing
pulmonary fibrosis®' and that mechanical ventilation might be an independent risk factor as a result of ventilator-
induced lung injury. Emerging medical treatments®2, notably remdesivir and dexamethasone, also probably
helped reduce the number of patients requiring invasive ventilation.

Finally, as the situation evolved, it rapidly became clear that ventilators alone would not be enough without
adequate staffing and consumables®®®*. It also became clear that the initial request for basic ventilators that did
not include the ability to synchronise was misguided?®.

By August 2020, fears of a ventilator short-fall had disappeared. The Australian government had taken delivery
of more than 2000 locally manufactured Notus ventilators® adding to an already significant stockpile. UK
manufacturers had rapidly produced 14,000 ventilators and the NHS had secured around 16,000 CPAP and
non-invasive ventilators®®. In the USA, Ford and General Motors delivered 80,000 ventilators to the national
stockpile, and began winding down their ventilator manufacturing®.

Did we learn anything in the rush?

Despite the relative brevity of the “Great ventilator rush of 2020", the episode triggered an unprecedented
public focus on ventilators, what they do, and how to make them. The resulting bloom of ventilator projects was
always admirable and well intentioned, generally creative but more than occasionally frightening.

This paper reports our observations of projects that set out to operate using an open-source framework. Those
seeking a more conventional discussion of ventilators and ventilation should refer to some of the recent texts on
the topic®®°. As the dust settles and with the half-completed relics of a sudden burst of activity left scattered
around internet repositories, we wonder if the world can extract anything useful.

The ventilator shortage occurred in a context where hospitals were likely to be overwhelmed. At the time it
seemed possible hospitals could become overrun with patients while simultaneously suffering a significant loss
of staff just as pallet loads of rapidly assembled ventilator hardware arrived on hospital loading docks.

So, in those early months of 2020 it appeared that we potentially needed millions® of non-existent ventilators
with the following unique requirements:

. Rapidly manufacturable without dependence on traditional supply chains.
= Avoid venting viral aerosols into the environment.

= Easy to use by overworked, inexperienced and fatigued staff.

= Capable of efficiently weaning patients.

Particularly the last two raise ongoing challenges.

OPEN-SOURCE HARDWARE

Well before the pandemic began, a collection of advances was disrupting traditional approaches to organising
intellectual projects and even hardware manufacturing.
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Open-source software-engineering practices have their roots in the 1950s and gained momentum with the birth
of high-speed computer connectivity. The world wide web of hypertext servers which now underpins the internet,
as most of us experience it, was built on software that had been written incrementally by coders who were either
unpaid or worked for organisations that gave away any intellectual property rights for their work. The so-called
“LAMP stack”, a set of open-source software used for web application development, was written entirely in this
manner and demonstrated the formidable capacity of open intellectual capability unshackled by copyright and
patents. Founded in January 2001, Wikipedia® had extended the open approach to the organisation of human
knowledge itself, rapidly surpassing the efforts of commercial competitors in many domains.

Underpinning these efforts are free and sophisticated version control systems, notably “git” software®' written by
Linus Torvalds, creator of the free computer operating system, GNU/Linux. The version control systems enable
multiple contributors to “fork” and “clone” files within “repositories”, propose edits via “patches” which project
leaders can review via “pull requests”. Git is freely available via several easy to use web platforms. In modern
software projects many repositories integrate continuously deployed automated tests which ensure that proposed
changes do not break existing functionality. Arguably, high-quality test frameworks are more valuable than the
code itself. While this level of automated testing is not possible in hardware projects, such sophisticated test
methodologies show that an open-source approach does not equate with chaos and poor quality.

Around the same time that Wikipedia entered household vernacular, there was growing attention to applying
these open-source approaches to hardware. Computer controlled manufacturing such as 3D printers, CNC
mills, and laser cutters have unlocked the ability to share designs across the world and then rapidly manufacture
them locally. Affordable and easy to use open-source microcontrollers, notably the “Arduino”, were soon
developed® making sophisticated electronic control systems widely available. Even though 3D printing is
comparatively slow compared to manufacturing at scale, it allowed rapid increases in localised production
capacity®. One university laboratory produced a large number of 3D printed face shields®®.

Publication of design files is not enough for a design to be truly open-source®. “Open-source” or “free-libre
open-source” designs and code require a license enabling others to legally use published designs without paying
fees or infringing copyrights. Truly usable practical open-source hardware designs additionally require publication
of accessible design source files, bills of materials, assembly instructions, wiring diagrams, all software, as well as
operation, production, calibration instructions, and documentation to facilitate regulatory approval®.

Publication of open-source designs allows potential review and feedback from a larger pool of expert reviewers
than when the design remains locked up in corporate or private repositories. If open-source teams use publicly
accessible repositories as they go along, publishing continuously, their work is discoverable and can inform any
related work, even if still a work in progress.

Open-source publication enables other teams to continue to refine designs after the initial project has
concluded. This enables multiple people separated both spatially and temporally to incrementally refine and
build complete designs. Furthermore, it is possible for teams to modify existing complete designs to account for
local conditions and constraints.

The urgency and over-shadowing supply-chain disruption in the early months of the pandemic made the open-
source approach even more attractive for the manufacture and supply of ventilators®*'333 diagnostics and
personal protective equipment’®.

The open-source ventilator rush

None of the authors joined a specific project team but instead aimed to assist the community working on open-
source ventilators where we could. Public Invention facilitated what we believe to be the most comprehensive
collation of open-source ventilator projects®®. This effort brought us into close contact with many teams and
makes us somewhat uniquely placed to reflect on the open-source ventilator supply efforts of early 2020.

Overall, despite all the invested energy, the results have generally fallen well short of the expectations of those
that started in the endeavours. While many things were done well® we observed obvious short-comings in the
activities. Others made similar observations333465,

Santos et al systematically reviewed 32 open-source ventilators in late 2020 in terms of availability of online
information, licensing and certification development status®®. They found that while all but one of the projects
they identified posted their production files on the internet, neither of the two projects that had published

in the peer-reviewed literature had also published their full production files. Only 14 of the 32 projects had
published testing guidelines, and only 11 had published operation manuals. Most of the projects had some kind
of appropriate licencing. Twenty-six teams had made prototypes and eight had performed some kind of human
testing. Five projects had been granted some kind of regulatory approval. We are not aware of any actual
clinical use of the open-source ventilator projects of 2020, however at least one open design was modified and
entered commercial production®.
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As of 20 March 2021, 84 ventilators of various types have received FDA Emergency Use Authorisation (EUA).
However only a handful of open-source ventilators achieved EUA and these were all the bag-squeezer type
ventilators without capacity to support synchronized breathing. It is unclear if any of these were ever deployed
and used clinically.

Globally rapid initiation
One of the most impressive aspects of the open-source response was the speed of the initial response. We

observed inventors, makers and humanitarian engineers, many idled by lockdowns, globally applying their
creativity to this problem almost immediately®® with consortia and organisations appearing virtually overnight®¢-68,

The efforts were often international from inception and were founded in Europe, North America, South America,
Asia, and Africa. Many caught public attention®. International co-operation seemed to be taken for granted.

Government facilitation and regulation

Most participants in open-source projects have no experience with practices needed for regulatory approval.
Regulatory experts provided some advice but were in short supply. We repeatedly observed engineers
concerned about liability and intimidated by fear, uncertainty, and doubt (FUD) around the law of liability and
open-source licensing.

Volunteer open-source efforts predictably struggled to navigate even the reduced regulatory requirements.
However, it is clear that the regulators were not an unreasonable barrier as multiple non-open-source products
were given approval. Between 25 March and 23July, the FDA would provide EUAs for 71 different ventilators™.
By 31 January 2021, the Australian TGA had permitted three ventilators under an emergency exemption’’. Notably
only one of the three TGA permitted ventilators apparently supported synchronised ventilation, but the TGA noted
that the manufacturer had not provided validation data. The exemption ceased on 31 January 2021 with the TGA
strongly recommending caution in their use as they have not had their safety or performance fully tested”".

While it seems that volunteer efforts are unlikely to ever by themselves cross this hurdle it is certainly possible
that with enough time teams could lay the foundations for regulatory approval.

Internet as an enabler

COVID-19 exposed the relatively glacial pace of the academic peer-reviewed approach to literature. While
the traditional journals continued to play a vital role, the speed of the crisis led many to rely on internet-
based communication'.

As the pandemic erupted, large non-profit and commercial organisations rapidly adopted modern remote
collaboration tools such as sophisticated chat clients (like Slack and Discord) and video conferencing (like
Zoom, Google Meet, and Skype). Shared git repositories and open documents that could be commented on
by the general public were extremely effective, with minimal vandalism. Gaps in medical knowledge of the
engineering community were addressed by rapidly organised virtual conferences, a widely-read briefing
document™ and peer-reviewed publications™.

Misalignment between effort and publication

Many teams declared themselves open-source, but in fact delayed sharing reproducible details of their work
or closed-sourced their work in response to investors or FUD. This persistent issue was observed early on®.
This may have been due in part to inadequate resources as many teams did not successfully recruit sufficient
technical writers, outreach coordinators, project managers, graphic artists, social media experts.

Conversely some engineering teams, perhaps supported by overly enthusiastic public relations teams,
published videos and demonstrations early on but then never followed through with technical publications in
any form®,

Medical knowledge limitations

Effort and time was required to bridge the gap between the vocabulary and practice of the engineering
and medical communities. Medical and engineering jargon differ significantly. Individuals fluent in both were
extremely valuable. Even measuring pressure in cmH,O was quaint and arcane to many engineers. Non-
standard naming conventions further added to the confusion’.

Most engineering teams reported making noble, if somewhat unsuccessful, efforts to enlist true medical
professionals to provide advice. However, many doctors were too busy treating patients to participate,

and many engineers were reluctant to do the necessary learning outside their expertise. Many doctors
communicated individually to engineering teams. However, this effort was based on personal relationships and
often not shared outside those teams. There was no worldwide doctor-to-engineering interface. As a result,
many engineers started from a standing start.
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There were initially few open-source designs to build upon”7” and none that laid the foundation for a ventilator
that could compete with the features of modern ICU ventilators. Many engineers succumbed to the temptation
to build before fully understanding the clinical nature of the problem.

Changing understanding of both disease and requirements

While very helpful, the early government specifications were vague and conflicting. Neither the 18 March UK
RMVS?®, nor the 7 April Australian TGA guide® emphasised the requirement for supporting spontaneous
breathing. It was not until 10 April that the UK revised the RMVS to stress the desirability of supporting
spontaneous ventilation. By then many teams had locked in a design architecture and most would never
change direction.

The reluctance to change designs was compounded by an initial failure to appreciate that providing ventilator
support to patients requires much more than just a physical ventilator®*. Thus, there was a general trend for
many open-source teams to aim for hardware that was extremely cheap to manufacture. As a result, many
designs were underpowered™ and unlikely to ever support synchronised respiration. Ventilators without a
synchronised mode require keeping patients deeply paralysed and sedated leading to prolonged weaning.
The resulting prolonged ventilation would have led to even greater strain on staffing and drains of therapeutic
oxygen and other scarce consumables.

Supply chain issues

Outside of the engineering teams’ control, the worldwide supply chain was shown to be opaque and fragile.
For example, a single firm, Sensirion, created flow sensors that were widely relied upon. Although they

made an extraordinary effort to increase production, there was a noticeable worldwide limitation of flow
sensors. During the rush our teams personally experienced delays of several months securing small research
quantities of these components.

There is no entity that can collate demand effectively when the crisis is too acute and chaotic for normal
marketing and purchasing procedures. Buyers, who are never monolithic, were hesitant to discuss demands
for untested and unfamiliar products in a time of crisis. The potentially short-lived and chaotic nature of demand
spikes and supply shortages made businesses reluctant to commit to increasing supply of rapidly developed
new products. Previously initiated supply chain resilience efforts”™ were redoubled.

Commercial efforts

Neither journalists nor those working in the open-source space were granted insights into the production
schedules of corporations. Commendably, on 30 March, Medtronic published the design for the Puritan
Bennett 560 ventilator® but stipulated that any ventilator hardware based on the design®' be labelled “for use
only in the pandemic”.

Safety and compliance

Safety and compliance are at the core of all medical devices throughout their lifetime. Modern ventilators are
complex devices with mechanical, electrical and software components that have to meet a comprehensive set
of safety standards (see Box 1). This daunting and opaque process was made more transparent for engineering
teams through continuous education by peers, experts, industry publications, and a virtual conference was

held on Quality Assurance and Regulatory Compliance™. ISO and IEC also generously released a number of
relevant standards to support global COVID-19 efforts®283,
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Box 1. Ventilator standards for ventilators?®*

. 1-62 ISO 5356-1 Third edition 2004-05-15
Anaesthetic and respiratory equipment - Conical connectors: Part 1: Cones and sockets

. 1-98 ISO 80601-2-12 First edition 2011-04-15
Medical electrical equipment - Part 2-12: Particular requirements for the safety of lung ventilators -
Critical care ventilators [Including: Technical Corrigendum 1 (2011)]

. 1-129 ISO 5359 Fourth edition 2014-10-01
Anaesthetic and respiratory equipment - Low-pressure hose assemblies for use with medical gases
[Including AMENDMENT 1 (2017)]

. 1-130 ISO 18082 First edition 2014-06-15
Anaesthetic and respiratory equipment - Dimensions of noninterchangeable screw-threaded (NIST)
low-pressure connectors for medical gases [Including AMENDMENT 1 (2017)]

. 1-134 1SO 18562-1 First edition 2017-03
Biocompatibility evaluation of breathing gas pathways in healthcare applications - Part 1: Evaluation
and testing within a risk management process

L] 1-135 ISO 18562-2 First edition 2017-03
Biocompatibility evaluation of breathing gas pathways in healthcare applications - Part 2: Tests for
emissions of particulate matter

. 1-136 1ISO 18562-3 First edition 2017-03
Biocompatibility evaluation of breathing gas pathways in healthcare applications - Part 3: Tests for
emissions of volatile organic compounds

. 1-137 ISO 18562-4 First edition 2017-03
Biocompatibility evaluation of breathing gas pathways in healthcare applications - Part 4: Tests for
leachables in condensate

. 1-1381S0 80601-2-74 First edition 2017-05
Medical electrical equipment - Part 2-74: Particular requirements for basic safety and essential
performance of respiratory humidifying equipment

. 1-146 1SO 80601-2-12 Second edition 2020-02
Medical electrical equipment - Part 2-12: Particular requirements for basic safety and essential
performance of critical care ventilators

Any material used in the airway needs to be tested for biocompatibility to ISO 185628°, leading many teams
to design automated squeezers for existing self-inflating bags. Polyvinyl chloride (PVC) plastic plumbing parts
were also a popular choice with pandemic ventilator teams. However, the TGA Ventilator specification for
COVID-19%° forbids the use of PVC. Phthalates (plasticisers) and common building materials are a known risk
for respiratory and allergic effects®®. Ultimately the product gas needs to be tested to demonstrate it contains
no harmful by-products.

Although much knowledge was shared and many promising prototypes were developed, the cost and
complexity to take a medical device through the regulatory approval process to market still presents a significant
barrier. The creation of free open-source software (FOSS) and hardware (FOSH) safety and compliance tools
and continued education could help accelerate future development of open-source medical devices.

