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Preface

ICU Management and Protocols describes the management of acute and critically ill
patients. It discusses important topics in intensive care practices for both adult and
pediatric patients. Chapters address professionalism and teamwork in the intensive
care setup, various modalities of renal replacement therapy in critically ill patients,
the management of postoperative delirium and coagulopathies in pediatric patients,
and resuscitation of trauma and mass casualty patients during the COVID-19
pandemic.

This book is a useful resource for intensive care physicians, emergency physicians,
acute care and general surgeons, EMS staff, and acute and critical care nurses.

We are thankful to Ms. Ana Cink for her continuous help at all stages of the publication
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during the editing process. I am also grateful for the patience and cooperation of my
daughters Dr. Amara and Dr. Jaza. Finally, I wish to acknowledge the participating
authors for their valuable contributions.
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Chapter1

Professionalism, Teamwork
and Regulation in the Intensive
Care Unit

Suzanne Crowe and Maeve McAllister

Abstract

In this chapter, we discuss the concepts of professionalism in relation to intensive
care medicine. The intensive care management of patients represents the sharp edge
of every speciality and the potential for miscommunication, conflict, psychological
overload and burnout is large. The presence of a culture of trust between patients and
staff, and between staff members is a major factor in patient outcome, staff recruit-
ment, staff retention and motivation. As critical care morbidity and mortality rates
improve, patient and staff expectations of an acceptable short-term and long-term
outcome increase. To reach these expectations, healthcare professionals need to oper-
ate in high performing teams, with defined standards and objectives. We focus on key
aspects of good professional behaviour, high-performance healthcare teams and the
regulatory aspects of care in the high technology, critical care environment.

Keywords: critical care, intensive care, professionalism, teamwork, regulation

1. Introduction

Critical care medicine offers many challenges for staff and patients. When admitted
to the Intensive Care Unit (ICU) patients are critically ill and require life-saving inter-
vention with the aim of disease treatment and maximising organ support and recovery.
If the patient survives, there may be a prolonged period of rehabilitation. This level of
medical intervention is usually coordinated by a specialist in critical care medicine and
delivered by a multidisciplinary team of health professionals.

The range of disciplines that now contribute to the outcome of the patient has
grown and includes clinical psychology, speech and language therapy, bioengi-
neering and clinical pharmacy. As care has become more complex, the need for
experienced professionals has increased, with a worldwide shortage of intensive
care staff. Recruitment, training and retention of valuable ICU staff are important.
Understanding what makes team members satisfied with their job is vital in keeping
good staff, reducing disruptive staff turnover and improved continuity of high-
quality care to patients. Emphasis on a healthy professional culture within the ICU
can be helpful in encouraging personal and professional development, and positive
interactions between staff and patients.
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2. Professionalism

The term professionalism describes the attributes of a skilled competent prac-
titioner. These qualities reassure the patient and their family that they can trust
healthcare staff to do their best for them, be honest in their interactions and speak
up when needed. Professionalism also encompasses an acceptance that a clinician
participates in ongoing training and education, reflective practice, audit and assess-
ment. Within its scope is a code of conduct which always prioritises the dignity and
safety of the patient.

3. Teamwork

As we have moved from parallel practice to the concept of integrative multi-
disciplinary care, the intensive care team has evolved to include many physicians
and healthcare professionals who share the common goal of delivering high qual-
ity, coordinated patient-centred care. Team members are highly skilled profes-
sionals who contribute from their diverse knowledge and experiences to improve
patient care.

The structure of the team can vary depending on the needs of the patient and
the availability of staff. During a typical admission to the intensive care unit (ICU) a
patient can expect to receive care from the following team members; ICU doctor, ICU
nurse, medical/surgical doctor, physiotherapist, dietician, occupational therapist,
speech and language therapist, pharmacist, psychologist and social worker. The
delivery of patient care is the result of a highly coordinated effort from each of these
professionals. Many critical care units will be in teaching hospitals, so there will be
students and trainees in each discipline present and participating in the team. With
healthcare staff delivering care over 24-hour periods, there is a handover of patient
information across shifts. This means relatively large numbers of trained staff are
required to maintain safe care. To operate a large team in a cohesive fashion takes
attention and a proactive approach to resolving differences in opinion. Excellent com-
munication assists greatly in keeping a team together, with the common aim of giving
good patient care.

3.1 High performance teams in the intensive care unit

There is an emerging body of research, which suggests that high-performance
teams lead to improved outcomes in healthcare. Initially coined in the 1950s and
adopted as a concept within organisation development, a high-performance team
consist of a group of skilled individuals with a shared goal. The analogy has been
drawn from Formula 1 motor racing and nuclear energy production. All high-
performance teams are under pressure to deliver consistently high-quality results in
a climate of significant risk. Through open communication, role expectations and
group operating procedures, the high-performance team collaborate to produce reli-
able superior results.

Considering the wide variety of expertise amongst professionals involved in
delivering critical care, the concept of a high-performance team seems appro-
priate to adopt. In this section, we discuss the essential components of high-
performance teamwork and the potential barriers faced in the busy intensive care
environment.
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3.1.1 Fundamental elements of high-performance teamwork in the intensive care unit
3.1.1.1 Common goals

The ICU team must agree upon short- and long-term goals of care for each patient.
These goals are individualised and reflect the priorities of the patient and their family.
All team members, including the family, should be involved in the initial setting of
goals of care. Ideally, these goals should be written down and be easily accessible to
all team members. There should be regular and routine evaluation of progress and
all team members must agree on amendment of processes if goals are not sufficiently
reached.

3.1.1.2 Clear roles and responsibilities

Each member of the ICU team must have individual, discipline-specific roles,
and responsibilities. It is important that team members are aware of each other’s
functions, so each has a clear understanding of both individual and team obliga-
tions. Labour should be divided according to the expertise available to enhance team
efficiency in realising common goals. Holding information in separate silos across the
ICU team may cause difficulties in communication, especially out of usual work-
ing hours. For this reason, it is preferable if clinical records are contributed to and
maintained centrally. This is easy to achieve when an electronic record is used.

3.1.1.3 Accountability

High-performance teams must demonstrate individual and shared accountability.
Individual accountability is dependent upon the personal values of each team mem-
ber. It may be encouraged by setting personal goals for team members and regular
feedback to the individual. Shared accountability can be achieved by agreeing upon
group-wide operating rules and standards. Regular review and reinforcement of stan-
dards will encourage mutual accountability amongst the team. Open discussion of
risk, adverse events and error is a key element in producing accountability: if critical
care staff feel that they work in a climate of compassionate understanding of adverse
events, they are more likely to be comfortable managing their personal responsibility
for patient care.

3.1.1.4 Leadership

Effective teams require a team leader who is responsible for overseeing group
performance. The team leader should ensure provision of a cohesive and supportive
team environment. Although traditionally the physician would be the team lead in
ICU, the lead in any given scenario may be determined by the needs and experience of
the team at that time, rather than in a hierarchical manner. Shared decision making is
fundamental to a high-performance team. The team leader should abolish the top-
down leadership style and encourage every team member to have a voice, regardless
of their position. The value of this approach becomes clear as the team develops and
leads to richer interaction. When a critical incident occurs that requires flat lines of
communication and prompt action, prior investment of time and effort in profes-
sionalism development across the team delivers excellent results in terms of patient
care and how team members feel after the event. If there is a poor outcome, follow up
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between the team leader and team members is important to support staff and extract
learnings that can be shared with the aim of improving care.

3.1.1.5 Continual enhancement of skills

Team members must commit to continual enhancement of their individual skills.
This may involve participation in courses or further academic endeavours. The high
performing team will encourage each member to enhance their skills and provide
adequate time and support for such activities. Team-based education and simulation
sessions can facilitate learning in an environment with considerable risk of serious
adverse events [1-3]. Interdisciplinary education may also improve team bonding and
communication [4].

3.1.1.6 Wellbeing

Individual and team wellbeing must be acknowledged by the institution. High
personal and collective morale may enhance job satisfaction. This can in turn improve
collaborative processes, productivity, and staff retention.

3.1.1.7 Psychological safety

To function at a high level, trust between team members is imperative.
Psychological safety is the belief that one will not be punished or humiliated for
making suggestions or admitting to error. This encourages transparency amongst
team members. A no-blame culture is fostered where active participation and critical
thinking can flourish, allowing the team to discuss and learn from their mistakes [5].
This collaborative approach will address deficits in the team’s processes to improve
the safety of patient care. Maintaining the dignity of a patient in the critical care unit
is central to good care. Placing an emphasis on the dignity of staff is important to
staff psychological safety and retention. Each unit needs to have active measures in
place to tackle bullying. Bullying is extremely damaging and contributes to high staff
turnover, which impacts patient care. Focus on upstream measures is most effective—
creating a positive culture of support for each other at a fundamental human level
exposes those who begin to engage in bullying as being out of step with the ‘norm’ for
this unit. This approach includes coaching and mentoring through addressing errors,
and remediation to keep staff working safely. All team members should be encour-
aged to care for themselves emotionally and physically, with institutional promotion
of self-care, good mental health and collegial conduct.

3.1.1.8 Conflict management

Open communication is essential for high-performing teams. A diverse multi-
disciplinary team may have conflicting individual ideas or priorities at times. Team
members must feel comfortable and supported to communicate their concerns
about team processes and direction of patient care. The team must have consistent
channels for communication, ideally with regularly scheduled meetings. Conflicting
ideas must be identified and discussed early. It is important for the team leader to
embrace but depersonalise diverse views. They will manage relationships amongst
the team members and address any obstacles that may hinder group performance.
Professionalism supports should be funded and made available including specific
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training courses, facilitated debriefing, mentoring and referral to counselling. These
measures may be co-facilitated by the human resources department in the hospital, as
there may be overlap with employment issues.

3.1.1.9 Outcome measurement

Any high-performance team should have a measurement system in place to deter-
mine their success. This allows for timely and reliable feedback to the team regard-
ing their successes and failures. Local metrics foster an environment of continual
improvement and learning. Most intensive care units collect a vast amount of data on
patient admissions, and this contributes to audits. Intensive care units may collaborate
and combine their audit information to produce more robust targets and standards
e.g., Paediatric Intensive Care Audit Network (PicaNet) in the United Kingdom and
Ireland. This means that measurable patient care processes can be audited against
the group’s agreed standards and amendments made to local processes based upon
results. An example of this is the assessment of an unplanned extubation event. Using
data from a number of ICUs and from a number of years, it is possible to produce a
standardised rate and compare individual units performance each year against this
rate. Ideally, outcomes would be validated and internationally recognised to allow
the team to compare themselves with similar units in other jurisdictions [6]. Patient’s
outcomes can be tracked over time and communicated back to the team. Satisfaction
of patients, their families and team members can also be measured and followed over
time. Staff resigning from work should be offered a confidential interview to ascer-
tain information which might assist in improving team-working and patient care.

3.1.1.10 Appraisal of team members

Feedback to individuals and the team reinforces positive behaviours and allows for
continual development of the team. It also provides an opportunity for deficits to be
identified and remediated. A 360-evaluation process may be utilised whereby many col-
leagues, regardless of discipline or seniority, will provide evaluation for a team member
[7]. Interpersonal skills and professionalism are the core emphasis of this approach.

3.1.1.11 Research

ICU team members must keep up to date with the latest emerging evidence in their
respective fields. Critical care medicine is a technology-dependent speciality which is
rapidly evolving. Specific assessment of new techniques, medications and equipment
should be incorporated into a local coordinated research agenda. This is necessary to
achieve continuously improving, team-based healthcare. Team members must be pro-
vided with sufficient time and resources to engage in relevant research, and feedback
their results into clinical practice.

3.1.1.12 The patient and family as team members

Vital to a high-performing ICU team is the inclusion of the patient and their
family as integral members of the team. This concept of shared decision-making is
gradually replacing a more paternalistic style of directing care [8]. It is important to
involve the family in clinical decision making and to allocate sufficient time to meet
with them. The patient’s needs and expectations are the driving force for the team’s
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efforts, and some neonatal and paediatric intensive care units now facilitate unre-
stricted family visiting and limited participation in medical rounds.

3.1.2 Barriers to high-performance teamwork in the intensive care unit
3.1.2.1 The changing team

As staff change from day to night shift and junior doctors rotate through training
posts, the multidisciplinary ICU team is continually changing. Although some team
members will be a constant presence, the changing nature of the team can threaten its
performance [9]. It may be difficult for new team members to join a well-established
and experienced team and it takes time and effort for team members to build a trust-
ing relationship with each other. The rotation of care providers may also influence the
continuity of care delivered to the patient. This highlights the importance of having
established written goals for patient care.

3.1.2.2 Interpersonal velationships

With the amalgamation of many personalities and healthcare specialities, it is
inevitable that conflict may occur within the ICU team. Tension may arise due to the
existence of differing priorities or perspectives of team members [10]. Occasionally,
the priorities of the team may not align with those of the patient or family. The rela-
tionship between team members and the patient and family is important in the overall
delivery of care, job satisfaction and incidence of compassion fatigue. Tensions can be
exacerbated by inefficient or infrequent communication between team members—
this contributes to disharmony in the patient’s bedspace, especially if conflicting
pieces of information and opinions are being passed onto the patient and their family.
Although reaching an agreement between all team members is challenging, it can be
facilitated with early and open communication. Senior team members must oversee
conflict resolution with maturity and compassion [11, 12].

3.1.2.3 Psychological stress

The ICU can be a demanding work environment which poses several challenges to
team members. Caring for a critically unwell child and their family can be distressing.
Team members are often faced with stressful resuscitations, emergencies, and death.
Ethical dilemmas are often encountered and can have a psychological impact on the
staff involved. A supportive environment is essential to allow staff members to man-
age these stressors and continue to function as a high-performing team. Debriefing
should be used after critical incidents and staff should have access to a counselling
service.

3.1.2.4 Resource limitations

Whilst dependent largely upon the collaborative efforts of individual team
members, a high-performance healthcare team does require organisational support to
function maximally. Adequate resources must be in place to support the work of the
team. Health informatics and technological resources should facilitate seamless com-
munication between team members. Financial support should be in place to allow for
education and research. Appropriate facilities should be provided for team meetings,
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education sessions and simulation. Medical equipment should meet minimum
standards to deliver care. Team members should be provided with adequate time for
completion of clinical duties, continual professional development, and rest.

3.2 Regulatory aspects of medical care in the intensive care unit

Regulation of medical practice in any speciality should focus on ‘right touch’

This is a balance between onerous rules which may lead to defensive practice and
light-touch regulation which may not be sufficient to guide good practice. Moving the
emphasis of regulation upstream, to the issues which can positively impact a physi-
cian’s professionalism will potentially reduce the number and significance of breaches
of conduct and competence. Many regulatory bodies around the world now use

this ‘right touch’ approach to medical regulation. There has been a move away from
self-regulation in many jurisdictions, with the establishment of statutory bodies with
a non-medical majority. This is a deliberate action to give reassurance to patients that
public protection is the key remit of regulation.

In consultation with the public and the profession, high standards of education
and practice are developed. These high standards of medical undergraduate and
postgraduate education, postgraduate and speciality training, medical ethics and
communication are then applied to educational institutions and individual doctors.
Following assessment, recommendations for domains of improvement are made by
the regulatory authority and followed up in a cycle of appropriate, targeted regula-
tion. Tailored guides to specific areas of medical practice may be produced by a
medical regulator to inform doctors and the public of the standards expected e.g.,
Telemedicine. A regulator will usually maintain a register of doctors who are qualified
in that profession. That register is open to the public for inspection and assurance.

The Intensive Care Unit is a key part of a hospital environment. Intensive or
critical care medicine has expanded over the last 2 decades to include premature
neonates (Neonatology), infants and children (Paediatric Intensive Care) and adults
(Adult ICU). Most ICUs will provide education and training to medical practitioners
as part of structured training programs. The curriculum and formal assessment of
the training program are decided by the certifying professional body e.g., European
Society of Intensive Care Medicine (ESICM). A hospital and its medical staff will
have a relationship with a medical regulatory body to ensure that there is protection
of the public interest in its interactions with doctors employed within the hospital.
All doctors must demonstrate their licence or registration with their regulatory body
as part of their terms of employment. This provides the public with confidence that
their doctor has the necessary medical qualifications to provide medical services.

3.2.1 Education and training

Regulation extends into education and training with the setting of standards and
the periodic evaluation of these standards by the regulatory body. In the ICU, all
doctors are expected to meet a basic standard of medical practice and conduct, in
addition to demonstrating ongoing learning. There may be overlap with individual
training programs and a sharing of compliance data. Accreditation of training bodies
by the regulator may be a feature of some healthcare systems, but the principles
are the same. A doctor may be asked to demonstrate fitness to practice through a
process of investigation if there is a significant complaint made against the doctor.
Management of a complaint against a professional is outlined below in Section 2.7.
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3.2.2 Continued professional development

Each doctor working in the critical care environment has a professional and ethical
obligation to keep up to date with clinical developments. Each year specific training
courses may be mandated e.g., resuscitation procedures and algorithms. Professional
competencies in communication are important in the ICU where giving patients and
families bad news is a vital part of the senior medical role. Miscommunication is a
common area of complaint where families have a grievance around how important
information was imparted by a doctor. There are simulation modules and training
drills in communication skills available.

3.2.3 Supervision and revalidation

All doctors in training programs must be supervised by a doctor senior in experi-
ence. Supervision is a skilled intervention, providing oversight of clinical activity,
guidance and the capacity for feedback and debriefing. Doctors of all training levels
and ability should have access to a supervisor. As critical care medicine is an acute
speciality where patients’ clinical status can deteriorate rapidly, supervision should
be accessible 24/7. Doctors returning to clinical practice in the ICU following a
significant period of absence should be asked to work within a structured program of
revalidation to ensure that the doctor is ready to return to full practice and deliver safe
patient care. This revalidation program may be sourced from within larger intensive
care units, or from the doctor’ professional body.

3.2.4 Mentoring

A mentor can have the capacity to listen and support a colleague and is a formal
professionalism arrangement. Informal collegial behaviour is important but not guar-
anteed, so developing a mentoring relationship over time can assist a physician who
needs career advice or advice on managing conflict or clinically challenging situa-
tions. Training programs frequently assign a formal mentor to new entrants, however
comfortable mentoring relationships often grow organically.

3.2.5 Duty of Candour

In some countries or states, doctors have a legal obligation to disclose details of
adverse clinical events to patients and their families. In most areas of clinical prac-
tice, there is an ethical duty on the physician to openly discuss significant events or
information which could impact patient care. Doctors in the ICU are supported in
disclosing information with the support of senior hospital management. Meetings
with patients where such matters are disclosed should be documented clearly in the
patient’s medical record. The patient should be offered psychological support and
follow up after any adverse event.

3.2.6 Raising concerns
All doctors have an ethical duty to document and voice concerns, with regard

to clinical resources, patient care and community care of the patient. Safeguarding
of patients involves a legal mandate in many countries to formally report a concern
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that a vulnerable patient is being subjected to abuse. Patients in ICU are vulnerable
because of their critical illness and sedation levels which will generally compromise
their capacity to advocate for themselves. If a doctor feels that they do not have access
to the resources to safely care for their patients, they should clearly articulate this
deficit in writing to senior management within their institution. Risk to patient’s care
is an important issue in the critical care environment. There are many publications
cataloguing incidences of preventable patient harm, and it is a significant cost to the
healthcare system in terms of litigation.

3.2.7 Managing a complaint

Patients in ICU and their families may make a complaint about the care that they
have received, or their outcome. Sometimes disagreements about direction of care or
interventions can occur and it is wise to invest time into resolving potential disputes
as soon as they arise. There are a small number of situations that will result in a formal
complaint to hospital management even in the context of good quality patient care.
Learning the tools to respond compassionately to a complaint, answer questions
and give further information is vital to the doctor working in the high-pressure ICU
environment. Having access to specific institutional supports is useful if they exist—
some hospitals will have a Patient Support Unit or Complaints Department that can
assist in open communication with patients and their families. When a complaint is
received it is crucial to take adequate time to review the patient’s medical information
and clinical course in ICU before responding. A calm response with an expression of
empathy is essential. If possible, offer to meet the complainant to discuss the issue to
their satisfaction. Both parties should have an accompanying support person, and the
meeting should be documented. Open disclosure of facts is expected by complainants
and their right to information must be respected. If there has been a poor outcome,
this should be acknowledged, and further support offered.

3.2.8 Preparation of reports

Patients who have been in the ICU occasionally warrant a report on their course
in ICU. This may be requested by insurance companies, legal representatives or the
Coroner. Reports should be prepared by the senior critical care physician involved in
the admission of the patient to the ICU. Adequate time should be assigned to the task,
with full access to clinical records. It is wise for the report to confine itself to the facts
of the case and refrain from opinion unless specifically asked for. Preparation of a
report may elicit a request to attend a court hearing to present the information, and
this should be allowed as part of the duties of a senior doctor working in ICU.

4, Conclusions

1. Professionalism and effective teamworking are key features of high-quality
critical care medicine and contribute to improved patient care.

2. Understanding the regulation of educational and training standards in the
intensive care unit is important to ensure that medical care is delivered in an
environment which is routinely inspected and accredited.
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Non-Invasive Ventilation in Acute
Hypoxemic Respiratory Failure

Dhruv Talway, Sunil Kumar and Deepak Talwar

Abstract

Non-invasive Ventilation (NIV) has emerged as an useful aid for management of
pulmonary diseases specifically in cases of respiratory failure. NIV provides respi-
ratory support without the need of an endotracheal tube, helping in avoiding the
complications associated with intubation such as tracheal trauma, infection, bleeding,
injury to the lung tissues and aspiration. NIV has turned out to provide substantial
benefit in the management of chronic obstructive pulmonary disease, acute respira-
tory distress syndrome, cardiogenic pulmonary edema and in cases of neuromuscular
disorders. It has now become an integral tool in the management of respiratory fail-
ure, both at home as well as hospital settings including critical care units. All patients
of respiratory failure irrespective of causes likeAcute exacerbations of COPD, Acute
pulmonary edema, Exacerbations of cystic fibrosis, asthma, or restrictive lung disease
and Pneumonia admitted in intensive care unit/high dependent units are suitable for
NIV. Noninvasive ventilation is standard of care in chronic respiratory failure and has
replaced invasive ventilation in such settings. Its flexibility in use and ease of adminis-
tration allows it to be acceptable by patients as well as caregivers.

Keywords: non-invasive ventilation, acute hypoxic respiratory failure,
Bilevel positive airway pressure, portable ventilator, negative pressure ventilation

1. Introduction

Brief History: Till mid-20th century Non-invasive Ventilation (NIV) was the
mainstay of mechanical ventilatory assistance and it was delivered by negative pres-
sure devices such as the “iron lung” that was used predominantly for poliomyelitis
patients with respiratory paralysis. Ironically when its demand and supply suffered
during the polio epidemic in Denmark in 1952, there was a transition to positive pres-
sure mechanical ventilation via translaryngeal cuffed endotracheal tubes.

Curiass/shell is a shell or a cage which surrounds the chest and is then connected
to a portable ventilator. Raincoat or Poncho is a tight fitting suit which is connected
through the means of hoses to a portable ventilator. Rocking bed is another method
for providing negative pressure ventilation which induces diaphragmatic motion
by placement of the patient on a bed which rocks rapidly flat to upright while the
contents of abdomen shift. A pneumobelt is a belt with a bladder which can inflate
and deflate with air in a cyclic pattern. The diaphgram moves in response to changes
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in the intraabdominal pressure. Another form of negative pressure ventilation is a
pneumowrap.

It was not until the 1980s with the development of nasal masks for continuous posi-
tive airway pressure, used for the treatment of obstructive sleep apnea, that there was
arenewed interest in NIV and specifically non-invasive positive pressure ventilation.

