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Abstract

Sleep is a complex process influenced by biological and environmental factors.
Disturbances of sleep quantity and quality occur frequently in the critically ill and
remain prevalent in survivors for at least 12 mo. Sleep disturbances are associated
with adverse outcomes across multiple organ systems but are most strongly
linked to delirium and cognitive impairment. This review will outline the predis-
posing and precipitating factors for sleep disturbance, categorised into patient,
environmental and treatment-related factors. The objective and subjective
methodologies used to quantify sleep during critical illness will be reviewed.
While polysomnography remains the gold-standard, its use in the critical care
setting still presents many barriers. Other methodologies are needed to better
understand the pathophysiology, epidemiology and treatment of sleep dis-
turbance in this population. Subjective outcome measures, including the Richards-
Campbell Sleep Questionnaire, are still required for trials involving a greater
number of patients and provide valuable insight into patients’ experiences of
disturbed sleep. Finally, sleep optimisation strategies are reviewed, including
intervention bundles, ambient noise and light reduction, quiet time, and the use of
ear plugs and eye masks. While drugs to improve sleep are frequently prescribed
to patients in the ICU, evidence supporting their effectiveness is lacking.

Key Words: Critical illness; Critical care; Sleep; Sleep deprivation; Polysomnography;
Melatonin
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Core Tip: Disturbed sleep is common among the critically ill and contributes to adverse physiological and
psychological outcomes. Multiple contributory factors have been identified, including environmental,
care-related and patient elements. Assessing sleep in the ICU is challenging, and objective and subjective
methods are required to evaluate the disruption to sleep architecture and the patient’s experience of this.
Both pharmacological and non-pharmacological interventions to improve sleep quality and quantity have
been studied with mixed results, however, a multimodal approach to sleep optimisation is likely necessary
to improve outcomes.

Citation: Showler L, Ali Abdelhamid Y, Goldin J, Deane AM. Sleep during and following critical illness: A
narrative review. World J Crit Care Med 2023; 12(3): 92-115

URL: https://www.wjgnet.com/2220-3141/full/v12/i3/92.htm

DOI: https://dx.doi.org/10.5492/wjccm.v12.i3.92

INTRODUCTION

Sleep is an essential biological process that is frequently disturbed in patients with critical illness[1,2].
Sleep deprivation in healthy adults is associated with adverse effects on neuropsychiatric, cognitive,
cardiovascular, respiratory and endocrine systems and with acute and long-term detrimental effects[3].

There are concerns that an inadequate quantity and quality of sleep during critical illness contributes
to increased delirium, depression, and a lesser quality of life in survivors and, potentially, increased
mortality, with the detrimental effects of sleep deprivation compounded among those with prolonged
admission to the intensive care unit (ICU)[4]. In addition, sleep disturbance is frequently reported as a
source of patient distress and has been proposed to have financial implications related to longer ICU
admission and increased risk of delirium[5].

Sleep disturbance in the ICU is multifactorial, with pre-morbid diagnoses, acute pathology, treatment
and environment all contributing[6,7]. Given the complex pathophysiology, it should be expected that
the studied interventions, including pharmacological and non-pharmacological strategies, have had
mixed results on sleep[7,8].

This review aims to describe the current understanding of sleep disruption during and after critical
illness, current strategies to measure sleep in the ICU, and provide an overview of interventions to
improve the quality and quantity of sleep in this population.

LITERATURE SEARCH

A narrative review of the literature was performed. Relevant articles were identified by searching
Medline, Embase and the Cochrane database. Search terms included “intensive care unit”, “high
dependency unit”, “critical illness”, “sleep”, “sleep disturbance”, “sleep deprivation”, “sleep-wake
disorder”, and “sleep fragmentation”. Searches were limited to human adult subjects and English
language articles. No restrictions on the date of publication were imposed. Abstracts were reviewed for
relevance, and the reference list of these articles was searched for related articles. The full text of

relevant articles was reviewed for inclusion.

OVERVIEW OF NORMAL SLEEP

Sleep is a complex and active process, recognized by reversible perceptual disengagement from, and
unresponsiveness to, the environment[9]. The initiation and maintenance of the sleep state are
controlled by the coordinated interplay of circadian and homeostatic mechanisms[10-13]. On the basis of
polygraphic recordings of brain, muscle and eye activity, normal sleep can be divided into distinct
periods, which are recognized as non-rapid eye movement (NREM) and rapid eye movement (REM)
sleep[11]. Characteristic features of each sleep stage are described in Table 1[14,15]. NREM sleep is
further subdivided into three stages, N1, N2 and N3, reflecting an increasing depth of sleep[16,17]. The
N2 phase has characteristic K-complexes and sleep spindles, electrical features which are believed to
represent important functions, including the promotion of deeper sleep and memory consolidation[11,
18,19]. The N3 phase is synonymous with slow wave sleep, during which many of the physiologically
restorative processes of sleep occur[11,20]. REM sleep is when dreaming occurs and is important for
memory consolidation and learning[11,21,22]. The brain normally cycles through each phase of sleep
over 90-120 min, with 4-5 cycles occurring over the course of the night[11,23]. While the total amount of
time spent asleep varies significantly, observational studies indicate that adverse outcomes are
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Table 1 Simplified polysomnographic features of the American Academy of Sleep Medicine’s phases of sleep

Slee .

s tagz Electroencephalogram Electrooculogram Chin electromyogram

Wake Alpha activity (sinusoidal 8-13 Hz) Rapid eye movements; Reading eye movements; Slow Normal or high tone

eye movements; Blinks

N1 <50% alpha activity; > 50% low amplitude mixed Slow eye movements Variable, usually lower
frequency activity (4-7 Hz) than wake

N2 Sleep spindles; K-complexes None Variable tone

N3 Slow (delta) wave (0.5-2 Hz) = 20%; Sleep spindles may =~ None Variable tone
occur

REM Low amplitude mixed frequency activity; No sleep Rapid eye movements Low tone

spindles or K-complexes

REM: Rapid eye movement.

Jaishideng®

associated with sleeping less than seven hours or greater than nine hours per day over the long term[24-
26]. In summary, both the architecture, or quality, and duration of sleep are important to mediate its
beneficial effects.

EPIDEMIOLOGY OF SLEEP DISTURBANCE DURING AND AFTER CRITICAL ILLNESS

Disturbed sleep in the ICU is a near-universal phenomenon. Subjective perception of poor sleep
determined using a variety of questionnaires has been reported by 47%-59% of patients[27-30]. Studies
using objective measures, including polysomnography and actigraphy, estimate that 67%-100% of
patients experience abnormal sleep quality[29,31,32].

Following discharge from the ICU, sleep disturbances persist in 10%-61%[33]. Both objective and
subjective measures indicate that sleep disruption improves over time but is still present in up to 61% of
ICU survivors 6-12 mo after discharge[34]. In a single-centre, prospective cohort study of 347 patients,
Combes et al[35] identified sleep disturbance as far as three years after ICU discharge. Women appear to
be more affected by persistent sleep disturbances than men[36]. Sleep disruption was associated with
other adverse features, including persistent post-traumatic stress disorder, depression, weakness,
fatigue, pain and reduced quality of life, although these associations are likely bidirectional[37-42].

Studies that assess sleep using objective methodologies report improvements in sleep architecture
between one week and six months post-discharge. Sleep fragmentation, with a high number of arousals,
was prominent up to three months, and sleep efficiency remained impaired out to six months[39,43,44].
Objective sleep disturbances correlated with subjectively measured patient perception.

There is a high prevalence of sleep disturbances among ICU patients and survivors that persists for at
least 12 mo following discharge and appear to be associated with other long-term, adverse patient
outcomes and reduced quality of life.

CAUSES OF SLEEP DISTURBANCE IN THE CRITICALLY ILL

The cause of sleep disruption in the critically ill is multi-factorial and can be divided into environmental,
therapy-related and patient factors.

Patient factors
Patient factors, including increasing age, male sex, and poor sleep quality at home, have been associated
with worse ICU sleep parameters[36,45]. The relationship between acute illness severity and sleep
disruption is biologically plausible but has been inconsistently demonstrated. Two small studies,
including a total of 35 patients, found a correlation between greater illness severity, determined by
Acute Physiology and Chronic Health Evaluation (APACHE III) score and Simplified Acute Physiology
Score (SAPS II) respectively, and greater sleep disruption[46,47]. In contrast, illness severity, as
measured by the patient’s Acute Physiology and Chronic Health Evaluation (APACHE III) score, was
not found to be correlated with total sleep time, sleep fragmentation or subjective perception of sleep
quality from four studies involving 264 patients[31,36,45,48].

Patients report that distress, anxiety, and pain are factors that impair their ability to sleep[49-53].
Sleep deprivation has, in turn, been identified as a stressor contributing to patient anxiety and distress
and creating a positive feedback loop[51,54-56].
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Environmental factors

Loss of diurnal variation and circadian entrainment: Critically ill patients have been shown to have
temporally recognized circadian rhythmicity, likely due to the absence or disruption of normal external
entraining cues, such as light exposure, changes in ambient temperature and eating patterns[13,42,57,
58]. In health, circadian rhythms are crucial for sleep regulation, and disrupted sleep during critical
illness is likely to be part of the circadian dysfunction that occurs in these patients[13,58,59].

Ambient light: Diurnal variation in light is an important entrainer of the circadian rhythm. Light
intensity, wavelength and spectral distribution all affect the physiological response to light exposure
[60]. ICU patients rate ambient light as a common contributing factor to poor sleep[30,61-63]. Both low
levels of daytime light and peak light levels in the early evening have been reported, which pose a risk
to circadian rhythms and maintenance of normal sleep-wake patterns[6]. Prolonged light exposures
have been documented to occur frequently during the nocturnal sleep period[64].

Noise: Patients perceive noise as a significant factor leading to poor sleep in the ICU, with talking,
equipment alarms, the television, and use of the bedside phone by staff being common causes[36,46,65].
The World Health Organisation recommends that noise levels within hospital environments should not
exceed 35 decibels (dB) during the day and 30 dB at night[66]. Multiple studies report noise levels are
frequently greater than this, with equivalent continuous sound levels of 50-75 dB and peaks up to 96 dB
[67-69]. This noise level is associated with sleep disruption[45,70]. Polysomnography detected sleep
disturbances were observed when sound thresholds exceeded 63 and 59 dB during daytime and

nighttime, respectively. Estimates of noise-related sleep disturbance in the ICU vary from 11% to 58%
[31,46,62,63,71-74].

Patient-care related

Critically ill patients require intensive monitoring and care 24 h a day. Nursing and medical
interventions, including mouth and eye care, decubitus ulcer care, change of dressings, medication
administration, blood sampling, endotracheal tube suctioning, clinical examination, and procedures
may interfere with patient sleep[46,75]. Patients perceive these care activities as a substantial contributor
to sleep disruption[30,62,74]. It has been reported that over the course of a night, patients were subjected
to an average of 42.6 to 51 care interactions, with approximately 20% of these resulting in a clinically
evident sleep disruption[46,75,76]. One study even identified increased care activities occurring between
02:00 and 05:00[75].

A proportion of nocturnal care activities are essential in the ICU. Whether the frequency and intrus-
iveness of nocturnal care activities are excessive and lead to harm due to sleep fragmentation and sleep
deprivation, such as neurological observations performed and recorded at one-hourly intervals, remains
uncertain[77,78].