MANUFACTURING

With lockdowns hindering traditional manufacturing processes, many teams turned to low-cost 3D printers to
manufacture parts for prototyping and in some cases for end-use. A popular workflow was to design parts in
free CAD software and share the designs online, which could then be downloaded and printed anywhere in the
world. This allowed for rapid design iterations and high levels of collaborative problem solving.

3D printing technology is being widely adopted in the medical field for a multitude of uses®”. The most common
type of 3D printer is Fused Filament Fabrication (FFF) where a thin plastic wire is extruded repeatedly in layers
to build a 3D part. Polylactic acid (PLA) is the most popular plastic used in FFF printers because of its low
melting point, however this also makes it difficult to sterilise. High end FFF printers can print polycarbonate and
polyether ether ketone (PEEK), which may be steam sterilised, but challenges remain in the 3D printing process
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such as ensuring air-tightness between the printed layers and maintaining a clean-room level manufacturing
environment. Despite these challenges, 3D printing was successfully used in low-risk use products such as
face-shields®®.

THE RELICS OF THE RUSH

One of the biggest take-aways from early 2020 was the importance of making ventilators that were optimised
for use in sub-optimal contexts®*.

As the pandemic passes we can imagine future situations where easier to use ventilators could still save
lives, in a similar way that automated defibrillators appear to have®. Currently powerful microcontroller boards
and small touch screens are available for a few dollars. Yet many pandemic ventilators were designed with
technological approaches that date to 1940s, or 1970s at best. Even though fully featured modern ventilators
provide excellent graphics and descriptions of sensor readings out of range, they do not use these enhanced
capabilities to specifically guide on how to clinically respond to measured ventilation parameters.

There are numerous opportunities to aid inexperienced, overworked or fatigued doctors and nurses with

clearer guidance and automated control. Conditions such as bronchospasm, pneumothorax, patient-ventilator
asynchrony (PVA), disconnection and tube kinking all have readily identifiable impacts on sensor readings. In
some cases, adding decision support would be quite simple. Thus, it is probable that ventilators do not report

a differential diagnosis, yet alone treatment suggestions, simply because designs assume that the ventilators
would only ever be used in the presence of highly trained doctors and nurses. Other decision support
algorithms will be more challenging. For example, managing PVA is complex®®®! and unreliably managed even in
well-resourced ICUs®%2,

Recognising this need, and the opportunity to channel the expertise developed by many during the rush, we
initiated VentOS, a project with the mission:

“To create a free and open-source software library and embedded operating system to enable
engineering teams to develop safe and effective invasive and non-invasive ventilators for diverse
contexts."%®

This project, still in early phases of development, continues to work closely with the open-source ventilator
teams that are continuing to develop their devices.

Others have long recognised computer based protocols®, or more recently, smarter ventilators, could assist
everyday management even in well-resourced services®'%. Importantly during the resource constraints of a
pandemic, ventilator-based decision support offers the prospect of efficient weaning™'. Even when protocols
are clearly defined, new alternatives continue to evolve™©?'%%, but experience has shown poor adherence

with paper-based protocols®®'%. Integrating some algorithms into computer code would facilitate rigorous
evaluation and subsequent deployment of such new ventilatory approaches. The support could come initially in
an “open loop” form where a clinician needs to actuate each suggestion, before possibly moving on to “close
loop” systems®®. Already a promising field of ICU research across many fronts'®, increasing focus on artificial
intelligence and machine learning is likely to increase the pace of change.

While trials using computer based protocols are ongoing'®, patents have limited application of some
approaches®® and it is possible that an open-source approach to algorithms may enable more rapid deployment
and development of advanced algorithms. There currently exists no open platform on which existing protocols,
or those that are emerging, can be efficiently deployed across existing ventilator hardware. It is an open
question whether best-practice open-source software, possibly based on the ongoing VentOS project, could
change this.

NOTABLE HARDWARE APPROACHES AND DESIGNS

Whatever else may have been missing in the great ventilator rush, creativity was abundant. A number of
heterodox solutions were explored.

By far the most common approach adopted was to make a mechanical bag squeezer. This was unfortunate.
Pre-pandemic open-source designs already existed’®”” and numerous teams followed this lead. For the
non-medical personnel, the appeal of taking the relatively cheap, safe and ubiquitous self-inflating bag and
mechanically squeezing it was hard to resist. Given that these devices typically came with FDA approval, many
believed that simply enclosing one in a squeezing mechanism would be practical and avoid bio-compatibility
issues in the airway.
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There are two core problems with using self-inflating bags. Firstly, the bag itself has complex compliance
mechanics that will vary between manufacturers and over time. Reliable detection of mechanical ventilation will
be difficult as the bag re-inflates, effectively mimicking patient respiratory effort. There appear to be no reports
of attempts to evaluate a bag-squeezer in a synchronised mode.

The other fundamental flaw with mechanical bag squeezers is that these devices are not designed to cope with
the mechanical stress of prolonged use, particularly continuous flexing in exactly the same location, which may
eventually result in fatigue failure. Splitting of the bag at some random time, possibly 3am, is a significant risk.

The ARMEE device'”, a reconstitution of a design from the 1960s' is one of the more intriguing proposals. It
was developed by the US Army for emergencies, and attracted early attention because of the ability to 3D print
or mill these devices, literally in the millions. It has no moving parts or electronics, simply a pair of adjustment
screws. It works purely on fluidic control of a flow of gas, weighs under 250g and is less than 20 by 50 by
90mm in size. Initial research by the US Army found that, in order to deliver a 6L/min minute volume, the device
requires a driving gas at 150cmH,O and 28L/min. Because medical gases continue to flow during exhalation, it
wastes therapeutic oxygen (see Figure 1).

Figure 1. Flow analysis of the ARMEE vent device, illustrating the fluidic control of flow during
inspiration (left) and expiration (right)

We have seen no reports of its practical use in a clinical setting but suspect that the interaction between patient
physiology, efforts and alterations in driving pressure could prevent precise control of parameters such as rate,
positive end-expiratory pressure (PEEP), inspiratory to expiratory (I:E) ratio and peak inspiratory pressure (PIP).

Smith Vent'*®, by engineering alumni and friends of Smith College in Massachusetts was one of the outstanding
projects, winning a major competition''°. The Smith Vent, like the People’s Ventilator Project'"", uses standard
high-pressure medical oxygen and air supplies that it blends using two solenoid valves and a reservoir before
fine controlling inspiratory flow with a proportional solenoid valve. Expiration is controlled with another solenoid
valve and adjustable PEEP valve. The device incorporates a touch screen, three separate pressure sensors and
dual flow sensors all orchestrated by a microcontroller (see Figure 2 and Figure 3).
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Figure 2. Schematic of the Smith Vent
Source: https://github.com/SmithVent2020/circuit-control/blob/master/images/system-diagram.png

Smith

Ve nt

Wall Supply

Air
Filers=Y ) Adjustable
PEEP Valve

Vent

Solenoid
Valves ]

Proportional

Power
Switch

Reservoir

‘ Pressure Sensors.

Solenoid Valve

Mechanical Valves

[ etectrical components

DFil(ings/ Plumbing
[ Etctro-Mechanical vaives
[ Converter | | Microcontroller
(O] i

1=}
[ motchsreen N (eo: pressure

HEPA/HME
Relief Valve A

o1

T0
PATIENT

Master System Diagram

Figure 3: Rendering of Smith Vent design

Finally, recognising the need for a low cost testing device, a ventilation test and monitoring device, the
VentMon''?, was developed in March 2020 with volunteers by two of the authors (BC,RR). The VentMon is a
FOSH device using standard 22mm connectors to enable ventilator developers to record flow, pressure and
oxygen concentration waveforms in order to test and evaluate a ventilator. The design exemplifies a modular
approach where potential a single specialised component may then support other hardware designs. The
VentMon was funded by two flash grants and given away to open-source ventilator teams.

CONCLUSION

“The great ventilator rush of 2020” drew global attention to the urgent need to rapidly make millions of obscure
and complicated medical devices. Ultimately, the open-source ventilator efforts were gallant but failed to deliver
operational hardware beyond a few test items. It is our view that the natural desire to be a hero, the difficulty in
communication, lack of organisation and the pandemic “fog of war” led multiple isolated teams to rush towards
“the” solution without producing useful components. The “not-invented-here syndrome” further compounded
duplication of effort.

Comparing the open-source PPE efforts with the ventilator efforts is illuminating. Humanitarian crafters and
makers effectively produced PPE in large quantities. One non-profit organisation alone provided over 39 million
face shields, gowns, and cloth masks''®. These items are far simpler to design and manufacture than ventilators
and were able to more readily bypass strict testing requirements that ventilators cannot escape.

Certainly, the open-source community demonstrated a willingness to follow leadership which is perceived as

unbiased, competent, and ungreedy — but this does not automatically make such leadership appear. In order
to be effective, the effort requires individuals able to understand both medical and engineering needs who are
willing and able to provide sufficient time to lead teams.
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Based on this learning and experience, we suggest that in the future, open-source teams:

Identity and solve reusable, modular, composable pieces of the total problem.
Be open from day one. Publish early and often so that other teams can discover what you are doing.

Seek out other aligned teams and organizations and allocate resources to communicate with and act as
ambassadors to them.

Expect that requirements, needs, and understandings will change and be prepared to stop and reverse
direction.

Be humble. Small, well-documented and published contributions add up and increase the chance of
saving lives more than complete solutions which are never deployed or published.
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Dr Ben Korman has had a longstanding research interest in the uptake and distribution of anaesthetic agents.

This article is based on material in a thesis by the author entitled “Modelling of gas exchange in the lung during
nitrous oxide anaesthesia,” submitted in fulfilment of the requirements for the degree of Doctor of Philosophy at
The University of Western Australia, 2020.

INTRODUCTION

While preparing for the Part 1 exam during my first year as an anaesthesia registrar at Royal Perth Hospital in
1974, | came across a diagram used by Edmond Eger to explain certain aspects of gas uptake during nitrous
oxide anaesthesia. Eger was one of the pioneers in the field of pharmacokinetics of anaesthetic gases. Indeed,
his name is almost synonymous with the subject. Over the years, the diagram had been used repeatedly by
Eger and many other authors and still appears in some anaesthetic textbooks today.

| was at first captivated by the diagram but over time, | began to feel there was something wrong. My suspicions
were confirmed when a friend pointed out a flaw. If Eger’s diagram was wrong, then what was the correct
diagram? It took me many years to sort out the puzzle. This is the story of my search for the answers. It involves
several prominent figures who have made a lasting impact on our specialty: Seymour Kety, Edmond Eger and
William Mapleson.

KETY’S THEORY OF INERT GAS UPTAKE

In 1951, Kety published what is generally acknowledged to be the first comprehensive review of inert gas
exchange in the lungs and tissues'. An inert gas merely dissolves in blood and does not interact with it
chemically. Our anaesthetic gases are believed to behave in this way, so his findings were very relevant to

our speciality. He identified factors which determine the rate of gas uptake and indicated the direction to

be followed in subsequent research. Although Kety realised that body tissues could not be treated as a
homogeneous tissue mass, the simplest solution was achieved by making this assumption with respect to blood
flow and solubility. Importantly, Kety's solution predicts that during washin, the alveolar/inspired concentration of
anaesthetic, F4/ F1, is independent of the inspired concentration, Fi.

ANAESTHETIC UPTAKE IN PERIPHERAL TISSUES

In the period between 1951 and 1963 anaesthetic interest was directed at refining Kety's solution to improve
the fit to experimental data. Copperman, cited by Kety, allowed for the division of the body into a number of
compartments’. The tissue/blood partition coefficient of each tissue compartment could then be adjusted
appropriately, instead of assuming a value of 1 as Kety had done. The blood flow per unit of tissue volume was
the same in any one compartment but differed from one compartment to another.

The solution of the relevant equations was complicated by the huge number of calculations required and was
initially achieved using an electric analogue. Although several analogues were presented at a gathering of
experts invited to a famous conference in 1962, the first electric analogue was probably that of Mapleson?.
His paper was submitted to the prestigious Journal of Applied Physiology on 4 December 1961 but was not
published until January 1963.
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EGER'S MATHEMATICAL MODEL

At the conference in 1962, Eger produced a mathematical model of uptake and distribution of anaesthetic gases®“.
We can summarise the relevant parts of his model as follows 2:

VL' an-1+ V]oFl—un+FIoun

Cg = 4]
n VL
Ch «QOT+u
Cbnz n-1 .Q n (2)
or
Ch,
A= " @®)
Cg

where:
an = concentration of anaesthetic agent in gas phase at the end of the n'" breath
Cbn = concentration of anaesthetic agent in blood at the end of the n'" breath

VL = volume of air present in the lungs at the end of passive expiration®

V1= volume of inspired gas mixture delivered during the n" inspiration
p g [¢] p

u = uptake of anaesthetic gas during the n* breath

Q = pulmonary blood flow

T = duration of each breath

}\, = blood/gas partition coefficient

The numerator of Equation 1 states that the volume of the anaesthetic gas present in the lung at the end of the
n™ breath (Cg) is equal to the volume of anaesthetic gas present in the lung at the beginning of the n" breath
(V,+Cg,,) plus the volume of the anaesthetic gas brought in during the breath (Ve F1) minus the volume of
anaesthetic gas absorbed by equilibration with blood (u,) plus the volume of extra fresh gas mixture drawn in to
replace the volume of anaesthetic gas transferred to blood (Freu ).

Equation 3 is the form of Henry's Law commonly used in anaesthesia and respiratory physiology to describe
the behaviour of inert gases. From his model, Eger predicted that F4/ F7 would rise more rapidly for higher
values of F7. This is shown in Figure 1 and was subsequently confirmed experimentally®. He named this
phenomenon the concentration effect because it is significant for agents administered at high inspired
concentrations, particularly if the agent is very soluble in blood. In Figure 1¢, the effect is seen to be greater
for the more soluble agent, ether, than for nitrous oxide.

a Eger included corrections for temperature, humidification and volume of lung tissue but these are not critical to the
discovery of the concentration effect and resulted in his model becoming unnecessarily complicated. We do not
include them here as inspired gas is considered to be fully humidified at 37 deg C and we use the fractional concentration in
dry gas as our measure of concentration.

b This is the functional residual capacity, FRC.

¢ For copyright reasons, this diagram and several others in this paper are simulated using inputs from the original
publication in a new computer model. Dr Ranjan K Dash, Professor of Bioengineering and Physiology, University of
Wisconsin, kindly assisted me in solving the relevant equations in MATLAB.
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Figure 1. The concentration effect

Alveolar concentration as a fraction of inspired concentration for inspired concentrations of 1%, 40%, 75% & 100% N,O and
1%, 40% and 75% ether during washin. Simulated using a model with inputs based on Eger’s original material*.
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THE SECOND GAS EFFECT

Because it is a weak anaesthetic agent, it is common to supplement nitrous oxide with low concentrations of a
more potent volatile anaesthetic. Using mixtures of nitrous oxide and halothane, Epstein et al® showed that when
the concentration effect is in operation, it may accelerate the rise of 4/ FI for a second agent administered
simultaneously (Figure 2). Although the inspired concentration of halothane was the same in both cases, Fa/ Fi
rose more rapidly in the presence of 70% nitrous oxide — the second gas effect. This effect was interpreted by
the authors to be the result of the additional respiratory inflow secondary to the absorption of nitrous oxide at
higher concentrations, that is, the term /7« 1 in Equation 1 above. The effect was subsequently documented for
oxygen’ and carbon dioxde®.