Principles of NIV: Non-invasive ventilation (NIV) refers to the use of ventilatory
methods without the use of an endotracheal tube or a tracheostomy tube which are
artificial invasive methods. NIV provides ventilation through the use of a mask of
similar device to the patient’s upper airway (Figure 1). This technique is significantly
different from the invasive ones which bypass the upper airway of the patient through
the use of a laryngeal mask, tracheal tube or tracheostomy. Initially non-invasive
ventilation through the use of masks was used in neuromuscular disorders to provide
ventilatory support in the night in view of hypoventilation. This was followed by use of
non-invasive ventilation used nocturnally in cases of chronic obstructive pulmonary
disease leading to an improvement in the muscle strength of respiratory muscles [1].
Ultimately, NIV delivered through masks turned out to be of utmost benefit and was
used as a method of standard ventilation in cases of chronic hypercapnic respiratory
failure which could be due to deformities of the chest, neuromuscular disorder or
impaired central respiratory drive. Few years later NIV was started to be used in respira-
tory failure due to lung pathologies rather than respiratory pump failures. Since then,
NIV has evolved immensely with a widespread application in the Intensive Care Units.
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Figure 1.
Principle of NIV is application of any technique to augment alveolar ventilation without use of conduit access
to airway and using interfaces at nose, mouth or both to deliver compressed air + oxygen to lungs to improve

efficiency of physiological pump.
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Advantages Disadvantages

Airway defense mechanism is well preserved Claustrophobic mask

Intermittent use of ventilation Cannot be used in uncooperative patients

Patient is able to eat food (Less chances of Time consuming for the health care staff as gas

hypoglycemia) and communicate properly exchange correction requires time in NIV

Physiotherapy can be given easily No protection of airway

Comfortable for the patient when compared to Difficult to provide suction as direct access to the

invasive ventilation bronchial tree is not present

Reduced requirement for sedation Irritation to the eye

Avoidance of chances of intubation Needs to be constantly checked for air leaks
Table1.

Showing the advantages and disadvantages of NIV use in intensive care unit.

Currently NIV is also being used in about 20 to 30 percent of acute hypoxic respi-

ratory failure. NIV has even been used in cases of acute respiratory distress syndrome
with an alarming success rate of more than 50 percent with improvement being more
predominant in the patients whose oxygenation had improved promptly. The advan-

tages and disadvantages of NIV use in intensive care unit have been shown in Table 1.

1.1 Interface used in NIV

For the effectiveness of NIV a proper interface is very important, which include

variety of masks. These masks include the
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* Oronasal or full-face mask,

¢ Nasal mask,

* Nasal “pillows” consisting of soft pledgets inserted directly into the nostrils,
* Mouthpieces held in place by lip seals resembling a snorkel,

* Total face mask resembling a plastic hockey goalie’s mask, and

¢ The helmet (fits over the entire head).
Advantages and disadvantages of interface -

* Some degree of air leak either through the mouth or around the mask is common
however it can be minimized with proper education and cooperation from the.

* The full-face mask interferes with speech, expectoration, and eating and it car-
ries the risks of claustrophobia, aspiration, and rebreathing when compared to
the nasal mask.

* Dentures should be left in place to optimize the fitting of the mask.

* The nasal mask requires patent nasal passages and mouth closure to minimize air
leaks.
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2. Modes of noninvasive ventilation
2.1 Positive pressure ventilation

Positive pressure ventilation delivers either a tidal volume which is either ata
supra-atmospheric pressure or at a preset volume which leads to the inflation of the
lungs. Exhalation is itself a passive event; it relies on the elastic recoil of the lungs for
the deflation of the lung until equilibrium is attained with the pressure of atmosphere
or PEEP.

It is the most commonly utilized mode of NIV in the present time, where the
interface with the patient can be in the form of a full face mask, a nasal mask or a
nasal pillow.

Benefits of positive pressure ventilation are as follows includes avoidance of
intubation and other risks as well as complications which are associated with it.
There is also preservation of swallowing along with speech and cough reflex which is
beneficial for the patient. There is improvement in the exchange of gas and reduction
in the word of breathing through resting of the muscles of respiration.

Candidates for positive pressure ventilation are all the patients with respiratory
failure irrespective of the type of respiratory failure and it’s type. Patients with acute
exacerbation of chronic obstructive pulmonary disease, acute pulmonary edema,
pneumonia and exacerbation of bronchial asthma, cystic fibrosis or intrinsic lung
disease can be managed with positive pressure ventilation.

Portable ventilators are utilized in order to provide continuous positive airway
pressure (CPAP) or BIPAP. CPAP is used to deliver a pressure which is constantly set
during inspiration as well as expiration which leads to an increase in the functional
residual capacity resulting in improvement of oxygenation, however, it is not strictly
a form of ventilatory assistance. Contraindication for the use of positive pressure
ventilation is uncooperative patient, patient having a copious amount of secretions
where airway protection is not possible, patient with unstable hemodynamics and
patients with decreased mental state.

BIPAP is used to provide positive airway pressure in a manner which is biphasic.
There is an inspiratory positive airway pressure (IPAP) which is set for inspiration
and a lower expiratory positive airway pressure (EPAP) which is set for expiration.
Difference obtained from subtracting EPAP from IPAP yields the degree of ventila-
tory assistance.

EPAP provides a dual benefit by ensuring proper flow in order to flush carbon
dioxide from the single tube of ventilator and avoiding rebreathing along with
increasing functional residual capacity and opening up the upper airway to prevent
apnea as well as hypopnea. It also counterbalances the intrinsic positive end expira-
tory pressure in patients suffering from chronic obstructive pulmonary disease.

2.2 Initiation of NIPPV

A portable ventilator can be used to initiate NIPPV. First, there needs to be set-
ting up of volume targeted strategy and the tidal volumes need to be higher than in
invasive ventilation. A tidal volume of 10 to 15 cc/kg is used. This can compensate for
the leak of air through the mouth as well as around the mask. Respiratory rate can be
decided and chosen as in standard ventilation. Adequacy of ventilation/oxygenation
should be checked through the means of arterial blood gas. Tidal volume or respira-
tory rate can be increased if the minute ventilation needs to be increased. Similarly,
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in an over ventilated lung, respiratory rate or tidal volume may be decreased. Oxygen
supplementation is provided in line with the circuit.

BiPAP uses a pressure targeted strategy for ventilation. Inspiratory pressure or
IPAP can be chosen from 8 to 20 cm H20 pressure. It can be thought of as pressure
support. As the pressure increases it will be more uncomfortable for the patient.
Generally, BiPAP is started between a range of 8 to 11 cm H20.Expiratory pressure or
EPAP is set at 3 to 5 cm H20.It can be thought of as PEEP. Difference obtained from
subtracting EPAP from IPAP is the amount of support being provided to the patient. In
case the patient required further ventilation, IPAP level can be increased gradually. A
back up rate can be set by the ventilator rate which can be chosen as a value below the
patient’s spontaneous rate to assure that the patient does not develop apnea. A higher
ventilator rate may be chosen in order to prevent periods of prolonged apnea and in
order to allow resting of the respiratory muscles. If there needs to be improvement in
oxygenation, amount of oxygen can be increased in the circuit or EPAP level may be
increased. An Increase in EPAP level leads to decrease in tidal volume. To counter this,
IPAP level can be increased in the same increment as the increase in EPAP.

Before Weaning one must consider to check if the patient has improved oxygen
saturation at low flow oxygen rate, respiratory rate of below twenty four breaths per
minute and ensure that there is interruption of positive pressure ventilation for short
duration of time to ensure talking, eating, drinking and assess tolerance and gradually
increase these pauses.

Drawbacks in the use of positive pressure ventilation are difficulties arising from the
discomfort of the mask, headgear or straps and air leaks. Patients also complain of nasal
pain, erythema or breakdown of skin due to use of mask. There can also be nasal con-
gestion or dryness as well as ulceration of the nasal bridge with long duration of mask
usage. Eye irritation due to air leak blowing into the eyes, gastric distention and aspira-
tion are other few problems encountered in the use of positive pressure ventilation.

It is important to remember that NIPPV when initiated can induce anxiety in the
patients making them uncomfortable. In order to make the patients acclimatized to
the technique of NIPPV the patients require a 1:1 assistance by respiratory therapist
who also makes fine adjustments in the flow rates and pressures depending on the
requirement of the patient. On an average it may take about an hour for patient to
become comfortable with NIPPV. IT is crucial to monitor the respiratory rate, heart
rate as well as arterial blood gas to detect the effectiveness of NIPPV in correcting
acute respiratory failure. At any point, if the patient deteriorated on NIPPV, conver-
sion to endotracheal tube in order to ensure proper oxygenation should be considered.

3. Negative pressure

Ever since the development of positive pressure nasal and face interfaces, negative
pressure is not used commonly.

Negative pressure ventilation works of the mechanism of delivering pressure
which is sub-atmospheric resulting in the expansion of the chest and air being drawn
into the lungs through the nose and mouth. When the pressure which is around the
chest wall returns to normal pressure of the atmosphere there shall be passive expira-
tion. Negative pressure ventilation endeavors to mimic normal breathing mechanics.

Methods for providing negative pressure ventilation include iron lung which was
used primarily in the epidemic of polio in the era of 1950’s.Curiass/shell is a shell
or a cage which surrounds the chest and is then connected to a portable ventilator.
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Raincoat or Poncho is a tight fitting suit which is connected through the means of
hoses to a portable ventilator. Rocking bed is another method for providing negative
pressure ventilation which induces diaphragmatic motion by placement of the patient
on a bed which rocks rapidly flat to upright while the contents of abdomen shift. A
pneumobelt is a belt with a bladder which can inflate and deflate with air in a cyclic
pattern. The diaphgram moves in response to changes in the intraabdominal pressure.
Another form of negative pressure ventilation is a pneumowrap.

Indications for negative pressure ventilation include chronic respiratory failure
secondary to neuromuscular disease- polio, muscular dystrophy. Generally used for
nocturnal ventilatory support, with the patient breathing spontaneously during the
day. Negative pressure ventilation has also been used in acute respiratory failure, there
are 2 different studies which examined the use of the iron lung and poncho wrap
(respectively) in COPD patients with acute respiratory failure. Both studies demon-
strated the effectiveness of negative pressure ventilation to correct CO2 retention.

Drawbacks encountered with negative pressure ventilation are worsening of
obstructive sleep apnea, problems with correct fitting as well as portability issues.
Attendants are often required for the application and removal of the device making
the process troublesome for the patients. For the use of negative pressure ventilation
the patients must sleep in supine position only making it difficult to use.

4. NIV in acute hypoxemic respiratory failure

Respiratory failure is one of the most common cause leading to admission in inten-
sive care unit and is the concluding pathway of a wide range of diseases with differing
pathophysiologies.

A mechanism-based approach enables the clinician to identify the most likely
cause for the respiratory failure and to treat appropriately.

4.1 Types of respiratory failure

A. Hypercapnic respiratory failure - Ventilatory failure and is recognized by an
elevated PaCO2 above normal. Patient usually have respiratory pump failure
with lungs which are normal or ventilatory failure as a consequence of airway
disease or extremely severe lung parenchymal disease with normal lungs or asa
consequence of airways disease or very severe parenchymal lung disease.

B. Hypoxemic respiratory failure - Failure of gas exchange is characterized as
hypoxemia (PaO2 less than 60 mm Hg), with or without the widening of gradient
between the alveoli and artery. Most of the patients suffering from this type of
respiratory failure have a shunt physiology or mismatch of ventilation-perfusion
(V/Q) as the primary mechanisms of hypoxemia. Most of these patients have
abnormalities detected on chest x-ray.

C. Mixed respiratory failure with multiple components of various pathophysiolo-
gies which can result in hypoxemia as well as hypercarbia.

D. Type 4 respiratory failure occurs in patients who are postoperative having nor-
mal lungs with normal respiratory pump who are either sedated or paralyzed or
have metabolic demands which exceed the patient’ ability to compensate. This
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is seen commonly in patients suffering from intensive metabolic abnormalities
such as metabolic acidosis or sepsis.

4.1.1 Acute hypoxemic respiratory failure

Main component is The alveolar-arterial oxygen gradient = PAO2 — PaO2. The
normal value is between 10 and 15 mm Hg and is influenced by age, i.e. increases by
approximately 3 mm Hg every decade after the age of 30 years. For an FiO2 = 21%, it
should be 5 to 25 mm Hg and for an FiO2 = 100%, it should be <150 mm Hg. Hypoxemic
respiratory failure with a widened alveolar-arterial oxygen gradient is caused by V/Q
mismatching or shunt pathophysiology. Hypoxemia due to V/Q mismatch improves
with supplemental oxygen, while no improvement in cases with shunt.

Disease which result in the flooding of airspace, complete or partial collapse of the
lung, pulmonary vascular abnormalities or airway disease are the common source of
hypoxemic respiratory failure.

Principles for managing the patients suffering from hypoxemic respiratory failure
mainly include:-

* Rapid re-establishing of optimal arterial saturation which commonly necessi-
tates the need of intubation and mechanical ventilation.

* By and large, the patients having infiltrates in the lungs respond less well to
non-invasive ventilation.

* Using optimal amount of positive end-expiratory pressure ensures the reduction
of FiO2 levels to non-toxic levels (FiO2 less than 60 percent).

* Using a strategy with low tidal volume along with permissive hypercapnia
in patients suffering from acute respiratory distress syndrome or acute lung
injury.

* Providing general supportive care to the patient in the intensive care unit while
there is resolution of patient’s pulmonary pathology.

4.1.2 Causes
A. Due to increased alveolar arterial gradient with V/Q mismatch

* Airway disease- Chronic Obstructive Pulmonary Disease, Asthma, Cystic
Fibrosis, Bronchiolitis Obliterans Syndrome

* Interstitial lung disease- Interstitial Pulmonary Fibrosis, Sarcoidosis,
Interstitial pneumonia e.g. Covid 19 pneumonia

* Alveolar filling — Pulmonary Edema, Left heart failure, Acute Lung Injury/
Acute Respiratory Distress Syndrome, Pneumonia, Trauma, Contusion,
Alveolar hemorrhage/proteinosis, Transfusion Related Acute Lung Injury,
Acute interstitial pneumonitis, Acute eosinophilic pneumonia, Bronchiolitis
Obliterans Organizing Pneumonia/Cryptogenic Organizing Pneumonia,
Aspiration, Upper airway obstruction, Near drowning
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* Pulmonary vascular disease - Thromboembolism, Fat embolism
B. Due to increased alveolar arterial gradient with Shunt

* Same as causes of alveolar filling

* Atelactesis — Post operative, Immobility

* Intra pulmonary vascular shunt- Pulmonary arteriovenous malformation,
Hepatopulmonary syndrome

* Intracardiac shunt — Patent foramen ovale, Atrial septal defect, Ventricular septal
defect

4.1.3 Evidences of NIV in acute hypoxemic respiratory failure

Oxygen to improve hypoxia in acute hypoxic failure appears to be standard of
care and in 2005 it was shown that NIV is better than oxygen in improving Pa02/
FiO2 by unloading of respiratory muscles [2]. In Earlier studies it was shown when
used appropriately NIV is as effective as invasive mechanical ventilation in improving
Pa02/FiO2 by Antonellii et al. thereby avoiding all complications related to endotra-
cheal intubation and related ventilation [3]. But the most important aspect of success
versus failure of NIV in acute hypoxic respiratory failure is “Timing of initiation vis
a vis progression of inciting disease as well as severity of respiratory failure” [4]. In
Acute Hypoxic Respiratory Failure, NIV needs to be initiated for mild to moderate
hypoxia and before the disease has progressed (a) as window of opportunity to use
NIV is narrow (b) as once disease has progressed IMV is indicated.

Failure of NIV in acute hypoxic respiratory failure needs to be identified early to
prevent higher mortality. Meta-analysis of NIV use in ALI/ARDS showed intubation
rate of 46% (30-86%) and mortality of 35% (19-69%) and these widely variable
results indicate that different diseases states causing hypoxic respiratory failure as
well as baseline characteristics of individual patients along with threshold of intuba-
tion of the centre contribute to success or failure of NIV [5]. But studies are clear that
milder is the hypoxia, lesser are the chances of failure indicating baseline PaO2 is one
of the determinant of NIV outcome [6]. Further studies also showed earlier is the bet-
ter as disease has potential for reversibility. Inmunosuppressed patients also showed
good success rates with use of NIV in acute hypoxic respiratory failure [7]. Hence, use
of NIV in acute hypoxic respiratory failure is indicated as follows [8]:

Level 1: in acute cardiogenic pulmonary edema as well as immunocompromised
patients with acute hypoxic respiratory failure.

Level 2: evidence is to use in post-operative hypoxic respiratory failure, COPD
with community acquired pneumonia as well as to prevent hypoxic failure in acute
severe asthma. However NIV in severe community acquired pneumonia without any
underlying comorbidity to support use of NIV needs to be used with caution as in to
prevent Extubation failure. Also in patients with do not intubate or resuscitate orders.

Level 3: in patients with thoracic trauma, upper respiratory tract obstruction,
partial upper airway obstruction as well as treatment in acute severe asthma but with
caution to use in severe ARDS.

Level 4: In very elderly (>75 years), obesity hypoventilation syndrome and in IPF
with caution.
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Figure 3.
Showing modes of bi-level NIV used in hypoxic respivatory failure (spontaneous and spontaneous timed,).

Rationale of using NIV in acute hypoxic respiratory failure is that the primary
or secondary lung failure, both lead to acute hypoxia which can be either due to
abnormality in the exchange of gas or failure of the respiratory pump which leads to
increase in minute ventilation, this is reversed by the use of NIV (Figure 2).

Modes of bi-level NIV used in hypoxic respiratory failure are defined by trig-
gering: S-Spontaneous (a. patients efforts only triggering NIV), S/T- Spontaneous
timed (b. patient’s own as well as timed triggering to give back up RR in case patient
has irregular and slow breathing pattern to safe guard adequate ventilation, misses a
breath (Figure 3).

Helmet ventilation is the most secure form of NIV in severely hypoxic patients
but claustrophobia may prohibit its use. It can be used in severe hypoxic respiratory
failure and it’s use in Covid 19 pneumonia and ARDS showed favorable results vis a
vis oxygen therapy. However, cardiac instability is contraindication.

NIV is also used to support interventional procedures in patients with hypoxia
while doing bronchoscopy or transesophageal Echocardiography.

However, in contrast to use of NIV in hypercapnic respiratory failure in hypoxic
respiratory failure one needs to look beyond lungs into systemic component of disease
process e.g. shock, acidosis, multi organ failure, etc. as these situations will favor
invasive mechanical ventilation.

70% of failures of NIV occur within 48 hours, indicating need for intensive
monitoring and identifying features of early failure proactively (Figure 4).
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Figure 4.
Identify failing NIV early by bedside monitoring worsening of clinical features, gas exchange pavameters and
primary disease causing hypoxia.

It has been shown that delaying intubation in such cases increases mortality and
adds no benefit. Most common cause of failure is inability to correct hypoxia in 2/3rd
of failed NIV's followed by intolerance, progression of disease with hemodynamic
instability. Changing NIV machine to guaranteed volume mode (AVAP’ or iVAP) can
help to improve tidal volume and hypoxia. Hence all such cases should be managed
in ICU settings only. Intolerance can be managed by using different types of masks
or correcting into leaks. Use of sedation is strictly under observation with full facility
and readiness to intubate.

NIV has penetrated deeply into the roots of medical management even in rural
health facilities of India where a study conducted in rural India concluded that [9]:

* NIV is able to reduce the mortality and endotracheal intubation through the
improvement of the outcome of patients.

* NIV in selected group of patients is the modality of treatment of acute hypox-
emic respiratory failure.

* Close monitoring should be ensured to depict the patient’s response in order to
take the decision of intubation on time.

* Early introduction of NIV can help in the reduction of intubation rates and the sub-
sequent complications as well as nosocomial infections associated with intubation.

5. NIV in COVID-19 pneumonia

Covid 19 pandemic caused devastation across the world with hospitalization in
5-15% and 5% requiring ICU due to severe and critical hypoxic failure. Secondary
to severe covid pneumonia and ARDS. NIV has been used from the beginning of
pandemic with China reporting NIV works well and results were similar to that of
HFNC in Covid 19. They also reported no nosocomial outbreaks of Covid 19 infection
in health cares in ICU units which used NIV. Europe started using CPAP with variable
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success rates as well as concerns. Initial reports of NIV use in Covid 19 showed that
CPAP trial succeed in 40% when used in those requiring >15 L/min of O2 by non-
rebreathing mask with baseline SpO,/FiO,(SFR) of >110, RR > 30/min and NLR > 8.
Repeat SFR at 30-120 min improved in all patients but cut off of SFR 180 was the best
predictor of success or failure of CPAP trial but patients who failed had high mortality
(38%) [10]. Intubation rates and mortality in Covid 19 patients who received NIV
was similar to the group which received HFNC. European Respiratory Society Living
Guideline for management of Covid 19 has recommended use of NIV with helmet

or full face mask to treat acute hypoxic respiratory failure secondary to coronavirus
infection provided there is no immediate indication for IMV [11]. But caution must
be exercised in close monitoring to identify signs of NIV failure in Covid pneumonia.
There have been reports of full recovery in COVID-19 patients even after extensive
lung involvement by judicious noninvasive ventilation strategies linked with prone
ventilation [12-14].

6. High flow nasal cannula

Keeping in mind the human factors of comfort, humidification and warming of
inspired air are essential in creating an effective oxygenation system (Figure 5). Basic
components of high flow nasal cannula (HFNC) include a flow generator providing
gas flow rates up to 60 liters per minute, an air-oxygen blender that achieves escala-
tion of FIO2 from 21-100% irrespective of flow rates, and a humidifier that saturates
the gas mixture at a temperature of 31 to 37 C [15]. To minimize condensation, the
heated humidified gas is delivered via heated tubings through a wide-bore nasal
prong. In this system all settings are controlled independently, so maximum delivery
of oxygen thence better outcome.

Mechanism responsible for high efficacy includes Physiological dead space
(which accounts for approximately one-third of the tidal volume of breathing)
washout of waste gasses including carbon dioxide (CO2), Decreased respiratory
rate, Positive end-expiratory pressure, Increased tidal volume and Increased end-
expiratory volume.

Figure 5.
Showing high flow nasal cannula used for hypoxic vespivatory failure.

23



ICU Management and Protocols

Advantage:

* It creates a positive end-expiratory pressure to the lower airways in addition to
providing positive pressure support to the nasopharynx.

* It applies a splinting force to keep alveolar airways from collapsing under
increased surface tensile stresses during exhalation.

* This allows for improved alveolar recruitment, increasing the effective available
surface area within the lungs for gaseous diffusion both to and from the blood.

* It has taken over low-flow nasal cannula as later blows cool, dry air directly into
the nasal passages which leads to drying of the mucosa, irritation, epistaxis, and
cracking of the tissue barriers. This causes, uncomforted and restlessness in the
patients thence poor adherence to therapy.

* Now a days high-flow nasal cannula systems are having inbuilt warming and
humidification systems which provides humidified and body temperature air
that is non-irritating to the mucosa, increasing patient comfort.

There is increasing evidence of clinical application of HFNC in Acute hypoxemic
respiratory failure, Post-surgical respiratory failure, Acute heart failure/pulmonary
edema, Hypercapnic respiratory failure, COPD, Pre and post-extubation oxygen-
ation, Obstructive sleep apnea, Do not intubate the patient and so on.