Treatment-related

Mode of mechanical ventilation: Critically ill patients frequently require respiratory support, and
mechanical ventilation contributes to sleep disruption. Patient-ventilator dyssynchrony, abnormal gas
exchange, and mechanical ventilation-related central apnoeas are all considered contributory[6,79,80].
Mechanically ventilated patients experience disturbed sleep architecture with frequent arousals and
decreased amounts of slow wave and REM sleep[48,57,81]. The effect of the mode of ventilation on sleep
has been studied, but due to the limited number of patients observed and methodological limitations,
the impact of ventilator mode remains to be determined.

Studies comparing pressure support ventilation (PSV) to assist-control ventilation report point
estimates suggesting assist-control decreases fragmentation, increases total sleep time, slow wave sleep
and REM sleep, and reduces central apneas, but the wide confidence intervals are indicative of consid-
erable uncertainty about this effect[79,81,82].

A single study comparing pressure control ventilation to pressure support ventilation reported
statistically significant improvements in sleep efficiency and proportion of time in N2, N3 and REM
sleep with a pressure control mode[83]. Notably, all 26 patients included in the study had chronic
respiratory disease, which limits the application of these findings to a broader patient population, and
whether nocturnal pressure control ventilation delays liberation from ventilation is also unknown.

Several proportional assist ventilatory modes have been compared to pressure support ventilation
with mixed results[84-86]. Details of these studies have been recognized in Table 2.

The association between non-invasive ventilation use and sleep quality has also been evaluated.
Using an ICU ventilator, rather than a dedicated non-invasive ventilator, to provide non-invasive
respiratory support is associated with reduced patient-ventilator dyssynchrony and number of arousals
[67]. In addition, detection of early abnormal sleep architecture in patients with hypercapnoeic
respiratory failure was associated with late NIV failure[88].

In the immediate period following discharge from ICU and at both 6 and 12 mo following discharge,
exposure to mechanical ventilation during a patient’s ICU stay does not seem to be associated with
subsequent sleep disturbance[34,47].

WJCCM | https://www.wjgnet.com 95 June9,2023 | Volumel12 | Issue3 |



Showler L et al. Sleep during and following critical illness

Table 2 Comparison of studies assessing the effects of ventilator mode on sleep quantity and quality

Ref. Study Design n Treatment arms Sedation ~ Outcomes
Studies comparing pressure support ventilation against assist control ventilation
Parthasarathy Single centre, 11 2h each of: ACV; Vt: 8 mL/kg; Yes Sleep efficiency: Not reported; ACV 39 (6); PSV 35
etal[79],2002 randomised, cross PSV; PS to f: Set as patient RR Arousal index, (7); No statistically significant
over study achieve Vt 8 minus 4/min mean (SD) difference between ventilation
ml/kg modes
Toublanc etal  Single centre, 20 4 h each of: ACV; Vt: 10 Free from Sleep efficiency: No difference, values not reported;
[81], 2007 randomised, cross PSV;PS=6 ml/kg; f: 12/min;  sedation for  Arousal index, ACV 7 (SD 5); PSV 7 (SD 5); No
over study cmH20; Trigger Increased untilno 48 h mean (SD) statistically significant difference
sens = 0.5 spontaneous between ventilation modes
cmH20 inspiratory effort
Cabello et al Single centre, 15 6heachof: ACV; Vt: 8 mL/kg; Free from Sleep efficiency, ACV 58 [48-82], cPSV 44 [29-30],
[82], 2008 randomised, cross cPSV; PS to f: 10/ min (back sedation for  median [IQR]: aPSV 63 [29-80]; ACV 30 [17-41],
over study achieve Vt 6-8 up) 24 h Arousal index, PSV 28 [17-53], aPSV 23 [21-45]; No
ml/kg (PBW); median [IQR] statistically significant difference
RR < 35/min; between ventilation modes
aPSV
Studies comparing pressure support ventilation against pressure control ventilation
Andréjak etal  Single centre, 26 4 h each of: PCV; PS =20 Not reported Sleep efficiency, PCV 63 [9-100]; PSV 37 [0-96] Not
[83], 2013 randomised,cross PSV;PS=6 cmH20; f: Greater median [IQR]: reported; Significantly improved
over study c¢cmH20; Trigger than patient RR Arousal index sleep efficiency with PCV
sens = 0.5 I/E ratio: 1/1.2 to
cmH20 1/15

Studies comparing pressure support ventilation against proportional assist ventilation

Bosma et al
[84], 2007

Alexopoulou
et al[85], 2007

Alexopoulou
et al[86], 2013

Single centre,
randomised, cross
over study

Single centre,
randomised, cross
over study

Single centre,
randomised,cross
over study

13

17

14

1 night each of: PAV

PSV

Inighteachof: PAV+, . Setto

PSSV, PSas  achieve mean

before study; PS inspiratory

high’ Tessure pressure similar to

assist increased  PSVy,o; PAV+p0;

by 40%-50% Percentage of

from PSVbase ~ unloading

or untilPaw = increased by 40%-

30 cmH20 50% from PSVbase
or until it reached
85%

Alternating 4-h blocks over 24 h of:

PSV; PS PAV+; % of

maintained at unloading set to

pre-study level  achieve a mean
inspiratory
pressure similar to
PSV

Propofol,
midazolam
or
lorazepam

Group A; n =
11; Propofol;
Group B;n =
9; Non-
sedated

Free from
sedation and
opioids for
24 h

Studies comparing pressure support ventilation against neurally adjusted ventilatory assist

Delisle et al
[236], 2011

Single centre,
randomised, cross
over study

14

2 non-consecutive 4-h blocks
(d/night) of:
PSV; PS to NAVA
achieve Vt 8

mL/kg; RR <

35/min

Free from
sedation and
opioids for
24h

Sleep efficiency,

mean (SD): Arousal

index, median
[IQR]: Patient-
ventilator
asynchrony per
hour, mean (SD)

Group A; Sleep
efficiency, mean
(SD): Arousal

index, mean (SD):

Group B; Sleep
efficiency, mean
(SD): Arousal
index, mean (SD)

Sleep efficiency,
median [IQR]:
Arousal index,
median [IQR]

Sleep efficiency,
median [IQR]:
Fragmentation

index, median [IQR]

PSV 58% (25); PAV 60 (23); PSV 16
(2-74); PAV 9 (1-41); PSV 53 (59);
PAV 24 (15); PAV associated with
statistically significantly fewer
arousals and episodes of
asynchrony

PAV+y,.. 99 (2); PAVy,,p, 98 (5);
PSVy,q 93 (11); PSVy,,, 88 (16) (P <
0.05); PAV+,.. 4.6 (4.9); PAVyy,, 7.4
(11); PSVy,ee 5.4 (3.6); PSVyy;g1, 6.5
(6.7); PAV+,., 76 (11); PAV};y, 71
(21); PSVyy,, 68 (19); PSVyy0p, 72 (15);
PAV+,,. 12 (8.0); PAVy, ., 11 (7.6);
PSVip 8.4 (4.8); PSVy,, 10.5 (9.9);
In sedated patients (Group A),
PAV+ is associated with a modest,
albeit statistically significant at the
0.05 level, improvement in sleep
efficiency; No statistically
significant differences found
between ventilation modes in non-
sedated group

PAV+ 51 [13-66]; PSV 27 [6-22];
PAV+ 11 [4-25]; PSV 12 [3-16]; No
statistically significant
improvement found with PAV+

NAVA 74 [52-77]; PSV 44 [29-74];
NAVA 18 [8-22]; PSV 34 [25-54];
NAVA statistically significant
improvement in the efficiency and
reduced fragmentation of sleep

PSV: Pressure support ventilation; cPSV: Clinician adjusted PSV; aPSV: Automatically adjusted PSV; PCV: Pressure control ventilation; PAV: Proportional
assist ventilation; PAV+: Proportional assist ventilation with load adjustable factors; NAVA: Neurally adjusted ventilatory assist; IQR: Interquartile range;

SD: Standard deviation; n: Number of patients. P=NS: Not statistically significant result; Vt: Tidal volume; RR: Spontaneous respiratory rate; f: Mechanical
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ventilatory cycle frequency; PS: Pressure support; I/E ratio: Inspiratory-expiratory ratio.
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In summary, there appears to be some effect of ventilatory mode on sleep quality and quantity,
however, a consistent physiological rationale remains elusive. In addition, the included studies are
hindered by small sample sizes, and further larger-scale studies are required to elaborate on the
relationship between ventilation mode and sleep.

Feeding and nutrition: Nutritional support is an essential ICU treatment and would commonly be
administered as a continuous infusion over 24 h in those that cannot eat[89]. The timing of meals and
the associated release of nutritional hormones is an important entraining cue for circadian rhythms.
Continuous delivery of nutrition may contribute to circadian rhythm and sleep disruption, and
intermittent feeding may reduce this effect[90]. However, intermittent feeding regimens have not been
shown to improve patient outcomes, possibly because of delayed gastric emptying[91,92]. Hitherto,
there have been no trials evaluating intermittent enteral nutrition on circadian rhythm and sleep
parameters, but a randomised clinical trial will soon be completed (ClinicalTrials.gov Identifier:
NCT04737200).

Pharmacological: Critically ill patients are exposed to multiple drug classes that may affect sleep
quantity and quality. However, very little published research directly quantifies this, and much of the
information below is extrapolated from drug effects in other patient populations.

Sedatives and analgesics

Several studies have demonstrated that mechanically ventilated patients receiving sedation have longer
total sleep time and higher sleep efficiency but more atypical sleep than patients who are not intubated
and sedated[57,93,94]. Propofol is one of the most frequently used sedative agents in the ICU, but there
is conflicting evidence of its effect on sleep. Propofol is reported to disrupt REM sleep and delay sleep
onset latency, however, in animal models there is evidence that propofol-induced sedation may confer
some of sleep’s restorative effects[95,96]. A single-centre, prospective cohort study of 50 intubated
patients found that sedation with propofol as a single agent was associated with increased sleep
duration and decreased fragmentation when compared to fentanyl, propofol and fentanyl, or no
sedation[97]. In contrast, a small crossover study of 12 mechanically ventilated patients reported that
propofol, compared to no sedation, did not significantly affect total sleep duration or fragmentation, but
adversely impacted the duration of REM sleep[98].

Benzodiazepine use is associated with increased total sleep time, resulting from decreased sleep
latency and prolongation of the N2 sleep phase, at the cost of reduced slow wave and REM sleep[99].
Opioids, even as a single dose, have been shown to reduce the duration of slow wave and REM sleep
[100-102]. The central alpha-2 adrenoreceptor agonist, dexmedetomidine, is associated with increased
sleep efficiency and proportions of N3 sleep but decreased REM sleep[96,103,104].

Cardiovascular medications

Adrenergic catecholamines can cause suppression of REM and slow wave sleep[105,106]. Both
amiodarone and lipid soluble beta-blockers may theoretically have adverse effects on sleep that include
decreased REM sleep and nightmares[99]; however, whether these drugs have any effect during critical
illness has not been evaluated.

Antidepressants and antipsychotics

In other patient groups, sedating tricyclic antidepressants such as amitriptyline decrease sleep latency,
increase the proportion of slow wave sleep and decrease the proportion of REM[99,107]. Venlafaxine is
recognised to suppress REM sleep and cause nightmares, while selective serotonin inhibitors can cause
increased wakefulness, reduced total sleep time and decreased REM sleep[99,107,108]. Antipsychotic
medications are of particular interest due to their use in the management of delirium and have been
observed to have variable effects on sleep architecture. Haloperidol has been shown to increase sleep
efficiency, whereas the atypical agents, olanzapine and risperidone, have the additional effect of
promoting slow wave sleep[99,109-111].