Figure 2. The second gas effect

Simulation of the experiment by Epstein et al® using a model with inputs based on the original investigation in which 0.5%
halothane was administered to dogs anaesthetised with pentobarbital using one of two possible anaesthetic mixtures. One
mixture included 70% nitrous oxide, the other, 10% nitrous oxide d
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d The original article may be viewed at: https://anesthesiology.pubs.asahq.org/article.aspx?articleid=1966256.
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AN ADDITIONAL EXPLANATION FOR THE SECOND GAS EFFECT

In a subsequent investigation, Stoelting and Eger equilibrated dogs with low concentrations of ethylene,
cyclopropane or halothane in oxygen®. The inspired gas composition was next changed abruptly to a mixture
containing 70% nitrous oxide, the equilibrium concentration of the second gas and oxygen. F for the second
gas was then observed to rise above Fi (Figure 3). The authors argued that an increase in the inspired
ventilation could not explain these results as it would oppose the rise of 4 above F71. They postulated that an
additional factor, a concentrating effect must be involved. They illustrated their results by modifying a diagram
previously employed by Eger to explain the concentration effect®.

Figure 3. The additional explanation for the second gas effect

Simulation of experiment by Stoelting and Eger® using a model with inputs based on the original investigation in which dogs
were equilibrated with low concentrations of ethylene (blue, A = 0.14), cyclopropane (green, A = 0.415) and halothane (red, A
= 2.3) in oxygen. At the time indicated as zero, the inspired gas composition was abruptly changed to a mixture of 70% nitrous
oxide containing the previous concentration of second gas. The balance of the inspired gas mixture consisted of oxygen.

The alveolar concentration of each second gas was then observed to rise above the inspired concentration. Ventilation was
controlled with a volume-limited ventilator ©.
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THE EGER-STOELTING DIAGRAM®

Figure 4. Diagram of hypothetical lung used by Eger and Stoelting to explain the concentration
and second gas effects
Reproduced from Stoelting and Eger® with permission from copyright owners Wolters Kluwer Health Inc.
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The revised diagram was now used to explain both the concentration and second gas effects. Since its first
appearance in Anesthesiology in 1969 it has been reproduced in numerous anaesthetic textbooks whenever
the effects are discussed. The explanation in the caption given by the authors is as follows:

e The original article containing this diagram may be viewed at https://anesthesiology.pubs.asahq.org/article.
aspx~articleid=1965202

Is one picture worth 1000 words? How discussions of gas uptake in the lung have been compromised for decades by a single diagram 43

“The hypothetical lung initially contains 80% nitrous oxide, 19% oxygen and 1% second gas.

A - the concentrating effect. If half the nitrous oxide is taken up, the remaining second gas now represents
1.7% of the total gas volume, while before it represented only 1%. Consequently, the second gas has been
concentrated in a smaller gas volume and its alveolar concentration increases.

B - the increased inspiratory ventilation. This is necessary to maintain lung volume. The inflowing gas contains
the same proportions of nitrous oxide, oxygen and second gas as the gas originally present. Although this
additional ventilation increases the nitrous oxide concentration from 66.7% to 72%, it dilutes the previously-
concentrated second gas and diminishes the magnitude of the second gas effect”

No doubt Eger believed the diagram to accurately reflect the steps in his mathematical model. Sadly, as we will
now demonstrate, this was not the case. Notice that as the rule for equilibrating nitrous oxide with blood, Eger
is postulating that half the nitrous is taken up. However, the rule is only applied to the initial gas. The extra gas
brought in to replace the nitrous oxide taken up by blood is left unequilibrated in the lung. Looking at Equation
1, we can see that the extra gas is included in the calculation of Cg, which is itself then equilibrated with blood
in Equation 3. Therefore, the diagram and the model are not the same.

Moreover, the notion of gas sitting for any length of time in the lung, unequilibrated with blood is incompatible
with the basic assumptions of inert gas exchange, a well-known fact by1969'". Equilibration with blood leads
to the situation shown in Figure 5'2. The starting situation is shown on the left of the figure. Now however, the
extra-inspired ventilation has been added to the original volume V giving a total volume of 1%; V. Nitrous oxide
comprises 80% of the total volume or 1Y4 V. Following proper equilibration with blood according to Eger's
formula that half the nitrous oxide be taken up, %3 ¥ of the nitrous oxide disappears into blood leaving %,
behind in the gas phase.

Figure 5. Correctly equilibrated version of the Eger-Stoelting diagram
Reproduced in modified form from Korman'2.
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THE EXTRA-INSPIRED VENTILATION

From the time he first gave his explanation of the concentration and second gas effects, Eger routinely invoked
the twin mechanisms of the concentrating effect and the extra inspired ventilation. Presumably because the
concentration effect was greater with the more soluble agent ether than with nitrous oxide', he postulated that
the extra-inspired ventilation is more important for more soluble agents, while based on the findings shown in
Figure 3, the concentrating effect is more important for less soluble agents. Thus, the extra-inspired ventilation
became a standard component of discussions of these effects with the clear message that it is always present.

A MATTER OF RELATIVITY

The question of whether an extra-inspired ventilation is always a part of gas exchange was the subject of
many conversations with my friend lan Ritchie. Ritchie was then an Associate Professor of Chemistry at the
University of Western Australia. He pointed out that it depends where the observer is located. If the observer
is located at the alveolar-capillary junction, large volumes of different gases are constantly flowing in both

f This depends on how one measures the concentration effect. It is possible to show that when inspired concentrations are
chosen so as to produce a similar contraction in gas volume, the effect is actually greater for the less soluble agent, nitrous
oxide. This involves using 25% ether in a comparison with 70% nitrous oxide.


https://anesthesiology.pubs.asahq.org/article.aspx?articleid=1965202
https://anesthesiology.pubs.asahq.org/article.aspx?articleid=1965202
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directions. During induction of anaesthesia with a gaseous agent, the net movement of anaesthetic gas is
into blood. The observer stationed there will perceive that more anaesthetic gas is drawn down the airway to
replace that taken up by blood. This must always occur at the interface between gas and blood if anaesthetic
uptake is to proceed without interruption.

However, we anaesthetists are not stationed at the alveolar-capillary membrane. We are standing beside our
patients and observing events from the outside. This is associated with a different perspective which will now
be considered.

RESPIRATORY PATTERN DURING N20 ANAESTHESIA

Kety', Mapleson? and Eger® all treated the functional residual capacity (FRC) as remaining constant during
anaesthetic uptake. Any changes in volume due to gas uptake can then only be reflected in such models by
differences between the inspired and expired ventilation. In particular, V14, the inspired alveolar ventilation, must
exceed V4, the expired alveolar ventilation. This gives rise to two possible extreme patterns of respiration.
These have been named constant inflow and constant ouflow®.

Constant inflow
In this pattern, the inspired tidal volume is kept constant and the expired tidal volume allowed to vary, reflecting

the gas uptake during the breath.

Figure 6. Constant inflow

Reproduced with permission from Korman and Mapleson'®.

In Figure 6, each pair of vertical lines represents the volume of an inspiration followed by the accompanying
expiration. Inspiratory volume is the same for each breath. Expiratory volume varies, depending on the net

gas volume uptake during that breath. The first pair of lines shows the situation before the anaesthetic gas is
introduced when the difference in volume is due to oxygen uptake exceeding carbon dioxide output and is so
small as to be imperceptible. Thereafter, the differences between inspiration and expiration become apparent
as large volumes of nitrous oxide are taken up by blood during induction with 70% N,O. As anaesthetic washin

proceeds, F4/ F1 approaches 1 and the expired tidal volume slowly returns to its pre-induction value. The situation
is approximated clinically by a constant volume ventilator which delivers the same volume with each breath.

Constant outflow

At the other extreme, we have a constant outflow pattern in which the expired tidal volume is fixed, and the
inspired tidal volume allowed to vary.

Figure 7. Constant outflow
Reproduced with permission from Korman and Mapleson'®.

In Figure 7, the second line in each pair represents the constant expired tidal volume. To maintain the expired tidal
volume constant, it is necessary for the inspired tidal volume to exceed it. The amount by which the inspired tidal
volume exceeds that expired is the volume of nitrous oxide uptake during that breath. This volume is indicated by the
stippled area and may be thought of as being drawn into the airway to maintain the sum of the FRC and expired tidal
volume at a constant value. We can therefore identify this gas as Eger’s extra-inspired ventilation.

g The terms “constant inflow” and “constant outflow” were first suggested by Professor Alex Robertson, Foundation Professor
of Mathematics at Murdoch University, Western Australia.
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This pattern is approximated clinically by a spontaneously breathing subject attempting to maintain a constant
arterial Pco,.

EGER’S CONSTANT INFLOW MODEL

It is important to note that while Eger produced equations of the form of Equations 1-3 for the constant
outflow case (which he equated to a nonrebreathing system"), he also produced the following equation for the
constant inflow case:

V,eCg +VieFi—u

Cg = @
V,+VieFi—u,

Equations 2 and 3 were applied as before. On rearrangement, this system of equations gives rise to a quadratic
equation which is solved for u . In this system also, the higher the inspired concentration, the more rapid the
approach to the final concentration but not as fast as with Equations 1-3%. Eger attributed the reduction in rate
to the limited inflow associated with the use of a circle system'. He commented that the solution “is not difficult,
but cumbersome”.

RESPIRATORY PATTERN AND THE EGER-STOELTING DIAGRAM

After gas in the lung is fully equilibrated with blood, we may draw the following version of the corrected
Eger-Stoelting diagram to illustrate the difference between the two extreme respiratory patterns'. In Figure

8, we have again applied the rule that half the nitrous oxide be taken up. Note that the constant inflow case is
associated with a smaller uptake of nitrous oxide than the equivalent constant outflow case (160 ml compared
with 267 ml). This is a feature of constant inflow and reflects the limitation on inflow referred to by Eger. When
we apply the rule that half the nitrous oxide be taken up, the final concentration is the same with both patterns.

Once the FRC is fixed, the only possible patterns are constant inflow, constant outflow and all combinations
thereof. Since the concentration effect occurs in both extreme cases, it follows that it must occur in all
combinations thereof. But there is no extra-inspired ventilation with constant inflow. As a result, the extra-
inspired ventilation cannot be credited with causing the concentration and second gas effects. Instead, we
must look for some other property common to both constant inflow and constant outflow. That property, evident
in all our figures from Figure 4 to Figure 8, is a shrinkage in volume and the associated concentrating effect.
Thus, we conclude that the concentration and second gas effects are always caused by the concentrating
effect that accompanies net gas volume uptake.

Figure 8. Constant inflow and constant outflow using Eger’s diagram
Reproduced with permission from Korman & Mapleson'.

A-B: Inspired tidal volume is kept constant and equal to 400 ml. C-D: Expired tidal volume is kept constant and equal to 400
ml. BE = Before Equilibration; AE = After Equilibration. The gradations on each side of the y-axis occur at intervals of 20% of
the inspired tidal volume for each case, that is at intervals of 80 ml for the constant inflow case and 133.3 ml for the constant
outflow case.
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h This is incorrect as a non-rebreathing system used with a constant volume ventilator actually has a constant inflow pattern.

i Again, this is wrong since a subject breathing spontaneously on a circle system with an adequate fresh gas flow will have a
constant outflow pattern of respiration.
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SHOULD EGER HAVE KNOWN?

Eger’s presentation at the 1962 conference chaired by Papper and Kitz was immediately followed with a
commentary given by Herbert Rackow'. He referred to previous work published by his group in 1959 in the
Journal of Applied Physiology in which the authors described the performance of different ventilators during
emergence from nitrous oxide anaesthesia'®. In doing so, he actually presented the constant inflow and
constant outflow patterns. He went on to comment that he thought this was part of Eger’s concentration effect.

Strangely, neither Eger nor Rackow seems to have made the connection. For year after year, Eger went

on explaining the concentration effect, repeatedly using his diagram and always invoking an extra-inspired
ventilation. In 1971, Rackow finally described the situation during induction of anaesthesia with the different
ventilators,'® but the different respiratory patterns he described received little further attention and gradually
faded into history.

In 1974, | came across Eger's diagram in Scurr and Feldman'’s Scientific Foundations of Anaesthesia'’. At

the time, | was a junior registrar in the Department of Anaesthesia at the Royal Perth Hospital. The diagram
appealed to me — so simple, so elegant! It was only a year or so later that | became suspicious of the diagram
and asked lan Ritchie if he could see any flaw in the reasoning. He came back to me after 2 two weeks and
pointed out the failure to equilibrate the extra-inspired ventilation. It took many more years to “join the dots”
and | finally presented a talk entitled “The vacuum theory of anaesthesia” at the 1996 World Congress of
Anaesthesiology in Sydney. In the talk, | focussed on the message conveyed by Eger’s diagram, the message
that there is always an extra-inspired ventilation during nitrous oxide anaesthesia and asked the question “How
can this be when most of us use a constant volume ventilator during anaesthesia?”. Edmond Eger and John
Severinghaus! were both present.

By this time, | had approached Bill Mapleson for help to bring the inaccuracy in Eger's diagram to the attention
of both teachers and authors. The next year our collaboration finally bore fruit when our article entitled
“Concentration and second gas effects — can the accepted explanation be improved?” was published in the
British Journal of Anaesthesia* 3. Following this, Eger's diagram virtually disappeared from those anaesthetic
textbooks published outside the United States. Within the United States, the diagram continued to be
produced regularly by Eger until his death. One of the few concessions he made to our criticism is contained in
his chapter: “Inhaled Anesthetics: Uptake and Distribution in the seventh edition of Miller's Anesthesia'®. In this
edition, he wrote:

“This explanation has been criticized as being overly simplistic and ignoring the realities of some aspects of
ventilation. For example, if ventilation is controlled with a volume-limited respirator, an augmentation in inspired
ventilation is limited to the period of the expiratory pause. Spontaneous ventilation minimizes this limitation.

In any event, the reader needs to be aware that although Figure 4 describes the basic factors governing the
concentration and second gas effects, the actual situation is more complex.

Of course, the exact opposite is true. The situation is much simpler — uptake of significant volumes of gas
concentrates all remaining gases in a smaller volume; this increases their partial pressures and accelerates their
uptake. The only complexity has been introduced by Eger himself in persisting with a diagram that is wrong. So
confused has the picture become, that Calvey and Williams, when alluding to the concentration effect in their
chapter on inhalational anaesthetic agents in Principles and Practice of Pharmacology for Anaesthetists seem
too scared to actually offer an explanation. Instead they state: “The cause of this phenomenon is obscure™*®.

American authors other than Eger continue to reproduce the diagram uncritically. Sometimes the diagram is
disguised but the explanation remains the same as in the following example by Forman and Benkwitz:

j Well-known anaesthesiology research worker and inventor of the Severinghaus PCO2 electrode.

k This may be viewed at: https://bjanaesthesia.org/article/S0007-0912(17)39990-7/fulltext
An earlier version of this paper had previously been rejected by ANESTHESIOLOGY.
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Figure 9. The Forman and Benkwitz version of Eger’s diagram
Reproduced with permission from the copyright owners McGraw-Hill Health Inc.