7. Conclusions

Hence, Non-Invasive Ventilation (NIV) is a useful tool for pulmonary diseases
including acute hypoxic respiratory failure which has penetrated deeply into the
routes of India with a vast scope of usage and advantages. A proper monitoring while
the patient is on NIV ensures early pick up of NIV failure helping in the proceeding of
appropriate corrective steps.
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Chapter 3

Renal Replacement Therapies in the
Intensive Care Unit

Dominic Godbout, Philippe Lachance and Jean-Maxime Coté

Abstract

Renal replacement therapies (RRT) are commonly used in critically ill patients
to achieve solute clearance, maintain acid-base status, and remove fluid excess. The
last two decades have seen the emergence of large randomized control trials bringing
new evidence regarding how RRT should now be managed in the ICU. RRT is consid-
ered a vital supportive care and needs to be adequately prescribed and delivered. This
chapter first summarizes the basic principles and characteristics of the three major
RTT modalities: intermittent hemodialysis (IHD), prolonged intermittent RRT
(PIRRT), and continuous RRT (CRRT). Then, the large body of literature regarding
indications for initiation (early vs late), choice of modality (intermittent vs continuous
and diffusion vs convection), dosing (intensive vs less-intensive), and anticoagulation
alternatives is reviewed to guide clinical decision-making. Recent evidence in the
optimal timing of discontinuing RRT is reported. Finally, troubleshooting scenarios
frequently seen in clinics and requiring an adapted RRT prescription are also
discussed.

Keywords: renal replacement therapy, intermittent hemodialysis, hemofiltration,
continuous renal replacement therapy, prolonged intermittent renal replacement
therapy, intensive care unit

1. Introduction

Prevalence of acute kidney injury (AKI) was evaluated at 22% in hospital settings
in a large meta-analysis of 3.5 million patients and raised up to 57% when admitted to
intensive care units (ICUs) [1, 2]. The incidence of dialysis-requiring AKI has
increased by 10% yearly from 2000 to 2009 in the United States [3]. Hence, renal
replacement therapy (RRT) is widely used in modern acute care settings as a sup-
portive management of severe acute kidney injury (AKI) and multiorgan failure
(MOF). While RRT in chronic end-stage kidney disease (ESRD) is mostly reserved for
nephrologists, its prescription in context of acute-care settings is shared between
many medical specialties.

The first section reviews the basic principles and characteristics of the different
modalities used in ICUs nowadays. Then, the main section is meant to guide clinicians
in evidence-based RRT prescribing by examining the most relevant body of literature
published in the last decade. Indications, timing of initiation, modality choice, dosing,
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anticoagulation, and discontinuing RRT are discussed. Finally, some specific and more
challenging scenarios are briefly covered as well as other pragmatic aspects.

2. Basics
2.1 Principles: diffusion, ultrafiltration, and convection

Despite major improvements in technologies from the first experimental hemodi-
alysis (HD) in 1924 to the first continuous arteriovenous hemofiltration (CAVH)
circuit in 1977, general principles guiding the removal of water and solutes for almost
any type of extracorporeal renal replacement therapies initiated in the ICU remain the
same: diffusion, convection, ultrafiltration and sometimes adsorption (see Figure 1)
[4]. These three major concepts will be integrated according to the renal replacement
therapy (RRT) modality chosen. The notable exception is peritoneal dialysis (PD),
which, nowadays, is rarely initiated in acute setting such as AKI in ICU adult
populations. However, PD for AKI is often used in children and has been shown useful
in resource-limited settings (e.g., no reliable access to electricity or CRRT devices) as
well as in extraordinary circumstances when usual CRRT capacities have been
overflowed (e.g., recent COVID19 pandemic). Nevertheless, in most centers, PD as a
modality of RRT is restricted to ESRD patients requiring maintenance dialysis and is
rarely an option in ICUs. For these reasons, only blood-based extracorporeal renal
replacement therapies will be reviewed in this Chapter.
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Figure 1.

Principles guiding blood-based extracorporeal RRT.
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Diffusion, as used in HD, is the movement of solutes across a semipermeable membrane. The direction
and intensity of that movement are driven by the concentration gradient (from higher to lower). Circulating
blood and the dialysate in opposite direction on each side of the semipermeable membrane (countercurrent
flow) maximizes concentration gradient and potentiates solute clearance. Another key aspect driving
diffusion-based clearance is the size of the solute, where smaller solutes (<100 Daltons) cross the membrane
faster than larger molecules. Other important properties are protein binding, distribution volume, and
electrical charge [5].

Ultrafiltration (UF) is the movement of fluid across a semipermeable membrane using pressure
differential (from higher to lower pressure) to generate the ultrafiltrate. In RRT, net UF represents the total
amount of fluid removed to obtain the net fluid balance, which can be prescribed per hour (e.g., —50 mL/h)
during CRRT or per session (e.g., —2 liters) during intermittent HD.

Convection, as used in hemofiltration, is the clearance of dissolved solutes along plasma crossing the
semipermeable membrane (ultrafiltrate) (a mechanism sometimes called “solvent drag”). When used alone,
convection requires to generate a large amount of ultrafiltrate (containing dissolved toxins/solutes) to achieve
adequate clearance. Hence, a substantial amount of sterile solution needs to be reinjected to the patient to
compensate for the volume removed by convection to maintain volume and solutes homeostasis. Convection
can remove larger, middle-sized molecules at which diffusion is inefficient [5, 6].

Adsorption is the adherence of a molecule to the surface of a polymer, or a charged membrane exposed to
the blood. As opposed to convection, where middle and small molecules completely cross the membrane and
are therefore removed by the effluent fluid, the polymer/membrane will be progressively saturated by those
molecules, leading to a progressive reduced adsorptive capacity for longer treatments. There is an increasing
interest in the potential of adsorption to reduce the inflammatory response by adsorbing cytokines,
endotoxins, or exotoxins mostly in septic shock. Mixed results on the true added benefit of this technology
have been reported and dialyzer/cartridge generating adsorption is not widely used in the current practice [7].

2.2 Modalities characteristics: IHD, PIRRT/SLED, and CRRT

All extra-corporeal RRT technologies used in ICUs can be separated into three
modalities: intermittent hemodialysis (IHD), prolonged intermittent RRT (PIRRT)
(also called sustained low-efficiency dialysis [SLED]), and continuous RRT (CRRT).
Their ability in fluid and solute removal is all based on one or on the combination of
the basic principles described above (See Figure 2).

In HD (A) and CVVHD (B), blood and dialysate circulate on each side of the
semipermeable membrane. Diffusion is the driving force that contributes to solute
clearance. For all RRT devices, pressure differential between the two compartments,
using dedicated pumps to generate transmembrane pressure (TMP), controls convec-
tion flow and ultrafiltration rate. The removed liquid containing waste is usually
called effluent for all modalities.

In CVVH (C), convection is the main mechanism used to provide solute clearance.
The generation of ultrafiltrate is continuously compensated by the reinjection of
replacement fluid. That replacement can be injected before the filter, after the filter,
or a combination of both (called pre- vs. post-filter reinjection ratio). Adding pre-
filter replacement fluid dilutes blood and its components, notably its hematocrit
reducing the overall thrombogenicity. Hence, increasing pre-filter/post-filter ratio
reduces the risk of circuit clotting. On the opposite, a proportional increase in hemat-
ocrit at the end of the filter will occur when increasing the convection volume in a
100% post-filter CVVH configuration.

CVVHDf (D) results from the combination of (B) and (C) where both convection
and diffusion achieve solute clearance. The replacement fluid may be mixed pre- and
post-filter as well in addition to using a countercurrent dialysate flow. However,
diluting blood pre-filter also decreases the concentration gradient, which is a major
driving force in diffusion. The prescription should be adapted according.
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Figure 2.

Sc%;lmatic representation of IHD and CRRT circuits’ configuration. (A) HD: A dedicated intermittent HD device
generates large volumes of physiological dialysate using stevile water and chemical concentrates. Up to 800 mL/min
of new dialysate can be constantly generated for most HD devices. The composition/prescription of this dialysate
can be individualized according to the patient’s need. (B)(C) (D) a dedicated CRRT machine uses commercially
available bags of physiological solution, using low effluent flow (20-35 mL/kg/h).

Net fluid balance (net UF) can be obtained in all modalities: in IHD and CVVHD,
by generating a TMP, which leads to ultrafiltrate. In CVVH and CVVHDF, the volume
of reinjection needs to be slightly lower than the ultrafiltrate generates, which leads to
a negative fluid balance.

It should be noted that some centers can generate high volumes of convection
when using intermittent RRT. This modality is named hemodiafiltration (HDF),
requires an adapted dialysis machine, and is increasingly used in Europe and Asia for
ESRD patients. However, its implementation in ICU settings remains limited, partly
due to the need to maintain a water treatment system adapted to HDF [8]. As a result,
when reporting intermittent RRT in the ICU, we generally consider only IHD.

From a clinical standpoint, each modality is associated with typical blood flow
rates (Qb) and dialysate flow rates (Qd) which translates into conventional treatment
durations and frequencies (see Table 1).

PIRRT represents the application of intermittent hemodialysis technology
(machine, filter, dialysate) with a modification of the typical IHD prescription. The
objective is to provide a better hemodynamic tolerability than IHD. Hence, in centers
offering this modality, PIRRT is generally used in place of CRRT such as in patients
with hemodynamic instability, especially if a substantial negative fluid balance (net
UF rate) is desired. PIRRT is typically delivered 8 hours with slower blood and
dialysate flows than IHD. However, this modality is not optimal for acute RRT indi-
cation such as severe hyperkalemia or intoxication with dialyzable substances (e.g.,
salicylates, methanol, and ethylene glycol) because of its lower flow rates. In some
centers, a dedicated HD nursing staff is required to deliver a PIRRT treatment.
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Intermittent Prolonged intermittent renal Continuous renal
hemodialysis replacement therapy (PIRRT) replacement therapy
(IHD) (CRRT)

Type of clearance IHD: D SLED: D CVVH: C
D=Diffusion HDf:D +C SLEDf:D + C CVVHD: D
C=Convection CVVHDf:D + C
Type of machine IHD machine Usually, IHD machine CRRT machine
Duration 3—4 hours 6—12 hours Continuous
Frequency 3—4 days/week 3-7 days/week Continuous
Qb range (mL/min) 350—400 150-250 100—-250
Qd range (mL/min) 500—-800 100-300 25-30
Usual UF rate 0-5000 mL/ 0-5000 mL/session 0-200 mL/hour

session

IHD: intermittent hemodialysis, HDf: intermittent hemodiafiltration; SLED: sustained low-efficiency dialysis, SLEDf;
sustained low-efficiency hemodiafiltration.

Table 1.
Typical prescribing patterns of RRT modalities.

CRRT is characterized by small flow rates, notably reinjection, dialysis, and UF
rates. It allows reducing the hemodynamic effects of fluid and solute changes. How-
ever, this continuous modality requires a permanent connection to the CRRT
machine, supervision and is at high risk of clotting if no anticoagulation is prescribed.
In most centers, an adequately trained ICU nurse can manage a CRRT treatment.

3. Prescribing RRT

Even though RRT is widely used, and most ICUs have elaborated standardized
protocols to simplify IHD/CRRT prescription, many factors need to be considered
before, during, and when stopping this therapy: patient’s characteristics, local
resources, physician’s preferences as well as scientific evidence.

3.1 Initiating
3.1.1 Indications

Indications for initiating RRT in acute care are frequently classified as absolute vs.
relative or as emergent vs. semi-urgent. Although the terms “absolute” or “emergent”
might seem dichotomic as if a clear cut-off was defined, they are subject to interpre-
tation in clinical practice [9]. It is generally accepted to begin RRT in a timely manner
once any of these conditions occur if concordant with the goals of care (see Table 2).

On the other hand, whether to initiate and when to do so while not meeting any of
these indications has received a lot of interest in the last few years in the attempt to
prevent morbidity and mortality. Indeed, initial observational studies had supported
the rationale that a proactive/early RRT will help to quickly normalize renal homeo-
stasis while minimizing inflammation and uremic toxicity. On the other hand, this
approach could lead to initiate RRT in patients who will never develop clear indica-
tions as some will spontaneously recover in addition to exposing them to unnecessary
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1. Refractory to medical treatment:

a. Hypervolemia with pulmonary edema

b. Severe hyperkaliemia (K* > 6.5 mmol/L) or rapidly rising kaliemia

c. Severe acidemia (pH <7.1-7.2) due to metabolic acidosis (HCO3™ < 12-15 mmol/L)
2. Uremic complications of renal failure (e.g., pericarditis and encephalopathy)
3. Dialyzable toxin exposure

Table 2.
Absolute indications of initiating RRT.

RRT complications. This has led to the constantly evolving early vs. late paradigm
which has been investigated in five recent landmark randomized controlled trials
(RCTs) (see Table 3). A careful reminder of the definitions used to classify severity of
acute kidney injury (AKI) is mandatory before reviewing these trials (see Table 4).

In 2016, the results of the first large RCT trying to answer this complex question
were published. The Early Versus Late Initiation of Replacement Therapy In Critically
I11 Patients with AKI (ELAIN) trial was a single-center based in Germany with mostly
surgical patients [12]. The RRT modality was CVVHDF at a dosing of 30 ml/kg/h and
using regional citrate as anticoagulation. All participants in the early group (< 8 h of
stage 2) vs. 91% in the delayed group (< 12 h of stage 3 or K* > 6 mmol/L, urea
>100 mg/dL, Mg** > 4 mmol/L, UO < 200 ml/12 h or refractory edema) received
RRT. An important characteristic is a relatively small difference in the time to begin
RRT from initial randomization across groups (21 hours (IQR 18-24)) and in the
overall use of RRT (9%) between both arms. A significant statistical mortality benefit
was obtained favoring the early arm (HR 0.66 (0.37-0.97), p = 0.03). A few months
later, the Artificial Kidney Initiation in Kidney Injury (AKIKI) trial was published; a
multicenter and much larger study from 31 French ICUs totalizing 620 patients [13].
The modality was at the discretion of physicians (30% received CRRT as sole therapy)
and 80% had sepsis-related conditions (sepsis, severe sepsis, or septic shock). Almost
all participants in the early group (< 6 h of stage 3) compared to 51% in the delayed
group (K" > 6.0 mmol/L, urea>112 mg/dL, pH < 7.15, pulmonary edema or oliguria/
anuria >72 h) received RRT. The difference in the time to begin RRT between the two
arms was 55 hours. No difference was seen in mortality (60 days), but more catheter-
related bloodstream infections were reported in the early group (p = 0.03). In 2018,
the Initiation of Dialysis Early Versus Delayed in the Intensive Care Unit (IDEAL-
ICU) trial, which took place in 29 ICUs in France was published [14]. This trial
included 488 patients within the first 48 hours of their septic shock. The modality was
also at the discretion of physicians. Almost all participants in the early group (< 12 h
of Failure stage) compared to 62% in the delayed group (K* > 6.5 mmol/L, pH < 7.15,
pulmonary edema or persistent AKI 48 h after inclusion) received RRT. No difference
was seen in mortality (90 days). It is important to notice that this trial was stopped
early for futility (initially designed for 864 patients).

In an attempt to definitively clarify the question of Timing, the Standard versus
Accelerated Initiation of RRT in AKI (STARRT-AKI) trial was later published in
2020. It included 3019 patients from 168 ICUs in 15 countries [15]. Patients mostly
received CRRT (70%) and had both medical (65%) and surgical (35%) conditions.
Almost all participants in the early group (accelerated strategy) (<12 h of stage >2)
compared to 62% in the delayed group (standard strategy) (K* > 6 mmol/L, pH < 7.2,
HCO3™ < 12, pulmonary edema or persistent AKI 72 h after inclusion) received RRT.
Once again, no difference was seen in mortality (90 days), including in the subgroup

34



Renal Replacement Therapies in the Intensive Care Unit
DOI: http://dx.doi.org/10.5772 /intechopen.105033

Studies Settings  Population Early-group Delayed-group criteria Primary Secondary
(year) criteria outcome outcomes or
safety endpoints
ELAIN Germany n =231 <8hof < 12 h of stage 3 90-day Median RRT
(2016) single 93.5% stage 2 or mortality:  duration (days):
center surgical RRT: 100% K*' > 6 mmol/L, *urea E: 39.3% E:9vs. D: 25
CVVHDF (46.8%- >100 mg/dL, Mgz* >4 mmol/ D:547%  HR:0.69 (0.48-
(30 ml/ cardiac) L, UO < 200 ml/12 h, HR 0.66 1.00)
kg/h) SOFA 15.6 refractory edema (0.37- 90-day RRT
vs. 16.0 RRT: 91% 0.97, requirement:
p=0.03) OR 0.87 (0.31-
2.44)
AKIKI France n =620 < 6hof K* > 6.0 mmol/L, 60-day 60-day RRT
(2016) 31ICUs  80% sepsis- stage 3 urea>112 mg/dL, pH < 7.15, mortality: dependence:
30% CRRT- related RRT: 98% pulmonary edema E:48.5%  E:2% vs. D: 5%
only SOFA 10.9 or D: 49.7% (p=0.12)
>50% vs.10.8 oliguria/anuria >72 h (p=0.79) CRBL:
intermittent RRT: 51% E: 10% vs. D:5%
(p=0.03)
IDEAL- France n = 488 <12hof K+ > 6.5 mmol/L, pH < 7.15,  90-day Median RRT
ICU 29 ICUs <48hof  Failure stage pulmonary edema mortality:  duration (days):
(2018) stopped septic (RIFLE) or E: 58% E:4vs.D:2
early shock RRT: 97% persistent AKI after 48 h D: 54% 90-day RRT
(futility) SOFA 12.2 RRT: 62% (p=0.38) dependence:
CRRT and vs. 12.4 E: 2% vs. D: 3%
IHD (p=1.00)
STARRT- 15 countries n = 3019 <12 h of stage K* > 6 mmol/L, pH < 7.2, 90-day Median RRT
AKI 168 ICUs 65% >2 HCO3™ < 12, pulmonary mortality  duration (days):
(2020) 70% CRRT medical RRT: 97% edema E: 43.9% E:4vs.D:5
30% 35% or D: 43.7% RR =-0.48
intermittent surgical persistent AKI 72 h after (p=0.92) (-0.82—(-)0.14)
SOFA 11.6 inclusion 90-day RRT
vs. 11.8 RRT: 62% dependence:
E: 10% vs. D: 6%
RR = 1.74 (95% CI
1.24-2.43)
Any adverse
event:
E:23% vs. D:16.5%
(p < 0.001)
AKIKI-2 France n =278 <12h of K*> 6 mmol/L, pH < 7.15,  RRT free 60-day mortality:
(2021) 39 ICUs 55% septic fulfilling *urea>140 mg/dL, pulmonary days (day E:44% vs. D:55%
40% CRRT shock inclusion edema 28) (p=0.07)
60% For criteria (No time criteria) E:12 RRT duration
intermittent  inclusion RRT: 98% RRT: 79% D:10 (days)
(3/3): (p=0.93) E:5vs. D:5
1)MV or (p=0.75)
vasopressor 60-day RRT
2)AKI dependence:
stage 3 E:4% vs. D: 1%
3)Oligo- (p=0.62)
anuria
>72hor
urea 112 to
140 mg/dL

*Urea conversion to SI units: 100 mg/dL = 35.7 mmol/L, 112 mg/dL = 40 mmol/L, 140 mg/dL = 50 mmol/L.
E: Early-group, D: Delayed-group, UO: urine output, CRBI: Catheter-related bloodstream infection, MV: mechanical ventilation.

Table 3.

Landmark RCTs on timing of RRT initiation.
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KDIGO (2012) [10] RIFLE (2007) [11]
Stage Creatinine Urine output Stage Creatinine Urine output
1 1.5-1.9 x baseline ~ <0.5 ml/kg/h x Risk (R) 1.5 x baseline <0.5ml/kg/hx6h
Or 6-12h Or
> 1 0.3 mg/dL L GFR > 25%
2 2.0—2.9 x baseline <0.5 ml/kg/h Injury (I) 2 x baseline <0.5ml/kg/hx12h
x>12h Or
I GFR > 50%
3 > 3.0 x baseline <0.3 ml/kg/h Failure (F) 3 x baseline <0.3 ml/kg/hx >24 h
Or x>24h Or Or
> 4.0 mg/dL Or { GFR > 75% Anuria >12 h
Or Anuria >12 h Or
Initiation of RRT > 4.0 mg/dL
Loss (L) Persistent acute renal failure >4 weeks
ESKD (E) ESKD >3 months

A : increase of serum creatinine, | : decrease of GFR, ESKD: end-stage kidney disease.
Creatinine conversion to SI units: 0.3 mg/dL = 26.8 uymol/L; 4.0 mg/dL = 353.6 umol/L).

Table 4.
KDIGO and RIFLE classifications of AKIL

analysis (including medical vs. surgical). Notably, a difference was obtained in RRT
dependence at 90 days which was higher in the accelerated group (RR = 1.74 [95% CI
1.24-2.43]). Significantly more adverse events (23% vs. 16.5% p < 0.001) occurred
when exposed to the accelerated strategy, mainly driven by hypotension (p < 0.001),
and mild hypophosphatemia (p < 0.001), with the trend toward more bloodstream
infections (p = 0.07). Compared to previous studies, distinctive pragmatic character-
istics should be noted. First, if the clinician did not have absolute equipoise regarding
initiation of RRT (e.g., expected impending renal recovery), the patient was not
included. Also, the delayed strategy did not mandate RRT initiation once the criteria
were fulfilled but was based on clinical judgment. Results from this study have sub-
stantially affected how and when RRT is now initiated in ICUs worldwide.
STARRT-AKI has confirmed evidence against the preemptive use of RRT prior to
developing standard RRT initiation criteria. However, a question remained unan-
swered: how far can we delay RRT initiation without negative outcomes? The Artifi-
cial Kidney Initiation in Kidney Injury-2 (AKIKI-2) trial, published in 2021, was
developed to answer that question, assessing the potential benefits of a more-delayed
strategy in terms of RRT-free days. That trial took place in 39 ICUs in France and
included 278 patients. To be eligible for randomization, three criteria had to be
achieved: (1) mechanical ventilation or vasopressor + (2) AKI stage 3 + (3) Oligo-
anuria >72 h or urea 112 to 140 mg/dL". Almost all participants in the “early group”
(similar to the delayed group from STARRT-AKI) (<12 h of fulfilling inclusion
criteria) compared to 79% in the delayed group (more-delayed strategy) (K* > 6 mmol/
L, pH < 7.15, urea>140 mg/sz, pulmonary edema) received RRT. Median time
between randomization and initiation of RRT was 3 hours versus 33 hours. Notewor-
thy, the difference in RRT use of 19% between the two groups is about half of what

! Urea criteria led to inclusion of 61% in the delayed and 55% in the more-delayed strategy.
% Urea criteria led to initiation of RRT in 59%.
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has been obtained in the three previous studies. No difference was reported in RRT-
free days on day 28 even though no time criteria were applied in the delayed group,
contrasting to previous studies. The primary outcome of 60-day mortality was not
significantly higher in the more-delayed group compared to delayed (55% vs. 44%,

p = 0.07). Though, in the preplanned multivariate analysis, the more-delayed strategy
was associated with increased 60-day mortality (HR 1.65 p = 0.018). Overall, the
more-delayed strategy did not demonstrate decreased use of RRT, but worrisome
findings suggesting potential harms.

3.1.2 Predicting the need of RRT

As shown in those studies where a substantial number of patients randomized to a
delayed strategy never required RRT initiation, correctly predicting who will progress
to an AKI stage where RRT is required is complex in a real-life setting. Since the last
decade, a growing number of tools and biomarkers have been developed, and reported
useful, to inform about the likelihood a patient with AKI will worsen, and progress to
receive RRT [16]. Various urine and blood biomarkers have been studied, such as the
urine neutrophil gelatinase-associated lipocalin (uUNGAL), interleukin-18 (IL18), or the
NephroCheck (TIMP2*IGFBP7), with a pooled AUC or 0.720, 0.668 and 0.857 respec-
tively. More functional biomarkers, such as a diuretic response of less than 200 mL to a
loading dose of 1.0 to 1.5 mg/kg of intravenous furosemide (FST — Furosemide stress
test) have also been shown useful in predicting the risk of progression to RRT with a
pooled sensitivity and specificity of respectively 0.84 (95% CI 0.72-0.91) and 0.77 (95%
CI 0.64-0.87) [17]. The growing interest in such complementary tools is associated with
the publication of multiple confirmation studies in recent years, leading to recent
consensus in favor of their use in standard clinical practice [18]. However, their
implementations in real-life ICU settings are still in the beginning.