Miscellaneous

Corticosteroid use is associated with multiple neurocognitive, behavioural and circadian changes that
may contribute to poor sleep[99,112]. Exogenous steroid use may cause misalignment of the
hypopituitary adrenal axis with adverse effects on the circadian rhythm, which may be further
exacerbated by steroid-induced suppression of melatonin secretion[112].

Multiple pharmacological agents may diminish sleep in the ICU. Sedation is frequently necessary to
facilitate treatment and reduce patient distress. The true impact of current sedative regimes on sleep
quantity and quality remains incompletely defined. Multiple pharmacological agents suppress slow
wave and REM sleep, which may contribute to sleep deficit-related morbidity.
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SLEEP DISTURBANCE IN THE CRITICALLY ILL

Sleep disturbance may be characterised by abnormalities, including difficulties falling asleep (sleep
initiation), staying asleep (sleep maintenance), frequent awakenings or arousals (fragmentation), and
atypical sleep architecture. Patients with critical illness largely preserve their total time asleep, or total
sleep time, however, this sleep is highly fragmented and spread over 24-h[63,113-118]. Instead of being
consolidated in a single nocturnal sleep period, approximately 50% of sleep in critically ill patients
occurs during daytime hours[63,114,115].

Sleep architecture during critical illness is frequently abnormal[31,32]. Polysomnographic studies
demonstrate a lack of variability in the electroencephalogram (EEG), with a predominance of the
‘lighter’ N1 and N2 phases, paucity or absence of N3 and REM sleep, and frequent arousals[119,120].
Additional features of atypical sleep include the relative absence of K-complexes and sleep spindles, as
well as dissociation of the EEG from behavioural findings. Such dissociations manifest as either
pathologic wakefulness, characterised by an EEG frequency consistent with sleep in awake patients or
unresponsive patients with EEG frequencies associated with being awake[119]. These EEG
abnormalities mean that 16-85% of polysomnographic data in observational studies were not able to be
qualified using standard scoring systems[113-115,117,121]. Amended criteria have been proposed that
recognise this atypical sleep pattern[113,115]. Watson et al[115] proposed an additional seven criteria for
sleep scoring in the critically ill with robust reported interrater reliability (weighted kappa 0.80;
bootstrapped 95% confidence interval 0.48, 0.89) but this has not been externally validated. Notably, the
development of an atypical sleep pattern was strongly associated with the subsequent development of
delirium, a longer ICU length of stay, and higher odds of death[116].

In summary, critically ill patients display multiple and severe perturbations in their sleep that are not
well described by current sleep scoring classifications. Several of these abnormalities are associated with
a worse prognosis, yet it remains unclear if these are modifiable endpoints or markers of disease
severity.

MEASURING SLEEP IN THE CRITICALLY ILL

Measuring sleep in the critically ill poses many challenges and is frequently confounded by sedation,
encephalopathy, primary neurological insults, and prioritisation of more imminently life-threatening
issues[6]. Both objective and subjective measurement tools have been used independently or in
combination[59].

OBJECTIVE MEASUREMENT OF SLEEP IN THE CRITICALLY ILL
Polysomnography

Polysomnography uses polygraphic recording of electroencephalographic, electromyographic, and
electro-oculographic data to measure sleep and is considered the gold-standard technique. There are
two predominant systems for scoring polysomnographic sleep data. The Rechtschaffen and Kales (R&K)
criteria, first published in 1968, describe five phases of sleep in healthy individuals but were superseded
in 2007 by the American Academy of Sleep Medicine’s (AASM) sleep scoring rules[16]. The AASM and
R&K scoring rules share many similarities (Table 3) but show relatively low concordance when scoring
NREM phases[15-17,122,123]. Moreover, both lack accuracy in quantifying the atypical sleep seen in the
critically ill[124]. Logistical, technical, and financial barriers to the use of polysomnography in ICU have
been described, including access to specialist equipment and the support of a sleep service for set-up
and analysis[119,125,126]. The device itself is reported to interfere with the delivery of patient care, is
tolerated poorly by up to 25% of patients, and patient discomfort from the device may worsen sleep[119,
127]. Accordingly, while polysomnography remains the gold-standard technique for ambulant patients,
there is a need for other methodologies to quantify sleep during critical illness.

EEG spectral analysis

The electroencephalogram used in polysomnography provides invaluable information about sleep
stages. Multiple attempts to simplify this element of sleep analysis have been described, using a reduced
number of EEG leads, spectral analysis of the EEG frequencies, and automated scoring algorithms.
Several studies have attempted to analyse limited EEG leads using different techniques. Bispectral Index
(BIS) was developed as a depth of anaesthesia monitor for use in the operating theatre. A limited
channel EEG signal is acquired using a single strip of electrodes applied to the forehead. Bispectral and
power spectral analysis of the EEG is used to generate a numerical score to indicate depth of sedation
[128]. While BIS has been used to investigate sleep in the critically ill, studies of BIS for sleep monitoring
in both healthy volunteers and critically ill adults have reported that BIS is inaccurate for the detection
of various sleep stages, particularly in differentiating REM from N1/N2 sleep phases, and correlates
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Table 3 Comparison of American Academy of Sleep Medicine’s and Rechtschaffen and Kales criteria sleep stage nomenclature

AASM R&K
Wake Stage W Stage W
NREM sleep Stage N1 Stage 1
Stage N2 Stage 2
Stage N3 Stage 3
Stage 4
REM sleep Stage R Stage REM

AASM: American Academy of Sleep Medicine; R&K: Rechtschaffen and Kales criteria; REM: Rapid eye movement.
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weakly with multiple domains on the Richards-Campbell Sleep Questionnaire[129,130].

Alternative attempts to use spectral EEG analysis to monitor sleep in the critically ill, including the
odds-ratio product index and ICU depth of sleep index, offer potentially useful alternatives[131].
Spectral EEG analysis using fast Fourier transformation showed perfect inter-observer and intra-
observer agreement, however, the sample size of only 14 patients limits the generalizability of this
finding[124]. These techniques do not rely on traditional scoring parameters, such as the presence of
sleep spindles, and consequently are not affected by the absence or atypia of these features as reported
by other authors[113]. The use of spectral analysis has the potential to simplify sleep assessment in the
ICU, however, correlation with standard polysomnography parameters, as well as standardization and
external validation, will be necessary before it can be more widely applied.

Limited lead EEG

To reduce the complexity associated with the use of polysomnography, several ‘simplified” proprietary
devices have been trialled. The Sedline™ is a portable monitor that is able to acquire limited lead EEG
using bifrontal electrodes to derive a Patient State Index, which represents varying levels of cons-
ciousness. Vacas et al[132] assessed the feasibility of using the Sedline to monitor sleep in three
volunteers and 23 ICU patients and reported that the device was well tolerated but had poor agreement
with polysomnography for stages N1 and N3. The Sleep Profiler™ is a wireless device that is applied to
the forehead to acquire frontopolar EEG and uses auto-staging software to interpret the data. The Sleep
Profiler™ has been evaluated by Jean et al[97] and Romagnoli ef al[133] to assess the effects of sedation
on sleep architecture in ICU patients. While reported accuracy is comparable to polysomnography in
healthy volunteers, this comparison has not been reported in the ICU population[93].

Actigraphy

Actigraphy devices, commonly worn on the wrist or ankle, use omnidirectional accelerometers to detect
limb movement; these limb movements are interpreted using automated algorithms to estimate sleep-
wake state[125,134]. These devices are minimally invasive, relatively straightforward to use, and have
been used to assess sleep in outpatient settings[135]. Given the frequency and magnitude of critical
illness weakness, studies of actigraphy in the critical care setting have identified poor overall accuracy,
with over-estimation of total sleep time and sleep efficiency, when compared to polysomnography,
nurse observation, or BIS[136]. Actigraphy has been used to evaluate sleep-promoting interventions in
ICU, however, the poor correlation with other validated measures of sleep limits inferences from these
studies[136,137].

Novel devices: The Nemuri SCAN™, an under-bed mattress sensor, has been evaluated to measure
sleep in a total of 29 ICU patients in two prospective observational studies[138,139]. When compared to
polysomnography, moderate agreement but poor specificity was reported. In addition, there was no
correlation with subjective sleep, quantified using the Richards-Campbell Sleep Questionnaire.

The most frequently used research methods to objectively measure sleep in the critically ill have been
summarised in Table 4. There is no methodology available that provides clinicians with real-time
objective information each morning regarding the quantity and quality of a patient’s sleep the night
before. Such information has the capacity to transform clinical care.

SUBJECTIVE MEASUREMENT OF SLEEP IN THE CRITICALLY ILL

Understanding the subjective quality of patients’ sleep is an important component of a holistic
assessment. Direct patient self-report is of greatest interest, however, due to factors such as delirium and
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Table 4 Summary of objective methods of sleep measurement in the critically ill

Method

Full polysomno-
graphy (PSG)

Benefits Limitations

Gold standard technique; Provides polygraphic data ~ Complex set up; Relatively expensive; Poorly tolerated in 25% of patients;
on EEG, eye movements and chin tone; Established Interferes with nursing care; May interfere with patient sleep;

guidelines for interpreting data for normal sleep Interpretation requires sleep specialist; No validated criteria for atypical

EEG found commonly in critically ill

Bispectral index (BIS) Small anatomic footprint; Simplified set up compared Inaccurate differentiation of REM from N1/N2 sleep; Correlates weakly

monitor

Limited lead EEG

Actigraphy

Under mattress
sensor

to PSG; Does not require sleep specialist for with RCSQ; No validated criteria for interpretation of results; Primarily
interpretation; Less affected by atypical EEG common designed to monitor depth of sedation
in critically ill

Small anatomic footprint; Simplified set up compared Accuracy dependent on device and auto-staging software; Interpretation

to PSG; May not require sleep specialist for dependent on sleep specialist if not using auto-staging
interpretation
Minimally invasive; Simple set up; Easy to perform Poor accuracy compared to PSG and nurse observation, including over-

serial measures; Established use in outpatient setting  estimation of total sleep time and sleep efficiency; Confounded by
immobility, weakness, sedation, and neurological injury

Non-invasive modality; Simple set up Moderate agreement, but poor specificity compared to PSG; No correlation
with RCSQ

EEG: Electroencephalogram; N1: Non-REM sleep stage 1; N2: Non-REM sleep stage 2; PSG: Polysomnography; REM: Rapid eye movement sleep; RCSQ:

Richards-Campbell Sleep Questionnaire.
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administration of sedation and analgesic drugs, it is estimated that only around 50% of the ICU
population can participate in such efforts[73].

Thirteen different questionnaires have been used to quantify sleep in the ICU, of which 10 were
reported by patients and three reported by ICU nurses[119,140]. Several tools allow for either the patient
or nurse to complete them, although accuracy is inconsistent[140].

Of the 13 sleep questionnaires used, the most rigorously studied is the Richards-Campbell Sleep
Questionnaire (RCSQ). The RCSQ was specifically designed for use in the ICU population and uses five
visual analogue scales to assess the domains of sleep latency, sleep efficiency, sleep depth, number of
awakenings and overall sleep quality (Figure 1)[141]. Individual domain scores can be interpreted
respectively or combined into a global score, with a score of > 63 out of 100 reported as the optimal cut-
off for self-reported ‘good sleep’[142]. Both content and criterion validity have been established against
polysomnography[143]. While the RCSQ was designed as a patient self-assessment tool, it may also be
completed by clinical staff. The accuracy of clinician-completed RCSQ remains unclear with a reported
strength of agreement including slight to moderate, moderate, and strong[73,144]. The use of the RCSQ
in the outpatient setting has also been established, allowing serial assessments to be continued following
ICU discharge[145]. The RCSQ has been translated and validated in multiple languages[146].