Inhaled gas mixture Additional gas mixture

N,O uptake

Other times the diagram remains unchanged, but the explanation is altered as in this extract from the chapter by
Ebert and Naze?' in Clinical Anesthesia:

“In this hypothetical example, the second gas is set at 2% of a potent anesthetic and the model is set for 50%

uptake of the first gas, nitrous oxide in the first inspired breath. The second gas is concentrated because of the
uptake of nitrous oxide (middle panel). On replenishing the inspired second gas in the next breath, the second

gas has been concentrated to be 2.7% because of the uptake of nitrous oxide in the previous breath”

In the version of the Eger-Stoelting diagram accompanying this explanation, the second gas concentration
starts at 2% in the first panel, rises to 3.1% in the second and finishes up at 2.7% in the third. Note however,
that the dilution in the third panel is now ascribed to the next breath implying that one respiratory cycle consists
of inspiration-expiration-inspiration. Does this mean that the next respiratory cycle consists of expiration-
inspiration-expiration? Surely this is a classic case of trying to make the facts fit the theory! One can only feel
pity for the poor anaesthesia trainee trying to make sense of these explanations.

CONCLUSION

The Eger-Stoelting diagram is often used as a teaching tool. The steps in the diagram do not match those taken in
the mathematical model used by Eger to predict the existence of the concentration effect. The concentration and
second gas effects are best explained as follows: Uptake of significant volumes of gas concentrates each remaining
gas in a smaller volume; this increases its partial pressure and accelerates its uptake. In the case of CO, its
elimination from blood is slowed. No diagram is necessary but if one is to be included Figure 5 above, is sufficient.

Whenever large volumes of gas disappear into blood during gas uptake a significant difference may arise
between the inspired and expired tidal volume of each breath. When modelling anaesthetic uptake with a fixed
FRC, two extreme patterns of respiration are recognisable: constant inflow and constant outflow. Each of these
exhibits the concentrating effect as shown in Figure 8. Any combination of these two patterns will therefore
exhibit a concentrating effect.

Instead of asking what changes needed to be made to Kety's model to produce the concentration and second
gas effects, Eger remained satisfied with his own explanation of the cause of these phenomena and continued
to use a flawed diagram as a teaching tool long after the flaw had been pointed out. This shows us that old
ideas should not be automatically accepted as correct without critical analysis, even when they originate from
acknowledged experts. One does not have to be an academic do this — even the most junior of trainees can
challenge long-held ideas if they don't seem to make sense. Indeed, it should be regarded as obligatory to do
this instead of simply regurgitating textbook material as is frequently done during exams. It is often said that
“One picture is worth 1000 words”". Eger's diagram shows exactly what can happen when the picture is wrong!


https://bjanaesthesia.org/article/S0007-0912(17)39990-7/fulltext
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INCIDENCE AND PROJECTIONS

Atrial fibrillation (AF) is the most common arrhythmia and has significant health and socioeconomic impact. In
Australia it affects 500,000 people and an estimated 5 per cent of the over 55 years age group suffer from it'.
AF is a major risk factor for new-onset heart failure, stroke, dementia and mortality. The impact of AF is also
increasing with the proportion of AF related deaths doubling from 4.6 per cent in 2001 to 9 per cent in 2018.
AF has significant economic effects with almost one billion dollars, or 1 per cent of the health budget, being
spent on the diagnosis and treatment of AF in 20192

EFFECTS ON THE PATIENT

Apart from the increased risk of stroke, dementia, heart failure and overall mortality, AF greatly impairs quality

of life. Similar degrees of quality-of-life impairment are seen in patients with recent myocardial infarction and
heart failure, emphasizing the importance of effective AF management®. Quality of life can be assessed in

four domains: physical condition, psychological well-being, social activities, and everyday living. AF has wide
ranging effects on the four domains secondary to AF symptoms as well as general chronic disease impacts. The
detrimental effect on quality of life is a major driver to seek management and consequently treatment aims to
improve quality of life.

LIFESTYLE MODIFICATION

A key component to the successful treatment of AF is lifestyle modification and aggressive risk factor
management. Common risk factors include smoking, alcohol consumption, physical inactivity, obstructive sleep
apnoea (OSA) and obesity. Large trials*® have demonstrated the importance of weight reduction (>10% weight
loss) and moderate regular exercise. OSA should be screened for and if diagnosed continuous positive airway
pressure (CPAP) therapy initiated. It is prudent to check CPAP adherence. Hypertension, hyperthyroidism,
hyperlipidaemia, and diabetes must be screened for and treatment initiated, aiming for a BP <130/80 and
HbA1c <6.5%. Smoking cessation and abstinence from alcohol should also be encouraged.

MEDICAL MANAGEMENT

The two major goals for medical management of AF include preventing thromboembolic events and managing
symptoms with rate or rhythm control. Anticoagulants are used to reduce thromboembolic events and treatment
is initiated based on risk. A commonly used risk scoring system is CHA_DS,-VASc (see Table 1)° with a score
greater or equal to 2 used as the threshold for anticoagulation. Bleeding continues to be a major limitation to
initiating and/or continuing anticoagulation therapy.
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Table 1. CHA,DS,-VASc risk scoring system

Risk factor Score
Congestive heart failure/LV dysfunction

Hypertension

Age 275 years

Diabetes mellitus

Stroke/Transient ischemic attack/Thromboembolism

Vascular disease (prior myocardial infarction, or peripheral vascular disease)
Age 65-74 years

Sex category (female gender)

_ A A N = N = .

Rate control therapy choice is based on several factors including haemodynamic status, underlying cardiac
function, duration of AF and comorbidities. Beta blockers are the most prescribed rate control agent and are
also useful in patients with impaired left ventricular function. Digoxin and non-dihydropyridine calcium channel
blockers are also used.

Rhythm control therapy modifies cell excitability, conductivity, or abnormal automaticity via various ion channels.
When administered early they have a high rate of successful conversion to sinus rhythm. Long term use
requires careful consideration of contraindications and side effects. Amiodarone is commonly used, although
the adverse and irreversible effects are numerous and include thyroid dysfunction, pulmonary toxicity and liver
function derangement. Sotalol is also used, particularly in patients with structurally normal hearts, hypertension
and/or coronary artery disease.

APPENDAGE OCCLUSION

Left atrial appendage occlusion is a consideration in the management of thromboembolic risk and AF in
patients with a contraindication to anticoagulation. The left atrial appendage is a common site for the formation
of thrombus. The occlusion device (clip, suture, or implant) is placed percutaneously via a venous sheath

and a transseptal puncture. The PROTECT-AF trial” showed a non-inferior rate of cardiovascular death and
stroke between warfarin and an appendage occlusion device. There are several issues that exist with the use
of appendage occlusion devices. Patients still require a period of anticoagulation and antiplatelet therapy

to reduce the risk of device related thrombus. The period for epithelization of the device is variable and the
occurrence and management of device related thrombus is still largely unknown. Furthermore, patients still
require rate or rhythm control to treat symptoms associated with AF.

INDICATIONS FOR AF ABLATION

Indications for AF ablation are shown in Table 2. Most patients who undergo AF ablation will be symptomatic
with paroxysmal or persistent AF who are refractory to or intolerant of antiarrhythmic drugs. AF ablation is also
considered in a variety of other conditions and patient populations. In concomitant AF and heart failure with
reduced ejection fraction, ablation has been shown to reduce mortality and hospitalisation for heart failure when
compared with medical therapy®.
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Table 2. Indications for AF ablation
Adapted: 2020 European Society of Cardiology Guidelines®.

Class | Symptomatic paroxysmal AF which is refractory to medical management
Tachycardia-induced cardiomyopathy secondary to AF to reverse LV dysfunction
Symptomatic persistent AF (refractory)

Class lla Symptomatic paroxysmal AF (first line therapy)
Heart failure with reduced ejection fraction
Tachycardia-bradycardia syndrome
Athletes

Class IIb Symptomatic persistent AF (first line therapy)

Can also be considered in asymptomatic patients and patients with associated psychological stress

Some patients with paroxysmal AF develop sinus pauses at the time of spontaneous cardioversion. This may be
symptomatic and can deteriorate with drugs used for rate control. Catheter ablation of paroxysmal AF has been
consistently shown to reduce both symptomatic and asymptomatic tachycardia-bradycardia in these patients™.
This can often reduce the need for both rate control drugs and permanent pacemakers.

Athletes are a special patient population that require optimal cardiac performance. As such athletes may poorly
tolerate AF and effective treatment is required. Rate control agents are not recommended due to the limitation
on maximum heart rate and may be prohibited in professional sport. Rhythm control agents or AF ablation are
therefore the preferred first line treatment.

As mentioned above AF greatly impairs quality of life. When comparing AF ablation to medical therapy, the
CAPTAF"" trial showed a significant and sustained improvement in quality of life at 12 months. The CABANA'
trial found a similar result, extending to 24 months. The most common factor influencing quality of life is anxiety
related to the disease and psychological distress is common in patients referred for AF ablation.

AF is a significant risk factor for cognitive impairment independent of its effect on the risk for stroke. The
mechanism of AF and cognitive impairment is still unclear but likely relates to silent cerebral infarcts,
microbleeds associated with anticoagulation and cerebral hypoperfusion. AF ablation has been shown to
improve neurocognitive function at one year, particularly in patients with pre-ablation cognitive decline'®.
Although early studies suggested that AF ablation was associated with post procedural neurocognitive
abnormalities, techniques have since changed. Uninterrupted perioperative anticoagulation before and for
three months following surgery, activated clotting time (ACT) of 350-400 seconds during the procedure and
reducing left atrial dwell time with newer technologies may improve outcomes in this regard'®.

LIMITATIONS OF AF ABLATION

The main limitations of AF ablation are recurrence and complications. Recurrence is more likely in patients with
persistent AF, unmanaged risk factors for AF and structural changes to the heart. The HATCH Score (see Table
3) predicts progression from paroxysmal to persistent AF and new onset AF after AF ablation'.

Table 3. HATCH Score

Risk factor Score
Hypertension 1
Age 275 years 1
Transient ischaemic attack or stroke 2
Chronic obstructive pulmonary disease 1

Heart failure 2



56 Australasian Anaesthesia 2021 — Circulation

Increasing left atrial size and patient frailty are additional risks for the progression of paroxysmal to persistent AF.
Structural remodelling of the left atrium also predicts recurrence. “AF begets AF” is a term used to describe the
changes in AF making cure less likely.

Elderly patients are underrepresented in treatment of AF by ablation. Patients over 75 years make up 50 per
cent of the community AF burden, yet less than 10 per cent undergo AF ablation in many centres. AF ablation in
elderly patients is safe although somewhat less effective often leading to multiple procedures'®.

ABLATION VERSUS MEDICAL MANAGEMENT AND RECENT TRIALS

Two landmark trials have been published in recent years examining AF ablation and medical management of AF.
The Catheter Ablation versus Antiarrhythmic Drug Therapy in Atrial Fibrillation trial (CABANA)'2 compared the
safety and efficacy of the above treatments. The primary outcome was death, disabling stroke, serious bleeding,
or cardiac arrest at 48 months. Although the primary outcome demonstrated non-superiority of AF ablation to
drug therapy, there was considerable crossover which confounded the assessment. Subgroup analysis showed
that patients that received AF ablation had a significant reduction in death, cardiovascular hospitalisations,
recurrent AF, and AF burden. Furthermore, symptomatic patients (NYHA class II-IV) and patients with preserved
ejection fraction heart failure had improved primary outcomes with AF ablation.

The Early Rhythm-Control Therapy in Patients with Atrial Fibrillation trial (EAST-AFNET 4)'® compared the safety
and efficacy of rhythm control to usual care. Rhythm control therapy included AF ablation and/or rhythm control
agents, while usual care was limited to rate control agents. Importantly, to be enrolled in the trial patients had to
be diagnosed with AF within 12 months. The primary outcome was cardiovascular death, stroke, hospitalisation
for heart failure, or acute coronary syndrome. The trial was stopped early due to efficacy with all primary outcomes
showing reductions with rhythm control therapy. The rhythm control group was somewhat evenly distributed
between AF ablation (19 per cent), amiodarone, dronedarone (not available in Australia) and flecainide.

IMPORTANCE OF PULMONARY VEINS

The pathophysiological basis of AF is complex and not completely understood. The classical AF mechanism
involves a single ectopic focus triggering a single re-entry circuit and multiple wave re-entry leading to
persistent AF. Through complex atrial mapping techniques, novel concepts have been developed which
suggest that stable or unstable fibrosis-linked rotors and epicardial-endocardial dissociation are important for
the maintenance of AF'”. A rotor is a phase singularity (core) whose reverberations cause spiral waves that
radiate into surrounding tissues leading to fibrillatory conduction. Understanding the source of AF triggers and
maintenance areas is crucial in determining targets for ablation.

The landmark paper by Haissaguerre'® explored the source of spontaneous ectopic beats triggering initiation of
atrial fibrillation. Forty-five patients with paroxysmal AF refractory to drug therapy were recruited and underwent
atrial mapping with multi electrode catheters. Sixty-nine ectopic foci were identified (some patients had more
than one ectopic focus) and most ectopic foci were located within the superior pulmonary veins.

Figure 1. Diagram of the sites of 69 ectopic foci triggering atrial fibrillation in 45 patients
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OTHER SOURCES

Unfortunately, the pulmonary veins are not the only source of ectopic foci. Non-pulmonary vein triggers include
mitral and tricuspid periannular regions, the crista terminalis and Eustachian ridge, the interatrial septum, the
left atrial posterior wall, the left atrial appendage, and other thoracic veins such as the superior vena cava, the
coronary sinus, and the ligament of Marshall. Non-pulmonary vein sources create challenges in AF ablation as
they may be the cause of procedure failure if not located and treated.

AF ablation is generally more successful in patients with paroxysmal AF. Likely the transition from paroxysmal to
long standing persistent AF is a continuum. In paroxysmal AF, the relative role of focal pulmonary vein triggers

is high, so pulmonary vein isolation is generally successful. With progression to long standing persistent AF
greater importance is on non-pulmonary vein triggers, rotors, scar interaction, and epi-endo dissociation.
Therefore, more complex mapping of the atrium is required to localise ablation targets and break the cycle of AF
triggering and maintenance in persistent AF.

ABLATION TECHNIQUES

AF ablation involves placement of intravascular catheters, electroanatomic mapping to identify sources of
AF, navigation systems to aid catheter manipulation, and ablation to isolate the pulmonary veins with different
ablation energies and strategies.

CT scan

The cornerstone of successful AF ablation is pulmonary vein isolation from the left atrium. Unfortunately,
challenges are created by the highly variable anatomy of the pulmonary veins and left atrium. Pre-operative
cardiac CT scanning attempts to overcome this challenge by accurately imaging the left atrium and pulmonary
veins. The CT images can then be integrated with fluoroscopy images to guide catheter ablation. Recent data
suggests that the use of pre-operative CT imaging when combined with electroanatomic mapping does not
improve safety or efficacy of AF ablation, and leads to additional radiation exposure™®.

Electroanatomic mapping

Electroanatomic mapping involves creating a map of the heart to guide real-time catheter manipulations and
ablation. Intracardiac electrograms measure electrical signals to assess activation sequence, and signal
amplitude to assess tissue health. Anatomical three-dimensional mapping allows creation of a detailed cardiac
chamber map and accurate catheter location. Data is collected and stored to allow pinpoint reproducible
locations. Electroanatomic mapping is used in radiofrequency ablation and is not required in cryoablation as
fluoroscopy and transoesophageal echocardiography (TOE) are used to guide the catheter.

Ablation equipment

The pulmonary veins are accessed via the left atrium. To access the left atrium, multiple venous sheaths are
placed in large central veins, typically femoral, and catheters are directed to the right atrium. A transseptal
puncture is required to pass the catheters from the right to left atrium. Two transseptal punctures are required
for radiofrequency ablation as the mapping catheter is not integrated into the radiofrequency ablation catheter.