3.1.3 Conclusion

In summary, only the first smallest single-center RCT of almost entirely surgical
patients has shown a mortality benefit of early initiation of RRT compared to a
delayed strategy. The three subsequent trials consisting of more than four thousand
patients with a variety of modalities and populations (including surgical subgroup
analysis) concluded the absence of such advantages of early initiation. Also, the added
resources required to initiate 35-45% more RRT must not be neglected. Furthermore,
significant harms have been reported in the early-initiation approach: catheter-related
bloodstream infections (AKIKI), 90-day RRT dependence, and any adverse event
(STARRT-AKI). On the other hand, the latest trial might help in determining the
upper limit of postponing RRT. Therefore, a conservative approach consisting of
watchful waiting, unless a life-threatening indication emerges, seems recommended
for most cases with the caveats that the risk-benefits ratio is uncertain once criteria
used for inclusion in the latest trial are reached.

3.2 Modality choice
3.2.1 Intermittent vs. continuous

Although there are substantial variations in practice, hemodynamic instability is
the most common reason to choose slow intermittent (PIRRT) or continuous (CRRT)
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Study (year) Design #of CRRT IHD Survival Renal
Pts Recovery
Mehta et al. RCT 166 CVVHDF or Qb CRRT 34.5%  CRRT 34.9%
(2001) CAVHDF 200- IHD 52.4% THD 33.3%
ARFICU 300 (p < 0.02) (p = NS)*
Guerin et al. Prospective 587 variable variable CRRT 20.6% Not
(2002) observational IHD 41.2% mentioned
(unadjusted) (p < 0.001)
Gasparovic RCT 104 CVVH Qb CRRT 28.8% Not
et al. (2003) 200- IHD 40.4% mentioned
250 (p = NS)
Augustine RCT 80 CVVHD Qb300 CRRT32.5%  CRRT 12.5%
et al. (2004) IHD 30.0% IHD 10.0%
(P=NS) (p = NS)*
Vinsonneau RCT 259 CVVHDF Qb278 CRRT32.6% CRRT 93.3%
et al. (2006) IHD 31.5% IHD 90.2%
HEMODIAFE (p = 0.98) (p = NS)**
Lins et al. RCT 316 CVVH Qb CRRT 41.9% CRRT 74.5%
(2009) 100- IHD 37.5% IHD 83.1%
SHARF Trial 300 (p = 0.430) (p =0.474)*
Schefold et al. RCT 252 CVVH Qb CRRT 45.4%  CRRT 77.2%
(2014) 200- IHD 39.7% IHD 73.6%
CONVINT 250 (p=0.72) (p=0.90)**
Trial
Truche et al. Prospective 1360 CVVHor variable CRRT53.5%  CRRT 64.7%
(2016) observational CVVHD IHD 65% IHD 42.9%
(adjusted) (p=NS) (p=0.29)*

*In all patients randomized.

*In patients who survived at ICU discharge.
CAVHDF: Continuous arteriovenous hemodiafiltration, p: p-value, NS: Non-significant.

Table 5.
Major studies comparing CRRT to IHD.

therapy. The 2012 KDIGO AKI guidelines suggest using CRRT rather than intermit-
tent RRT for these patients (grade B — moderate quality of evidence) [19]. However,
empirical data has not proven what might seems obvious at first to clinicians. In fact,
the use of PIRRT or CRRT compared to IHD in randomized trials has failed to
demonstrate differences in hard outcomes such as mortality or recovery of renal
function [20-26] (see Table 5). Still, it is important to note that heterogeneity is
found in dosing, CRRT subtypes, delivered blood flow, and that the most unstable
patients were excluded for most of them.

As mentioned earlier, in patients with hemodynamic instability, the choice
between PIRRT and CRRT mostly depends on local availability. The level of evidence
regarding PIRRT is still limited, but advantages compared to CRRT may include:
reduced costs and flexible treatment schedule allowing the patient to be more easily
mobilized during daytime. As opposed to fixed CRRT solutions, the dialysate compo-
sition can be more easily adapted to the patient’s needs even during the dialysis
session. However, no clear antimicrobial dose adjustments are recommended with
that modality. In patients who regain stability, the RRT prescription can be rapidly
adapted, from PIRRT to a conventional IHD prescription, using the same technology.
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3.2.2 Diffusion vs. convection

Given that both clearance methods are efficient at clearing small solutes, the
question is mainly about the added benefit (or harm) of removing medium-sized pro-
inflammatory molecules such as cytokines, endotoxins, or exotoxins. In ESRD
patients, for those treated with HDF compared to IHD, some benefits were demon-
strated in large RCT's on reducing intradialytic hypotension and use of erythropoietin-
stimulating agents, but more importantly, an all-cause mortality benefit (HR 0.78,
95%CI 0.62-0.98) and cardiovascular mortality (HR0.69, 95%CI 0.47-1.0) were
obtained when optimal convective volumes were delivered [27]. However, in AKI no
such benefits have been demonstrated with certainty. A 2012 meta-analysis of 19
RCTs, comparing hemofiltration (CVVH) to hemodialysis (mostly CVVHD) found no
effect on mortality (RR 0.96, 95%CI 0.71-1.15), or other clinical outcomes (RRT
dependence in survivors, vasopressor use, organ dysfunction) despite increased
clearance of medium to larger molecules, including inflammatory cytokines [28].
Despite fewer studies, similar results have been shown when comparing intermittent
modalities offering diffusion only (IHD) to convection (HDF) in ICUs [8].

3.2.3 Conclusion

Since neither the modality mode (intermittent vs. continuous) nor the clearance
method (convection vs. diffusion vs. both) has shown its superiority, local expertise
remains a core element when choosing the modality. Pragmatical aspects such as
required staff, costs, and immobilization consequences on the ability to perform
rehabilitation and anticoagulation are also important considerations, all summarized
in Table 6.

3.3 Dosing

Like any treatment, RRT intensity or delivered dose must be tailored to the
patient’s need. While underdosing may result in insufficient clearance of uremic
toxins, uncontrolled electrolytes, or acid-base status, overdosing leads to electrolytes
disorders, hydrophilic micronutrients depletion, hazardous therapeutics dosing (e.g.,
antibiotics), and unnecessary expenses [29]. Ultrafiltration is a critical component of
RRT prescribing but is not part of dosing which refers to the clearance capability.
Another key point is that the actual delivered dose is often lower than the prescribed
dose for multiple reasons: vascular access limiting Qb, interruptions for radiologic
studies or surgery, circuit change or clotting, etc.

3.3.1 Intermittent modalities

For all intermittent modalities, as seen in Table 7, the blood flow rate is the
limiting factor highlighting the value of maximizing the potency of vascular access. A
subsequent option to optimize clearance is increasing the frequency or duration of
treatments. Then, to lesser levels, increasing filter surface and dialysate flow rate. For
dosing assessment (or clearance adequacy), guidelines recommend using the clearance

3 A Qd/Qb ratio higher than 1.5 has minimal to no impact on small solute clearance while using high-flux
filter
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Modality Anticoagulation*
IHD Flow High (Qb < Qd) Without
+ saline flush
+ Short sessions — Allow exams and mobilization s 1ne. us .
+ heparin-coated filters
Lowest cost .
Lowest immobilization Systemic:
UFH (continuous)
—  Hypotension with rapid fluid removal LMWH (bolus)
Higher complexity (dedicated dialysis staff)
HDF
-Removal of medium-sized molecules (added benefit uncertain in
AKI)
-Large amount of replacement fluid requiring ultra-pure water
(Dedicated water treatment complicating ICU implementation)
CRRT Flow Low Qd and convection, Moderate Qb Without

Systemic: UFH

+ Hemodynamic stability Regional: citrate

No treatment-induced increase intracranial pressure
Fine fluid control
Lower complexity to operate (ICU staff only)

— Hypothermia — Negative energetic balance
Immobilization
Higher costs (commercial bag for replacement fluids)

PIRRT Flow moderate (Qb > Qd) Without
+ saline flush

+ Online production of dialysate and IHD tubing (lower cost + heparin-coated filters
than CRRT) Systemic: UFH, LMWH
Reduced immobilization (low rehabilitation impact if done 4 ’ ’
overnight)

—  Higher complexity (dedicated dialysis staff in some centers)

Qb: blood flow rate, Qd: dialysis flow rate, UFH: unfractionated heparin, LMWH: Low-molecular-weight heparin.
*See anticoagulation section for more details.

Table 6.
Pragmatical considerations with RRT modalities.

of urea over the treatment session. It can be estimated with the urea reduction ratio
(URR)* and the Kt/V e, for small molecules clearance, while the appreciation of
medium-sized molecules removal is inferred by the quantification of beta-2-
microglobulin (not done in acute care RRT) [19, 30-32]. However, variations of urea
generation and difficulty defining the distribution volume (Vyye,) in metabolically
unstable patients are serious limitations in acute care settings. While KDIGO-AKI
2012 guideline still recommends an overall Kt/V ., of 3.9 per week (1A — high-
quality), the European Renal Best Practice (ERBP) 2013 position statement recom-
mends against the use of Kt/V ., as a measure of dialysis (1A — high-quality) but

4 URR =100 x (1 - [C/C,]), in which C, = BUN at the end of dialysis and C, = predialysis BUN

5 Kt/Vyea, in which K = clearance, t = time, V = distribution volume estimated as body water volume. For
example, Qb 300 ml/min x 180 min = 54,000 ml = 54 L and 70 kg x 0.6 L/kg (60% body weight) = 42 L.
Estimated non-adjusted Kt/V ., = 54/42 = 1.3

More refined equation using pre/post-dialysis BUN is now used to account for UF and physiological BUN
generation, known as the Daugirdas equation.
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Studies Settings Strategy Dose delivered (Kt/V or Mortality Secondary outcomes
(year) total effluent rate + SD) or safety endpoints
ATN USA Less- 60-day  Hypotension requiring
(2008) 27 ICUs intensive mortality: vasopressor
n = 1124 L: 51.5% L:10% vs. I: 14%
AKI I;ID// SLEID 1.31+0.33 I: 53.6% (p = 0.02)
due to ATN xweex (p =0.47) Electrolyte disturbance
CVVHDF 22.0+6.1 L:20.7% vs. 1:25.6%
20 mL/kg/h (p=0.05)
Intensive
ITHD/SLED 1.32 £ 0.36
6x/week
CVVHDF 358+ 6.4
35 ml/kg/h
RENAL  Australia & Less- 90-day Hypophosphatemia
(2009) New Zealand intensive mortality: L: 54% vs. I: 65%
. 0,
BICUS  cyvmDE 274178 Lo 44.7%
n = 1508 25 mL/ka/h I: 44.7%
AKI mhRe (p=0.99)
Intensive
CVVHDF 33.4+128

40 mL/kg/h

AKI: acute kidney injury; ATN: acute tubular necrosis; L: Less-intensive group, I: Intensive group.

Table 7.
Landmark RCTs on RRT dosing strategy.

rather to ensure that intermittent therapy is adapted to maintain volume balance and
metabolic homeostasis [19, 33].

One RCT includes intermittent modalities compared to dosing-based strategies.
The Acute Renal Failure Trial Network (ATN) study included 1124 patients in 27
centers in the United States and compared intensive-therapy (IHD or SLED 6 days/
week if stable and CVVHDF 35 mL/kg/h if unstable) to less-intensive therapy (IHD or
SLED 3 days/week if stable and CVVHDF 20 ml/kg/h if unstable) [34]. Targeted Kt/
Vurea Was 1.2 to 1.4 for intermittent therapy and additional UF-only session could be
done in the less-intensive strategy. No difference was obtained in 60-day mortality,
RRT duration, or recovery of kidney function. More hypotension and electrolyte
disturbance were seen in the intensive strategy.

3.3.2 Continuous modalities

For CRRT, as the trans-membrane equilibrium is almost achieved at the end of the
filter for small solutes, the limiting factor for clearance is therefore the effluent flow
rate. Hence, the total delivered effluent rate, normalized to actual weight, is used to
quantify clearance. According to the circuit configuration, that total effluent rate
corresponds to the sum of the reinjection flow (pre- and post-filter) (if CVVH or
CVVHDEF) + the rate of dialysate flow (CVVHD or CVVHDF) + UF (see Figure 3).
Even if the UF rate is included in the equation of the delivered dose, in clinical
practice it is added once the targeted dose has been prescribed. First, it usually
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| Replacement :
Pt weight: 85 kg Fluid [~ greinj: 1400 mL/h
Pre-filter: 50%

| Postfilter: 50%

|
v

Qb: 175 mL/min y . N — » ’ 4*

— ——= Hl (=——

Net UF: -50 mL/h I]
Total Effluent rate:

Qreinj + Qd + UF
=2850 mL/h

Total CRRT dose/kg Effluent Dialysate |
=33 mL/kg/h Fluid Fluid | Qd-1400 mL/h

Figure 3.
Example of CRRT dosing using a CVVHDF circuit.

represents a fraction of total effluent in an average size patient.® Also, since this rate is
regularly modified, its exclusion always allows minimally sufficient delivered dose.
Other options to optimize CRRT clearance such as increasing blood flow rate or filter
surface have a reduced effect on optimizing clearance efficiency.

Between 2000 and 2008, four major RCTs evaluated the impact of different CRRT
doses in critically ill patients. In 2000, using CVVH in 425 patients, three groups were
compared [20 vs. 35 vs. 45 (mL/kg/h)] and mortality was significantly higher in the
lowest UF rate group at 15 days after stopping RRT [35]. No difference was reported
between the two higher rates. In 2002, using CVVH in 106 patients, three groups were
compared [early high-volume (48.2 mL/kg/h) vs. early low-volume (20.1 mL/kg/h)
vs. late low-volume (19.0 mL/kg/h)] and no mortality benefits was seen at 28 days
[36]. In 2006, a study of 206 patients compared two groups [CVVH (25 mL/kg/h) vs.
CVVHDF (reinjection rate 25 mL/kg/h + dialysis rate 18 mL/kg/h)] and mortality was
significantly higher in the CVVH-only (at 28-day and three months) [37]. In 2008,
using CVVHDF in 254 patients [20 vs. 35 (mL/kg/h)] and no mortality benefit was
detected [38].

To confirm these previous findings from single-center trials, two multicenter RCTs
(USA and AUSNZ) focused on this topic (see Table 7). In 2008, the ATN study
reported no advantage in regards to mortality, duration of RRT, or recovery of kidney
function. In 2009, the Randomized Evaluation of Normal Versus Augmented Level
Replacement Therapy (RENAL) study, with more than 1508 patients from 35 ICUs in
Australia and New Zealand and using CVVHDF with post-filter reinjection random-
ized participants between higher (40 mL/kg/h) vs. lower (25 mL/kg/h) intensity
group [39]. As in the ATN study, no difference in mortality was observed. Based on
these results, the KDIGO-AKI guideline recommends a delivered effluent volume of at
least 20-25 mL/kg/h for AKI patients requiring RRT (1A — high-quality). As previ-
ously mentioned, a slightly higher dose should be prescribed in order to achieve that

6 Inan 80 kg patient, an UF of 100 mL/h on a total dose of 25 ml/kg/h (2000 mL/h) represents 5%.
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target regarding the dose truly delivered [19]. Some situations may require greater
rates such as extreme metabolic imbalances or acute liver failure (see Clinical Pearls
section).

3.3.3 Conclusion

In summary, for both modalities, current evidence does not support using inten-
sive therapy for all patients. For intermittent modalities, it seems appropriate to
prescribe IHD at least 3 times a week to maintain volume and metabolic balance as
long as there is no sign of underdosing (either a Kt/V e, < 1.2 per session or URR
< 67%). The weekly Kt/v ., does not apply in patients requiring additional IHD
sessions to achieve a volume balance, as well as in patients with significant renal
function. For continuous therapies, a prescribed effluent volume of 25-30 mL/kg/h is
adequate in most scenarios to ensure a delivered dose of at least 20-25 mL/kg/h.

3.4 Anticoagulation

Sustained circuit patency is crucial to optimize delivered RRT and contact of blood
with extracorporeal circuit activates platelets and pathways of coagulation [40].
KDIGO-AKI guidelines suggest a flow chart to guide anticoagulation decision [19]. At
first, it integrates the risk-benefit ratio of anticoagulation and whether another con-
dition requiring systemic anticoagulation is present. RRT can be performed without or
with systemic or regional anticoagulation.

3.4.1 No anticoagulation

Although KDIGO-AKI guideline recommends using anticoagulation when bleeding
risk is low, it is still common practice in many centers to deliver RRT without
anticoagulation in this scenario unless filter patency is an issue. For example, in the
STARRT-AKI trial, 24% of the 3019 included patients had no anticoagulation at the
initiation. A key concept in preventing circuit clotting is maintaining a low filtration
fraction (FF). Filtration fraction indicates relative fluid removed from blood across
the dialysis membrane. Higher percentage means higher concentration of blood con-
stituents. Fractions above >20% are associated with increased clotting [41]. The
equation for CRRT (blood flow rate being converted from mL/min to mL/h to stan-
dardize units) is:

Total UF rate
(Plasma flow + Pre — filter) rates
(pre — filter + total UF + post — filter) rates
~ ((1 — hematocrit)x blood flow ml/h x 60 min /h) + Pre — filter) rates

FF =

where total UF usually integrates all intravenous volumes received by the patient (e.g.,
IV medications, IV fluids, parenteral nutrition) in addition to the net UF (negative volume
balance targeted) converted to mL per hour.

Modifying elements only found to either the numerator or the denominator (marked
in bold) have higher impact on the FF. Hence, from a clinical perspective, reducing FF
is achievable by modifying flow rates: reduce net UF, increase pre-filter/post-filter ratio,
increase blood flow, reduce hematocrit. Additionally, since hematocrit might be
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reduced by pre-filter reinjection, it is obvious that administering blood transfusion
directly pre-filter should be avoided when possible. Also, the catheter patency is essen-
tial by allowing prescribed flow rates, by avoiding stasis induced by alarms (e.g.,
kinked) and by maintaining a laminar flow (right jugular or femoral access).

For intermittent therapies, major assets helping prevent clotting are shorter ses-
sions and higher blood flows, but clotting may be seen even if using heparin-coated
filters, especially when substantial UF volume is removed. If convection is used (HDF
or SLEDf{), pre-filter reinjection can be used as well.

3.4.2 Systemic

Most used agents are unfractionated heparin (UFH) and low-molecular-weight
heparins (LMWH). Mostly reserved for patients with heparin-induced thrombocyto-
penia (HIT), direct thrombin inhibitors (e.g., argatroban and bivalirudin) or Xa
inhibitors (e.g., fondaparinux and danaparoid) have been used in intermittent and
continuous therapies, but will not be discussed further [42, 43].

UFH has some advantages (e.g., short half-life, antagonist readily available, low
costs, and a large experience), but has substantial drawbacks (e.g., narrow therapeu-
tic, unpredictable kinetics and heparin resistance, HIT) [19]. Thrombocytopenia is
frequently encountered in ICU occurring in up to 44% of patients. However, HIT
remains relatively uncommon in critically ill patients, with a reported incidence from
0.2-5% [44], and has been reported with intermittent and continuous RRT. When
used solely for circuit anticoagulation, both the loading and infusion UFH doses need
to be adapted to the patient’s bleeding/clotting risk as well as continuously monitored
with aPTT.

LMWH has replaced UFH in most dialysis units (intermittent therapies) mainly
because of convenience of a single dose at start of session associated with the same
efficacy (at preventing circuit thrombosis) and security (bleeding) [45]. In addition, a
more reliable response is obtained (no monitoring required) along with a reduced risk
of HIT. LMWH has been used for CRRT with monitoring of anti-Xa levels [46],
but longer half-life and risk of accumulation combined with incomplete reversal by
protamine may limit widespread use.

3.4.3 Regional

When systemic anticoagulation is not warranted by another indication than
maintaining RRT circuit, regional anticoagulation is the recommended strategy.
Regional heparinization has been described in CRRT (combining pre-filter UFH, and
post-filter protamine), but KDIGO recommends against its use, notably in patients
with increased bleeding risk [19]. Likewise, use of regional citrate anticoagulation
(RCA) has been evaluated in intermittent therapies [47] but is not common practice.
Hence, emphasis will be placed on RCA in CRRT.

As demonstrated in Figure 4, RCA may be perceived as complex [48] but has
undeniable advantages: no risk of HIT, lower risk of bleeding compared to UFH along
with longer filter lifespan. It is therefore recommended as first line for anticoagulation
in CRRT in KDIGO-AKI guideline if no contraindication [19]. A 2015 meta-analysis
demonstrated reduced circuit loss compared to UFH [HR 0.76 (95%CI 0.50-0.98) for
systemic and HR 0.52 (95%CI 0.35-0.77) for regional] and reduced bleeding [RR 0.36
(95%CI 0.21-0.60)] [49]. A 2020 German RCT of 638 patients in 26 centers demon-
strated longer filter lifespan (47 vs. 26 hours, p < 0.001), no mortality difference
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Figure 4.

CVVHDF with regional citrate anticoagulation (RCA). 1) blood, citrate solution, and optional calcium-free
replacement fluid mix pre-filter. 2) citrate chelates civculating calcium (requived for intrinsic and common
pathways of coagulation). 3) calcium-free dialysate (avoiding calcium diffusion from dialysate to blood
compartment) circulates countercurrent. 4) replacement fluid and calcium infusion to normalize calcemia are
reinjected post-filter.

(51.2% vs. 53.6%, p = 0.38), fewer bleeding complications (5.1% vs. 16.9%, p
< 0.001), but more infections (68% vs. 55.4%, p = 0.002) in RCA compared to
systemic heparin [50].

Thorough protocols and expertise in preventing/monitoring complications are
required during RCA. The most immediate risk being unreplaced calcium since most
complex (Ca-Citrate) is removed by the filter and may lead to severe hypocalcemia. So,
one must be extremely careful if the calcium replacement IV line is assembled inde-
pendently (e.g., CRRT machine continues, but calcium IV line is no longer potent).
Citrate metabolism is the next consideration. The liver metabolizes one citrate into three
bicarbonates. Even though low bicarbonate replacement and/or dialysate fluids are
usually used, RCA is associated with more metabolic alkalosis than heparin [50]. If the
liver cannot metabolize citrate, accumulation can be seen and translate in an anion gap
metabolic acidosis associated with rise in total calcium levels, but decline ionized cal-
cium. Thus, monitoring total calcium/ionized calcium ratio is helpful and a ratio > 2.5 is
a sign of citrate accumulation which is also associated with hypernatremia and hypo-
magnesemia. Of note, once believed an absolute contraindication of RCA, it has been
used safely in patients with liver diseases. A 2019 meta-analysis of 10 observational
studies (1241 patients with liver dysfunction) showed no difference in pH, bicarbonate,
metabolic alkalosis, lactate levels and total/ionized calcium ratios compared to patients
without liver disease [51]. However, a more careful approach than in usual patients
should be taken (e.g., tighter biochemical monitoring, lower citrate dose or lower total
calcium/ionized calcium threshold) to regularly reassess its safety.

In summary, sustained circuit patency is required to optimize RRT. Understanding
filtration fraction is of great help, mainly if anticoagulation is contraindicated. Other-
wise, if no other indication mandates systemic anticoagulation, LMWH is the usual
first choice for intermittent therapies and RCA for CRRT.