The Verran Snyder-Halpern (VSH) sleep scale is an 8-15 visual analogue scale, self-reported sleep
questionnaire that assesses similar domains to the RCSQ but, due to its higher number of questions, is
considered more labour intensive[125]. The VSH sleep scale was designed to assess sleep in hospitalised
patients without known sleep disorder[125,147,148]. The VSH has been validated for use in the ICU in
several studies, but the association between patient and clinician-reported sleep was low[120,149-152].

The Pittsburgh sleep quality index (PSQI) is a nine-item, self-reported sleep questionnaire initially
developed for use in the psychiatric population[153]. However, the use of the PSQI in critical care has
mainly been to assess sleep following ICU discharge and has no association with objective sleep
parameters[154].

Integrating sleep assessment into a daily patient assessment is hindered by the complexity of current
tools. The Numeric Rating Scale for sleep (NRS-Sleep) is a single-item assessment tool that requires
patients to rank their sleep on a scale of 0 to 10. It was developed in a prospective, multicentre study of
456 ICU patients and using receiver operator curves, a score greater than five was determined as the
threshold for good sleep. The NRS-sleep is significantly correlated with mean RCSQ score (Pearson’s
correlation coefficient 0.88, P < 0.01)[155].

The sleep observation tool (SOT) requires an observer to assess and document the patient’s sleep or
wake status every 15 min and has been found to correctly identify sleep 81.9% of the time compared to
polysomnography. It has been used in its standard format to assess the effect of therapeutic
interventions and in an amended format that uses 30-min intervals[156-158].

The use of subjective measurement tools alongside objective measures is vital to ensure that future
research maintains a patient-focused outcome. The RCSQ is promising as a tool for the measurement of
sleep both during and after ICU admission. It may be beneficial for researchers to use a core subjective
methodology to facilitate comparisons between studies.
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Place your “X” anywhere on the answer line that you fell best describes your sleep last night:

Question 1: My sleep last night was:

Question 2: Last night, the first time I got to sleep, I:

Feel asleep almost immediately

Question 3: Last night, I was:

Question 4: Last night, when I woke up or was awakened, I:

Got back to sleep immediately

to sleep
Question 5: I would describe my sleep last night as:
R A bad night’s
A good night’s sleep sleep

Deep sleep Light sleep

Just never could
fall asleep

Awake all night
long

Awake very little

Couldn't get back

A score for each question is given based on the length of the line in millimetres from the 0 point
(right end of the line) to the cross of the patient’s “X”

Scores may range from 0 (worst possible sleep) to 100 (best possible sleep)

Total Sleep Score is derived by adding the individual scores for each question and dividing by 5

r W

DOI: 10.5492/wjccm.v12.i3.92 Copyright ©The Author(s) 2023.

Figure 1 Patient completed Richards-Campbell sleep questionnaire.
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EFFECTS OF SLEEP DISTURBANCE DURING CRITICAL ILLNESS

The effects of disrupted sleep in the critically ill remain poorly understood. In healthy adults, short-term
sleep deprivation is associated with multi-system physiologic disturbances, and longer term is
associated with increased risks of obesity, type 2 diabetes, malignancy and death[3].

Neurological

Delirium occurs in up to 80% of mechanically ventilated patients and is independently associated with
increased mortality[159]. There are suggestions of a bidirectional relationship with sleep deprivation
contributing to the development of delirium, and delirium worsening sleep disturbances[160]. A causal
link between sleep deprivation and delirium has not been established, but several studies support an
association. The detection of atypical sleep on EEG, commonly seen in critically ill patients, was
associated with a significantly increased risk of developing delirium in the following 48 h[113]. A
prospective observational before and after study of the introduction of a quality improvement
intervention to promote sleep in 300 ICU patients reported a marked reduction in the incidence of
delirium (odds ratio 0.46; 95% confidence intervals, 0.23-0.89), however, improvements in RCSQ
measured sleep did not reach statistical significance[161]. A similar study on the introduction of a
multicomponent, multidisciplinary bundle of interventions in 338 ICU patients reported improved sleep
efficiency, decreased daytime sleepiness, and reduced incidence and duration of delirium[162]. The
results of a meta-regression conducted by Kakar et al[94] reported a somewhat unexpected relationship
between total sleep time and delirium, where each hour increase in total sleep time per night was
associated with a 5.8% increase in the risk of delirium. This counterintuitive result may be due to
confounders, such as duration of mechanical ventilation, depth of sedation or disease severity.

Seizures are exacerbated by sleep deprivation and in focal epilepsy, the risk of seizure has been
shown to correlate with day-to-day variations in daily sleep[163,164]. In animal models, REM sleep
seems to play an important role in enhancing the seizure threshold[165]. However, the impact of sleep
deprivation on seizures during critical illness is yet to be described or quantified.

Sleep deprivation in healthy adults is associated with cognitive dysfunction, including impaired
attention, memory and situational awareness[166]. Critical illness survivors frequently report
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troublesome short- and long-term impairments of cognitive function[167]. For example, a multicentre
observational study of 102 ICU survivors reported that sleep fragmentation was associated with
cognitive impairment at seven days post discharge from ICU in patients who had been mechanically
ventilated[168]. No measured sleep parameters were associated with cognitive outcomes at 6 or 12 mo.

Endocrine function

Sleep and circadian disruption during critical illness have been proposed to result in endocrine
abnormalities, including decreased secretion of anabolic hormones, including testosterone, growth
hormone and insulin-like growth factor, as well as increased secretion of catabolic hormones that results
in reduced protein synthesis and increased protein breakdown[169]. This net loss of protein contributes
to muscle atrophy and critical illness weakness, which may be more marked in older populations and
contribute to adverse outcomes, including increased frailty and functional decline in ICU survivors[169,
170].

A single night of sleep deprivation in healthy adults causes impaired glucagon secretion, elevated
evening cortisol, and insulin resistance[171,172]. In the critically ill, these endocrine disturbances may
conceivably contribute to the development of impaired glucose tolerance and hyperglycaemia[173].

Melatonin is a circadian regulating hormone produced by the pineal gland[174]. Critically ill patients
may experience reduced plasma melatonin concentrations due to loss of light-related physiological
regulation of melatonin secretion and lack of normal diurnal variation[175-177]. These abnormalities
likely contribute to sleep disturbances in the ICU population and have been associated with increased
morbidity and mortality in animal models[178].

Immune function

Immune upregulation, including immune cell proliferation and production of pro-inflammatory
cytokines, is typical during the early phases of sleep[179]. Natural killer cell activity is reduced by 28%
after one night of sleep deprivation, and a significant increase in total white blood cell count is seen after
3-5 d of sleep restriction[180,181]. A reduced response to influenza and hepatitis A vaccination is seen
with sleep deprivation, which does not improve with catch-up sleep[182,183]. A retrospective cohort
study of 135 patients with coronavirus disease 2019 (COVID-19) reported that poor sleep was linked to
more severe lymphopaenia and a more frequent need for ICU admission[184].

Respiratory function

Sleep deprivation is associated with an impaired ventilatory response to hypercapnia and hypoxaemia,
reduced cortical respiratory motor output, and decreased inspiratory muscle endurance[185]. In
addition, sleep fragmentation, but not sleep deprivation, has been found to increase the risk of upper
airway collapsibility, which may predispose to extubation failure[186].

A prospective observational study of 45 patients evaluating sleep alterations and duration of
mechanical ventilation, reported that the detection of atypical sleep on polysomnography was
associated with a longer period of invasive respiratory support[187]. This relationship remained after
multivariate logistic regression. Furthermore, a separate study reported that each percentage increase in
slow wave sleep was associated with 0.58 d increase in the duration of mechanical ventilation[94]. Slow
wave sleep is usually considered a deeper, restorative sleep phase and is typically reduced or absent
during critical illness. Consequently, confounding variables, such as sedation, are influencing these
associations.

Psychological

The relationship between sleep deprivation and psychiatric disorders may be bidirectional[188]. Total
sleep deprivation in healthy adults disrupts affective functioning[189]. In contrast, one night of total
sleep deprivation has been shown to improve depressive symptoms in up to 60% of depressed patients.
However, this improvement is not evident in the majority after recovery sleep[190]. Anxiety and
depression frequently occur in ICU survivors, occurring in up to 43% and 48% respectively[191]. ICU
survivors with depressive symptoms three months after discharge were observed to have a higher
likelihood of sleep disturbance, yet the direction of causality is unclear[161].

SLEEP OPTIMISATION STRATEGIES

Given the prevalence, persistence and impact of sleep disturbance during critical illness, there is consid-
erable interest in improving patients’ sleep duration and quality. In 2018, the Society of Critical Care
Medicine published its clinical practice guidelines for the prevention and management of pain,
agitation, delirium, immobility and sleep disruption to summarise the contemporary evidence on this
subject[192]. Sleep optimisation strategies can be categorised into non-pharmacological and pharmaco-
logical interventions.
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NON-PHARMACOLOGICAL MANAGEMENT OF SLEEP DISTURBANCES

Intervention bundles

Several authors have reported on implementing nurse-led or multi-disciplinary, multi-component,
intervention bundles to improve patient sleep. Eight domains that could be included in an intervention
bundle were described by Beck Edvardsen et al[193] including noise reduction; use of earplugs and eye
masks; use of music; promotion of natural circadian rhythms; managing pain; use of “quiet time”;
clustering of nursing activities, and optimising mechanical ventilation. However, evidence regarding
such sleep-promoting intervention bundles is mixed. Improved objective and subjective measures of
sleep have been reported in two studies[162,194]. Bundles from each study were implemented by a
multi-disciplinary team and contained over 10 interventions, including the offer of eye masks and ear
plugs. In contrast, no significant benefit of a sleep promotion bundle was reported in two further studies
that had fewer interventions and did not include the provision of ear plugs and eye masks[195,196].
Studies of bundled care assess the net effect of multiple interventions, obscuring the magnitude and
direction of effect from the individual components. Consequently, it is unclear which interventions
contained in the reported studies are mediating the benefit[197].

Noise reduction

Several strategies have been described to reduce the effect of noise disturbance on sleep. For example,
Walder et al[198] reported the implementation of five policy steps, including the closure of doors,
reducing monitor alarm volumes and, between 23:00 and 05:00, limiting nursing care, conversational
noise and direct light in patients” rooms. These interventions successfully reduced nocturnal noise and
light. The implementation of a behavioural modification program for nursing staff reported similar
results that such measures could reduce ambient noise and light in the ICU to provide a better sleeping
environment[199]. However, neither study measured patients’ sleep, making it impossible to assess the
impact of these environmental interventions on sleep outcomes.

Quiet time
‘Quiet time” protocols designate a 1-2-h period during the day during which ambient noise and light are
reduced to facilitate patient sleep. Three prospective studies of quiet time, involving 361 patients and
using once or twice daily two hour sessions, report that patients are more likely to be reported as asleep
during quiet time than during the control period[156,157,200]. Sleep was determined using a novel
subjective nurse assessment or the Sleep Observation Tool[201]. Given the short available sleep period,
the highly subjective nature of the assessments, and the inability to interpret reported sleep in the
context of total sleep time, the inferences are limited. A quasi-experimental, non-randomised, post-test-
only study of a once-daily session of quiet time in 129 patients did not detect a significant improvement
in sleep measured by RCSQ with increasing numbers of quiet time sessions[202].