Radiofrequency and cryoablation are the two most used ablation energies. Radiofrequency ablation involves
delivery of thermal energy, typically 30-50W, via direct contact leading to tissue necrosis. The standard
radiofrequency ablation strategy is point-by-point wide-area circumferential pulmonary vein isolation.
Confirmation of pulmonary vein isolation is via elimination of the pulmonary vein spike potential recorded by the
mapping catheter. Three-dimensional electroanatomic mapping of the left atrium is required, which leads to
generally longer procedures and more catheter manipulation. Advances in radiofrequency technology have been
developed to improve the success and safety of the method. Direct contact is required for successful ablation
however excessive pressure may lead to energy delivery to non-cardiac structures. Contact force sensors
have been integrated to the radiofrequency catheter to improve effective delivery of energy to the myocardium.
Integrated cooling systems have also been developed to allow a consistent energy delivery, and to reduce
thrombus formation and steam pop.

Cryoablation involves placing a balloon at the pulmonary vein ostium and, through direct contact, delivering
cryothermal energy creating ice and tissue necrosis, leading to pulmonary vein isolation. An integrated circular
mapping catheter is present in the distal tip to allow measurement of ectopic electrical signals. The placement
of the cryoballoon into the pulmonary veins is guided by fluoroscopy and/or TOE. It is a generally less time-
consuming procedure and has demonstrated noninferiority to radiofrequency ablation (FIRE and ICE trial°).
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Figure 2. Cryoablation (top image) and radiofrequency ablation (bottom image) at the pulmonary
vein-atrial junction
Source: FIRE and ICE trial*. Reproduced with permission.

[ A coyobatioon Abtation of Pulmonary Vein

Transoesophageal echocardiography (TOE)

TOE is used to exclude atrial and left atrial appendage thrombus prior to commencing the procedure. An
overview of chamber size and function, as well as heart valves is useful information. It is important to evaluate
the pericardial space for later comparison to exclude new pericardial fluid.

Guided by TOE, the interatrial septum is crossed to gain access to the left atrium. The puncture should be done
in the central thin part of the fossa ovalis. Usually, two views are used concurrently, the 4-chamber view and a
bicaval view. In the 4-chamber view, advancing to about 30 degrees will help to view the fossa and the aortic
valve simultaneously. The bicaval view will show the catheter retracting down the superior vena cava into the
right atrium while the fossa is in view. Tenting of the septum reveals the site of the needle. The needle should be
directed away from the aorta and in a shallow atrium, the posterior atrial wall is at risk of puncture. Manometry is
also used to measure chamber pressure, and this will rise if the aorta is punctured.

Figure 3. Left image shows tenting in the thin septum in a safe location away from the aorta and
aortic valve. Right image shows the bicaval view with the cephalad aspect on the right side of
the image

Note the catheter can be seen in the IVC and passes into the SVC. LA: left atrium. RA: right atrium. IVC: inferior vena cava.
SVC: superior vena cava
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Pulmonary vein anatomy and catheter position can be confirmed. In repeat ablations, pulmonary vein stenosis
should be excluded, as it is a known complication of AF ablation. Pulmonary vein anatomy is usually imaged by
CT scan and catheter-based mapping systems; however, TOE can also be used.

Limitations include obscuring of the transseptal catheter position on fluoroscopy. The TOE probe also must
be removed prior to ablation, to allow monitoring of oesophageal temperature. The usual risks of TOE remain,
including oesophageal injury, dental damage, and sore throat.

PERIOPERATIVE ANTICOAGULATION

Patients undergoing AF ablation are at risk for periprocedural thrombotic events, including stroke and cognitive
dysfunction. They are also at risk of bleeding, with groin complications as well as cardiac tamponade. AF
ablation was typically performed with cessation of vitamin K antagonists (VKA) with or without bridging therapy.
Novel anticoagulant (NOAC) therapy has become more commonly used and this was typically ceased for 24-
48 hours prior to AF ablation. When the catheters were within the left atrium, heparin was used to keep ACT
300-400 seconds.

More recent studies suggest that AF ablation without discontinuation of VKA's reduces periprocedural stroke
and minor bleeding relative to bridging with low molecular weight heparin. Uninterrupted NOAC therapy is as
effective as uninterrupted VKA and may have a lower risk of major bleeding complications. Dabigatran appears
to have the least bleeding complications and reversal is available for emergency use.

In uninterrupted anticoagulated patients, heparin should still be administered, usually a bolus of 100u/kg after
septal puncture. The ACT should be kept above 300 seconds and repeated every 10-15 minutes until this is
achieved, and then every 15-30 minutes until the end of the procedure.

Patients should resume regular anticoagulation for at least eight weeks following AF ablation.

ANAESTHESIA

Patients should be warned of sore throat, secondary to intubation, TOE, and temperature probes. Chest pain
after ablation is common but usually mild or moderate in severity. Groin pain at cannulation sites is common but
also mild to moderate in severity and subsides after a few hours when sutures or compression dressings are
removed. Bladder catheterisation should be considered, particularly with irrigated ablation techniques. Patients
are nursed in a recumbent position for several hours following groin cannulation. Invasive arterial blood pressure
monitoring is usually advised. Oesophageal temperature should be measured with the probe adjusted as close
to the ablation site as possible. Changes can occur rapidly and the proceduralist must be advised immediately
of any change.

The EP lab is a remote location and has a large amount of specialised, unfamiliar and radiation emitting equipment.
Successful AF ablation requires a host of staff that are in and outside the lab, therefore communication and
teamwork are essential. Teams controlling mapping systems, catheter position analysis, pacing, and ablation
switching and setting are in an adjacent control room; while staff managing irrigation equipment, point of care
ACT measurement, and cardioversion/defibrillation are inside the room. Communication is a problem and may

be overcome by headsets for all staff. Screens should be capable of receiving multiple inputs for sharing of
haemodynamic variables, temperature measurements, TOE images, fluoroscopy images, electrophysiological
measurements, mapping images, ablation settings and delivery, and catheter force/direction. In addition, ablation
irrigation volumes and urine volumes require communication as the room is cramped for space and the fields are
sterile. Procedures take a few hours and vigilance is required by everybody.

Studies have demonstrated that AF ablation under either conscious or deep sedation is possible, but general
anaesthesia is preferred due reduced recurrence rates?'. The procedure is painful and patient movement is
required to be at the absolute minimum possible.

Where endocardial mapping techniques and referenced catheters are used, map shifts occur with patient
movement relative to the magnet which is attached to the operating bed. Muscle relaxants can be used for
intubation, but particularly in cryoablation, care should be taken to ensure that phrenic nerve pacing is possible
by restricting the dose and allowing time for neuromuscular blocker recovery. Remifentanil is a useful agent to
reduce movement without the need for neuromuscular blocking agents.
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VENTILATION

In point-by-point radiofrequency ablation, each point is important and effective ablation relies on four factors
to achieve ablation temperature in the tissue. The energy power setting, time of delivery, contact force of the
catheter and catheter stability. Of these, the most difficult to control is catheter stability.

Conventional ventilation causes movement of the lungs, causing movement of other organs in the chest

and ultimately, movement of the ablation catheter. Ineffective ablation causes endocardial oedema, making
subsequent ablation less effective. High frequency jet ventilation has become the standard in many institutions,
with evidence of increased ablation success?2 Sophisticated equipment such as the Monsoon Jet Ventilator
(Acutronic Medical Systems AG, Hirzel, Switzerland) is used. This pressure hose is typically connected to a
specialised luer lock elbow connected to the endotracheal tube with the adjustable pressure limiting (APL)
valve fully open. Initial ventilation is started at 120-130 breaths per minute with a driving pressure of 15-20psi
and 60-100 per cent oxygen. Transcutaneous carbon dioxide monitoring is advised and correlated to blood
gas analysis. Endocardial mapping should be performed when ventilation is settled as changes will produce a
map shift. This ventilation can cause haemodynamic change and vasopressors are frequently required. Volatile
anaesthesia cannot be used during jet ventilation so equipment for TIVA is required.

More recently and driven by barriers to the adoption of jet ventilation, a technique of high frequency low volume
ventilation utilising a standard ventilator has been adopted in many institutions?:. Tidal volumes of 200-250ml
and respiratory rates of 40-50 breaths per minute have been shown to significantly reduce variation in ablation
catheter contact force. Inspiratory times should be significantly reduced, and expiratory flow should approach
zero at end expiration to avoid air stacking and hypotension. This is tolerated by most patients and normal
capnography techniques can be used, albeit with an increased end tidal to arterial carbon dioxide gap. This
technique allows for the use of volatile anaesthesia and can be used with muscle relaxants or with remifentanil
infusion, as required.

Other factors

Temperature monitoring is essential with an oesophageal temperature probe placed as close to the ablation
point as possible. New equipment allows multiple simultaneous point temperature measurements. Preoperative
CT scanning can help to predict which vein ablations are likely to be closest to the oesophagus. Patient
warmers should not cause electrical interference to the mapping system. Forced air warmers and some direct
current resistive gel underbody warmers are acceptable. In fact, all electrical devices and even metal objects
placed close to the patient can cause electromagnetic interference and should be cleared by the mapping
scientists prior to use. Once electrical isolation of the pulmonary veins from the left atrium has been confirmed
by pacing within the pulmonary veins, this conduction can be stress tested by the administration of adenosine
or isoprenaline. Protamine is often administered at the conclusion of surgery to aid groin haemostasis. Regular
anticoagulants are resumed six hours following surgery and proton pump inhibitors are prescribed twice daily
for six weeks.

Patients require ECG monitoring overnight and regular monitoring for groin complications and tamponade.

COMPLICATIONS

Approximately 2 per cent of patients undergoing AF ablation may experience major complications including
stroke, oesophageal injury, cardiac tamponade, and pulmonary vein stenosis?*.

Postoperative expectations

Pain post AF ablation is reasonably common but short lived. In one study 60 per cent of patients reported
moderate pain in the first 24 hours?. Most common was back pain, likely related to a long procedure in the
supine position, followed by groin, chest, and throat pain.

Tamponade and cardiac injury including pulmonary vein stenosis

Cardiac tamponade is a major life-threatening complication of AF ablation and occurs at an incidence of 1 per
cent?. It can occur at multiple stages of the procedure including transseptal puncture, catheter manipulation
and energy deployment. Most of the time it can be treated with reversal of anticoagulation and percutaneous
drainage, although occasionally urgent surgical drainage is required. Predictors of cardiac tamponade

include ablation technology, ablation strategy and the number of procedures per patient®. Radiofrequency
ablation conveys the highest risk, likely related to the multiple transseptal punctures required. Ablation beyond
pulmonary vein isolation also increases the risk of cardiac tamponade as the procedure is longer, with more
catheter manipulations and greater energy deployment.
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Pulmonary vein stenosis occurs in 0.5 per cent of procedures and, if unrecognised, can lead to chronic
pulmonary hypertension, lung damage and right heart failure?’. It is theorised that risk factors for pulmonary
vein stenosis include extensive ablation, multiple ablative procedures, small pulmonary veins prior to ablation
or an increase in pulsed wave doppler velocity pre- and post-ablation. Diagnosis is often delayed due to the
non-specific early symptoms, so a high index of suspicion is required. Management of pulmonary vein stenosis
is also challenging with a high rate of restenosis regardless of treatment modality (balloon angioplasty, bare or
drug eluting stents).

Groin complications

AF ablation requires insertion of one or more vascular sheaths into, typically, the femoral vein. Vascular
complications are therefore not uncommon, occurring in 2 per cent of patients?. This includes
pseudoaneurysm, arteriovenous fistula and haematoma formation. Generally vascular complications are
managed conservatively however in cases of life-threatening bleeding urgent surgical intervention is required.

Oesophageal injury

The oesophagus is closely related to the posterior wall of the left atrium, separated by only 1mm of fat, and
therefore is at risk of thermal injury during AF ablation. Left atrial-oesophageal fistula formation is a well-
recognised complication with an incidence of 0.1 per cent. Although uncommon, it represents significant
morbidity and, if unrecognised, has a mortality rate greater than 90 per cent. Ulceration and erythema of

the oesophagus is reasonably common but generally resolves with proton pump inhibitor therapy and time.
Strategies have been developed to reduce the risk of oesophageal injury, including limiting magnitude of power
and duration of ablation. Given the variable thickness of the posterior wall of the left atrium and the fat layer
separating the oesophagus, luminal oesophageal temperature monitoring is also used. If temperatures greater
than 38.5C are measured, ablation should be interrupted, lower power settings adopted, and ablation should
restart when the temperature falls below 38.5C. Using this strategy, oesophageal injury may be reduced from
36 per cent to 6 per cent®.

CNS problems, POCD and stroke

Neurological complications occur at an incidence of 1 per cent®® and include stroke, transient ischemic attack
(TIA) and phrenic nerve injury. The cause of stroke and TIA is multifactorial and can be secondary to patient and
surgical factors. Patient factors include non-paroxysmal AF, older age, history of stroke, diabetes, and female
sex?®. Ischemic stroke can occur secondary to catheter manipulation and transseptal puncture, while the use

of intraoperative heparin (required to reduce thromboembolism) can predispose to haemorrhagic stroke. Air
bubbles in irrigated ablation also pose a risk.

Patients presenting for AF ablation have commonly already been prescribed anticoagulants to reduce the risk
of thromboembolic complications such as stroke. Guidelines state warfarin and NOACs should be continued
in the perioperative period®, although there is significant local practice variation. Discontinuation of warfarin
is a major risk factor for stroke/TIA. Surprisingly, continuation of warfarin in the perioperative period leads to
no change in major bleeding events and a reduction of minor bleeding events, likely due to the requirement of
bridging low weight molecular heparin®'.

The phrenic nerve is nestled between the superior vena cava and the right superior pulmonary vein. It

is therefore not surprising that the phrenic nerve can be injured during AF ablation. Its incidence varies
significantly with procedure type, with the highest incidence occurring with cryoballoon ablation (5 per cent).
This is likely due to the balloon placement within the right superior pulmonary vein and therefore closer
associated with the phrenic nerve. Phrenic nerve injury can also occur during radiofrequency ablation secondary
to direct heat transfer and the increased susceptibility of the phrenic nerve to heat energy, although the
incidence is lower (0.5 per cent)?

Fluoroscopy time and dose

AF ablation relies on the use of fluoroscopy and therefore patients are exposed to radiation. Radiation dose
varies with fluoroscopy system settings and fluoroscopy time which relates to complexity of procedure, operator
experience and non-fluoroscopic techniques for catheter location (TOE, 3D mapping systems). Large studies
have found average fluoroscopy times to be 20 minutes with 386 milligrays (mGy) of radiation exposure®?. For
comparison, an adult abdominal CT scan exposes the patient to 10 mGy and average yearly exposure is around
5 mGy. Although difficult to quantify in real-world terms it has been estimated that the lifetime risk of fatal
malignancies after one hour of fluoroscopy is 0.07 per cent for male and 0.1 per cent for female patients®2.
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Reconnections and intra operative testing

Pulmonary vein isolation is the cornerstone of AF ablation and pulmonary vein reconnection can lead to
increased AF recurrence and repeat procedures. Reconnection can occur due to incomplete pulmonary vein
isolation or via dormant pulmonary vein conduction pathways. It is therefore important that during the initial
procedure that these pathways are discovered and ablated to improve success and reduce recurrence of AF.