45



ICU Management and Protocols

3.5 Stopping RRT

Literature is lacking to guide discontinuation of RRT initiated in context of AKI as
revealed by the KDIGO-AKI recommendation that simply states “when it is no longer
required, because kidney function has recovered to meet patient need or because RRT
is no longer consistent with goals of care” [19]. Assessment of recovering kidney
function in particularly difficult during RRT. While on intermittent therapy, steady
state is not attained therefore excluding use of routine clearance measurements.
Interdialytic evaluation of urine volume and creatinine, absolute rise of serum bio-
markers (creatinine and BUN), but most probably the rising kinetic over time are
frequently used. In a prospective observational study, spontaneous urine output was
the best predictor of weaning RRT [52]. A recent systematic review found that urine
output prior to RRT discontinuation was the most studied variable, but no threshold
value could be determined due to heterogeneity of studies [53]. Pooled analysis found
a sensitivity of 66% and specificity of 74% to predict RRT discontinuation, but cut-off
values varied from 100 mL increase/day to >1720 mL/24 h. Of note, in one RCT,
diuretic-induced diuresis had no benefit on repeated need for RRT or renal recovery
[54]. In a retrospective study, a 24-hr urine creatinine clearance >15 ml/min was
associated with absence of CRRT need at 14 days [55]. In another study, a 24 h urine
creatinine of >5.2 mmol on day 2 post-RRT had a 86% sensitivity and 81% specificity
of not requiring additional RRT treatment [56]. On the other hand, longer duration of
RRT, more severe disease (SOFA score) and older age were associated with restarting
RRT which correlated with higher mortality [57].

In summary, clear guidance in stopping RRT is lacking and implies at first a
minimal diuresis to avoid marked net fluid accumulation. Then, careful monitoring of
clinical (weight, volume balance, diuresis) and paraclinical (serum biomarkers, urine
creatinine clearance) data are valuable tools.

4. Miscellaneous pearls

Most of the content discussed in previous sections refers to general considerations
for understanding and prescribing competently RRT in ICU. However, some chal-
lenging situations encountered in clinical practice and pragmatic concerns will be
briefly reviewed.

4.1 Severe dysnatremias

Mild to moderate dysnatremias are frequent in critically ill patients, especially at
initial presentation. Maximum correction rate and approach to treatment differ
between guidelines [58]. Though, consensus exists that inadequate correction of
chronic severe hyponatremias (<125 mmol/L for >48 hours) should be avoided due to
risk of developing osmotic demyelination syndrome (ODS) [59]. Concurrent urgent
need for RRT and this condition can be particularly challenging. Since most IHD
machines have a minimum sodium of 130 mmol/L, even by prescribing short dura-
tion, low blood and dialysate flow rates, overcorrection is a possibility. In the opposite,
CRRT has been used effectively at correcting hyponatremias in a predictable manner
either by adding a 5% dextrose pre-filter infusion or via customized hypoosmolar
dialysate fluids [60].
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Limited evidence exists about hypernatremia. Most IHD machines have maximum
sodium of 160 mmol/L and CRRT correction protocol has also been published.
Published protocols for hyponatremias:

* Rosner and Connor [61] — PMID: 29463598, DOI: 10.2215/CJN.13281117
* Yessayan, Yee [62] — PMID: 2479235, DOI: 10.1053/j.ajkd.2014.01.451
Published protocols for hypernatremias:
* Paquette, Goupil [63] - PMID: 27478592, DOI: 10.1093/ckj/sfw036

4.2 Acute hepatic failure or acute severe neurologic injury

Patients suffering from acute liver failure (ALF) and acute severe neurologic injury
are associated with cerebral edema and increased intracranial pressure. Rapid clear-
ance of plasma solutes/toxins, as in intermittent therapy, can also lead to intracranial
pressure (probably by water shift from sudden plasma hypoosmolality) [64].

In ALF, both the KDIGO-AKI and European Associated for Study of Liver (EASL)
guidelines recommend CRRT instead of IHD in patients with ALF [19, 65]. Further-
more, RRT may be initiated before usual thresholds since it has been associated with
increased transplantation-free survival, probably by clearance of ammonia as
hyperammonemia is associated with increased intracranial pressure [66, 67]. Some
published protocols used very high doses of CVVHDF (effluent 90 mL/kg/h) [68].
Also, targeting mild hypernatremias (145-150 mmol/L) is recommended in high-risk
patients (acute renal failure, ammonia >150 pmol/L, grade IV encephalopathy and use
of vasopressor) [65]. Options are customized reinjection and dialysis fluids as
discussed above or by adding hypertonic saline perfusion.

4.3 Vascular access

Vascular access should deliver stable and sufficient blood flow. In acute care
setting, temporary dual-lumen central venous access is used for most patients.
Ultrasound-guided catheter insertion is associated with higher successful placement,
reduced attempts and time of procedure with less complications [69]. Choosing the
site might have short-, mid- and long-term consequences.

Higher rates of catheter dysfunction are observed with femoral and left jugular site
compared to right jugular, but no significant difference of urea reduction ratio or RRT
downtime was observed [70]. More pneumothoraxes are observed with subclavian
access [71].

Risks of catheter-related bloodstream infections and symptomatic deep-vein throm-
bosis are higher in femoral than subclavian and similar between jugular and femoral [71].
In patient with considerable risk of RRT dependence (mainly with pre-existing
advanced CKD), large-bore venous subclavian catheter should be avoided since it can

compromise future ipsilateral vascular access due to stenosis.

4.4 Disequilibrium syndrome

Dialysis disequilibrium syndrome is a rare, potentially fatal but usually preventable
complication of RRT. The pathophysiology is still debated but commonly reports an
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intracranial osmotic gradient due the rapid removal of urea and osmotic solute by
RRT, leading to cerebral edema [72]. The large variation of symptoms and severity,
from mild nausea to fatal cerebral herniation makes the diagnosis challenging. The
syndrome is mostly reported in ESRD patients with advanced uremia who are initially
started on high efficiency/ standard IHD prescription. Patients with ESRD (or with
unknown kidney failure duration) should be treated with an adapted low-efficiency
IHD prescription, for the first treatments, in order to minimize osmotic shift and risk
of disequilibrium syndrome. A progressive increase in dialysate and blood flows and
duration can therefore be implemented for the following treatments. Occurrence of
this syndrome has also been reported in frail patients with septic shock and AKI even
after repeated IHD sessions [73]. In patients who develop symptoms compatible to a
disequilibrium syndrome during or quickly after an IHD session, management should
include rapid treatment cessation and the administration of osmotic agents (mannitol,
hypertonic saline) to quickly raise osmolality, despite the paucity of evidence. How-
ever, prevention should still be privileged. The overall risk of dialysis disequilibrium
syndrome is lower with PIRRT, and notably reduced in patients treated with CRRT
with standard dosing.

4.5 Managing IHD hypotension

Intradialytic hypotension is a common complication and can cause further ische-
mic injury to the recovering kidneys, thereby reducing the probability of renal recov-
ery. Obligate intake in critically ill patients can be high due to nutritional needs and
intravenous fluids, which leads to large net UF especially if IHD is performed thrice
weekly [74].

Minimizing UF * Avoidance of excessive inter-dialytic weight gain
o Concentrated format of IV drugs

Reduce enteral free water

Reduce IV fluid

Optimize residual urine output with diuretics

o O o

Dialysis prescription ¢ Increase the session duration (to reduce the net UF per hour)
* Increase the frequency to 4 or 5 IHD sessions per week
* Optimize cardioactive electrolytes
o Increase calcium dialysate concentration
o Increase magnesium dialysate concentration
* Minimize osmolarity shift during IHD:
o Sodium modeling (gradual increase in sodium dialysate during treatment—
may be associated with net sodium gain)
* UF modeling (e.g., 50% of total UF during the first third of treatment time, then
50% over the last two-third)
* Continuously adapt the UF rate to the residual blood volume
* Cooling dialysate (may generate peripherical vasoconstriction and increase the

MAP)
Pharmacologic * IV bolus of mannitol (rarely used)
interventions * IV bolus of hypertonic albumin

* IV vasopressor (preemptive)

* Oral midodrine (before or during treatment)

* Adjust the timing of antihypertensive and/or antiarrhythmic medications and
IHD treatment

Table 8.
Interventions to minimize intradialytic hypotension.

48



Renal Replacement Therapies in the Intensive Care Unit
DOI: http://dx.doi.org/10.5772 /intechopen.105033

While patients in shock or with significant instability should be treated with
PIRRT or CRRT (according to local availability), various interventions are associated
with reduced risk of intradialytic hypotension during IHD (see Table 8). For most of
them, despite being widely used in clinical practice, there is still a low level of
evidence in context of AKI, as most evidence come from the ESRD population.

5. Conclusions

Renal replacement therapies delivered in ICUs are based on one or a combination
of the same three basic principles of all extracorporeal blood-based treatments:
diffusion, ultrafiltration and convection. Extensive literature has been published to
guide clinicians for timing initiation, modality choice and dosing that could be
summarized as:

* Timing: For most cases, a conservative approach of watchful waiting is
recommended. Accelerated strategies have been associated with added resources,
higher infections and RRT dependence without substantial benefits.

* Modality: Neither intermittent vs. continuous nor diffusion vs. convection have
shown clear superiority. Hence, pragmatical considerations and mostly local
expertise guide selection.

* Dosing: For intermittent therapy, ensuring volume balance, metabolic
homeostasis and a delivered Kt/V > 1.2/session or URR > 67% seems adequate.
For CRRT, prescribing an effluent volume of 25-30 mL/kg/h to ensure a
20-25 mL/kg/h delivered is recommended in most scenarios.

Significant differences are observed between guidelines and clinical practice
regarding anticoagulation and timing of initiation. Forthcoming guidelines updates
will further help to standardize approach in RRT prescription. However, data are
scarce to guide termination of RRT; large prospective trials are needed before strong
recommendations could be made. Finally, usual prescriptions could not be adequate
for some patients with challenging scenarios, where an individualized strategies need

to be applied.
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Chapter 4

Trauma Resuscitation, Mass

Casualty Incident Management
and COVID 19: Experience from a
South African Trauma Unit

Naadiyah Laher

Abstract

The COVID 19 pandemic has spanned 2 years and is still ongoing with many questions
arising. We attempt to answer some pertinent questions with literature as well as anecdotal
evidence from our facility. To describe any changes to the resuscitation of trauma patients
during the COVID 19 pandemic if any. During the COVID 19 pandemic, Johannesburg a
city in the Gauteng Province of South Africa experienced civil unrest and a fire at one of its
trauma units, this resulted in a mass casualty incident (MCI) at the only functional trauma
unit in the public sector. Results of this observational study will be elucidated. Focus is
placed on PPE protocols, trauma resuscitations, MCI management, triage principles and
the changing surgeon’s role within the pandemic.

Keywords: trauma resuscitation, mass casualty incident (MCI), PPE, triage, COVID

1. Introduction

The COVID 19 pandemic has spanned 2 years and is still ongoing, this pandemic
has had significant impact on all healthcare professionals. The spectrum of its effect
is vast ranging from PPE protocols for infectious diseases, training of healthcare
professionals, research, burn out and the response to a never- ending global mass
casualty incident (MCI). Reviewing the literature brings about many questions, some
of which are answered by anecdotal evidence within our setting and some that have
been published. The literature in the past 2 years with regards to covid and its effect in
different settings is extensive and ever changing. We attempt to answer some perti-
nent questions with literature as well as anecdotal evidence from our facility. Focus is
placed on PPE protocols, trauma resuscitations, MCI management, triage principles
and the changing surgeon’s role within the pandemic.

2. PPE and trauma

PPE has been an integral part of the ATLS principles of a trauma resuscitation and
has been taught globally [1]. With the advent of the Covid 19 pandemic, more focus
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has been placed on PPE protocols for not only resuscitation but for all patient interac-
tion due to the infectious nature of the virus and the unknown state of the patient at
first interaction. These PPE protocols have evolved over the last 2 years with the ongo-
ing research into the spread of COVID 19 and all its variants from full PPE and fomite
transmission to no fomite transmission and basic PPE such as a plastic apron, visor
and N95 for all patient interaction, whereas the vast public is encouraged with social
distancing, hand sanitizing and either surgical or cloth face masks [2, 3]. These evolv-
ing protocols have no effect on the trauma resuscitation, as the basis here is healthcare
professionals safety from all bodily fluids in a high risk, life threatening situation.
Could this be the reason for a low positivity rate among healthcare professionals
in the trauma surgical discipline? In an attempt to answer this question, I provide
you with unpublished data from our facility due to a lack of appropriate literature
available to answer this question.

Our facility was faced with a MCI due to civil unrest in the week of 9-16 July 2021.
At the same time we were experiencing the 3rd COVID wave, with an adjusted level
4 lockdown, this entailed a curfew from 9 pm to 4 am, and no alcohol sales. Our
neighboring hospital (18 km away) with the only other functional trauma unit in our
Metropolitan was shut down due to a fire and with the civil unrest, all patients were
seen in the only functional trauma facility. Although the numbers of patients and
procedures done increased, patient positivity rate was 9% below the national average
of 29.1% at the time [4]. Only two doctors of a total of forty tested positive during this
time (5%). This was with the adherence to standard PPE protocols according to ATLS
principles with the inclusion of a N95 masks (unpublished data).

Similarly In Nigeria full PPE was used when intubating patients, and when per-
forming an emergency room thoracotomy while standard precautions were used for
ICD insertions [5]. Globally we have seen many doctors and healthcare professionals
testing positive for covid and in the infancy of the pandemic, many had succumbed
to the virus. Most of which were involved in patient care of COVID positive patients
with the adherence of PPE protocols [6]. Again, one would question why this is the
case? Is it due to the combination of the burden of COVID positive patients seen
by the individual and the burn out experienced by many which ultimately weaken
the immune system? A meta-analysis done in 2021 has failed to answer this question
[6]. However the changing PPE protocols and COVID infections of healthcare per-
sonnel, community acquired or nosocomial, did not change how we would resuscitate
a trauma patient with an unknown covid status, we adhered to basic principles, which
was guided by ATLS principles [1].

3. Trauma resuscitation, patient management and covid

One cannot comment on a trauma resuscitation without mentioning the ATLS
resuscitation principles [1]. As part of any trauma resuscitation, there are many
life- saving procedure that need to be done with urgency under aseptic techniques, as
aresult trauma resus bays are well stocked with all the equipment within arm’ reach
[1]. Due to the concern for fomite transmission, some trauma departments changed
the layout of their resuscitation area and removing equipment to a different area that
is remote from the patient interaction [7]. Livingstone et al. removed all equipment
from their trauma resuscitation bays. They designated hot, warm, and cold zones
around the patient, where a hot zone involved direct patient contact, a cold zone was
a significant distance from patient interaction, where equipment was kept, and the
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warm zone was the zone in between hot and cold where equipment was transferred
on a table. This was in keeping with the EPA guidelines [7]. Logistically, this would
hamper an efficient resuscitation and it can now be seen that it was not necessary due
to the lack of fomite transmission [3].

In an effort to conserve PPE, only the staff in the hot zone donned and doffed full
PPE, in our setting we also experienced a shortage of PPE and therefore one gown
with an N95 and a visor was issued per shift to each healthcare practitioner (shifts
lasted either 12 or 24 hours) [7]. However, this can be adapted to the ever-changing
PPE protocols [2].

I would like to bring your attention back to our MCI with the low positivity rates.
We have a 15- bay resuscitation area with each bay having its own monitors and
life- saving equipment. We did not change our resus area at all and again we had
low positivity rates (unpublished data). This adds to the evidence for non- fomite
transmission [3].

The first focus of the ATLS resuscitation is airway management with its inherent
risk for transmission during intubation as an aerosolizing generating event [8]. At
the beginning of the pandemic, the use of intubating boxes was advocated. However
practically they were not feasible and seemed to hamper airway management [9].
What worked well for us was a video laryngoscope, equipment that was previously
not available in our trauma resuscitation area and was reserved for the use by anesthe-
tists [10]. This has also been substantiated in the literature with a meta-analysis [11].
Thus the pandemic benefitted us in that we could hone in on this new skill and gain
confidence in the use of it.

COVID positivity or screening never became part of our trauma resuscitation pro-
tocols. All patients were treated as PUIs (patients under investigation) meaning their
covid status was unknown and all patients that were admitted or required a surgical
procedure were tested. If the status of the patient was unknown, they were again
operated on a PUIs. We had no dedicated PUIs theater as most acute care surgical and
trauma patients were operated on with their covid results being unknown. This was
largely due to PCR results turnaround time of about 12 hours if tested after 4 pm and
2 hours if before 4 pm. Surgeons used disposable gowns (a change in the usual theater
attire), visors, and masks, which were a N95 instead of a surgical mask. Anesthetic
staff occasionally used half-face elastomeric respirator with P100 filters if they were
intubating the patient, of note, these were not supplied by the hospital but instead
purchased on the own accord of the anesthetist.

Post operatively patients went to the ward which was also a PUI area and only
once covid status was known would they be transferred to the covid wards or ICU if a
positive result was found. The main nine bed Trauma ICU required a COVID negative
result before admission of the patient and therefore a patient would be housed within
the ward ventilated and ongoing resus was continued until a result was known and
the patient was accepted for admission to the Trauma ICU.

Again, I would like to mention that although our ward was considered a PUI
ward, as well as a COVID negative ward as only the COVID positive patients would be
moved out once their result was known. We still only had a 9% positivity rate within
the unit during our MCI (unpublished data).

In Nigeria, their trauma protocols were adjusted. Patients were screened in their
triage area for fever and flu like symptoms not related to their traumatic injury,
contact and travel history. Suspected cases were moved to a designated area to be seen
by the hospital COVID 19 team (review and testing) while the trauma team continued
the resus. Suspected patients were given a surgical mask [5]. This change in protocols

59



ICU Management and Protocols

places more emphasis on COVID instead of the traumatic injury. Due to social dis-
tancing their resus area capacity decreased from twelve beds to eight beds. The most
senior person managed the airway in full PPE. With regards to surgical procedures an
NO95 and face shield was added to their PPE protocol in theater and the most experi-
enced personnel operated to decrease operative time, hampering training [5]. They
again focused on COVID by adding signs and symptoms of covid and travel history
to the AMPLE history changing the acronym to SAMPLET. Surgical protocols were
also changed, with the focus shifting to COVID, if a patient was covid positive, non-
operative or delayed repairs were encouraged [5]. These decisions should be based on
the patient’s trauma burden and physiology. We made neither of these changes to our
protocols, our focus remained on trauma, the only difference covid made was chang-
ing the location of the patient. However, we need to do a formal audit to quantify if
our covid positive patients’ outcomes were significantly different to their covid nega-
tive counterparts. In some areas the trauma burden has decreased with the increase of
covid thereby providing us with an ongoing MCI and an approach to this needs to be
defined [12].

4. Mass casualty incidents (MCIs)

MClIs are defined as events where the number of patients exceed the local
resources (human or equipment). These events can occur remotely to the health facil-
ity or within the health facility. All the literature on mass casualties come from the
trauma surgical discipline [13]. The questions we now need to ask is, combined with
COVID, do trauma protocols and triage principles need to change? Is there more
that we can learn from this? In an attempt to answer these questions, we revert to the
literature. One must be cognizant of the fact that with the covid pandemic all patients
essentially have a breathing problem, if one must consider ATLS principles, some of
which may require invasive ventilation [1].

Tankel and Einov defined specific objectives that need to be planned for in a MCI,
namely equipment and consumables, transport, hospital capacity, training, educa-
tion, and debriefing, command and control and communication [13]. These are the
same principles in disaster management, some of which will be highlighted in this
text. These concepts are echoed by the WHO guidelines which involves a multisec-
toral planning which include national governments and healthcare personnel, starting
at facility level to international level [14].

Data from the US stems from terrorism attacks and mass shooting events and
have influenced MCI protocols [13]. The major difference between a MCI in a trauma
setting and a pandemic is the length of the mass casualty. Most MClIs last 24-48 hours
and thereafter there is a return to normal duties, which allows for a period of debrief-
ing. But this MCI has lasted 2 years and there has been no return to ‘normalcy’ [15].
So, can we truly extrapolate from MCI in the trauma setting to a pandemic? When
do we return to pre pandemic triage/MCI principles when the MClI is prolonged?

Planning ahead, stock piling of equipment and consumables are integral to a
response to a MCI [13, 14]. However, consumables are a limiting factor in MClIs as
well as in a pandemic as evidenced by the global oxygen supply shortage and ventila-
tor shortage [16]. Tankel and Einov suggest that regional instead of local (individual
hospital) stock piling is more cost effective, however maintenance of the consumables
is questionable and therefore may not be functional when needed. One also needs to
define MCI specific equipment for example during the pandemic this translated to
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oxygen and ventilators but in a trauma, setting could be theater capacity, availability
of trauma surgeons and blood and blood products [13].

4.1 What happens when the supply of global resources outweighs the demand be
it oxygen or human resources?

Our healthcare professionals have lost their lives from being on the frontline and
burn out has become more evident than before [6, 17]. Training of new healthcare
professionals have also been hampered in the past 2 years of the pandemic because
all they now know is how to manage a COVID patient. Airway skills have become a
selective skill reserved for anesthetist and the most senior personnel at the expense of
the junior doctors that have started out [5, 8].

To confound matters while experiencing the COVID pandemic we needed to deal
with a disaster (mass evacuation of a hospital due to a fire), this resulted in the hospi-
tal closure and the majority of patients being redirected to our facility. This was even
further confounded by enduring a MCI when civil unrest led to a flood of patients in
our trauma unit.

The evacuation of a hospital due to a fire was largely driven by healthcare profes-
sionals selflessly moving patients (immobile patients, in their beds) to evacuations
points in smoke covered corridors with no oxygen supplies while emergency fire
personnel battled the blaze. The loss of a health facility compounded the effects of a
pandemic on the loco regional facilities.

With this said the loco regional functional hospitals can change their triage
processes and therefore certain hospitals can only accept P1 and other hospitals can
accept P2 and P3 patients thereby distributing the load [13]. Prehospital services and
healthcare facilities (receiving and disaster area) should have effective communica-
tion for this to be feasible, disaster committees should be established in the sending
and receiving facilities. Efficient communication is integral to the management of any
disaster or MCI [15].

Our facility was on the receiving end of the fire, 150 patients were evacuated to
our facility without communication to the team onsite. Both the on- call trauma and
acute care surgical units had to manage current acute patients in their respective areas
as well as the patients evacuated to their facility. The discrepancy here was that a
disaster team should have been established at the receiving hospital to manage evacu-
ated patients. This should not have been the responsibility of the on-call trauma and
acute care surgical units. Emergency services that transported patients to our facility
were also used to transport patients to the relevant wards as we did not have the
capacity (porters) available to do this, therefore the need for non-healthcare person-
nel should also be considered e.g. cleaners, porters etc. [13].

The burden on the facility was significant as bed capacity was reduced due to
reallocations for COVID patients. Unique to South Africa is that a large percentage of
our population lives below the poverty line in informal settlements, which are quite
densely populated, you could have at least ten people living in a 1-bedroom shack
(informal dwelling) [18]. Therefore, our patients could not self- isolate at home and a
facility was opened for this specific reason NASREC, previously an events area. This
was specific for patients not requiring hospital admission and no oxygen require-
ments. It was purely for patients that were unable to self- isolate safely at home. This
was an attempt to lessen the load on secondary and tertiary level institutes.

Going back to the MCI specific to trauma the riots from the civil unrest. This
event was not anticipated and therefore could not be planned for especially during a
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covid pandemic and with the neighboring hospital trauma unit closed due to a fire.
We experienced many bottle necks for example CT scanners availability and theater
capacity despite more staff being mobilized to respond to the disaster. We were also
unable to mobilize staff from outside the hospital as it was not safe to travel to the
hospital. Therefore, disaster committees should focus on training, education and
debriefing, treatment protocols that are disease or injury specific and should be aim at
a level appropriate for all heath care specialist not just trauma surgeons or infectious
disease specialists [13, 15].