While quiet time is a simple, safe and low-cost intervention, methodological issues in the few
available studies mean the impact of quiet time on sleep in the ICU remains uncertain.

Ear plugs and eye masks

Earplugs and eye masks offer an inexpensive and potentially low-risk intervention to reduce or
diminish the impact of nocturnal ambient noise and light. Despite the intuitive appeal, the available
literature reports mixed results (Supplementary Table 1).

Studies evaluating earplugs as a single intervention include a total of 276 patients but are methodolo-
gically heterogeneous with respect to duration of the intervention, inclusion of intubated patients, use of
sedation, and choice of sleep measurement tool[152,203,204]. One study reported a statistically
significant improvement in sleep satisfaction with earplugs but had a 12% dropout rate[152]. Van
Rompaey et al[204] reported that earplugs were associated with improved sleep on the first study night,
but this improvement lessened on the second night and reported sleep was worse than the intervention
group by the third night. Litton ef al[203] proved that using earplugs for noise abatement in the ICU
setting was feasible but did not demonstrate a statistically significant benefit to sleep quality.

The combination of ear plugs and eye masks has been assessed together. Several single-centre studies
report an improved subjective perception of sleep compared to usual care[195,205-214]. Earplugs and
eye masks have also been reported to significantly improve sleep compared to relaxing ocean sounds
played for 30 min around the onset of the sleep period[215].

Within the methodological limitations (single centre and lack of blinding), there is increasing
evidence that combined eye masks and ear plugs improve self-reported sleep. In contrast, the available
literature does not support using earplugs alone.

Music

The use of non-commercial music as a sleep-promoting therapy has been evaluated. In a prospective,
quasi-experimental, randomised study, 96 patients who were post-op following coronary artery bypass
grafting were exposed to either a daily 30 minute session of music or a rest period[216]. Patients
receiving the music intervention were reported to have significantly improved sleep, as measured by
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RCSQ, on postoperative day three. Further studies on music to improve sleep in the ICU were unable to
identify clear evidence of benefit. A small, randomised, controlled trial of 28 ICU patients receiving
either 45 min of music prior to sleep or usual care did not identify a difference in total sleep time or
subjective sleep assessment[120]. An increased duration of N3 sleep was reported in the first two hours,
however, the polysomnogram was not assessed beyond this window and the significance of this finding
is obscured by this methodological choice. A cross-over, randomised, experimental study evaluated the
effect of 20 min of music therapy against uninterrupted rest on the BIS[217]. The bispectral index was
reduced during the music session; however, no assessment of nocturnal sleep quantity or quality was
made, obfuscating any association with improved sleep.

The use of music therapy to improve sleep is not well supported by the published literature. Factors
including the type, volume, duration and timing of the intervention are likely all important but have not
been well explored to date.

Massage

Studies of massage or therapeutic touch to aid sleep in the ICU have conflicting results. A case series of
53 patients receiving therapeutic touch from a trained nurse could not identify any statistically
significant change in physiologic variables[218]. Patients were reported to fall asleep frequently during
treatments, but no effect on nocturnal sleep was reported. A quasi-experimental study in 60 patients
compared the efficacy of a 10-minute back massage on three consecutive days against usual care and
reported improvements in self-reported sleep and actigraphy-determined total sleep on the second and
third days of the intervention.

Acupressure

A randomised controlled trial of acupressure for three hours on two consecutive nights was compared
to usual care and reported a statistically significant difference in actigraphy-derived total sleep time and
sleep quality, as per the Stanford Sleepiness Scale[137]. However, the use of actigraphy, which overes-
timates total sleep time and is not accurate in the ICU setting, and the Stanford Sleepiness Scale, which
has not been validated for use in the ICU, raises questions about the internal validity of this result.

PHARMACOLOGICAL MANAGEMENT OF SLEEP DISTURBANCES

About half of the ICU survivors asked about their sleep believe a sleeping pill would have improved
their sleep, but there is scant evidence to support the use of pharmacological sleep aids in this setting
[30]. Cohort studies indicate that pharmacological sleep aids are frequently administered to ICU
patients[219,220].

Melatonin

Because of the disturbed secretion of melatonin (described above), there is a biologically plausible
rationale to support the use of exogenous melatonin. However, a meta-analysis of four studies reported
that melatonin, at doses of between 3 and 10 mg per day, had uncertain effects on objective and
subjective measures of sleep quantity and quality (Table 5)[136,158,221-223].

More recently, a blinded, parallel-group, placebo-controlled, randomised clinical trial compared 10
mg melatonin to placebo in 203 ICU patients reported a statistically significant improvement in sleep
with melatonin represented by an increase in RCSQ by nine points, but no difference in nurse-observed
total sleep time[224]. Finally, the Pro-MEDIC study was a multicenter, parallel-group, placebo-
controlled randomised clinical trial that included 841 patients and assessed a 4 mg dose of melatonin
[225]. While the primary outcome was the incidence of delirium, sleep was recorded using RSCQ. The
investigators identified no effect of melatonin on sleep and, as the largest trial to date, provides the
greatest certainty as to the effect of melatonin on sleep in the ICU.

Accordingly, while there is a physiological rationale that melatonin should be an effective pharmaco-
logical sleep aid in the critically ill, there is a lack of clinical trial data to support its use.

Melatonin receptor agonists

The melatonin receptor agonist, Ramelteon, has been assessed in a single centre, blinded, randomised,
placebo-controlled trial using 8 mg ramelteon per day in 88 ICU patients[226]. While the primary
outcome was delirium, the use of ramelteon was associated with fewer awakenings and a higher
proportion of nights without awakenings but no difference in mean hours of sleep. Determination of
sleep status was performed by non-validated, retrospective means, creating uncertainty regarding this
tertiary outcome.

Temazepam
There is no clinical trial data to guide the use of temazepam in the critically ill. A single-centre, placebo-
controlled, blinded, randomised trial evaluating temazepam is currently recruiting (ANZCTR
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Table 5 Summary of randomised clinical trials assessing nocturnal melatonin as a pharmacological sleep aid

Ref. Design Patients Intervention & control Sedation Outcome
Ibrahim efal  Single centre, double- 32 pts I: Melatonin 4 mg; C: placebo; Infusions ceased for No significant difference in total sleep time by
[158], 2006 blind, randomised For>48h >12h modified SOT

trial
Bourne ef al Single centre, double- 24 pts I: Melatonin 10 mg; C: Ceased for 230 h No significant difference in total RCSQ or sleep
[136], 2008 blind, randomised Placebo; For 4 nights efficiency by BIS

trial
Foremanetal  Single centre, pilot, 12 pts I: Melatonin 3 mg plus eye Propofol allowed. Primary outcome not determined in 65% due to
[222], 2015 randomised trial masks and headphonesC: Opiates ceased > 24  uninterpretable PSG

Standard care; For 1-7 d h

Mistralettiet  Single centre, double- 82 pts I: Melatonin 3+3 mg; C: Enteral hydroxyzine No significant difference in total sleep time by
al[221],2015  blind, randomised Placebo; From day 3 of ICU and lorazepam nurse observation

trial until ICU discharge allowed
Gandolfietal Double centre, 203 pts  I: Melatonin 10 mg; C: Placebo  As per treating Statistically improved total RCSQ, mean (SD): I:
[224], 2020 double-blind, For 7 d or until hospital clinician 61 (26) C: 70 (21) (P = 0.03); No significant

randomised trial discharge difference in total sleep time by nurse

observation

Wibrow etal ~ Multicentre (12), 841 pts  I: Melatonin 4 mg; C: Placebo;  As per treating No significant difference in total RCSQ
[225], 2021 double blind, For 14 d or until ICU clinician

randomised, trial discharge

BIS: Bispectral index; ICU: Intensive care unit; PSG: Polysomnography; RCSQ: Richards-Campbell Sleep Questionnaire; SOT: Sleep observation tool.
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registration number: ACTRN12621000742875).

Nocturnal propofol
Propofol is an intravenous anaesthetic agent that enhances GABA-ergic inhibition in the brain and is
frequently administered in the ICU for patient sedation[227]. Engelmann et al[228] conducted a single-
centre, blinded trial comparing an intravenous infusion of 2 mg/kg/h propofol against a single bolus of
intravenous 0.015 mg/kg flunitrazepam for a single night. Sleep quantity was measured using BIS, and
the investigators reported a statistically significant improvement in the propofol group. However, the
comparison of a continuously infused agent against a single bolus, and the use of BIS to monitor sleep
undermine the validity of this result. A randomised cross-over trial of nocturnal propofol infusion in 12
mechanically ventilated ICU patients reported no difference in total sleep time or NREM sleep distri-
bution using polysomnography[98]. A prospective clinical study of 30 mechanically ventilated patients
sedated with propofol and morphine evaluated additional doses of propofol to achieve a diurnal
sedation pattern[229]. The authors report that 60% of patients receiving additional nocturnal propofol
developed a diurnal rhythmicity, which they attributed to natural sleep, rather than deeper anaesthesia,
despite using increased sedation in this group. An open-label, randomised, comparative study of 0.3-3
mg/h propofol infusion compared to 0.03-0.2 mg/hr midazolam infusion was performed in 40
conscious ICU patients overnight to assess sleep quality, anxiety and depression[230]. Using the
Hospital Anxiety and Depression Scale, no significant difference in sleep quality could be detected.
Notably, the Hospital Anxiety and Depression scale is not validated for sleep assessment and is likely to
be insufficiently sensitive or specific to measure this outcome accurately.

Overall, there is no convincing published evidence that propofol is able to improve sleep quality or
quantity in critically ill patients.

Dexmedetomidine

Two, small pilot experimental studies have assessed the effect of dexmedetomidine on sleep quality and
polysomnographic appearances in critically ill patients[85,231]. Subsequent randomised trials have
shown that when compared to placebo, dexmedetomidine increases sleep efficiency, total sleep time
and percentage of N2 sleep phase in intubated and non-intubated patients[103,133,232]. Subjective
measures of sleep have infrequently been assessed but have not reached statistical significance when
reported[103]. A single, non-randomised clinical trial of non-intubated, post-abdominal surgery ICU
patients compared dexmedetomidine and sufentanil infusion against sufentanil infusion alone[104]. BIS
monitoring showed increased total sleep time in the dexmedetomidine group. Although this result is
consistent with prior data, the outcome must be interpreted in the context of the significant limitations
created by non-random allocation, small sample size and use of BIS monitoring. A blinded, parallel-
group, placebo-controlled clinical trial evaluated the effect of nocturnal dexmedetomidine in 100
delirium-free, critically ill patients[233]. The secondary outcome of sleep quality, measured by the Leeds
Sleep Evaluation Questionnaire, reported no significant difference in sleep quality with dexmede-
tomidine.
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Studies of dexmedetomidine report objective improvements in sleep duration and architecture.
However, many of the studies of dexmedetomidine do not have sleep as a primary outcome; therefore,
interpreting these findings should be undertaken with cautious curiosity.

Orexin receptor antagonists
Suvorexant is an orexin receptor antagonist used as a novel hypnotic agent[234]. A single randomised,
placebo-controlled trial of 15 mg/d of suvorexant for the prevention of delirium reported a significantly
decreased incidence of delirium in the suvorexant group[235]. No other measured parameters,
including time to sleep onset, number of awakenings, subjective quality of sleep, or total sleep time,
were statistically different.