Adenosine hyperpolarises pulmonary veins leading to restoration of tissue excitability, which unmasks dormant
pulmonary vein conduction and partially ablated pathways. Typically, 50 per cent of patients will have dormant
pulmonary vein conduction unmasked during adenosine administration. This can then guide further ablation and
has been shown to reduce the rate of recurrence®. Adenosine is given after pulmonary vein isolation and can
be repeated until no further connections can be uncovered.

Isoprenaline is used to identify non-pulmonary vein triggers for AF. Non-pulmonary vein triggers may originate
from, but are not limited to, the superior vena cava, coronary sinus, and interatrial septum. Observational
studies suggest that ablation of non-pulmonary vein triggers improves success rates but in practice inducing,
identifying, and eliminating these triggers is challenging. The benefit of isoprenaline is likely in repeat
procedures where standard pulmonary vein isolation has been unsuccessful.

Failure and repeat procedures

Failure is an unfortunate event with any medical procedure and AF ablation is no different. Patients with
paroxysmal AF have the highest success rate (75 per cent) and the lowest are seen in patients with long-lasting
persistent AF (67 per cent)?®. Success rate is improved with the continued use of antiarrhythmic therapies.
Repeat procedures occur in approximately 10 per cent of patients, largely for recurrent AF.

CONCLUSION

AF is the most common arrythmia and continues to cause significant health and socioeconomic burden. As
such novel management strategies and refinement of current management techniques will continue to develop.
AF ablation is one area of rapid growth with changes to technology and surgical technique leading to increased
success rates and therefore more patients being offered the procedure. AF ablation is unique as anaesthetic
technique can affect the likelihood of a successful procedure. As its use becomes more widespread,
anaesthetists will encounter this procedure more often and therefore must understand the challenges and
conduct of AF ablation.
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INTRODUCTION

Vascular gas embolism (VGE) is a potentially life-threatening event which occurs when gas enters the vascular
system. Historically this was primarily a condition associated with rapid ascent from diving or submarine
escape training, particularly with breath being held and subsequent over-expansion pulmonary barotrauma
causing disruption of the pulmonary vasculature and entry of gas into the vascular system. Over recent years
advances in technological complexity and invasiveness of modern therapeutics have led to VGE becoming

a predominantly iatrogenic condition. VGE has been documented to occur in an extremely broad range

of procedures. In the author's experience alone, causes of VGE in cases referred for Hyperbaric Oxygen
Treatment (HBOT) range from air being inadvertently delivered under pressure during a resuscitation scenario,
placement and removal of central venous access, loose perma-cath connections, lung transplantation and
other cardiothoracic surgical procedures, gastroscopy and hysteroscopy, among others. It is difficult to provide
accurate data on the true incidence of gas embolism and this is unlikely to ever be accurately known. The
absolute quantity of gas entrained (or delivered) in VGE varies with each case; the type of gas although most
commonly air, varies and as a result the behaviour of the gas bubbles may also vary. The end location of a

gas embolus may be venous, pulmonary or arterial; it may have anywhere from minimal to abundant collateral
circulation, differing metabolic requirements for oxygen as well as differing susceptibility to the vascular
inflammatory changes that occur following the passage of bubbles. For these reasons both physiological effects
and clinical findings in VGE may show extreme variation, from asymptomatic to cardiac arrest to catastrophic
brain injury or death. At times, VGE may be suspected and for a variety of reasons not escalated or the
suspicion not acted on. It is important to increase awareness of the condition as well as to foster a “speak-up”
culture in order to avoid delays in diagnosis and the associated poor outcomes.

Our organisation provides the only public hyperbaric service for the state of Victoria and historically has
treated an average of two cases of VGE per year. It is likely that substantially more events than this occur,
and only the most severe are referred for HBOT. In fact, possibly in part due to improved awareness and
recognition of the significance of gas embolism events, nine cases were treated over the year 2020, more
than any preceding year.

PATHOPHYSIOLOGY

Vascular gas embolism may be venous, arterial, or initially venous with subsequent arterialisation via intra-
cardiac or intra-pulmonary shunting; known as paradoxical embolism. Bubbles may enter the cerebral circulation
via the arteries or veins and cerebral gas embolism will be discussed separately below.

Arterial gas embolism

Air may enter the arterial circulation directly or indirectly. Direct arterial gas embolism occurs when gas is
directly entrained or delivered into the arterial circulation, for example, during cerebral angiography, open
chamber cardiac surgery, or bypass circuit accidents. Indirect or paradoxical arterial air entry occurs when
venous gas translocates across a shunt which may be intra-cardiac (for example, PFO, ASD), intra-pulmonary
(generally via overwhelming the pulmonary capillary bed’s filtering capacity, but also reported as having
occurred via intrapulmonary arterio-venous anastomoses), or other (for example, atrial-oesophageal fistulae
although this is rare’).

Signs and symptoms of arterial gas embolism are determined by many factors, primarily the amount and
distribution of gas, and while extremely variable, reflect the occlusion of portions of the vasculature. Neurologic
deficits may occur (usually rapidly) and include loss of consciousness, stupor and confusion, unilateral or bilateral
motor and/or sensory changes, gait disturbance, headache, vertigo, dizziness, and visual field defects or blindness.
Pulmonary symptoms such as chest pain and shortness of breath may occur. Cardiac arrest may occur.
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Venous gas embolism

Pre-conditions for entry of gas into the venous system include opening of the non-collapsing veins to the
atmosphere and the presence of sub-atmospheric pressure within these vessels® The epiploic veins, emissary
veins and dural venous sinuses are examples of non-collapsing veins. Other causes of venous gas embolism
are procedures in which the surgical site is under pressure, or where the surgical wound is situated above

the level of the heart such that venous pressure is sub-atmospheric and passive entry of air is enabled?. Veins
within a coagulated operative field may also allow entry of air. Air may enter veins through central venous or
haemodialysis catheters, primarily on insertion or removal, but also due to material separation, detachments,
breaks or cracks in the lines. The veins of the myometrium during pregnancy and after delivery seem to be
particularly susceptible to entrainment of air.

The rate of entrainment of gas is important. Most commonly, a slow steady, string-of-pearls type arrangement
of bubbles enter the venous system. At rates of up to 10mL/min the majority of bubbles are filtered out by the
pulmonary capillaries®. If a rapid bolus or particularly large volume of air is entrained into the venous circulation,
pulmonary arterial pressures rise, leading to increased resistance to right ventricular outflow and diminished
pulmonary venous return. In turn left ventricular pre-load is reduced as is cardiac output; and systemic
cardiovascular collapse may occur. Tachyarrhythmias often develop and bradycardias are also possible. Given
the altered resistance of lung vessels, the mismatch between ventilation and perfusion causes intrapulmonary
right-to-left shunting and increased alveolar dead space, leading to arterial hypoxia and hypercapnia.

Cerebral gas embolism

Cerebral arterial gas embolism (CAGE) may occur via a range of mechanisms; direct injection of gas into the
cerebral arterial system during angiography or indirect (paradoxical) embolism via intracardiac, intrapulmonary,
or other shunting. Pulmonary barotrauma can also enable entry of gas into the pulmonary veins, left heart and
subsequently the cerebral circulation. Peripheral venous air bubbles may ascend in a retrograde fashion against
venous flow into the cerebral venous system.

Studies looking at air within the cerebral arterial circulation demonstrated that when air is injected into carotid
arteries in animal models, 80 per cent of bubbles can be collected in jugular vein air traps within several cardiac
cycles®®. With relatively high cerebral arterial systolic pressure, and an almost two-fold difference in diameter

of the venous end of a cerebral capillary compared to the arterial end (9 vs 5 microns) bubbles are essentially
sucked through the capillaries into the veins rapidly.

CAGE is often a biphasic phenomenon, and an initial, temporary neurologic dysfunction is likely due to the
passage or transient lodgement of bubbles within the cerebral circulation. It is common to have a period of
recovery after the majority of bubbles are cleared to the jugular veins. Many patients (Gorman reports up to 65
per cent”) with CAGE exhibit a secondary deterioration which may not occur for several hours after insult and is
the result of the interaction between gas bubbles and vessel walls; consisting of endothelial damage, activation
of leucocytes and platelets, extravasation of fluid and activation of the clotting cascade and complement
systems. These events lead to vascular inflammation, microhaemorrhages, secondary thrombotic occlusions,
capillary leakiness and oedema?® as well as brain lipid peroxidation secondary to PMNL diapedesis’, bubble
regrowth, and secondary vasospasm.

Larger intra-arterial cerebral bubbles may lodge at vessel branch-points, and these are redistributed
substantially more slowly in a pulsatile fashion with systole over two to five minutes. Bubbles within loop
and anastomotic vessels, where systolic pressure applies at both ends, are more likely to remain trapped,
as are extremely large bubbles which occupy many generations of arterioles. In these cases (which make up
approximately 30 per cent of cases of arterial gas embolism) ischaemia, infarction and a sustained loss of
neurological function consistent with a stroke syndrome, is more likely to occur’.

Neurologic deficits vary widely due to the distribution of bubbles in the cerebral circulation. If bubbles are
distributed to the brainstem this can lead to cardiorespiratory arrest and is frequently lethal.

DIAGNOSIS OF VASCULAR GAS EMBOLISM

The diagnosis of iatrogenic gas embolism is a predominantly clinical one; a high degree of suspicion and
attention to physiologic variables must be maintained during procedures in which gas embolism is a known
risk. Given the biphasic nature of signs and symptoms, one should not be falsely reassured by a resolution of
physiologic or other change.

In procedures in which gas embolism is a known risk, clinicians should be alert to the audible sucking in of air or
visible entrainment through lines or cannulae.
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Clinical findings such as a rapid fall in blood pressure, sudden changes in heart rate (tachy- or bradycardia),
arrythmias, cardiovascular collapse, decreased peripheral oxygen saturation, or a sudden sustained fall in

BIS or cerebral oximetry should raise suspicion of cerebral arterial gas embolism. Decreased end tidal CO,
suggests the altered relationship between perfusion and ventilation due to obstruction of the pulmonary vessels.
Transient or persistent ST changes may suggest gas moving through, lodging within or causing inflammatory
changes to the endothelium of a coronary vessel. Seizure activity may occur.

A conscious patient might report chest pain, shortness of breath, cough, confusion or headache. A splashing
precordial auscultatory sound, the classic “mill-wheel” murmur, may be heard with a precordial or oesophageal
stethoscope, caused by froth in the cardiac chambers and great vessels?®.

Cardiopulmonary symptoms have been reported to be significantly higher in patients with venous source of air
compared to an arterial source including tachypnoea, hypocapnia, pulmonary oedema and cardiac arrest.

Where gas is introduced directly into the arterial system, symptom onset is immediate whereas if it is via
arterialisation of venous bubbles, the onset is delayed, as the process depends on an increase in pulmonary artery
pressure and right heart pressures secondary to gas embolism of the pulmonary arteries. Arterial gas embolism
may result in confusion, loss of consciousness or focal neurological deficits, cardiac arrhythmias or ischaemia.

The diagnosis can be challenging, and other features that support the diagnosis should be taken into account,
for example, evidence of intravascular gas on ultrasound, direct observation (gas aspirated from a central
venous line), or circumstances consistent with gas embolism occurrence such as high-risk surgeries.

The gold standard for detection of air embolism is transoesophageal echocardiography due to its ability to
detect as little as 0.02mL/kg of air'"'. However, given that the outcome of vascular gas embolism is highly
dependent which vessels gas passes through or lodges in, in addition to many other factors, there is no clearly
specified threshold of intra-vascular air (either venous or arterial) which is significant.

Most advanced radiological techniques have a high false negative rate for CAGE, even in the context of severe
neurological deficits, and diagnosis should not depend on imaging results. Obtaining imaging delays time to
definitive treatment (recompression) and is generally not recommended, particularly in cases highly suggestive
of CAGE®""2. The main role of cerebral imaging would only be to exclude other causes that may present like an
AGE, for example, an intracerebral haemorrhage.

While signs and symptoms of arterial gas embolism are relatively easily detected when occurring in the
previously well and conscious diver, this is clearly not the case for patients under anaesthesia with an iatrogenic
gas embolism; detection and subsequent treatment of a likely gas embolism event often does not occur until
the patient is woken post-operatively. Given the implication of delays to treatment on recovery, it is critical

that a high degree of vigilance and meticulous monitoring of clinical parameters is maintained during high-risk
procedures; especially in those cases following which the patient may not be woken or able to be assessed
immediately post operatively.

MANAGEMENT
First aid

Immediate priorities in the management of iatrogenic vascular gas embolism include resuscitation, prevention of
further air entrainment and efforts to remove or halt the progress of already entrained air, where possible.

In an anaesthetised patient, the airway should be secured with an endotracheal tube if not already done.
The inspired fraction of oxygen should be increased to 1.0, and adequate ventilation maintained in order to
maintain arterial oxygenation and to facilitate de-nitrogenation and resorption of bubbles. Normovolaemia
should be maintained to optimise the microcirculation and vasopressor or inotropic support should be
commenced if required to maintain blood pressure. Inotropic support of the right ventricle may be indicated
in venous gas embolism induced haemodynamic dysfunction. Cardiac resuscitation may be required. In
venous gas embolism cardiac massage may force air from the pulmonary outflow tract into smaller vessels
and allow improved blood flow.

Entrainment of further gas should be prevented. Gas pressurised spaces such as pneumoperitoneum, should
be decompressed. Nitrous oxide, if in use, should be ceased as it can expand gas filled intravascular space.
Aspiration of intravascular gas may be attempted via an in-situ central venous catheter, however there is no data
to support insertion of a catheter to aspirate gas if one is not already in-situ.
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Historically, the Trendelenburg position was recommended for patients with arterial gas embolism, based on
the beliefs that the weight of the column of blood above would force bubbles through the cerebral capillary
bed, the buoyancy of bubbles would keep bubbles located within the aorta or heart, and bubbles in the
spinal cord might be compressed by the weight of spinal fluid above, however these theories were never
experimentally confirmed.

Large air emboli have been demonstrated to increase intracranial pressure from 12 to 52mmHg within two
hours of insult, with severe detrimental effects on brain oxygenation and glucose metabolism's. Butler et

al demonstrated that Trendelenburg position did not keep bubbles from being distributed to the systemic
circulation and can worsen cerebral oedema'4, and Trendelenburg positioning is no longer routinely
recommended. If the patient is awake or has a protected airway, they should be placed in the supine position,
or lateral decubitus if unconscious with an unsecured airway. However, in the event of a right ventricular outflow
tract occlusion by gas embolism, immediate placement into the left lateral decubitus and Trendelenburg position
may relieve the air-lock and move the air into the right atrium'".

Hyperbaric Oxygen Treatment

Hyperbaric Oxygen Treatment (HBOT) is the only definitive treatment for arterial gas embolism and is an
American Heart Association (AHA) Class | recommendation (level of evidence C) for this indication.

Many studies demonstrate clearly improved neurological examinations, neurophysiological studies and neuro-
psychometric testing outcomes amongst patients with arterial gas embolism treated with hyperbaric oxygen'®.
Dutka et al reviewed a large number of case series of AGE and demonstrated a better prognosis among
patients who received recompression compared to those who did not'®.