Due to the sheer burden of P3 patients, we developed a strategy for quick refer-
ence as to the patient’s condition and progress of management. Labels were placed
on patients and were used to indicate injuries, results of investigations and what the
patients were awaiting as a quick reference with no need to go locate the patient file.
This is planning whilst one is in the midst of a MCI but was successful and will be
used for planning of future MCI within our institution. Therefore, a response to a
MClI is an ongoing process.

With regards to training over the last 2 years. Interns have mostly been exposed to
the management of covid patients which has largely been protocol based. They have
missed opportunities related to procedures specifically that of airway management
which many have reserved for the most senior staff [5, 10]. In the surgical spectrum,
elective procedures have been stopped thus decreasing exposure of surgical trainees.
Despite discrepancies in training and being reallocated to manage patients that is not
within your field of expertise, burnout has come to the fore [17, 19, 20]. Many health-
care personnel have experienced burnout largely due to the pandemic/mass casualty
spanning 2 years currently and leaving no time to debrief or recuperate after each
wave [17]. Human resources are a scarce commodity as well as being constraints by a
budget for monetary compensation, as seen by healthcare professionals working long
hours risking their lives as well as that of the household [15].

Command and control of a mass casualty or disaster must consist of healthcare
professionals that are clinically active, to know what is happening on the floor as
well as management and politicians and policy makers. These committees should be
established locally, regionally, nationally, and even internationally depending on the
nature of the MCI [13, 14]. Elective theaters, emergency theaters, ICU, physicians,
surgeons, allieds, nursing staff, porters, radiographers, and radiology form integral
components of the response team to these events. Special types of patients should also
be considered especially those that are time dependent such as cancer patients [13].
Once a SOP (standard operating procedure) was established for the covid response
and the relocation of patients due to the fire. Chemotherapy and radiotherapy as well
as surgical procedures for patients with malignancies were prioritized. Oncological
services such as chemo- and radiotherapy were halted transiently as they were only
available at the hospital that was closed due to the fire, however rapid communication
with other hospitals and the fast tracking of the establishment of a chemotherapy
service at our hospital assisted with this issue. Transport for these patients were also
arranged to these facilities, not to impede these patients from receiving oncological
services. Communication needs to be bi-directional top down and bottom up, so that
protocols are practical and feasible with real-time feedback [13].

Coccolini et al. defined four phases in disaster management namely mitigation,
planning, response, and recovery. Mitigation, this is the preemptive planning stage
to reduce the effect of MCIs however the protocols of COVID was ever changing
(PPE, isolation days, lockdown periods, economics changing policy) and there-
fore the planning stage is an evolving stage [2, 3, 8]. Planning requires practice of
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protocols for feasibility however there was no time with the pandemic to practice,

it’s been an ongoing practice session for the past 2 years as such good communica-
tion (local, regional, national, international, NPOs) has become imperative [15].
The response phase entails activation, notification, and initial response. Therefore,
the need to identify a state of disaster and activation of the relevant teams, and a
central Command structure (local, regional, or national) [15]. The major issues with
the covid pandemic and its associated disaster management is the ever-changing
protocols resulting in the planning, practice and response phases never ending. You
also need buy in from all stake holders, however medical personnel have also become
hesitant in accepting these ever-changing protocols. As healthcare providers we have
lost the trust of the global population by changing protocols largely due to the lack
of understanding of the research process [2, 8, 10, 15]. The final stage is recovery,
which entails staff debriefing, however with the many waves of the pandemic we
have not reached this phase in 2 years, resulting in burn out and significant strain on
the mental health of many healthcare professionals [15, 17]. With these ever-
changing protocols of covid and a prolonged MCI, do we still utilize triage prin-
ciples as before, or do we adapt them to the current pandemic?

5. Triage principles

The Federal healthcare resilience task force kept the trauma triage principles
unchanged, with just the addition of the awareness of COVID 19 and the prehospital
use of PPE [21]. This was also the case within our facility. A common theme pre-
hospital and within hospital resus is the decreased number of healthcare personnel
involved in the resus and airway management was by the most senior first responder
[7, 21]. With specific reference to the covid pandemic and MCIs, crowd control
becomes important [21].

It has been stated that during the current pandemic, it is unable to “discern the
likelihood of survival of trauma patients relative to the potential for having concomi-
tant COVID 19 is not possible [21]. One would disagree with this statement, there are
many trauma scores that relate burden of injury to mortality and therefore concomi-
tant COVID or the suspicion of covid played no role in our triage process. The burden
of injury and the survivability of the injury enabled our triage process according to
trauma principles.

Supportive and palliative care is an ethical principle that forms part of any MCIs
[13, 15]. During this pandemic this has come to the fore due to shortages of ICU
beds, ventilators and even Oxygen and the overwhelming demand [16]. Palliative
care has become integral to triage during this longstanding MClIs that is the COVID
Pandemic [22].

At our facility, most of our trauma patients are young males and were incidental
or asymptomatic covid positive results. During the pandemic in a trauma setting,
we still focused on the principles of triage according to the trauma burden and was
more focused on the survivability of the injuries sustained and not the patients covid
status [1]. Their covid status may have complicated their surgical course and lead to
unexpected deaths or morbidities but it did not hamper their treatment. If at all, it
might have given them resources which would not have been otherwise available. Our
unit only has a nine bed Trauma ICU, but with the COVID pandemic a general ward
was converted to a thirty seven bed COVID ICU, so if not for their COVID status some
patients may not have received the critical care that they needed. We have discussed
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the covid pandemic with regards to PPE, MClIs and resuscitation, extrapolating
principles from surgery, but what has been the surgeon’s role in the pandemic?

6. The surgeon and COVID

Elster et al. commented that surgeons responded by postponing elective surgery,
however this was a misnomer. Most electives are time sensitive malignant cases [23].
At our facility we instituted the Covid scoring system (NDOH technical working
group on COVID 19) as well as a vetting committee and as a result our oncological
procedures and services continued.

With regards to COVID positive elective cases they were postponed to either when
the patient was asymptomatic for 72 hours and two negative covid tests 24 hours
apart [23]. At our facility we initially postponed to 2 weeks post covid infection and
as evidence become available our protocols change to 8 weeks post covid, in keeping
with the current literature [24]. No repeat covid tested were requested on patients
previously tested positive.

In order to protect staff members from a prolonged MCI Elster et al., implemented
a few protocols, namely, Screening of outpatients, testing patients before entering
the hospital, limiting OPD and seeing only the medically needed and time sensitive
cases, avoiding burnout and unprotected exposure to infected patients, encouraging
telemedicine and all meetings to be done virtually [23]. These protocols have also
been implemented within our facility except for the avoidance of burn out. Surgeons
and interns were mobilized to work in COVID units. Critical care training is included
in the curriculum for surgical residents as well as having experience with critical care
in the wards due to the shortage of critical care beds within specialized units. These
covid duties were in addition to their surgical responsibilities and therefore impos-
sible to avoid burnout. Surgeons have skills that are geared towards dealing with the
COVID pandemic, these skills arise from their experiences in MCls in the combat and
trauma setting as well as their critical care experiences [23].

Literature is populated with the surgeon’s role in the pandemic [25, 26]. Acute care
surgeons assisted by converting post operative recovery areas into ICUs to increase
critical care capacity, which were managed by critical care trained surgeons. The
less severe covid patients were managed by surgeons with no critical care experience
as well as taking on acute care surgical responsibilities of themselves and the criti-
cally trained surgeons. Non critically trained surgeons were prepared for their covid
responsibilities by undergoing a 1 week catch up course involving antibiotic and
ventilatory strategies as well as specific covid protocols. There were times when they
were teamed up with physician intensivists or small teams consisting of members
from all specialties with one team leader [25, 26]. All electives and research activities
were stopped to increase human resources [25]. The strategy of Giogola et al. involved
weekly virtual meetings for updates, a tiered approach adapted from the SCCM which
resulted in intensivist burn out as it was top heavy [25].

In a London Trauma unit, they anticipated a staff illness rate of 30%, to negate this
they allowed high risk personnel to provide off site support virtually or telephoni-
cally which translated to a staff illness rate of 10%. Again, surgical responsibilities
were decreased by stopping electives and the application of lock downs decreased
the trauma burden [26]. OPD were done telephonically or virtually. With the covid
pandemic social media played an important role, however there were concerns with
patient confidentiality and therefore social media was sanctioned nationally and only
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allowed within a hospital. These platforms were used to disseminate the latest peer
reviewed information but at times humor and outburst were also shared, which can
be expected from staff experiencing a prolonged MCI resulting in burnout with no
time to debrief [26]. Social media may have assisted with information dissemination
within a hospital, but difficulties were seen with communication from a central com-
mand to those on the frontline [26].

Due to the re-deployment of anesthetic and surgical staff to covid units, non-
operative management was favored, and theaters were transformed to ICUs, impact-
ing training of fellows and residents negatively. To compensate for this deficit, many
extended their training time [26]. In our setting surgical management remained
according to surgical principles and protocols pre covid and not dictated by the
patient’s covid status.

To assist with healthcare professional well-being, which was affected by loss job
opportunities, uncertainty, no training and redeployment to unknown areas, wellness
programmes were initiated [26]. These included free wellbeing classes yoga, Pilates
or meditation, free food donations and greater awareness on media — seeking mental
health services were thus more accessible as it was not seen as a weakness [26]. This
depicts the benefits of social media.

7. Conclusions

The covid 19 pandemic thought us many lessons but we also used lessons from the
past. Previous experience with MCls assisted during the many different waves and
variants. Ever changing PPE protocols and transmissibility of the virus showed us
that we had more to learn and adapt. Globally we were not well prepared for this MCI
as evidenced by Oxygen and ventilator shortages as well as the strain on our human
resources by health care personnel burn out. The greatest lesson learnt is the versatil-
ity of the medical professional, assisting in areas they are not specialized in (surgeons
in infectious disease wards and critical care settings of intensivist), redistributing
resources with ever changing protocols. Although there was a global response to the
front line to treat patients of a MCI, the amount of research and literature churned
out by clinicians is impressive. This will serve as the foundation for future pandemics/
MClIs, and one would hope that it will not be as prolonged as the current pandemic.
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ICU Management of Tetanus
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Abstract

Tetanus is a major public health concern in low socio economic countries and it
carries a high mortality rate. However, the incidence of tetanus in developed nations
has greatly reduced due to an excellent vaccine program. Tetanus is caused by a
neurotoxin released by Clostridium tetani. C. tetani is a spore-forming bacterium that
is widely distributed in soil and it is also found in the intestines and feces of animals
such as horses, sheep, cattle, dogs, cats, rats and guinea pigs. The mortality is because
of various complications due to muscle spasms, autonomic dysfunction, as well as
due to prolonged critical care. Management of tetanus with its complications is in
an intensive care unit and the goals of management include stopping further toxin
production, neutralization of unbound toxin, management of the airway, control of
muscle spasm, treatment of autonomic dysfunction and general supportive manage-
ment. The effective method of preventing tetanus is by immunization with tetanus
toxoid containing vaccines. The vaccine is cheap, effective and safe for all age groups.

Keywords: tetanus, rigidity, seizures, spasms, benzodiazepines, magnesium sulphate,
intensive care unit, mechanical ventilation

1. Introduction

Tetanus is an acute, potentially fatal disease that is characterized by generalized
increased rigidity and convulsive spasms of skeletal muscles. It is caused by a neu-
rotoxin released by Clostridium tetani. C. tetani is a spore-forming bacterium that is
widely distributed in soil and it is also found in the intestines and feces of animals such
as horses, sheep, cattle, dogs, cats, rats and guinea pigs. Agriculturally, soil treated
with manure may contain large numbers of spores also. In agricultural areas due to soil
treatment with manure, a significant number of human adults may harbor the organ-
ism too. It enters the body through breaks in the skin and germinates under anaerobic
conditions [1]. Tetanus is a vaccine-preventable disease that remains a common cause
of acute critical illness in low-income and middle-income countries (LMICs). It is
estimated that the annual mortality of tetanus is around 200,000-300,000 with over a
half of these deaths found in neonates. Neonatal tetanus is a severe, often fatal disease
caused by a toxin of C. tetani. The World Health Organization defines a confirmed
case of neonatal tetanus as an illness in a child who has normal feeding and crying
during the first 2 days of life but loses the ability between age 3 and 28 days of life
and becomes rigid and has spasms. It occurs through infection of the umbilicus when
the cord is cut with an unclean instrument or when substances heavily contaminated
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with tetanus spores are applied to the umbilical stump. Infants who have not acquired
passive immunity from the mother because she has not been immunized are at an
increased risk. Tetanus is however relatively rare in the developed world. Where they
occur, it is usually in the adult. Neonatal tetanus has been eliminated in Europe [2].

2. Pathophysiology

The C. tetani bacterium is a spore-forming, gram-positive, slender, anaerobic rod.
It is heat sensitive and cannot survive in the presence of oxygen. The spores however
are extremely resistant to heat and they can survive autoclaving at a temperature up
to 121°C for 10-15 min. The spores of C. tetani are widely distributed in the environ-
ment and they reside in soil, faeces and dust. Once the spores enter the body through a
wound, they germinate in the presence of an anaerobic condition. In some patients, no
entry site is seen. Spores of C. tetani can also gain entry into the body through burns,
surgery sites or childbirth. It has an incubation period of 2 and 21 days with an average
8 days. The further the injury site is from the central nervous system the longer the
incubation period. Shorter incubation periods are associated with severe form of the
disease and a higher chance of death. C. tetani produces two exotoxins, tetanolysin
and tetanospasmin. Tetanospasmin is a neurotoxin and it is responsible for the clinical
presentations of tetanus. This is an extremely potent neurotoxin and it is estimated
that the minimum human lethal dose is 2.5 ng/kg of body weight (a nanogram is one
billionth of a gram). The toxin spreads into the nervous system by binding to the neu-
romuscular junction and then being transported backwards into the cell body. Further
spread occurs trans-synaptically to adjacent motor and autonomic nerves. The effect
of tetanospasmin is by cleaving synaptobrevin which is a vesicle-associated membrane
protein which is essential for the release of neurotransmitter. The inhibitory pathways
is the most affected there by preventing the release of glycine and g-amino butyric
acid (GABA). When interneurones inhibiting alpha motor neurones are affected,
there is failure to inhibit motor reflexes [3]. This causes increased muscle tone and
rigidity, interposed by sudden and potentially devastating muscle spasms. Muscles
of the face are affected early because of their short axonal pathways. Sympathetic
neurones become affected later in the disease. Disinhibited autonomic discharge leads
to loss of autonomic control, resulting in sympathetic overactivity and increased cat-
echolamine levels. Neuronal binding of the toxin is irreversible. Recovery requires the
growth of new nerve terminals, which explains the prolonged duration of the disease.

3. Diagnosis

The diagnosis of tetanus is clinical. History of vaccination, physical examination,
signs and symptoms of muscle spasm, rigidity and pain are pointers to presence of
tetanus. There are currently no confirmatory laboratory tests. The triad of muscle
rigidity, muscle spasms and autonomic instability indicates the presence of the disease.

4, Clinical features

On the basis of clinical findings, four different forms of tetanus have been
described.
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1. Generalised tetanus

2.Localised tetanus

3. Cephalic tetanus

4. Neonatal tetanus
4.1 Generalised tetanus

Generalized tetanus is the most common form of tetanus accounting for up to 80%
of reported cases. It attacks muscles throughout the entire body. Generalized tetanus
attacks and inhibits mostly the motor neurons of the CNS and later the neurons of the
ANS as well thereby presenting with a descending pattern with uncontrollable muscle
contraction affecting muscles of the face and jaw (trismus or locked jaw) being the first
sign followed by stiffness of the neck, difficulty in swallowing, and rigidity of abdomi-
nal muscles. Other symptoms include elevated temperature, sweating, elevated blood
pressure, and episodic rapid heart rate. Spasms may occur frequently and can last for
several minutes. Spasms continue for 3-4 weeks. Complete recovery may take months.

4.2 Localised tetanus

Localized tetanus is an uncommon form of the disease in which patients have
persistent contraction of muscles in the same anatomic area as the injury. It is most
commonly confined to the extremities. These contractions may persist for many
weeks before gradually subsiding. Localized tetanus may precede the onset of gener-
alized tetanus but is generally milder.

4.3 Cephalic tetanus

Cephalic tetanus is rare, and results from head injuries or otitis media in which C.
tetani is present in the flora of the middle ear or following injuries to the head. There
is involvement of the cranial nerves, especially in the facial area and patients may
present with facial nerve palsies. The infection may become generalized.

4.4 Neonatal tetanus

Neonatal tetanus is a form of generalized tetanus that occurs in newborn infants born
without protective passive immunity because the mother is not immune. It results in high
mortality in developing countries and is responsible for up to 50% of death due to tetanus.
The infection usually arises from contamination of the umbilical cord during unsanitary
delivery practices, absent maternal vaccination and unhygienic cultural practices such as
the application of cow dung to the umbilical stump during the neonatal period. In neonatal
tetanus, symptoms usually appear from 4 to 14 days after birth, averaging about 7 days [4].

Generally, symptoms of tetanus can be summarized to include neck stiffness, sore
throat, dysphagia and trismus. Muscle spasms are extremely painful and can cause
tendon to rupture, joint dislocation and bone fractures. Spasm that extends to the
facial muscles causes the typical facial expression known as risus sardonicus. Truncal
spasm causes opisthotonus. Severe hypoventilation and life-threatening apnoea may
occur during prolonged spasms. Hypertension and tachycardia occur mainly from

71



ICU Management and Protocols

increased sympathetic tone. Autonomic storms are associated with raised catechol-
amine levels. These alternate with episodes of sudden hypotension, bradycardia
and asystole. Other features of autonomic disturbance include salivation, sweating,
increased bronchial secretions, hyperpyrexia, gastric stasis and ileus [5].

5. Complications of tetanus

The complications of tetanus result from muscle spasm, autonomic dysfunction,
and prolonged critical illness. All systems of the body are involved.

5.1 Respiratory system

Life threatening complications from involvement of the respiratory system include
but not limited to apnoea, hypoxia, respiratory failure, laryngeal spasm, atelectasis,
aspiration pneumonitis, etc. Prolonged ventilation may lead to ventilator associ-
ated pneumonia (VAP) and complications from tracheostomy e.g. tracheal stenosis.
Breathing problems occur from tightening of vocal cords and muscle rigidity.

5.2 Cardiovascular system

The cardiovascular complications are from autonomic dysfunction and are the most
serious complications. These include tachycardia, hypertension, ischaemia, hypoten-
sion, bradycardia, tachyarrhythmias, bradyarrhythmias, Asystole, heart failure. The
pathogenesis is said to be due excessively high levels of circulating catecholamines.

Other complication related to the renal and gastrointestinal systems include; high
output renal failure, Oliguric renal failure from rhabdomyolysis, urinary stasis, uri-
nary tract infection, gastric stasis, ileus, diarrhoea, haemorrhage. Thromboembolism
and skin breakdown has been reported. Dislocation of the temporomandibular and
shoulder joints have also been reported. Sepsis with multiple organ failures can also
occur with the progression of the disease.

6. Severity grading/prognosis

The Ablett classification of severity is the most commonly used grading system. It
grades tetanus infection from mild (Grade I) to very severe (Grade IV) [6]. Prognosis

Grade Characteristics

Grade 1 (mild) Mild trismus, general spasticity, no respiratory compromise, no spasms, no dysphagia

Grade 2 Moderate trismus, rigidity, short spasms, mild dysphagia, moderate respiratory involvement,
(moderate) ventilatory frequency >30

Grade 3 (severe)  Severe trismus, generalized rigidity, prolonged spasms, severe dysphagia, apnoeic spells, pulse
>120, ventilatory frequency >40

Grade 4 (very Grade 3 with severe autonomic instability involving the cardiovascular system Severe
severe) hypertension and tachycardia, alternating with relative hypotension and bradycardia, either
of which may be persistent

Table 1.
Ablett classification of severity.
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Prognostic factor Scorel Score 0

Incubation period <7 days >7 days or unknown

Period of onset <2 days >2 days

Entry site Umbilicus, burn, uterine, open fracture, surgical wound,  All others plus unknown
intramuscular injection

Spasms Present absent

Fever >384°C <384°C

Tachycardia Neonate > 150 beats/min Neonate < 150 beats/min

Adult > 120 beats/min

Adult < 120 beats/min

Total score

Table 2.

Prognostic scoring systems in tetanus: Dakar score.

Score

Severity

Mortality

0-1

Mild

“10%

2-3

Moderate

10-20%

4

Severe

20-40%

5-6

Very severe

>50

Table 3.

Total score, severity and disease prognosis.

Incubation time:

<48 h

2-5 days

5-10 days

10-14 days

>14 days

Site of infection:

Internal and umbilical

Head, neck, and body wall

AU

Peripheral proximal

W

Peripheral distal

Unknown

State of protection:

None 10

10

Possibly some or maternal immunisation in neonatal patients

Protected > 10 years ago

Protected < 10 years ago

Complete protection

S| N | |

Complicating factors:

Injury or life threatening illness 10

10
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Incubation time:

Severe injury or illness not immediately life threathening

Injury or non-life threatening illness 4

Minor injury or illness 2

S| N | |

ASA grade 1

Total

Mild <9, moderate 9—16, severe >16.

Table 4.
Prognostic scoring systems in tetanus: Phillips score

is assessed using the Phillips score and the Dakar score. Both these scoring systems
are relatively straightforward schemes which take into account the incubation period
and the period of onset as well as presence of neurological and cardiac manifesta-
tions. The Phillips score also factors in the state of immune protection (Tables 1-4).

7. Management

There is currently no treatment for tetanus. Management of the disease requires an
emergency and long term supportive care. Three strategic principles apply however

apply.
* Neutralization of the toxin that is already in the body

* Destroying the organisms in the body to prevent further toxin release

* Minimizing the effects of the toxin already in the body
7.1 Neutralizing toxin already in the body

Intravenous human tetanus immunoglobulin (HTIG) 150 units/kg intramus-
cularly is used to neutralize free circulating toxin before it binds to neuronal cell
membrane. The HTIG is an effective therapy and it is given as soon as the diag-
nosis of tetanus is considered. There is available an intravenous preparation of
5000-10,000 IU. HTIG is a specific solvent-detergent-treated plasma derived product
obtained from donors immunized with tetanus toxoids. An initial skin sensitivity
testing using a dose of 3000-6000 units intramuscularly is given. This drug does not
neutralize intracellular toxin which is already fixed to the nerve terminals. HTIG is
contraindicated in patients with history of anaphylactic reaction to the active sub-
stance or to any of the component of the product. Also patients with deficiency of
mmunoglobulin A and the intramuscular test dose is contraindicated in those with
severe thrombocytopenia or any coagulation disorder.