There are no currently available pharmacological sleep aids that have a robust evidence base to
support their use in the ICU population.

CONCLUSION

Sleep is an important issue for the critically ill. Observational studies report that sleep disturbance is
common during critical illness, and a growing body of evidence reports that this is subjectively
distressing for the patient, causes physiological derangements and is associated with adverse outcomes.
The causes for disrupted sleep in this population are multifactorial and, while not unique to the ICU,
may be exacerbated by the treatment modalities, the intensity of care delivery, and the severity of illness
that is synonymous with the management of critical illness in this setting.

Measuring sleep in the ICU for clinical and research purposes poses many issues. Polysomnography
remains the gold-standard technique but is hindered by logistical issues and the frequent occurrence of
atypical electroencephalographic findings. Other objective modalities, including actigraphy and BIS,
have not proven sufficiently accurate and do not have a clear role in the ICU setting. Validated,
subjective measures of sleep provide an important, patient-centred perspective. However, future
research may benefit from adopting a core subjective methodology that would facilitate comparisons
between studies.

Many interventions have been assessed to improve sleep during critical illness. When used together,
earplugs and eye masks seem to improve sleep. However, a clear and reproducible benefit from other
non-pharmacologic strategies has been hard to demonstrate. The use of pharmacological sleep aids to
improve sleep is common, yet the currently available evidence does not demonstrate consistent, patient-
oriented benefits from any agent. Sleep is a complex physiological process, and successful management
of sleep disturbance will likely require a multimodal approach to benefit this vulnerable patient group.
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Abstract

Acute neurologic injuries represent a common cause of morbidity and mortality in
children presenting to the pediatric intensive care unit. After primary neurologic
insults, there may be cerebral brain tissue that remains at risk of secondary
insults, which can lead to worsening neurologic injury and unfavorable outcomes.
A fundamental goal of pediatric neurocritical care is to mitigate the impact of
secondary neurologic injury and improve neurologic outcomes for critically ill
children. This review describes the physiologic framework by which strategies in
pediatric neurocritical care are designed to reduce the impact of secondary brain
injury and improve functional outcomes. Here, we present current and emerging
strategies for optimizing neuroprotective strategies in critically ill children.

Key Words: Neuroprotection; Pediatric neurocritical care; Cerebral perfusion;
Cerebrovascular pressure reactivity
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INTRODUCTION

Neurologic injuries represent a substantial component of pediatric intensive care unit (PICU) utilization
in the United States. Analyses of admissions to a large tertiary PICU have demonstrated that neurologic
diagnoses are present in approximately one quarter of PICU admissions (25.4%)[1] and acute brain
injury is the most common proximate cause of death in children admitted to a PICU accounting for up
to 65% of PICU mortality[2]. Additionally, children admitted to the PICU are estimated to acquire new
long-term functional disability at a rate of 4.8%[3] by hospital discharge with evidence of further decline
in functional status after discharge[4]. The significant contribution of neurologic injury to PICU
morbidity and mortality has resulted in an increasing emphasis to develop evidence-based practices to
prevent acute brain injury in systemically ill patients and to mitigate the impact of such injuries once
they occur. Here, we review current approaches to neuroprotective care in commonly seen pediatric
critical care conditions as well as ongoing and future research targets that promise individualized,
precision-based care.

MECHANISMS OF SECONDARY NEUROLOGIC INJURY

The evolution of neurologic dysfunction after an acute insult is multiphasic. The primary neurologic
injury represents an initial inciting event which results in neuronal cell death, for example acute energy
failure in the setting of arterial ischemic stroke or direct mechanical shearing of axons in traumatic brain
injury (TBI). Some of the damage caused by the primary injury is typically complete at the time of
recognition or presentation to care. However, in many situations there remains at-risk brain tissue that
can be acutely rescued if brain homeostasis is optimized with appropriate cerebral blood flow (CBF) to
meet metabolic demand. A classic example of such an intervention in adult neurocritical care is
thrombolytic and other reperfusion therapy that salvages the ischemic penumbra after acute arterial
ischemic stroke. Minimizing ongoing or recurrent mismatch between cerebral perfusion and brain
metabolic demand during critical care management represents one of the primary goals of neurocritical
care.

Following the primary injury, multiple parallel physiologic pathways emerge that result in further
cellular injury if not prevented (Figure 1). A fundamental goal in pediatric neurocritical care is to limit
secondary brain injury by optimizing cerebral oxygen delivery and its use[5]. Secondary brain injury is
the additive cerebral injury which is created by an imbalance of supply and demand in cerebral
metabolism.

TARGETS FOR NEUROPROTECTION IN THE PICU

Neuroprotection generally refers to the preservation of cerebral function by mitigating the above
sources of secondary injury[6]. In the PICU, this approach can be broken down into a variety of
directives including optimization of cerebral perfusion, limitation of cerebral metabolic demand, and
mitigation against cerebral edema.

Optimize cerebral perfusion

The process of optimizing cerebral perfusion for a given patient or pathology requires attention to
several physiologic and hemodynamic targets for neuroprotection with consideration of both CBF as
well as blood content.

CBF is primarily determined by cerebral perfusion pressure (CPP) and cerebral vascular resistance.
CPP is calculated as the difference between mean arterial pressure (MAP) and intracranial pressure
(ICP). Importantly, however, measurements of MAP vary significantly by site and methodology[7].
Additionally, adult data has demonstrated that invasive arterial blood pressure measurements levelled
at the heart underestimates the MAP at the level of the circle of Willis by approximately 15% when a
patients head of bed is elevated to 30° or 45° suggesting head of bed positioning is an important consid-
eration in critically ill patients[8]. Hypotension in pediatric ICU patients has been associated with
increased mortality after cardiac arrest and worse outcomes after stroke and TBI[9-13]. Consensus-based
pediatric guidelines have focused on maintaining MAPs above minimum thresholds and CPP
thresholds when invasive ICP monitoring is available (Table 1)[14-16]. While specific thresholds have
been proposed for both MAPs and ICPs, some evidence suggests optimal values varies by age and are
on average higher than current guidelines-based recommendations[17]. Further research is needed to
identify appropriate minimum thresholds in pediatric neurocritical care populations.

Cerebral vascular resistance is the other major determinant of CBF. Arterial carbon dioxide tension
(PaCO,) is the primary modifiable physiologic parameter that impacts cerebral vascular resistance in
patients with intact cerebrovascular reactivity, though significant hypoxemia can also play a role in
cerebrovascular vasodilation[18]. Increased PaCO, results in cerebrovascular vasodilation which is often
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Table 1 Summary of consensus-based guideline recommendations for pediatric neuroprotection

Pathology

Optimize cerebral perfusion

Limit cerebral metabolic
demand

Mitigate cerebral edema

Severe traumatic brain
injury[15]

Post-Cardiac arrest[14]

Acute arterial ischemic
stroke[80]

Maintain age appropriate CPP (Minimum >
40 mmHg)

If PbtO2 available: > 10 mmHg
Maintain ICP < 20 mmHg

Targeted normoxemia: SpO2 92%-99%

Maintain PaCo2: 35-40 mmHg

Target euglycemia: 100-180 mg/dL
Target euvolemia: CVP 4-10 mmHg
Maintain hemoglobin: > 7 g/dL

Maintain MAP > 5" percentile for age
Targeted normoxemia: SpO2 94%-99%
Maintain PaCo2: 35-45 mmHg

Target euglycemia: 80-180 mg/dL

Treat hypertension with caution in patients
with intracranial vascular stenosis

Aggressively treat hypotension
Treat hyperglycemia to target 140-180
mg/dL

Treat hypoglycemia: < 60 mg/dL

Targeted normothermias: 35 °C-38
=C

Maintain adequate sedation and
analgesia

Benzodiazepine + Opiate as initial
therapy

Consider continuous EEG

Phenytoin or levetiracetam for
seizures

Targeted normothermia: 36
°C-37.5°C

Consider 48 h of T 32 °C- 34 °C for
OHCA

Maintain adequate sedation and
analgesia

Continuous EEG
Treat seizures if identified

Maintain temperature < 38 °C

Maintain sodium: > 140 mEq/L

Maintain HOB = 30 °C

Second tier therapies

Surgical intervention

Barbiturate infusion

Moderate hypothermia (32 °C-34 °C)
Hyperventilation (PaCO2 28-34 mmHg)

Increased hyperosmolar therapy

Consider decompressive surgery for
malignant edema

For large volume infarcts (> 1/2 MCA
territory)

Consider early decompressive
hemicraniectomy (< 24 h)

Serial imaging and frequent

assessments for 72 h

CPP: Cerebral perfusion pressure; PbtO2: Partial pressure of brain tissue oxygenation; ICP: Intracranial Pressure; SpO2: Peripheral oxygen saturation;
PaCo2: Arterial carbon dioxide tension; CVP: Central venous pressure; EEG: Electroencephalography; HOB: Head of bed; MAP: Mean arterial pressure;
OHCA: Out-of-hospital cardiac arrest; MCA: Middle cerebral artery.

desirable when hypoperfusion is the primary insult as seen with permissive hypercapnia in acute stroke
care, though is less desirable in cases where cerebral edema and intracranial hypertension are
predominant as it results in a net increase in the intracranial blood volume compartment further
contributing to increased ICP. Current pediatric literature supports maintaining normocapnia in most
pathologies. Impaired carbon dioxide reactivity to brain tissue oxygenation (PbtO,) can be observed
after injuries such as TBI, and recognition of such situations may influence targeting of PaCO, levels.
Partial pressure of blood oxygenation (Pa0,), glucose and hemoglobin content are also important in
ensuring adequate cerebral perfusion after acute brain injury. Both hyperoxia and hypoxia are common
in pediatric patients after cardiac arrest and TBI, however the impact of oxygen exposure on outcomes
remains unclear[19-21]. Arterial hypoxemia in the injured brain results in reduced cerebral oxygen
delivery, potentiating injury in ischemic tissue and further contributing to neuronal excitotoxicity.
Conversely, hyperoxia is thought to increase oxidative stress through increased production of free
radical species and has been associated with increased mortality after cardiac arrest in adult populations
[22]. Available data from pediatric investigations has been equivocal on the effect of arterial hypoxia or
hyperoxia on morbidity or mortality after cardiac arrest or TBI. One large retrospective review
demonstrated increased mortality in pediatric post arrest patients with a PaO, > 300 mmHg or PaO, < 60
mmHg on the first arterial blood gas after PICU admission[23]. Other retrospective cohort studies as
well as one prospective multicenter observational study of pediatric post-arrest patients have not
redemonstrated this association[19,21,24]. Retrospective analysis of pediatric TBI patients has not
demonstrated an association between hypoxia and outcome, though extrapolation of this data is limited
as hypoxia is often identified and treated rapidly during resuscitation[20,25,26]. A recently published
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systematic review and meta-analysis did demonstrate an association between arterial hyperoxia (as
defined by PaO, > 250 mmHg) and increased mortality pediatric study populations that included post-
cardiac arrest, TBI, extracorporeal membrane oxygenation and general pediatric critical care[27].
Neuroprotective strategies in pediatric critical care generally support maintaining normoxemia while
avoiding hyperoxia, though specific thresholds vary. Emerging data in pediatric TBI patients where
invasive PbtO, monitoring is available suggests that episodes of cerebral hypoxia (as measured by PbtO,
< 10 mmHg or 15 mmHg) is associated with unfavorable clinical outcomes as well as reduced
performance on neuropsychiatric testing > 1 year post injury[28-30].