Hyperbaric oxygen should be delivered as soon as possible after an air embolism event, as a shorter interval
between embolism and recompression is associated with a higher probability of a good outcome 3101721, A
prospective animal study demonstrated that initiation of HBOT within one hour of symptom onset effectively
mitigated brain injury from CAGE?. In Beevor and Frawley's retrospective review of 36 patients with cerebral
gas embolism the only independent factor associated with good neurological outcome was time to first

HBOT; HBOT within eight hours of cerebral gas embolism was associated with better neurological outcome™®.
Treatment delays of over six hours can still have substantial benefits?2?3, and improvements have been reported
in cases when HBOT is applied many hours after the gas embolism event?*2¢. It is likely in these instances
that the HBOT effect is primarily due to modulation of post-bubble vascular inflammatory changes, rather than
bubble-volume reduction. Given the biphasic nature of CAGE and the tendency for patients to deteriorate
after an apparent recovery, early HBOT is recommended even for patients who appear to have spontaneously
recovered®?’.

It is less clear if HBOT should be used routinely for isolated venous gas embolism. Most patients who have
small venous gas emboli do well with supportive care, suggesting that HBOT is probably not indicated in those
cases?. The Undersea & Hyperbaric Medical Society currently does not recommend HBOT for asymptomatic
venous gas embolism?.

Mechanism of Hyperbaric Oxygen Treatment

HBOT reduces gas bubble volume by increasing ambient pressure (Boyle's law). This may resolve the bubbles
or compress them sufficiently to allow redistribution of trapped arterial bubbles to the veins, restoring blood
flow. In accordance with Henry's law HBOT increases the solubility of the culprit gas enabling resorption, and
increases the amount of dissolved oxygen, improving the oxygenation of potentially hypoxic tissue.

Hyperoxia creates a diffusion gradient for oxygen into the gas bubble and nitrogen out. The rate at which the
bubble resolves depends on the diffusion of nitrogen out of the bubble, and transport of dissolved gases to the
lungs. HBOT eliminates inspired nitrogen, and therefore raises the nitrogen partial-pressure gradient between
the bubble and the surrounding tissue. This facilitates diffusion of nitrogen out to the gas phase and into
solution, according to Fick’s law.

Bubble volume will change in inverse proportion to the ambient pressure but reduction in bubble dimensions
depend on bubble shape.

In addition to the direct and indirect effects on bubble volume, HBOT also attenuates leucocyte adhesion
to damaged endothelium, favourably modulates ischaemia-reperfusion injury®®3' and reduces secondary
inflammation, facilitating the return of blood flow.
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Hyperbaric treatment tables

International standard of practice for treatment of air embolism is compression to 282kPa (60fsw or 18msw
equivalent depth) according to US Navy Schedule Six, with the patient breathing 100 per cent oxygen. The
advantages of this table are that it causes significant volume in bubble reduction, conveys an acceptable risk
of oxygen toxicity, is safe for the nurse attendant both from the perspective of nitrogen narcosis as well as
decompression illness, and is relatively short, and cheap. The oxygen dose delivered over the course of this
treatment is associated in vivo with inhibition of PMNL diapedesis’. However, this table was derived from use
in divers with decompression illness and there is an argument that the US Navy Schedule Five (equivalent
pressure but shorter duration) may be sufficient in iatrogenic air embolism given that there is no inert gas load
to remove. Studies comparing outcomes among patients with iatrogenic gas embolism who received USN
Schedules 5 and 6 are lacking, however shorter tables designed for use in monoplace chambers have been
used with success?. Repetitive treatments are recommended until there is no further stepwise improvement;
often between 1-3 treatments until response plateau is reached and maintained.

Lidocaine (lignocaine)
The use of lidocaine in arterial gas embolism is a Class lla AHA recommendation with Level B evidence.

In 1984 Evans et al injected lidocaine followed by air to the vertebral arteries of cats and measured their sciatic/
cerebral SERs. The control group SER fell to 28% of baseline and recovered to 60% and 73% at one and two

hours. The treatment group SER fell to 68% of baseline and recovered to 89% and 95% at one and two hours.

This difference was found to be statistically significant.

In a subsequent study also led by Evans, lidocaine was injected after the injury. Air was injected via the
carotid artery until the SER was down to 10% of the baseline for a period of five minutes, after which the
treatment group received a lidocaine bolus and infusion. The control group recovered to 32.6% of baseline
SER, while the treatment group recovery was to 77.3% of the baseline SER. This was also statistically
significant (P<0.001).

McDermott also performed several relevant studies on feline models. He showed that HBOT and HBOT +
lidocaine had better SER recovery than a control group, but without additive benefit. Unfortunately, this study
did not include a lidocaine-only group. McDermott also studied the additive benefit of lignocaine to HBOT in
a dog model, whereby air was injected to the carotid arteries, and if the SER fell to under 10% of baseline,
then dogs were recompressed with US Navy Table 6a and given lidocaine. The control group SER recovered
to 32% of baseline, while the treatment group SER recovered to 60% of baseline (p<0.025)'. Lidocaine has
also been found in animal models to be associated with improved outcomes in the context of other neurologic
injuries, however this is beyond the scope of this chapter.

The evidence for lidocaine in humans is less impressive than the animal data. While Mitchell et al's double
blinded randomised control trial of patients undergoing left heart valve procedures in 1999 demonstrated that
the group receiving standard cardiac antiarrhythmic infusion of lidocaine performed compared to placebo in 6
of 11 neuropsychological tests®, the follow up study in 2009 failed to demonstrate a neuroprotective benefit

in perioperative lidocaine use following cardiac surgery®. There were some flaws to the follow up study, which
included a predominance of patients undergoing CABG without cardiotomy, unlike the initial study which only
included open chamber surgery (which has previously been shown to result in greater quantities of gas emboli).

In practice, the use of lidocaine for patients with vascular gas embolism varies. If it is to be used, evidence
suggests that an appropriate endpoint is attainment of serum lidocaine concentrations consistent with an
antiarrhythmic effect (2-6 mcg/mL).

Potential mechanisms of neuroprotection by lidocaine

Lidocaine induced sodium channel blockade prevents or decelerates membrane depolarisation of hypoxic
neurons.

Modulation of neuronal energy metabolism.
Inhibits leucocyte migration and accumulation in the microcirculation of reperfused ischaemic tissue.

Modulation of haemodynamic parameters.
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CONCLUSION

VGE events are a rare complication of a range of procedures, which can manifest in a variety of ways, making
early detection challenging; even more so when the patient is under relaxant anaesthesia.

Strategies should be developed to prevent, detect, and rapidly treat vascular gas embolism.

Procedures which carry a high risk for gas embolism should be identified early, discussed prior to the procedure
or operation as well as during the pre-procedure time-out.

Consideration should be given to patient positioning and monitoring modalities. Maintaining pre-load can help
minimise risk of air entrainment. Meticulous attention to clinical parameters and a high index of suspicion must
be maintained, and vigilance particularly at key risk points of the procedure. Strategies aimed at consistently
reducing these risks should be developed.

Regular education of staff performing high-risk procedures should be ongoing and specific to the task, with a
focus on excellent communication; both between personnel (for example, anaesthetist and surgeon, to allow
rapid action to be taken if air entrainment is suspected) as well as between clinician and patient (for example,
use of clear instructions during central line placement in the awake patient, such as “breathe all the way out
and then hold” rather than “hold your breath”, which many interpret an instruction to take a deep breath, which
increases the risk of VGE).

A “speak-up” culture should be fostered, enabling all members of the interdisciplinary team to feel comfortable
to communicate concerns around patient safety.

Awareness of the nearest appropriate hyperbaric facility and smooth referral processes should be maintained,
as this is the primary mode of treatment, and those who are treated earlier have more favourable outcomes.
Inclusion of vascular gas embolism cases in interdepartmental SIM training is likely to be beneficial.
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INTRODUCTION

The role for Sodium-Glucose Transport Protein 2 (SGLT2) inhibitors is expanding to include new patient
groups, including those without Type 2 diabetes mellitus (T2DM) (see Table 1).

Table 1. Approved indications for SGLT2 inhibitors

Agent Australia/New Zealand Other countries
Dapagliflozin - Improve glycaemic control in - Improve glycaemic control in T2DM (EU,
(Forxiga) T2DM (Aus, N2). UsS, UK).
. Prevent hospitalisation for heart . Improve glycaemic control in TIDM as
failure in those with T2DM and adjunct to insulin (Jap).
cardiovascular disease or risk . Improve glycaemic control in overweight
factors (Aus, N2). patients with T1DM (BMI >27kg/m2) as
. Improve symptom control and adjunct to insulin (EU, UK).

cardiovascular outcomes as

adjunct therapy in HFrEF (Aus). =  Reduce risk of hospitalisation for heart

failure in T2DM with cardiovascular

. Prevent new or worsening disease or risk factors (US).
nephropathy in T2DM and
cardiovascular disease or risk
factors (NZ).

. Reduce hospitalisation for HFrEF in
adults (NYHA 1I-1V) (EU, US, UK).

. Reduce the risk of declining renal
function, kidney failure, cardiovascular
death and hospitalisation for heart failure
in adults with chronic kidney disease at
risk of progression (US).

= Treatment of chronic kidney
disease in adults (N2).
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Empagliflozin = Improve glycaemic control in = Improve glycaemic control in T2DM (EU,
(Jardiance) T2DM (Aus, N2). US, UK).
. Prevent cardiovascular death in . Prevent cardiovascular death in
those with T2DM and established those with T2DM and established
cardiovascular disease (Aus, NZ). cardiovascular disease (US).

. Prevent hospitalisation for HFrEF (US,
under FDA review).

Canagliflozin = Withdrawn from marketing for = Improve glycaemic control in T2DM (US,
(Invokana) commercial reasons (Aus, NZ). EU).

=  Reduce the risk of major adverse
cardiovascular events in T2DM with
established cardiovascular disease (US).

. Reduce the progression of chronic
kidney disease in T2DM and chronic
kidney disease (EU, US).

Ertugliflozin . Improve glycaemic control in . Improve glycaemic control in T2DM (EU,
(Steglatro) T2DM (Aus). USs, UK).

Sotagliflozin . Not currently approved for use. . Improve glycaemic control as adjunct
(Zynquista) to insulin in overweight patients (BMI

>27kg/m2) with T1IDM (EU).

Aus, Australia. NZ, New Zealand. EU, European Union. US, United States. UK, United Kingdom. Jap, Japan. T2DM, Type 2
diabetes mellitus. T1DM, Type 1 diabetes mellitus. HFrEF, Heart failure with reduced ejection fraction.

The SGLT2 inhibitors have an established role in T2DM, improving HbA1c by 0.5-1 per cent'? and are
known to also promote modest weight loss and blood pressure reductions®*. Their use is already increasing
in Australia. The Pharmaceutical Benefits Scheme observed a 24 per cent year-on-year increase in SGLT2
inhibitor use during the most recent 2019/20 financial year, subsidising more than two million prescriptions
(15 per cent of all oral anti-hyperglycaemic prescriptions)®®. However, the prevalence of these agents in the
perioperative patient population may continue to grow due to emerging high-level evidence supporting novel
indications. As has previously been reported in this publication, large cardiovascular outcome trials in patients
with T2DM across a spectrum of cardiovascular disease have demonstrated benefits to cardiovascular survival,
heart failure, renal protection and major adverse cardiovascular events™'. More recently, the SGLT2 inhibitors
have been shown to reduce the incidence of hospitalisation for heart failure and cardiovascular death in
patients without diabetes'®'®. Other studies have demonstrated renal protection in diabetic patients with and
without chronic kidney disease (CKD)?'2. Both heart failure and CKD are common disorders in the surgical
population and are associated with significant morbidity, mortality and health expenditure.

The approved indications for SGLT2 inhibitors are expanding in light of this evidence. In Australia and other
countries, regulators have approved certain SGLT2 inhibitors for the management of heart failure with reduced
ejection fraction in patients with and without T2DM'#"". In Europe, SGLT2 inhibitors have been approved as
an adjunct to insulin for the management of overweight patients with Type 1 diabetes mellitus (T1DM)'®'8, This
review will explore the established and emerging applications for SGLT2 inhibitors beyond glycaemic control in
T2DM. The potential perioperative risks from this drug class have been well documented and range from minor
urinary tract infection (UTls) to severe complications such urosepsis, limb amputation and ketoacidosis'!9-22,
While the importance of careful management of SGLT2 inhibitors during the perioperative period is increasingly
recognised®®, anaesthetists should be aware of the evidence supporting new indications for these agents.

The use of SGLT2 inhibitors will probably become more common over the medium term and are already

being used in Australia by patients without diabetes. The perioperative patient may be at greater risk of harm
from complications (especially if undergoing emergency surgery or with poorly controlled diabetes) than that
reported in large safety and efficacy trials.

CLINICAL BENEFITS OF SGLT2 INHIBITORS

Chronic heart failure and Type 2 diabetes mellitus

Recent studies analysing the impact of SGLT2 inhibitors in T2DM found potentially practice-changing reductions
in hospitalisation for heart failure, cardiovascular death and major adverse cardiac events (see Table 2).
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Table 2. Summary of randomised controlled trials of SGLT2 inhibitors and cardiovascular outcomes

Trial Study drug Inclusion Participants Primary outcome HHF CV death CKD
criteria (%T2DM) HR (95%Cl) HR (95%CI) HR (95%Cl) progression*
HR (95%Cl)
EMPAREG  Empagliflozin T2DM & 7,020 CV death, MI, 0.65 0.62 N/R
(2015) established (100%) Stroke: (0.50-0.85) (0.49-0.77)
CVD 0.86 (0.74-0.99)
CANVAS Canagliflozin =~ T2DM & high 10,142 CV death, MI, 0.67 0.87 0.60
Program CVD risk (100%) Stroke: (0.52-0.87) (0.72-1.06)  (0.47-0.77)
(2017) 0.86 (0.75-0.97)
DECLARE Dapagliflozin T2DM & 17,160 CV death, MI, 0.73 0.98 0.76
TIMI (2019) established (100%) Stroke: (0.61-0.88) (0.82-1.17) (0.67-0.87)
CVD or risk 0.83 (0.73-0.95)
factors
DAPA HF Dapagliflozin Chronic HF 4,744 CV death or HHF: 0.70 0.82 0.53
(2019) (NYHA 1I-1V) (42%) 0.74 (0.65-0.85)  (0.59-0.83) (0.69-0.98)  (0.43-0.66)
& LVEF <40%
with GDMT
EMPEROR  Empagliflozin Chronic HF 3,730 CV death or HHF: 0.70 0.92 0.50
Reduced (NYHA 11-IV) (50%) 0.75 (0.65-0.86)  (0.58-0.85) (0.75-1.12) (0.32-0.77)
(2020) & LVEF <40%
with GDMT
SOLOIST Sotagliflozin T2DM & 1,222 CV death or HHF: 0.64 0.84 N/R**
WHF (2020) recent acute (100%) 0.67 (0.52-0.85) (0.49-0.83) (0.58-1.22)
HF admission
EMPEROR  Empagliflozin Chronic HF 5,988 CV death or HHF: 0.71 0.91 N/R***
preserved (NYHA II-IV) (49%) 0.79 (0.69-0.90)  (0.60-0.83) (0.76-1.09)
(2021) with LVEF
>40%

T2DM, Type 2 diabetes mellitus. HR, Hazard ratio. 95%CI, 95% confidence interval. HHF, Hospitalisation for heart failure.
CV, Cardiovascular. CKD, Chronic kidney disease. CVD, Cardiovascular disease. Ml, Myocardial infarction. HF, Heart failure.
NYHA, New York Heart Association. LVEF, Left ventricular ejection fraction. GDMT, Guideline-directed medical therapy. N/R,
not reported.