7.1.1 Airway management

Respiratory failure has been identified as the commonest direct cause of death
from tetanus in the less developed world. This may not be unconnected with
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lack of ventilator support where it is needed. The Intensivist should anticipate
patients at risk of hypoxia and airways obstruction, aspiration hypoventilation,
pneumonia, and respiratory arrest. Such patients should be closely monitored

and connected to ventilator support as soon as possible. Early airways protection
initially with endotracheal tube or tracheostomy is often needed. Ventilator modes
used depends on complexity of the ventilators available in the intensive care unit.
In the early stages of the disease when rigidity and spasm are prominent, sedation,
analgesia and muscular paralysis are required to allow for controlled manda-

tory ventilation. This mode usually provides rest to the already fatigue muscles

of respiration. It is important to note that the controlled mandatory ventilation
mode is used only when necessary. Poor lung compliance and oxygenation due to
muscular rigidity or pulmonary complications may be overcome by a combination
of pressure controlled ventilation and positive end expiratory pressure (PEEP). In
the later stages of the disease, modes of ventilation that allow spontaneous ventila-
tion (synchronised intermittent mandatory, continuous positive airway pressure
and biphasic positive airway pressure ventilation) are generally preferred and
may optimize the respiratory pattern, reduce sedation requirements, minimise
muscle wastage, and reduce the likelihood of acquired critical illness neuropathy
or myopathy. Mechanical ventilation is better and more comforting for the patient
if a tracheostomy is given early. Tracheostomy increases patients comfort, reduced
dead space and airway resistance with reduced risk of airway trauma especially in
patients convulsing. Endotracheal intubation has been associated with more com-
plications such as subglottic stenosis, vocal cord immobility, laryngeal granuloma,
need for deeper sedation when compared to tracheostomy and higher mortality
rate. Sedation is an essential component of the management of tetanus patients
being ventilated in ICU. It is required to relieve the discomfort and anxiety caused
by airway manipulation, ventilation, suction and physiotherapy. Sedation can also
minimize agitation yet maximize rest and appropriate sleep. Analgesia is an almost
universal requirement for ventilated patients. Combination of opioids and benzo-
diazepines used for controlling seizures in tetanus gives a good outcome. Adequate
sedation and analgesia ameliorates the stress response to tracheal intubation and
mechanical ventilation.

7.2 Destroy the organisms in the body to prevent further toxin release

Metronidazole is used to destroy the organisms in the body. It diffuses into the
organism and inhibits its protein synthesis by interacting with DNA and causes loss
of helical DNA structure. A dose of 30-40 mg/kg/day in three divided doses for
children and 0.5 g three times daily for up to 10 days is recommended. Other drugs
that are effective include Penicillin G (100,000-200,000 IU/kg/day intravenously,
given in four divided doses). Macrolides such as erythromycin given as 30-50 mg/
kg/day in three divided doses for children and 0.5 g/kg/day in three divided doses
for adults has shown effectiveness. Tetracyclines, clindamycin, cephalosporins
and chloramphenicol are also effective. To reduce further bacterial load and toxin,
if a wound responsible for tetanus is clear, thorough cleaning of infected site
with extensive surgical debridement is recommended if patient is stable. Surgical
debridement helps to eradicate spores and necrotic tissues which could lead to
conditions ideal for germination. To reduce the risk of releasing tetanospasmin into
the bloog stream, it is advised that wound manipulation should be delayed until
hours after administration of antitoxin.
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7.3 Minimise the effects of the toxin already in the body

Circulating tetanus toxins cause muscle rigidity, spasm and autonomic instability.
Treatment of rigidity and spasm is very effective in preventing exhaustion, respira-
tory failure, aspiration pneumonitis and dysphagia. Spasm and rigidity can be treated
effectively with sedation and limiting unnecessary stimulation. Benzodiazepine along
or in combination with other drugs such as anticonvulsants have been used with great
successes. The first line of treatment is the benzodiazepines.

Diazepam one of the derivative of benzodiazepines and is very effective in tetanus
management. It acts by increasing GABA agonism through resistance to endogenous
inhibitors of the GABAA receptor. The benefits of diazepam are as anti-convulsant
and muscle relaxant that acts to control rigidity and muscle spasms. In addition,
diazepam has sedative and anxiolytic effects. Large doses up to 100 mg/h can be
administered and may cause mild respiratory depression.

Midazolam, also a benzodiazepine can be used in the absence of Diazepam. It is
however relatively short-acting. Morphine can be equally efficacious and is usually
used as an adjunct to benzodiazepine sedation.

Propofol has also been used successfully with rapid recovery occurring once the
infusion is stopped however, in order to achieve adequate plasma concentrations to
relieve muscle rigidity, mechanical ventilation is necessary.

In a patient with tetanus on mechanical ventilation, neuromuscular blocking
agents can be used to control the muscle spasm if it continues despite the use of seda-
tives. Vecuronium is a short-acting neuromuscular blocker. It has minimal cardiovas-
cular effects and does not release histamines. The use of pancuronium and atracurium
is not recommended because pancuronium causes tachycardia while atracurium
causes bradycardia and hypotension which may trigger mortality in the patient with
tetanus. Newer agents such as pipercuronium and rocuronium are long acting and
provide good haemodynamic stability they are however expensive compared with
older drugs.

Anticonvulsants such as phenobarbitone, (which enhances GABA activity) and
phenothiazine such as and chlorpromazine may be used to provide additional seda-
tion. When sedation alone is inadequate, neuromuscular blocking agents and inter-
mittent positive pressure ventilation may be required, usually for a prolonged period.

Baclofen is a structural analogue of GABAp receptor agonist that inhibits pre-
synaptic acetylcholine release and synaptic medullar reflexes. These effects help in an
anti-spastic action. They act by lowering calcium permeability in primary afferents.
Intrathecal administration of 500-2000pg daily of baclofen had caused decrease
muscle spasm in generalised tetanus [7].

7.4 Autonomic instability

Circulatory collapse is a major cause of mortality in tetanus and this is caused
by autonomic instability. Sudden cardiac arrest is common and is thought to be
precipitated by a combination of high catecholamine levels and the direct action of
the tetanus toxin on the myocardium. Prolonged sympathetic activity may end with
profound hypotension and bradycardia. Parasympathetic over activity may lead to
sinus arrest. Direct damage to the vagal nucleus by the tetanus toxin has been impli-
cated. Sedation with Benzodiazepines, anticonvulsant medication and morphine is
the first line maneuver to control autonomic instability and also magnesium sulphate
has been used as a preventive measure with success.
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Magnesium sulfate is a pre-synaptic neuromuscular blocker. It inhibits catecholamine
release from nerves and adrenal medulla and also reduces receptor responsiveness to
released catecholamines, anticonvulsants, and vasodilators. Magnesium sulphate is a
calcium antagonist in the myocardium and neuromuscular junction and inhibits the
release of parathyroid hormone thereby decreasing calcium levels. Doses are initiated
with loading dose 75-80 mg/kg in 30 min and followed by 2 g/h in patients under
60 years and 1 g/h for patients over 60 years. Morphine is very useful in maintaining
cardiovascular stability. The mechanism of action of morphine includes replacement of
endogenous opioids, reduction of sympathetic reflex activity and histamine release [8].
Phenothiazine especially chlorpromazine which acts as anticholinergic and o adrenergic
antagonism also play a role in maintaining cardiovascular stability and used as a sedative.

B-blockade, although theoretically useful to control episodes of hypertension and
tachycardia, is associated with sudden cardiovascular collapse, pulmonary oedema

and death.
7.5 Supportive care

Patients with tetanus suffer weight loss due to several factors. These include
inability to swallow, autonomic induced alterations in gastrointestinal function,
increased metabolic rate due to pyrexia and muscular activity from convulsion and
seizure. Nutrition should therefore be established as early as possible. Due to trismus,
oral feeding is not possible. Nasogastric tube should be passed as early as possible to
commence feeding. High caloric nutritional supplement is required to meet the high
metabolic demand of tetanus. Parenteral nutrition is preferred but it is expensive and
majority of tetanus patients are from a poor socio-economic status.

Nosocomial infection such as VAP is common among critically ill patients that are
ventilated. The prevalence of VAP is a common indicator for safety and quality of care
in critically ill patients admitted to the ICU. This is associated with increased mortal-
ity among ventilated patients. Measures taken to prevent VAP include strict hand
hygiene with alcohol solutions before airway management, continuous aspiration of
subglottic secretions, oral hygiene with chlorhexidine, semi recumbent positioning of
patients where possible and selective decontamination of the digestive tract or selec-
tive oropharyngeal decontamination.

Venous thromboembolism (VTE) is a common and major complication in the crit-
ically ill patients. The use of intermittent pneumatic compression or graduated com-
pression stockings with regular turning of patient help to prevent thromboembolism.

Other supportive measures foot drop splint to prevent ankle contracture, limb and
chest physiotherapy, regular turning of patient or use of air/water mattress to prevent
decubitus ulcer, care of the patient should be in dark room with minimal stimulus and
psychosocial support.

8. Prevention

The effective method of preventing tetanus is by immunization with tetanus
toxoid containing vaccines. The vaccine is cheap, effective and safe for all age groups.
In children, three doses are given from as early as six weeks of life and repeated at
intervals of 4 weeks. It is also advised that three booster doses are given to confer
lifelong immunity. It is also administered to pregnant women during pregnancy as
a part of ante natal care package and also women in the reproductive age groups. To
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maintain high level of protection, individuals with cuts and open wound are given the
tetanus toxoid containing vaccine [9].

9. Conclusion

Tetanus is a vaccine preventable disease but it has remained a public health problem
in developing countries mostly due to poor vaccine coverage, poverty and low levels of
education. All wounds other than clean minor ones should be considered tetanus prone
therefore, HTIG should be considered. The diagnosis of tetanus is clinical and it can
be fatal if missed. The mortality rate of tetanus is high and prolonged ICU care may be
required. The outcome depends on early diagnosis, identification and management of
complications and a good supportive care which the patient receives.
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Chapter 6

Protocols for Bleeding
and Thrombosis in Pediatric
Intensive Care Units

Rungrote Natesirinilkul

Abstract

Bleeding and thrombosis are the common hematological complications found
in children who are admitted in the pediatric intensive care units (PICUs). Some of
those complications could be mild, however some could be serious or life-threatening
for critically-ill children. The etiologies of those conditions could be due to the under-
lying diseases, i.e., congenital bleeding disorders, complications of the diseases, i.e.
coagulopathy due to disseminated intravascular coagulation (DIC), and also the side
effects from the treatments themselves, i.e., massive transfusion or extracorporeal
membrane oxygenation (ECMO). Early detection and management and prevention
of those complications could decrease the morbidity and mortality of the children in
PICUs. Although most guidelines of management of those bleeding and thrombosis
in adults is well established, the evidences for the management of those conditions
in children are limited. In addition, developmental hemostasis during the childhood,
which is different from adulthood, could challenge the management of those condi-
tions in children admitted in PICUs.

Keywords: pediatrics, intensive care unit, massive transfusion, extracorporeal
membrane oxygenation, thromboprophylaxis

1. Introduction

Pediatric patients who are admitted in pediatric intensive care units (PICUs)
are at risk of having bleeding and thrombotic complications due to several factors
including their underlying diseases, the medications and procedures they received
during the admission and the current conditions of the patients that lead them to
be admitted in PICUs [1]. Since the hemostasis in children are different from the
adults, management of bleeding and thrombosis in pediatric patients is challenging
and may not be directly adopted from the evidences in adult patients. Moreover,
developmental hemostasis should be taken into accounts of management. This
chapter includes massive transfusion, extracorporeal oxygen membrane oxygen-
ation (ECMO) and venous thromboembolism (VTE) protocols in children based on
current evidences.
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2. Developmental hemostasis

The hemostasis is a group of system which is responsible for the bleeding
control after a vascular injury and also recanalization of that vessel when the
bleeding is stopped. The balance between the bleeding control, which is the
interaction between primary and secondary hemostatic systems, and the recana-
lization process, including anticoagulation and fibrinolytic systems, is crucial
to maintain normal hemostasis in the body [2, 3]. The summary of normal
hemostatic system is shown in Figure 1. The defects in the bleeding control
cause bleeding disorders while the impairment of recanalization process lead
to thrombotic disorders.

As same as other systems in the human body, the hemostatic system has been
changed from the neonatal period to the adulthood in all parts of hemostatic sys-

tem. The summary of developmental changes in hemostatic system in summarized
in Table 1.
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Figure 1.
The summary of normal hemostatic system. (a). Primary hemostasis. (b). Secondary hemostasis.
(c). Anticoagulation system. (d). Fibrinolytic system.
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Hemostatic system Comparison between children and adults

Primary hemostatic system ¢ Vessel wall and endothelial cells:

o Elevated glycoaminoglycans in vessels of neonates leading to increased
antithrombotic property by working with antithrombin (AT)

o Increased von Willebrand factor (VWF) and large VWF multimers from
endothelial cells

e Platelets:

o Platelet numbers in term neonates = those in children and adults but may
decrease in preterm neonates

o Platelets in term neonates express low receptors on platelet surface resulting
in less platelet response

o High red cell mass, mean corpuscular volume (MCV), VWF and elevated
proportion of large VWF multimers

Secondary hemostatic * Vitamin K-dependent factors (prothrombin, FVII, FIX and FX), contact factors
system and FV < adult levels

e FVIII, VWF and tissue factor (TF) levels > adults in first 6 months of life
* Fibrinogen, FV and FXIII = adult levels

Anticoagulation system * Protein C (PC), protein S (PS), AT and tissue factor pathway inhibitor
(TFPI) < adult levels

Fibrinolysis system * Plasmin, plasminogen activator inhibitor (PAI)-1 and a,-antiplasmin
(AP) < adult levels

* tissue plasminogen activator (t-PA) and op-macroglobulin (M) > in adult levels

Net hemostasis * Endogenous thrombin potential (ETP) almost 2-time in neonates than adults

Table 1.
The summary of developmental changes of hemostasis [4, 5].

2.1 Massive transfusion protocol in children

In adult patients who undergo major surgeries or experience traumas, massive
transfusion is defined by transfusion of blood components particularly red blood cell
concentrate (RBC) equal or more than 10 units within 24 hours, receiving RBC more
than 4 units in 1 hour or requirement of blood components more than 50% of total
blood volume within 3 hours [6]. Although the definition of massive transfusion in
children is unclear, some studies defined receiving transfusion volume of blood com-
ponents more than 40 ml/kg within 24 hours as massive transfusion [7]. Moreover,
adoption of adult’s definitions of massive transfusion is not practical in pediatrics
as some may not survive long enough to fit with those definitions. Moreover, Acker
et al. showed that the adoption of assessment blood consumption (ABC) scale of
adults in children had less sensitivity and specificity than those when it was studied in
adult population [8]. Although the current proposed definition of pediatric massive
transfusion is transfusion of blood components more than 37 ml/kg within 4 hours to
make the diagnosis and initiate the intervention sooner [7], more studies are required
to confirm the benefits of this definition.

The main mechanisms of massive transfusion consist of severe tissue injury from
the surgery or trauma which releases abundant mount of tissue factor (TF) which
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massively activated coagulation cascades and hemodilution of the inappropriate
resuscitation with intravenous fluid and blood components. Those subsequently lead
to a vicious cycle of progressive coagulopathy, acidosis and hypothermia which results
in ongoing bleeding and multiorgan failure [6].

When the pediatric patients reach the definition of massive transfusion, the
activation of the massive transfusion protocol (MTP) should be commenced.
Currently, most MTPs are driven by blood components ratio protocol. The common
MTPs suggest 1:1:1 ratio of fresh frozen plasma (FFP): RBC: platelet concentrate (PC)
[10]. However, the most effective ratio between FFP and RBC is still controversy.
Cunningham et al. reported that high (> 1: 1) FFP: RBC ratio, associated with better
survival outcome at 4 and 24 hours than medium (> 1:2 to <1:1) and low (< 1:2) FFP:
RBC ratios (P = 0.02). The survival outcome of medium PC: RBC ratio was higher
than high and low ratios of PC:RBC without statistical significance [9]. In addition,
Diab et al. recommended ratio of FFP:RBC:PC or cryoprecipitate (cryo) at 1:1:2 for
massive transfusion in children [6]. However, the systematic review by Maw and
Furyk showed minimal benefit of fixed ratio of FFP: RBC: PC at 1:1:1 in pediatric
massive transfusion [10]. Though all blood components are derived from the whole
blood (WB), hematocrit, platelet count and coagulation factors are higher in WB and
lower volume than each separated blood component [7]. Furthermore, a few stud-
ies showed faster access with similar safety and clinical outcomes of using WB for
resuscitation in children [11, 12].

Besides fixed ratio of blood components protocol for massive transfusion, throm-
boelastography (TEG) and rotational thromboelastometry (ROTEM), the viscoelastic
test to measure global hemostasis and currently used as a point-of-care testing [POCT],
have been used as a guided tool for management of massive transfusion [7, 10, 13]. The
systematic review of using TEG or ROTEM to measure hemostasis in adults and children
revealed lower dose of transfused blood components and decreased mortality than the
fixed ratio for massive transfusion in patients with bleeding [13].

Other adjunctive treatments of massive transfusion include tranexamic acid
(TXA) and recombinant activated factor VII (rFVIIa). Tranexamic acid, a lysine
analogue, is an antifibrinolytic agent which inhibits plasminogen activation and pre-
vent fibrinolytic process [7]. The pediatric trauma and tranexamic acid study (PED-
TRAX) revealed TXA significantly decreased mortality rate (odds ratio 0.3) without
increasing thromboembolic (TE) and cardiovascular events in pediatric population
[14]. rFVIIa, a bypassing agent, which is used for bleeding control in both hemophil-
iac A and B patients who have inhibitor to factor VIII and IX, respectively [15]. The
systematic review by McQuilten et al. showed no benefit of the decreased mortality
for the off-label use of rFVIIa in massive transfusion and there was an increased risk
of TE, particularly arterial TE, in patients using rFVIIa, therefore, routinely using
rFVIla as a part of MTP is not recommended [16].

2.2 Extracorporeal oxygen membrane oxygenation (ECMO) protocol in children

ECMO is an equipment used for cardiopulmonary support in children who have
severe cardiac and/or pulmonary compromise and do not respond to medications and
mechanical ventilatory support. There are two types of ECMO, venovenous (VV)
ECMO which mainly support respiratory system while venoarterial (VA) ECMO
support both respiratory and cardiac system [17-19]. To maintain the blood flow of
ECMO circuit, which is an artificial system with nonbiological surface, the usage of an
anticoagulant, mainly unfractionated heparin (UFH), is required to reduce thrombin
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and fibrin formation in the ECMO circuit. The current guideline for ECMO manage-
ment is recommended by Extracorporeal Life Support Organization (ELSO) registry
which is the largest international adult and pediatric database for patients treated with
extracorporeal life support (ECLS) [19]. There are four parts of ECMO circuit includ-
ing a cannula, a pump with console, an oxygenator and a heart exchanger [20].

Monitoring and adjustment of the UFH dosage to balance between bleeding and
clotting in patients using ECMO is challenging [21]. Dalton et al. reported the high
bleeding complication in children receiving ECMO at 70% including 16% of intra-
cranial bleeding. In contrast, 31% of children required ECMO circuit components
changes due to clot and 13% of children developed patient-associated clot [22].
Although the standard dose of UFH for ECMO is the treatment dose of UFH at 20-25
unit/kg/hour, the variation of dose could be increased to 50-60 unit/kg/hour to reach
the target ranges of UFH monitoring [23]. The summary of methods for UFH moni-
toring with the target ranges of each methods is shown in Table 2. However, the target
ranges can be varied based on the institutional protocol, normal laboratory reference
range of each test and the current bleeding conditions of the patients and thrombotic
status of both patients and ECMO circuits. Moreover, there is currently no one perfect
laboratory test to monitor UFH when the children are receiving ECMO.

Antithrombin (AT) is a natural anticoagulant and the main targeted protein
working UFH to inhibit FXa and thrombin [23]. Therefore, the effect of heparin can
be decreased by the deficiency of AT or heparin resistance particularly in infants aged
less than 6 months when the synthesis of AT is not fully developed [21, 27]. Although
the targeted AT level while the patients are receiving ECMO is approximately
70-120% [21, 28], there is no current consensus on that targeted AT level, the dosage,
the timing and method of administration even in adult patients [28]. Moreover, the
impact of AT supplementation in patients receiving ECMO is less understandable
than that in patients with hereditary AT deficiency due to the patient and circuit
interaction and their underlying diseases [21]. Furthermore, the widely available
source of AT is FFP which is not appropriate source of AT and the AT concentrate,
both plasma-derived and recombinant products with various properties of each
product, can be accessible only in some countries [21].

In children who have contraindication of using UFH such as heparin-induced
thrombocytopenia (HIT) or heparin resistance [21], bivalirudin, an intravenous
direct thrombin inhibitor which inhibit both circulating thrombin and clot bound
thrombin [29] could be an alternative anticoagulant for children receiving ECMO
[23]. The median loading dose of bivalirudin is 0.1-0.125 mg/kg and the maintenance
dose between 0.045 and 0.48 (0.125) mg/kg/hour [27, 30] to keep targeted APTT
between 45 and 85 sec [23, 27]. However, unlike heparin, no antidote is available for
bivalirudin and dose reduction is needed in children with renal disease as the main
clearance organs are kidney and liver [23, 27].

2.3 Venous thromboembolism (VTE) prophylaxis in children

The incidence of VTE in children has been increasing during the last two decades
in both Western and Asian countries especially in hospitalized children [31-33]. Even
though the guideline for VTE thromboprophylaxis is well established in adult popula-
tion [34, 35], the statement of VTE prophylaxis is not clearly mentioned with the
limited available evidences and various details of the study [36-38].

Apart from pediatric patients who have hereditary thrombophilia, the hospitalized
children are at risk of development of TE since two of three most common risk factors
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Methods Blood sample for testing ~ Targetranges  Advantages Drawbacks
Activated Whole blood 150-170 sec *POCT eDifference between operator
clotting time *Less amount of *Specific to each analyzer and
(ACT) required blood reagent
volume *Results interfered by platelet
*Measurement of defects, other coagulopa-
whole blood clotting thy, hypothermia and
hemodilution
Activated Plasma 60-90 sec *Widely available *Specific to each analyzer,
p};:rtlalb L 40-60 sec in « Ability to defect method of measurement and
t. rombopiastin patients with other etiologies of reagent
time (APTT) bleeding risk coagulopathy by eDifferent normal reference
using heparinase range for age
*More amount of required
blood volume
*Results interfered by UFH
contamination in the sample,
other coagulopathy, hypo-
thermia and hemodilution
Anti-activated Plasma 0.2-0.7 eDirect measurement  *More amount of required
factor X (0.3-0.7) of UFH effect of blood volume
(anti-FXa) units/mL inhibition of FXa «Not widely available
*Required an experienced
staff
*Higher cost
Slower turnaround time
*Results interfered by
increased bilirubin,
triglyceride and plasma free
hemoglobin
TEG and Whole blood No definite *POCT *No standardization
ROTEM cutoff *Measurement of *No definite cutoff especially
whole blood clotting in children [26]

*Global hemostatic test

* Ability to monitor
other anticogulant

*Requirement to concomi-
tantly interpret with other
tests

POCT, point-of-care test; ROTEM, rotational thromboelastometry; TEG, thromboelastography.

Table 2.

The summary of methods for UFH monitoring with the target ranges of each methods [21, 23-25].

of VTE in the previous reports, including central venous catheterization (CVC),

immobilization more than 72 hours and oral contraceptive pill (OCP), are frequently
found in pediatric patients who are admitted in the hospital especially children admit-
ted in PICU [37]. Moreover, the incidence of VTE is more common in neonates and
adolescents [39], hence, most VTE prophylaxis study protocols were mainly included
children admitted in PICU and adolescents to prevent VTE in risky patients.

Recently Jaffrey et al. reported the new score to assess the risk of VTE develop-
ment in hospitalized children including Braden Q mobility score, length of stay, CVC,
history of congenital heart disease and autoimmune/inflammatory disorders in the
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risk assessment model (RAM) in 395 pediatric patients with the area under the curve
(AUC) of 0.78 [40].

The methods to prevent VTE in children consist of physical methods e.g. intermit-
tent pneumatic compression (IPC), graduated compression stockings (GCS) and
devices and venous foot-pumps (VFPs) and pharmacological methods including oral
and parenteral anticoagulants [36]. Even though the physical methods do not put
the patients to be at risk of bleeding episodes, those could be applied realistically in
larger children who usually weigh more than 40 kg [36]. Pharmacological prophylaxis
is suggested for only children who have multiple risk factors of VTE [36] and this
method should be balance with the bleeding risk of the patients. Children who require
CVC, the heparin-bonded central venous line is suggested if it is available [41] due to
no thrombosis was found in the report by.