Hyperglycemia (serum glucose > 200 mg/dL) on admission after pediatric TBI has been
demonstrated to be a predictor of mortality and ICU length of stay suggesting high serum glucose may
be a marker of brain injury severity[31-34]. Similarly, persistent hyperglycemia 12-72 h after admission
has also been independently associated with mortality and poor clinical outcomes, though prospective
data assessing the impact of narrow glycemic control on outcomes is limited[35-37].

Retrospective evaluations of anemia in pediatric TBI patients have not demonstrated a significant
association between anemia or need for packed red blood cell transfusion with outcomes to support
transfusion thresholds that differ from standard pediatric ICU practices[38,39].

Limit cerebral metabolic demand

Decreasing the mismatch between cerebral perfusion and metabolic demand is a critical component to
neuroprotection after acute brain injury by reducing the amount of tissue experiencing relative
ischemia. Mechanisms that limit cerebral metabolism may also slow the pathological processes that
contribute to secondary injury such as the enzymatic pathways that result in cell death and the neuro-
inflammatory cascade that potentiates vasogenic edema. Physiologically, there are three primary targets
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for intervention that affect cerebral metabolic activity: Temperature, sedation, and antiseizure
medications to combat acute symptomatic seizures.

Optimal temperature management for patients with acute brain injuries has been the subject of
extensive research in both adult and pediatric populations. Early animal data demonstrated a linear
relationship between temperature and CBF and oxygen consumption suggesting a 6% decrease in
cerebral metabolic demand for each decrease of 1 °C compared to normothermia[40]. Conversely,
animal studies conducted in the 1980-1990s concluded that mild hypothermia of up 2 °C conferred
significant neuroprotective benefits in rat models of focal and global cerebral ischemia[41-43].
Conversely, even brief periods of hyperthermia of 3 h in similar models were associated with increased
infarct volume[44-46]. The deleterious effect of fever in neurological injuries has since been redemon-
strated in both adult and pediatric populations across multiple neurologic pathologies including stroke,
TBI and post cardiac arrest[46-48]. In light of this data, targeted temperature management with the goal
of aggressive avoidance of fever has been adopted as standard of care in patients with acute brain
injury.

Of greater debate is whether the practice of induced hypothermia (typically within the range of 32-35
°C) improves neurologic outcomes in selected pediatric populations. A recent meta-analysis of eight
randomized controlled trials assessing therapeutic hypothermia in pediatric severe TBI found a non-
statistically significant trend towards increased mortality in patients who were treated with therapeutic
hypothermia compared to normothermic controls[49]. In post-arrest care, two large, multicenter,
randomized controlled trials have been conducted to assess the benefit of therapeutic hypothermia after
cardiac arrest in children separately evaluating comatose children after in-hospital (THAPCA-IH) and
out-of-hospital (THAPCA-OH) arrests. These trials investigated the impact of 48 h of targeted
hypothermia (target 33 °C) followed by gradual rewarming and continued targeted temperature
management (target 36.8 °C) for a total of 120 h after protocol initiation compared with 120 h of targeted
normothermia (target 36.8 °C) on 1-year survival with a good functional outcome (defined as an age
corrected standard score of 70 or higher on the Vineland Adaptive Behavior Scales, second edition). The
THAPCA-IH trial was terminated during interim analysis for futility as the primary outcome did not
differ between groups, though notably the safety analysis did not demonstrate any significant
differences in adverse events or 28-d mortality across groups[50]. THAPCA-OH found slightly higher
rates of 1-year survival with good functional outcomes in the hypothermia group compared to (20% vs
12%) though this difference was not statistically significant. Secondary analysis found significantly
increased survival time in the therapeutic hypothermia group when compared to normothermia (149 d
vs 119 d)[51]. Given these findings, investigation into the potential benefit of therapeutic hypothermia in
pediatric out-of-hospital cardiac arrest remains ongoing and there remains provider and center
dependent variability in practice. The Pediatric Influence of Cooling Duration on Efficacy in Cardiac
Arrest Patients trial (NCT05376267) aims to assess the efficacy of cooling and optimal duration of
hypothermia in pediatric survivors of out-of-hospital cardiac arrests and is currently enrolling with
estimated completion in 2028.

Effective sedation and analgesia play an important role in limiting cerebral metabolic demand and
have also been shown to have independent agent-specific effects on CBF, autoregulation and vasomotor
reactivity[52]. As such, the optimal selection of anesthetic agents for pathology dependent neuropro-
tection is a target for ongoing research. In general, for critically ill children in the ICU the most
frequently reported anesthetic agents used are benzodiazepines and opiates with frequently used
secondary agents including dexmedetomidine, propofol, barbiturates, ketamine and clonidine[53]. Of
these, benzodiazepines, dexmedetomidine, propofol and barbiturates have the effect of decreasing both
cerebral oxygen consumption and CBF and are often used in patients where there is concern for
increased ICP or significant risk for cerebral edema. Ketamine has historically been avoided in patients
with acute brain injury as early data suggested its use resulted in direct cerebrovascular vasodilation
leading to increased CBF and potentially increased ICP[54]. A more recent prospective pediatric trial
suggested that ketamine administration in ventilated patients with intracranial hypertension refractory
to initial therapies may in fact reduce ICP by an average of 30% while increasing CPPs and may
therefore be safe and effective in patients with acute brain injury[55]. Neuromuscular blockade has also
been shown to decrease global oxygen consumption and energy expenditure in mechanically ventilated
children. This is an important consideration in children who are shivering when undergoing targeted
temperature management and is used extensively in patients with refractory elevations in ICP[56,57].
The use of barbiturate coma to treat acute, refractory intracranial hypertension for pediatric TBI has
been shown to be effective in decreasing ICP and is included as a consideration for second-tier therapies
in the most recent consensus-based Brain Trauma Foundation guidelines[15,16,58].

The emergence of continuous electroencephalography (cEEG) has allowed for a greater under-
standing that seizures and ictal-interictal continuum (IIC) patterns are common after acute brain injury
and are associated with physiologic changes that suggest an increase in metabolic demand[59,60]. The
IIC represents a pattern on EEG that does not qualify as an electrographic seizure but has a reasonable
chance to be contributing toward neuronal injury or pathologic clinical symptoms[61]. Periodic
discharges, an IIC pattern, has been observed to be associated with elevated lactate-pyruvate ratios in
adult TBI patients undergoing cerebral microdialysis monitoring, indicating metabolic crisis[62]. Higher
frequency periodic discharges have been observed to be associated with increases in regional CBF and
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CPP, and when reaching frequencies of > 2.0 Hz, are associated with reductions in brain tissue hypoxia
[63]. These findings indicate that periodic discharges are associated with increases at metabolic demand
which are partially compensated at lower frequencies but are insufficiently compensated at > 2.0 Hz. In
a cohort of adult patients with aneurysmal subarachnoid hemorrhage, seizures themselves were
associated with tachycardia, tachypnea, hypertension, as well as rise in delayed CBF[64]. Among
pediatric TBI patients, specific quantitative electroencephalographic components of seizure activity have
been linked to changes in cerebral and systemic physiology, with ictal spectral edge frequency being
negatively associated with ICP and peak value frequency being positively associated with heart rate
[65]. Seizures and IIC patterns can often be treated effectively with antiseizure medications, indicating
that their use may be important as a neuroprotective strategy to mitigate against metabolic crises.

Mitigate against cerebral edema

Cerebral edema represents an increase in brain volume that is contained within cerebral interstitial
tissue, and can manifest as vasogenic, cytotoxic, hydrostatic, or osmotic edema[66,67]. Vasogenic edema
manifests with blood brain barrier breakdown and increased water permeability within brain interstitia.
Cytotoxic edema results due to metabolic crisis, cell death, and an influx of water and ions into
intracellular space. Hydrostatic edema can occur in the setting of obstructive hydrocephalus and is the
result of a net influx of spinal fluid from the ventricular space into brain parenchyma. Osmotic edema is
a very particular form of cerebral edema in which there is a specific isolated osmotic gradient between
brain parenchyma and the cerebrovascular system. Optimizing temperature management, ventilation,
and sedative therapy, as described above, remain important elements in mitigating secondary brain
insults arising from cerebral edema. Hyperosmolar therapy exists to aid in mitigation of cerebral edema,
with common utilization of hypertonic saline and mannitol. A recent comparative effectiveness study of
pediatric TBI patients demonstrated bolus dosing of hypertonic saline to be superior to mannitol in
reduction of intracranial hypertension[68]. Some evidence suggests that hyperosmolar therapy is more
likely to be effective in reducing intracranial hypertension when there is evidence of efficient
cerebrovascular pressure reactivity (CVPR)[69-71]. Emerging research has demonstrated several
biomarkers that target the blood-brain barrier or receptors of aquaporin-4 or vasopressin Vla to mitigate
cerebral edema, although these are not yet standard treatment targets in clinical care[72]. When medical
efforts to mitigate against malignant cerebral edema have failed in the setting of refractory intracranial
hypertension, therapeutic decompressive craniectomy can be considered[15].

STANDARDIZED AND INDIVIDUALIZED APPROACHES TO NEUROPROTECTION

The emergence of neurocritical care as a subspecialty has been strengthened by increasing evidence that
clinical care implemented with specialized expertise is associated with improved outcomes for critically
ill patients with neurologic injuries. A recent large meta-analysis suggested that adult patients who
underwent interventions arising from neurocritical care units, neurointensivists or neurocritical care
consulting services had improved survival and functional outcomes as compared to adults with similar
conditions who experienced general care in intensive care units[73]. A cohort study of pediatric TBI
patients demonstrated that implementation of a pediatric neurocritical care program with a
standardized evidence-based approach to neurologic monitoring and clinical care was associated with
improved outcomes[74]. Such findings have helped the maturation of several specialized pediatric
neurocritical care services across the United States and North America, with an array of diverse models
including multidisciplinary consultation services as well as dedicated pediatric neurocritical care units
that include involvement from neurologists, pediatric intensivists and neurosurgeons[75-79]. These
services work toward providing institutional standardized care pathways for common neurocritical care
conditions founded upon the latest evidence-based guidelines, often providing standardized or age-
based thresholds for intervention (Figure 2).

Whereas the implementation of standardized institutional pathways for neurocritical care carries an
association with improved outcomes at an epidemiological level, there is a severe lack of high-level
evidence to demonstrate that specific clinical interventions improve outcomes for commonly seen
conditions such as TBI, cardiac arrest, and arterial ischemic and hemorrhagic stroke[14-16,80]. Given the
lack of high-level evidence, clinical decisions are often made in context of moderate or low-level
evidence alongside fundamental and conceptual knowledge regarding pathophysiological mechanisms
of critical care diseases. To this end, there are opportunities to evaluate, at the patient-level, whether
individualized targeting of care may aid in optimizing neuroprotection.