*CKD progression generally described as a sustained decline in eGFR 240% to eGFR<60mL/min/m2, progression to renal
replacement therapy or eGFR<15ml/min/m2 or renal death; see individual trials for specific definitions.

**HR for CKD progression not reported; eGFR data favoured placebo (mean change in eGFR -0.16 (-1.30 — 0.98)).
***HR for CKD Not reported; eGFR data favoured empagliflozin (mean change in eGFR -1.37mL per year).

The size of effect, and the short latency to effect (within months) suggests a mechanism unrelated to glycaemic
control, and potentially direct cardioprotective effects from this drug class. A meta-analysis of randomised
controlled trials regarding the cardiovascular outcomes of SGLT2 inhibitors in T2DM included studies of
empagliflozin, dapagliflozin and canagliflozin'. Overall, SGLT2 inhibitors were shown to reduce the risk of
cardiovascular death or hospitalisation for heart failure by 23 per cent, with a similar benefit observed in those
with and without heart failure, and with and without cardiovascular disease. The risk of major adverse cardiac
events was reduced by 11 per cent but found benefit only in those with established cardiovascular disease and
not in those without'.

The first major randomised controlled trial to demonstrate significant cardiovascular benefits was EMPA-

REG OUTCOME?. This study included participants with T2DM and cardiovascular disease who were already
optimised with standard-of-care medications for cardiovascular comorbidities. This was a high-risk cohort; the
majority (99 per cent) of patients had prior cardiovascular events (stroke, myocardial infarction, amputation or
coronary artery disease). Investigators demonstrated a 38 per cent relative risk reduction for cardiovascular
death, 32 per cent for all-cause mortality, and 55 per cent for hospitalisation for heart failure’. Next, DECLARE-
TIMl included participants with T2DM but relatively low cardiovascular risk and preserved renal function®.
Investigators found a 17 per cent relative risk reduction in the composite of CV death and hospitalisation for
heart failure, with similar benefits in patients with and without pre-existing atherosclerotic disease or heart
failure. The CANVAS program included patients with T2DM (HbA1¢ 27.5 and <10.5%) and either symptomatic
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atherosclerotic disease or at least two defined cardiovascular risk factors?. Investigators found a 39 per cent
relative risk reduction in hospitalisation for heart failure and a 20 per cent reduction for major cardiac events

or cardiovascular death. Importantly, a subsequent analysis found canagliflozin reduced hospitalisation for
heart failure and other cardiovascular events across all HbA1c sub-groups, even those with good glycaemic
control (HbA1c 6.5-7.0%)%. Although canagliflozin has since been withdrawn from the Australian market for
commercial reasons, these data support the potential for a class effect from SGLT2 inhibitors, and observed
benefits even for those with well-controlled diabetes?. It is possible that the sponsor will seek to reintroduce
canagliflozin to local markets given recent approvals in other countries for those with diabetic and non-diabetic
chronic kidney disease (see Table 1).

Acute heart failure and Type 2 diabetes mellitus

In contrast to prior studies in T2DM, sotagliflozin has been studied in patients recovering from acute heart
failure™. Sotagliflozin reduced the relative risk of hospitalisation for heart failure or CV death by 33 per cent
when initiated in-hospital or within three days of discharge for an acute heart failure admission. Severe
hypoglycaemia was more common in the sotagliflozin group, which may be related to its mechanism as a dual
SGLT1/SGLT2 inhibitor™. This study has demonstrated a potential role for initiating sotagliflozin early in the
recovery phase from an episode of acute heart failure in patients with T2DM, although the practical safety
challenges must be resolved before regulatory approvals are likely for this indication.

Heart failure in non-diabetic patients

The impressive reductions in hospitalisation for heart failure and cardiovascular death have also been shown
in non-diabetic patients (see Table 2). The DAPA-HF (dapagliflozin) study recruited 4744 patients with known
heart failure with and without diabetes'. All participants had heart failure with reduced ejection fraction
(LVEF £40%) and NYHA Grade II-IV symptoms and were optimised on guideline-directed medical therapy
prior to randomisation. Less than half of the participants had T2DM. Those with diabetes had their usual
anti-hyperglycaemic therapy continued after addition of dapagliflozin (with dose-modification of their usual
medications to prevent hypoglycaemia if necessary). Investigators demonstrated a 26 per cent relative risk
reduction for worsening heart failure (hospitalisation or need for IV therapy) and an 18 per cent reduction for
cardiovascular death. The number needed to treat to prevent one primary event was 21. The progression of
heart failure symptoms was measured using a validated assessment tool; the dapagliflozin group were more
likely to experience a clinical improvement, and less likely to experience a deterioration than the placebo group.
The beneficial effects were similar across all subgroups including those without diabetes at baseline, and in
those diabetic patients with good glycaemic control'>%’,

A subsequent analysis examined sub-groups according to pre-existing heart failure therapy?®. Investigators
examined dose intensity of traditional heart failure therapies, the use of sacubitril/valsartan or ivabradine and

the presence of cardiac resynchronisation therapy. Improvements in heart failure outcomes and cardiovascular
mortality were consistently shown across treatment sub-groups, even in patients already optimised with existing
treatments. Prior to these data, it had been unclear whether the diuretic benefit would still be induced in
patients already using loop diuretics and mineralocorticoid receptor antagonists, or whether a significant volume
contraction or worsening of CKD might develop. Among patients with heart failure with reduced ejection
fraction, dapagliflozin lowers the risk of worsening heart failure or death from cardiovascular causes, and results
in better symptom control and fewer exacerbations in those with and without diabetes.

Empagliflozin has also been investigated in heart failure patients with and without diabetes. The EMPEROR-
Reduced trial'® targeted patients with more significant LV dysfunction than DAPA-HF. Investigators recruited
those with heart failure with reduced ejection fraction and either LVEF<30% or LVEF<40% with recent
hospitalisation for heart failure or very high biomarkers. Approximately 50 per cent of patients had T2DM, and
73 per cent had LVEF<30%. Empagliflozin was associated with a 25 per cent relative risk reduction for CV
death or hospitalisation for heart failure; a number needed to treat of 19 to prevent one primary event. These
findings were consistent across sub-groups, including patients with and without diabetes. Apart from higher
rates of genital tract infections, there were no differences in hypoglycaemia or markers of heart failure safety
(hypotension, volume depletion, renal dysfunction, bradycardia, dyselectrolytaemia).

EMPEROR preserved was a randomised controlled trial of empagliflozin which included adults with class II-IV
chronic heart failure and an ejection fraction >400%?2°. Empagliflozin reduced the risk of hospitalisation for heart
failure or cardiovascular death (HR 0.79; 95% CI 0.69-0.90; P<0.001) in patients with and without diabetes.
The number needed to treat to prevent one primary event was 31. Sub-group analysis demonstrated benefits

in patients with both preserved (EF250%) and mildly reduced ejection fraction (EF 41-49%). Although it is
unclear whether those with a greater ejection fraction receive a decremental benefit, this is an important finding.
Most heart failure therapies are ineffective or only weakly beneficial in those with higher ejection fractions.

The addition of SGLT2 inhibitors as a new therapeutic modality would be a major win for clinicians treating
heart failure with preserved ejection fraction. The DELIVER trial is examining dapagliflozin in adults with heart
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failure and ejection fraction >40%. If benefits are confirmed for this difficult-to-treat condition, we should
expect to see even more patients using SGLT2 inhibitors in the future.

Type 1 diabetes mellitus

Insulin therapy alone does not always achieve adequate glycaemic control in patients with T1DM. Certain
SGLT2 inhibitors have been investigated as adjuncts to achieve HbA1c targets in T1DM?3%%2 and are approved
for this use in the European Union, United Kingdom and Japan'¢'83%, Studies in this patient group have found
significant reductions in mean HbA1c, total daily insulin dose and body weight®°-3234, In placebo-controlled
trials, dapagliflozin has been shown to significantly increase the proportion of patients achieving a reduction in
HbA1c 20.5% without an increase in severe hypoglycaemia. Similarly, almost twice as many participants using
sotagliflozin achieved HbA1c <7.0% without a severe adverse event®. Both drugs are associated with a greater
rate of DKA in T1DM, although the incidence is lower in overweight patients (BMI>27kg/m2)3031:3435 Most
regulators which have approved SGLT2 inhibitors for T1DM have limited this adjunct therapy to the overweight
population on safety grounds.

Diabetic ketoacidosis (DKA) is a significant problem for patients with T1DM and is responsible for up to 20 per
cent of patient deaths®®. The elevated risk in these patients using SGLT2 inhibitors remains a concern. Although
approved for this use in the European Union, in the United States the Food and Drugs Administration (FDA)
has so far declined approval for SGLT2 inhibitors in T1DM due to the higher rate of DKA%. The position of
regulators in Australia and New Zealand has not yet been tested. Patients who use dapagliflozin or sotagliflozin
as adjunct therapy in T1DM should receive a structured education program by trained educators, and be
taught to recognise the risks, signs and symptoms of DKA and how to manage both “sick days” and elevated
ketones®. Although this drug class has not yet been approved for use in TIDM in Australia or New Zealand,
anaesthetists and perioperative practitioners should be aware of the potential for off-label use or use by
international visitors.

Chronic kidney disease

Chronic kidney disease is one of the fastest-growing global causes of death, most commonly caused by
diabetes, hypertension, ageing and obesity. In this context, agents which simultaneously improve control of
blood sugar, blood pressure and body weight would be welcomed by nephrologists and other specialists®®.
The SGLT2 inhibitors provide all of these benefits and have demonstrated reno-protective effects in patients
with and without diabetes, and in diabetic patients with and without CKD. Multiple studies have described
renal outcomes from SGLT2 inhibitors in T2DM®82132440-42 A meta-analysis of four studies (38,723 participants)
found that the SGLT2 inhibitors substantially reduce the risk of dialysis, transplantation or death due to kidney
disease by 33 per cent in T2DM (Relative risk, RR 0.67, 95%CI 0.52-0.86)*'. SGLT2 inhibitors also reduced
progression to end-stage kidney disease (ESKD) (RR 0.65, 95%CI 0.53-0.81) and acute kidney injury (RR
0.75, 95%CI 0.66-0.85). These effects were consistent across all studies. This meta-analysis demonstrated
that benefits were also consistent across all subgroups of baseline renal function, those with and without
albuminuria, and those already using renin-angiotensin-aldosterone system antagonists*'3.

Renal protection with dapagliflozin has also been demonstrated in non-diabetic kidney disease. The DAPA-
CKOD trial included participants with CKD (mean baseline eGFR 43mL/min/1.73m2) and followed patients for
a mean of 2.4 years before stopping early due to efficacy**. Dapagliflozin reduced the risk of a >50% eGFR
decline, ESKD, or renal or CV death by 39 per cent (Hazard ratio, HR=0.61, 95%CI 0.51-0.72). The number
needed to treat to avoid one primary endpoint was 19. The benefit was similar in patients with and without
diabetes and was independent of pre-existing renal function. Dapagliflozin appears safe in non-diabetic kidney
disease, with no increase in hypoglycaemia or ketoacidosis identified, although the participant numbers were
relatively low and may not have been powered to find uncommon outcomes. Similar data have been presented
for canagliflozin, although this is no longer available in Australia®°.

Regulators in the United States and the European Union have authorised canagliflozin for use in secondary
prevention of CKD in diabetic kidney disease, and in the United States dapagliflozin is approved for renal
protection in non-diabetic CKD. The renal outcomes for diabetic and non-diabetic patients are impressive.
Drug sponsors may seek to expand approved indications for SGLT2 inhibitors to include renal protection in
diabetes or established non-diabetic kidney disease. In the meantime, we may also see nephrologists and other
physicians prescribing SGLT2 inhibitors off-label for use in CKD.

PROPOSED MECHANISMS OF BENEFIT IN HEART FAILURE

Large randomised controlled trials have demonstrated reductions in hospitalisation for heart failure with
SGLT2 inhibitors within just months of initiating therapy. The size and speed of this effect, consistent efficacy
in people with satisfactory glycaemic control (T2DM with HbA1¢<6.5% and non-diabetics) and lack of benefit
in atherosclerotic complications suggest a mechanism unrelated to anti-hyperglycaemic effects. The beneficial
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effect appears consistent for those with heart failure already optimised on conventional guideline-directed
medical therapy, which also suggests a mechanism independent of the traditional neurohormonal pathways of
heart failure treatment. There is some pre-clinical and clinical research into the potential protective mechanisms
in heart failure.

Preload reduction and novel diuretic mechanisms

In heart failure, the activation of the renin-angiotensin-aldosterone system and sympathetic nervous system
lead to salt and fluid retention and a progressively fluid-overloaded state*. Eventually an unfavourable
myocyte length-tension relationship develops, with worsening myocardial performance and intravascular
and interstitial sodium and fluid retention®. In a post-hoc mediation analysis of one large trial, investigators
established that approximately 50 per cent of the benefit in cardiovascular death reduction was attributed to
haemoconcentration and diuresis*®*”, which would reduce preload and ventricular filling pressures.

The SGLT2 inhibitors have several unique diuretic attributes. First, they act at the renal proximal convoluted
tubule to prevent glucose reabsorption and induce a natriuresis and osmotic diuresis without impacting plasma
osmolality*®. Sodium and glucose excretion has been observed to increase to 170 per cent and 2700 per cent
of baseline respectively*®2. The osmotic effect creates tubular fluid with a lower concentration of sodium and
chloride, and so these are not reabsorbed at the loop of Henle as might be expected; this natriuresis has been
shown to reduce total body sodium*¢. Second, this mechanism induces tubuloglomerular feedback through
increased delivery of fluid and sodium to the macula densa which stimulates afferent tubule vasoconstriction
and reduces glomerular hypertension®2%, In contrast, traditional thiazide and loop diuretics inhibit sodium entry
to the macula densa and promote efferent arteriole vasoconstriction. This may be the mechanism of the reno-
protective benefits observed in trials and may also explain the observed increase in erythropoietin secretion®.
Third, the SGLT2 inhibitors appear to selectively reduce interstitial fluid clearance to relieve organ congestion
without reducing intravascular volume. This may explain the absence of reflex neurohormonal activation;
traditional diuretics are observed to induce off-target electrolyte-wasting and renin-angiotensin-aldosterone
system activation with counter-productive vasoconstriction and sodium retention*84954%7 This diuresis is
synergistic with loop diuretics*®, and may be valuable in those resistant to loop diuretics®®.

Afterload reduction

Increased afterload is indicative of increased myocardial oxygen demand and includes arteriolar resistance
and the pulsatile load generated by arterial stiffness. Investigators measuring surrogates for arterial stiffness
and resistance (ambulatory arterial stiffness index, pulse pressure and central systolic blood pressure) found
favourable reductions in patients using empagliflozin®®¢°. Modest reductions in systolic and mean blood
pressure (4-10mmHg and 2mmHg, respectively) have been observed with SGLT2 inhibitor use®%°. Similar
improvements to arterial resistance and vascular function have been demonstrated in a pilot study with
dapagliflozin, suggesting a class effect®'. Afterload reduction will reduce cardiac work and can be expected to
improve left ventricular function®®. This effect is only partly explained by a diuresis; although the volume loss is
persistent over time (unlike with thiazide diure