3. Conclusions

Establishing the protocols for hemostatic control in children is very challenging
due to the developmental hemostasis which make the adoption of adult protocols may
not be the appropriate way. Since the evidences of hemostasis management protocols
for children admitted in PICUs are still limited, more studies in this field should be
warranted to close the knowledge gap and able to guide the better and more effective
practice for pediatric patients in the future.
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Chapter7

Delirium in Children after Cardiac
Surgery: Brain Resuscitation

Evgeny V. Grigoriev and Artem A. Ivkin

Abstract

This chapter presents the current data on delirium in children in the postoperative
period with the correction of congenital heart defects. The analysis of the causes of
delirium, according to the literature data, pathophysiology, clinical signs, and methods
of diagnosis of postoperative delirium, is shown. In addition, methods for the
prevention of delirium in children during cardiac surgery are presented.

Keywords: postoperative delirium, children, cardiac surgery, cardiopulmonary bypass

1. Introduction

Today, the problem of postoperative delirium (POD) in children is rapidly gaining
relevance along with the increase in the number of anesthetic treatments in the world.
Preparations for general anesthesia are constantly being improved, new, safer types
appear, and outdated ones are losing popularity. The properties of all anesthetics
currently used in medicine are being continuously studied. However, based on the
mechanism of their action, there is no need to wait for complete safety for the brain,
since the purpose of any anesthetic is to influence the functional activity of brain
neurons. For children, this effect on the brain is especially dangerous. This is due to
the fact that, at the age of up to 1 year, there is active development and change in the
structure of the child’s brain. First, an excess part of neuroblasts undergo apoptosis,
and the rest of them must form dendrites and axons of neurons. Secondly, there is a
process of neuronal differentiation and synaptogenesis, which underlies the cognitive
development of the child. The effect of anesthetics can disrupt the fine mechanisms
of regulation of the described processes and lead to impairments in the cognitive
sphere in the immediate or late postoperative period [1-3]. In children, the clinical
manifestation of such disorders is primarily postoperative cognitive dysfunction
(POCD) and POD. POCD occurs noticeably more often—up to 80% (and even up to
100% in patients with ketamine anesthesia) [4] compared to POD, which occurs in
27-50% of patients [5, 6]. However, identifying POCD is a laborious process. Based
on the classic definition given by L.S. Rasmussen et al. back in 2001, this is a cogni-
tive disorder that develops in the early and persists in the late postoperative periods,
clinically manifested in the form of impaired memory and other higher cortical
functions (thinking, speech, etc.), confirmed by neuropsychological testing data
in the form of a decrease in indicators testing in the postoperative period by at least
10% of the preoperative level [7]. In the realities of surgical practice, preoperative
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neuropsychological testing of children, despite the battery of tests available for
almost all age groups, is extremely rare. This fact sharply reduces the frequency of
detection of POCD in pediatric patients.

2. Delirium

The issue of the development of POD in children is completely different. Due to
the pronounced clinical picture and the absence of the need for preoperative test-
ing, the detection of this complication is much easier compared to POCD. Moreover,
according to the studies of N. Sikich and J. Lerman, AML in children in most cases
proceeds in an active form with severe symptoms [8]. This distinguishes it from POD
in adults, in which up to 75% are hypoactive and mixed, and therefore hidden from
diagnosis, forms, which is confirmed by their detectability, which is only 40% [9].

The current definitions of POD are presented in the Diagnostic and Statistical
Manual of Mental Disorders, Fifth Edition (DSM-5) [10] and the International
Statistical Classification of Diseases and Related Health Problems (ICD-10) [11],
according to which the definition of POD sounds like “acute emerging disorder of
consciousness with impairment of the functions of attention and understanding.” The
timing of its occurrence is limited to 5 days of the postoperative period. Previously,
delirium was perceived not as a separate syndrome, but as an inevitable symptom,
necessarily accompanying a critical state. In the literature, one can find various terms
regarding POD, such as critical illness encephalopathy or ICU psychosis [12, 13].
However, for several years now, the term “postoperative delirium” has been approved,
and the European Society of Anesthesiologists (ESA) even released a guideline on this
condition [9], so this is the term we will use. Of particular value to us is the presence
in this manual of a section devoted to the peculiarities of AML in children, even
though the definition of delirium in childhood is not given there. After all, neither
the DSM-5 nor the ICD-10 contains the child population. Nevertheless, this was an
important step in the study of delirium in children, given that there have always been
difficulties in the study of delirium in the pediatric population.

The widespread and systematic introduction of protocols for screening patients
for delirium in the intensive care and intensive care units made it possible to study
this issue in detail in the adult population and identify its absolute relevance. High
numbers of delirium prevalence were obtained, as well as many consequences of
delirium for the patient and medical organizations were revealed: dementia persisting
for up to 15 months after surgery and more [14], increased mortality and morbidity
in the immediate and late postoperative periods, prolongation of the period of stay
patient in intensive care units, the development of dependence on the ventilator and
an even higher probability of infectious complications, although the mechanism of
the relationship between these complications and cognitive impairments has not yet
been elucidated [15, 16]. Thus, the studied characteristics of delirium in the adult
population stimulated researchers to study POD in children. However, such works are
still few in number, and it is very difficult to carry out them and obtain objective data.
Very revealing is a study that surveyed pediatric intensive care and intensive care units
around the world about whether they routinely screen for delirium? And 75% of the
respondents answered that they do not use it [17]. This is due, of course, not so much
to the reluctance to carry out such screening, as the difficulties in its implementation.
There is always a difference in the cognitive status, psychomotor and psycho-speech
development, characteristics for each age period of the child [18, 19]. We must not
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forget that many diseases significantly affect the preoperative cognitive abilities of
children, as happens in children with congenital heart disease (CHD). And then

their cognitive potential can be strikingly different due to the variability of cerebral
perfusion and oxygenation, starting from birth [20]. This implies the need for a large
number of different test systems for screening for delirium. The number of scientific
works devoted to the pediatric population, especially in the last 10 years, has increased
dramatically, according to how the delirium assessment scales in children appear and
are validated, which are clearly insufficient [21]. In recent years, data on the epidemi-
ology and clinical features of POD in children are only beginning to accumulate.

Based on the data that are found in the world literature, the prevalence of POD in
children can be represented only in the range from 2 to 80% [22-24]. The breadth of
this range can be explained by the fact that research on delirium in children is carried
out in different age groups, with various pathologies and types of surgical correction,
so there is no one average indicator and cannot be. Against this background, it seems
interesting that a large study in 2003 with the participation of 521 children, demon-
strating the frequency of occurrence of delirium in different areas of surgery [25]. So,
the leading position was taken by otorhinolaryngology with an indicator of 26%. At the
same time, urology and orthopedics have more modest figures—15%, and abdominal
surgery—13%. Quite strange data, given the absolutely different volumes of surgical
intervention in the presented surgical profiles, but the authors of the article themselves
could not explain this dependence. This study did not affect young patients with CHD
after their surgical correction. There are two explanations for this: firstly, surgery to
correct CHD is most often carried out in conditions of artificial circulation, which
immediately presupposes a large set of pathological factors, which we will discuss
later. Secondly, all congenital heart diseases differ greatly in their hemodynamics and,
consequently, in the level of hypoxemia and blood supply to the brain, which affects
the child’s cognitive abilities both before and after surgery [20]. However, there are
works on a group of pediatric patients undergoing cardiac surgery. For example, a
study by A. Patel et al. Deserves attention, in which patients were observed from birth
to 21 years after correction of various CHD [26]. Based on its results, the frequency
of POD development was revealed—49%. Interestingly, in addition to the prevalence
of delirium, it also revealed an increase in the number of bed days for such patients
in intensive care, which coincides with the adult population. Additionally, the risk
factors for the development of POD in children after this type of surgery were also
considered, but this will be discussed a little later. The only drawback of this study was
that it included children with a RACHS score (scale for assessing the severity and risk
of CHD correction) from 1 to 6 points. In other words, a mixed assessment was carried
out for all children with a wide variety of hemodynamic and cerebral oxygenation
options, which, of course, cannot but affect the results [20]. Similar data are available
in another study of a cohort of patients with the same type of surgery, after which the
incidence of delirium was 57% [27]. Thus, the world literature does not provide data
on the assessment of children with a ranking by the types of CHD and their correction,
which indicates the prospects of studying this issue.

3. Source of problems

The best defense is an attack, and in our case, the best fight against delirium is to
prevent the factors that lead to it. Many studies do not ignore these factors. Among
them, one can single out those that are relevant for any surgical interventions, and
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those that are found only in cardiac surgery. The first group of factors is very diverse,
and it is interesting that they exist even before the start of the operation. Among them,
there are obvious ones, such as the administration of anticholinergic drugs or benzo-
diazepines for the purpose of premedication, which has long become by no means a
positive tradition for many medical institutions [28, 29]. A less obvious factor that is
rarely paid attention to is the increased level of preoperative anxiety in the child, which
significantly increases the risk of developing POD in the postoperative period [30, 31].
If we talk about the characteristic features of children in the older age group, then it
makes sense to single out the social predictors of POD: this is the male gender and the
low level of education. It is also known that belonging to the white race reduces the
likelihood of AML [32]. Age plays an important role in the pathophysiology of POD
development. It’s all about the active transformation of the child’s brain—the develop-
ment of neurons and interneuronal connections at the age of up to 1 year. That is why
most researchers consider this age to be the most dangerous for operations in terms

of the development of cognitive impairment [1-3], although there are studies on the
basis of which the FDA recommends extending this age interval to 3 years. According
to the same recommendations, the duration of anesthesia over 3 h is associated with an
increased risk of developing POD [33]. The frequency of anesthesia, of course, also has
a negative impact [34]. Regarding the anesthetic management itself, it must be remem-
bered that inadequate analgesia can lead to the appearance of delirium, and pain is
important not only from the surgery itself but also from concomitant manipulations,
such as tracheal intubation or placement of a central venous catheter [9, 35, 36]. Given
that the brain is a finely organized structure with special needs, metabolic imbalances
in the body, such as episodes of intraoperative hypoxia or hypoglycemia at any time

of the operation, are also a risk factor for the development of POD [37]. Often, such
hypoxia can occur due to blood loss and acute anemia (which is very typical for cardiac
surgery), in which case transfusion of erythrocyte mass and fresh frozen plasma is
used. But, as recent studies show, such correction may increase the risk of postopera-
tive cognitive impairment. The reason for this is the systemic inflammatory response
(SIR) [38, 39], and we will return to it later.

More narrowly specialized is a group of factors in cardiac surgery. Such interven-
tions are often accompanied by hemodynamic changes and infusion of sympatho-
mimetic drugs, which is especially typical for surgical interventions in children with
CHD and adversely affects cerebral perfusion and, consequently, the child’s cognitive
status [40, 41]. However, the widest range of factors provoking the development of
postoperative cognitive disorders is cardiopulmonary bypass [42]. This is the contact
of the patient’s blood with the surface of the circuit of the heart-lung machine, initiat-
ing SIR [43], hemolysis due to mechanical injury of erythrocytes from the operation
of roller pumps, and contact of blood with the air [44], hemodilution, which causes
a decrease in the patient’s hematocrit and oncotic blood pressure [26, 45]. The conse-
quence of hemodilution and hemolysis, and not only large blood loss, explains such
a frequent need for transfusion during cardiac surgery. The components of donor
blood, carrying foreign material for the body, always incline it to the progression of
SIR, affecting the brain [38, 46]. In a recent study, it was found that children who
received at least one transfusion were twice as likely to develop POD as compared to
children without a history of transfusions. Moreover, the following relationship was
observed: every 10 ml of RBC transfusion per kilogram of body weight increased the
likelihood of developing delirium by 90% [39].

With the introduction of the latest devices for registering microemboli in the
circuit of the heart-lung machine, the problem of their influence on the cerebral
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vessels and cerebral ischemia that occurs, in this case, has gained relevance [47, 48].
Changes in the patient’s blood temperature during cardiopulmonary bypass are also
directly related to it. The whole point is in mixing the venous blood flowing into the
cardiotomy reservoir (the temperature of which is always lower) and the arterial
blood flowing out of the oxygenator (most often having a temperature that is familiar
to humans—about 37°C). With this mixing, air bubbles are formed from the liquid
part of the blood, which can get to the patient, causing air microembolism [49].
Temperature control is also important to avoid cerebral hyperthermia, which can
negatively affect the brain [50].

Of great importance is not only the fact of cardiopulmonary bypass but also its
duration, as well as the time of clamping of the aorta (actually ischemia of the heart
myocardium) [37]. All of these factors, in addition to their direct destructive effect
on the brain, ultimately initiate and enhance the development of SIR [43, 51]. The
combination of such a variety of factors determines the entire complex of the patho-
physiology of brain damage.

However, the problem is also that the onset of delirium is influenced not only by
intraoperative but also by many factors of the immediate postoperative period. For car-
diac surgery (especially in children), this period is always difficult due to the volume
of interventions. Often, along stay in the intensive care unit is required, due to which
patients experience stress caused by medical manipulations, noise and disturbance of
circadian rhythms, pain syndrome, and many other factors [52, 53]. In an attempt to
neutralize at least some of these factors, benzodiazepines are often used (especially in
patients on mechanical ventilation). But such an aspiration does not always benefit the
patient and, based on recent studies, increases not only the incidence of POD, but also
the length of stay in the intensive care unit [54, 55]. It is also interesting that the harm-
ful effect of benzodiazepines can be enhanced by the administration of anticholinergic
drugs [56]. Often, patients require prolonged mechanical ventilation, which is directly
related to the risk of delirium. A recent study shows that any form of respiratory sup-
port can lead to the development of delirium. Of course, invasive artificial ventilation
of the lungs with the presence of an endotracheal tube in a child has the greatest effect
on him; nevertheless, attention is drawn to the fact that even the use of nasal cannulas
for oxygen therapy can increase the risk of developing AML [26].

4. A bit of pathophysiology and clarity

The brain has a special type of structure and interaction of cells, and SIR (which
was given great attention in the previous section) manifests itself in it as a neuroin-
flammatory response, which determines all the disorders that are clinically mani-
fested in a patient [57]. If we want to understand the essence of this process, then we
need to look at the theory of the neurovascular unit of the brain (NVU).

The fact is that regulatory processes in the brain are a special type of cell interaction
that requires the creation of an isolated microenvironment. For this purpose, there
is the blood-brain barrier (BBB) and its components, the functional unit of which
is NVU. NVU consists of microvessels that are associated with astrocytes, which in
turn are associated with neurons and their axons. The BBB contains special carrier
proteins for the selective transport of substances from blood plasma to neurons. All
this in combination ensures the coordinated work of the brain through intercellular
communications and metabolic coupling of cells of the central nervous system [58].
Cerebral injury leads to the activation of microglia and astrocytes and the sequential
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production of inflammatory mediators in the brain [59]. Mediators damage the BBB
and further stimulate cell death and gliosis [60]. Moreover, when the integrity of the
BBB is violated, the NVU can be influenced not only by local but also by systemic
cytokines (recall the notorious SIR). They stimulate the expression of adhesion mol-
ecules, potentiate the adhesion and extravasation of neutrophils and monocytes into
ischemic tissues [61]. Local production of chemokines enhances leukocyte extravasa-
tion in these tissues [62]. All of these processes occur within the NVU, producing
certain pathological changes in the tissues of the brain, followed by its dysfunction.
Summarizing the above, we can conclude that not only destructive factors such as
hypoxia have a damaging effect on the brain, but also any other factors that can cause
SIR [63, 64]. In addition, one should not forget about the physiological features of chil-
dren, because the first year of life in them is characterized by increased permeability of
the vascular wall and hydrophilicity of the interstitial space, which, of course, further
contributes to the accumulation of excess fluid in it and increased SIR [65].

As you may have noticed, almost all etiological factors realized by such complex
pathophysiological mechanisms are modifiable, and they can and should be com-
bated! However, in some cases, even after making every effort, you will still encounter
delirium after the operation. But you still need to be able to recognize it.

5. You need to know the enemy by sight, or how not to pass by delirium

Aggression, sometimes with self-damaging actions (attempts to remove drainage
tubes, venous catheters, etc.), agitation, insomnia, disturbance of circadian rhythms,
depression, disorientation, uncontrolled speech, short-term memory disturbances,
hallucinations, impaired perception, decreased attention level, disturbances
consciousness [66]. All this is a description of various manifestations of POD in
children. Of course, there is nothing new in it, and almost every doctor who works
with children in the postoperative period has encountered such manifestations. The
question is: how to distinguish such a clinical picture from the normal behavior of a
child who is simply experiencing a feeling of fear and anxiety and wants to be close
to his parents as soon as possible? Special scales come to the rescue. There are not so
many of them in pediatric practice, but they all have a high diagnostic value. And this
value rises sharply in the field of cardiac surgery. First of all, this is due to the fact that
most children after cardiac surgery are in the intensive care unit and intensive care,
and contact with them is often difficult due to prolonged mechanical ventilation and
the presence of an endotracheal tube or tracheostomy cannula. However, in modern
scales, such difficulties are taken into account, as are the characteristics of children of
all ages [67]. Let us consider a few of them.

As described earlier, POD in children is most often found in a hyperactive form
with severe symptoms [8]. Such delirium is commonly referred to in international
guidelines as emergence delirium [68]. In this case, it is necessary to carry out a differ-
ential diagnosis between the child’s agitation after surgery and this type of delirium.
Agitation is characterized by anxiety and discomfort in the child. Emergence delirium
includes a wider range of symptoms: disorders of the child’s consciousness, in particu-
lar, disorientation in the outside world, changes in perception, including hypersen-
sitivity to stimuli, and the appearance of hyperactive motor skills during awakening
from anesthesia with no success in trying to calm the child [69, 70]. It is easier to
carry out such differential diagnosis using The Pediatric Anesthesia Emergence
Delirium (PAED) scale. The assessment is carried out quickly, in 5 blocks: the child’s
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eye contact with others, the purposefulness of his actions, his ability to become aware
of his surroundings, the general level of anxiety, and the child’s reaction to attempts
to calm him down. Points are assigned from 0 to 4 for each block [8]. The maximum
total score is 20. The result of 10 points or more indicates the presence of emergence
delirium with a sensitivity level of 64% and a specificity of 86%, 12 points or more—
100% and 94.5%, respectively [71]. Such a high level of sensitivity can be explained
by the specialization of the scale specifically from the emergence of delirium with
severe symptoms. If we are talking about using it to diagnose all types of delirium,
then its sensitivity is not yet clear enough and, according to some researchers, does
not exceed 50% [72].

PAED, as already noted, has a very low sensitivity to hypoactive forms of delirium,
and a different scale is required for their detection. This role can be played by The
Cornell Assessment for Pediatric Delirium (CAPD), which is, in fact, a modified
PAED scale (see Table 1). The changes consist of the addition of three new assess-
ment units to those already existing in PAED, and they are aimed precisely at the
detection of the hypoactive form of delirium [73]. The following areas of assessment
have emerged: the need for communication, inadequate level of activity while awake,
and delayed response when interacting with the child. Similarly, a score for each block
is given from O to 4 points, and a result of 9 points or more indicates the presence
of POD. Studies showing different levels of sensitivity and specificity depending on
the age of the patient cannot be ignored. So, for example, for children over 13 years
of age, the specificity is 98%, but the sensitivity reaches only 50%. The situation is
mirrored in the group of children under 2 years of age, in which the specificity will
already be only 68%, but the sensitivity will be 100% [74, 75]. As for the age at which
to start using the PAED and CAPD scales, most studies agree at the age of 1.5 years.
The presented scales are a good example of the fact that the assessment of AML in the

Criteria Never Rarely Sometimes Often Always Score
4 3 2 1 0

Does the child make eye contact
with the caregiver?

Are the child’s actions purposeful?

Is the child aware of his/her
surroundings?

Does the child communicate needs
and wants?

Never Rarely Sometimes Often Always
0 1 2 3 4

The child is restless

Is the child inconsolable?

Is the child underactive very little
movement while awake?

Does it take the child a long time to
respond to interactions?

Total score

Table 1.
Cornell assessment of pediatric delivium scale [73].
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Ultrafiltration [78, 79]

Maintaining colloidal-oncotic blood pressure by removing excess
fluid. An additional effect is the elimination of inflammatory
mediators in the composition of the ultrafiltrate

Filtration of the primary filling
volume before the start of
cardiopulmonary bypass [43]

Removal of various foreign particles that were formed during the
assembly of the artificial circulation circuit and can provoke the
development of a systemic inflammatory response

Leukocyte filter [80]

A decrease in the number of leukocytes and, as a consequence, a
weakening of the reaction of systemic inflammation. Both the patient’s
own leukocytes and those in transfusion media can be removed

Various technical perfusion
solutions (minimization of the
cardiopulmonary bypass circuit,
biocompatible circuits, limiting
the work of cardiotomy aspirators,
minimizing the prime) [81-83]

The use of these methods leads to a decrease in the secretion of
various proinflammatory cytokines, a weakening of the activation

of complement and leukocytes in comparison with the conventional
circuitry. There is a significant decrease in red blood cell damage,
activation of coagulation cascades, fibrinolytic and pro-inflammatory
activity

Aprotinin [84]

Aprotinin inhibits a receptor (protease-activated receptors) expressed

on the surface of platelets and endothelial cells, leading to blocking the
aggregation process and reducing inflammation

Glucocorticoids [85, 86] For example, methylprednisolone at a dose of 30 mg per 1 kg of
body weight, according to studies, reduces the production of IL-6
and IL-8, but not IL-10 and IL-1ra. These results indicate that one of
the mechanisms of the cytoprotective action of methylprednisolone
may be the effect on the pro-inflammatory and anti-inflammatory
cytokine balance. It should be noted that the effect of systemic
glucocorticoids on the development of infection in the postoperative

period

Hypothermia [87-89] Based on the data of modern studies of the use of hypothermia in
pediatric cardiac surgery, it can be said that it effectively reduces the
metabolic rate, but does not contribute to the proper extent to the
prevention or decrease in the severity of the systemic inflammatory

response

Table 2.
Prevention and relief of systemic inflammatory vesponse [43, 78-89].

conditions of the intensive care unit does not take much time and effort, but it can
bring a lot of new information about the patient. It is only important to do it regularly
and, of course, only after assessing the child on a pain scale convenient for a doctor,
for example, FLACC, NIPS, or Wong-Baker [76].

There are many works on the effect of POD on clinical outcomes and on the
undoubted increase in the duration of hospitalization and even mortality [24]. The
question of the impact of POD on the cognitive development of a child in the long
term is also important. How much is it possible to compensate for the resulting
damage to the brain and further return to normal indicators of its performance?
Such questions are just beginning to be investigated and do not yet have a sufficient
evidence base [77].

As mentioned above, SIR and neuroinflammation play an important role in the
formation of cerebral damage. In the conditions of modern anesthetic technology
and perfusion, a considerable amount of information has accumulated on various
methods of preventing SIR, which are effective to a greater or lesser extent. We
offer an overview of the most commonly used methods for the prevention of SIR
(see Table 2) [43, 78-89].
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Apparently, the future in POD treatment and prevention lies with complex strate-
gies. Even though new drugs are constantly being developed and studies are being
carried out on those that have long been used in practice, they will never be able to
compare their safety with non-pharmacological measures of influence on the child.
Creation in the perioperative period of a calm psycho-emotional environment, as
close as possible to a comfortable one for the child, is, along with the elimination of all
provoking factors, the key to the prevention of postoperative delirium. An increasing
number of researchers are coming to such conclusions. It turns out that even such
a simple therapeutic method as massage in the postoperative period can help in the
fight against POD [90]. Of course, complex methods of prevention and treatment
of delirium are immeasurably more effective. An example is the ADVANCE strategy
presented in the above-mentioned ESA guideline [9]. It is interesting that it offers
not only the traditional work of the medical staff with the child but also the use of
various interactive technologies with the active participation of parents, which is of
paramount importance for young patients.
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