Critically ill patients in the ICU often have an abundance of continuous physiologic data collected via
various monitoring techniques including heart rate, invasive arterial blood pressure, end-tidal CO2 and
respiratory rate or ventilator settings. Patients with acute brain injuries typically warrant additional
neurophysiologic monitoring. This includes ICP monitoring using an external ventricular drain or
intraparenchymal monitor, intraparenchymal brain tissue oxygenation, regional oxygen saturation via
near infrared spectroscopy, cEEG, pupillometry, or information on CBF provided by various imaging
techniques including transcranial doppler and thermal diffusion flowmetry[81,82]. Until recently, this
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Figure 2 Stepwise algorithm for neuroprotection in pediatric neurocritical care. ICP: Intracranial pressure; CPP: Cerebral perfusion pressure; ABP:
Avrterial blood pressure; TCD: Transcranial Doppler ultrasound; FV: Flow velocities; CO,: Carbon reactivity; cEEG: Continuous electroencephalography; NA: Sodium;
mEq/L: Milliequivalents per liter.

information was typically evaluated in isolation or in small subsets. Recent advances in technology have
facilitated the development of integrated platforms that aggregate and time-synchronize this
information, allowing for easier visualization by the clinician. This approach, known as multimodality
neurologic monitoring, has also allowed for investigation of how changes in one physiologic parameter
potentially affect others. This allows for a greater understanding of real-time, patient-specific
physiology to inform clinical decision making[83].
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The utilization of neurologic monitoring is aimed towards recognition of biosignatures of secondary
brain injury and initiation of treatment based upon such features. The most common and non-invasive
form of this is the recognition and treatment of seizures and IIC patterns based on cEEG. Invasive
methods allow for detection of intracranial hypertension and brain tissue hypoxia, with a variety of
neuroprotective strategies available to use depending on the underlying source of such insults. A recent
survey of pediatric neurocritical care centers in 2020 demonstrated that 20 hospitals use transcranial
Doppler ultrasound as part of clinical care for management of pediatric intracranial hemorrhage, arterial
ischemic stroke, or TBI, with utilization aimed toward determining when to obtain neuroimaging, how
to manipulate CPP, and whether to perform surgical interventions[84]. A single-center cohort of TBI
patients undergoing standardized multimodality neurologic monitoring reporting demonstrated that
such reporting influenced timing of neuroimaging, ICP monitoring discontinuation, use of paralytic,
hyperosmolar and pentobarbital therapies, neurosurgical interventions, use of provocative cerebral
autoregulation testing, ventilator and CPP adjustments and neurologic prognostication discussions[85].
Future multicenter work describing use of integrated multimodality neurologic monitoring as a means
for detecting biosignatures of secondary brain injury may aid in better understanding benign and
malignant neurophysiologic patterns, methods of determining therapeutic efficacy of specific
interventions, and comparative effectiveness strategies to determine whether such interventions may
improve functional outcomes.

The integration of multiple streams of time-synchronized physiologic data has allowed for the
development of real-time biomarkers of key neurophysiologic processes. CVPR can be assessed when
integrating arterial blood pressure with neuromonitoring features that may act as surrogates of CBF
[83]. Using transcranial Doppler ultrasound, the mean velocity index or systolic velocity index describes
CVPR utilizing transcranial doppler ultrasound flow velocity characteristics with arterial blood pressure
[86,87]. With patients undergoing continuous ICP monitoring, the pressure reactivity index (PRx) and
other similar indices can be utilized with an assumption that slow wave fluctuations in ICP are directly
related to changes in cerebral arterial blood volume[83]. The PRx, as an example, represents a moving
Pearson correlation coefficient relating slow wave fluctuations in arterial blood pressure with ICP.
Elevated PRx values (approaching +1) are postulated to represent inefficient CVPR, whereas lower
values (approaching -1) are postulated to represent efficient CVPR[88].

When PRx is plotted with error bars across a range of CPP, parabolic curves can often be
extrapolated, with the lowest PRx value, or nadir of the parabolic curve, representing the ‘optimal CPP’
at which CVPR is most efficient. From this, theoretical lower and upper limits of CVPR can be estimated
based upon specific thresholds of elevated PRx values[89] (Figure 3). Multiple pediatric TBI studies
have linked higher PRx values to worsened outcomes, and there is also evidence that increased time
below the lower limit of CVPR is associated with unfavorable outcomes[90-93]. A recent feasibility
randomized control trial of adult TBI patients evaluated patients who were treated with CPP targets
based upon existing Brain Trauma Foundation guidelines and compared them to patients who were
individualized to optimal CPP targets based upon PRx. This trial of 60 patients demonstrated that there
were no significant differences in safety endpoints between the two groups, supporting the notion that
prospective trials powered for clinical outcomes may be safe and feasible[94]. Other model-based
indices of CVPR exist using brain tissue oxygenation, cerebral regional oximetry or other neuromon-
itoring techniques, with evidence from cardiac arrest, extracorporeal membrane oxygenation and other
conditions that suggest that inefficient CVPR or deviations from optimal values of CVPR may be
associated with unfavorable outcomes[95-98]. Future prospective work with such techniques may help
in determining the efficacy for which they can be used to optimize neuroprotection across a wide range
of critical care conditions.

EXISTING KNOWLEDGE GAPS AND FUTURE DIRECTIONS

While emerging evidence demonstrates that specific physiologic biomarkers are linked to functional
outcomes after pediatric acute brain injuries, there is a severe lack of evidence toward specific
neurotherapeutic strategies that improve functional outcomes. Knowledge gaps remain regarding
whether biomarkers can be used to better understand whether specific neuroprotective treatments
confer potential to benefit for patients stratified toward specific underlying physiologic profiles.
Neuroprotective measures optimal toward care in TBI using invasive neuromonitoring may not
necessarily translate to other non-traumatic conditions in which invasive monitoring may not be used. It
also remains unclear whether implementation of specific strategies, such as vasoactive support for CPP-
guided management, may be appropriate for neonates and very young infants where CBF differs from
older children[99]. Future comparative effectiveness studies and clinical trials involving different
pediatric acute brain injury conditions will be needed to further address these knowledge gaps.
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Figure 3 Example of identification of optimal cerebral perfusion in a 2-year-old male with severe traumatic brain injury. Here, the PRx is
plotted across a range of CPP values over a four-hour window, demonstrating a parabolic curve which suggests that the lowest point of the curve (51.72 mmHg;
CPPopt) represents the CPP at which cerebrovascular pressure reactivity is most efficient. By using cutoffs of greater than 0.2, the lower limit of cerebrovascular
pressure reactivity is estimated at 37.86 mmHg and the upper limit of cerebrovascular pressure reactivity is estimated at 66.35 mmHg. PRx: Pressure reactivity index;
CPP: Cerebral perfusion pressure; CPPOpt: Optimal cerebral perfusion pressure; ICP: Intracranial pressure; PRXopt: Optimal pressure reactivity index; UL: Upper

limit of cerebrovascular pressure reactivity; LL: Lower limit of cerebrovascular pressure reactivity.

CONCLUSION

Neuroprotection is a foundational component of pediatric neurocritical care. Standardized clinical
approaches that integrate evidence-based guidelines with fundamental and conceptual
neurophysiologic knowledge have been associated improved outcomes for patients with acute
neurologic injuries. Substantial knowledge gaps remain regarding key clinical interventions that may
improve patient outcomes. Multimodality neurologic monitoring demonstrates strong promise toward

augmenting a patient-centered approach for optimized neuroprotection.
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Abstract

Upper extremity deep vein thrombosis (UEDVT) is less common than lower
extremity DVT but is a cause of significant morbidity and mortality in intensive
care unit patients. Increasing cancer incidence, prolonged life expectancy and
increasing use of intravascular catheters and devices has led to an increased
incidence of UEDVT. It is also associated with high rates of complications like
pulmonary embolism, post-thrombotic syndrome and recurrent thrombosis.
Clinical prediction scores and D-dimer may not be as useful in identifying
UEDVT; hence, a high suspicion index is required for diagnosis. Doppler
ultrasound is commonly employed for diagnosis, but other tests like computed
tomography and magnetic resonance imaging venography may also be required
in some patients. Contrast venography is rarely used in patients with clinical and
ultrasound findings discrepancies. Anticoagulant therapy alone is sufficient in
most patients, and thrombolysis and surgical decompression is seldom indicated.
The outcome depends on the cause and underlying comorbidities.

Key Words: Catheter associated deep vein thrombosis; Pacemaker associated deep vein
thrombosis; Paget-von Schroetter syndrome; Thoracic outlet syndrome; Upper extremity
deep vein thrombosis
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Core Tip: Upper extremity deep vein thrombosis (UEDVT), is largely under-recognised and an often
missed diagnosis. Even though it is less common than the lower extremity DVT, it is increasingly being
diagnosed, especially in intensive care unit patients because of presence of venous catheters and devices in
these patients. Traditionally used clinical probability scores and tests like D-dimer may not be as effective
in diagnosing UEDVT. Bedside Doppler ultrasound is the most commonly employed diagnostic tool
which may aid in clinching the diagnosis. Contrast venography remains the gold standard, but is rarely
required. Pulmonary embolism is the most dreaded complication but the rates of other complications
including post thrombotic syndrome and recurrent DVT also remain significant. Anticoagulant therapy
alone is sufficient in most patients. However, UEDVT may be associated with high mortality rates unless
early diagnostic and therapeutic measures are initiated.
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INTRODUCTION

Lower extremity deep vein thrombosis (LEDVT) is a well-recognized and dreaded complication among
critically ill patients. All efforts regarding its early recognition and prompt treatment are incorporated
into the teachings of critical care physicians and nurses. However, upper extremity DVT (UEDVT) is
largely under-recognized and an often missed diagnosis. Even though it is less common than the
LEDVT, it is increasingly being diagnosed, especially in intensive care unit (ICU) patients, because of
certain inherent risk factors present in these patients. It may lead to several complications causing
significant morbidity and mortality. Simple tests like bedside doppler ultrasound may enable us to
make an early diagnosis and initiate prompt therapeutic measures with anticoagulants to improve
clinical outcomes. Hence, critical care physicians must be aware of this dreadful condition and keep a
high index of suspicion to diagnose it.

EPIDEMIOLOGY

UEDVT refers to the formation of fibrin clots within the deep veins of the upper extremities. Superficial
veins, like the basilic and cephalic, which have anastomoses with the deep veins, can also be affected
with superficial thrombophlebitis, which may progress to cause DVT. As the UEDVT involving the
distal veins (radial, ulna and interosseous veins) is generally asymptomatic and does not require any
clinical intervention, clinically relevant UEDVT generally denotes thrombosis of subclavian, axillary,
and brachial veins. Subclavian veins (SCVs) are most commonly implicated in 76% of cases, followed by
axillary (47%) and brachial veins (36%). Multiple veins are usually involved; a single vein is involved in
only 38% of cases. Other deep veins, like the internal jugular and brachiocephalic, may also be involved
in up to 50% of cases[1,2].

LEDVT is a much more commonly recognized and reported complication, with UEDVT constituting
only 10% of all cases of DVT[3,4]. However, the risk and incidence of UEDVT would depend on the
population studied, with certain patient populations having a much higher incidence. Nonetheless, the
incidence of UEDVT is increasing, especially in ICU patients with several risk factors for developing
UEDVT(5,6]. In an observational study conducted in a surgical ICU, out of 862 patients, 15% developed
UEDVT despite standardized heparin thromboprophylaxis[7]. Some reports even suggest that the
UEDVT may be as common in hospitalized medical patients as the LEDVTI[8].

RISK FACTORS

UEDVT may be classified as primary or spontaneous, without any apparent risk factors and secondary,
due to identifiable risk factors.

Primary UEDVT

Primary UEDVT may be further categorized due to “effort thrombosis”, Paget-Schroetter syndrome
(PSS), and idiopathic thrombosis. Primary causes account for up to 33% of cases of UEDVT, among
which PSS is reported to be more common[9-11]. PSS generally affects young, otherwise healthy, adult
males. The underlying anatomical abnormalities at the thoracic outlet, like the cervical rib, congenital
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bands, scalenus tendons hypertrophy, and abnormal insertion of the costoclavicular ligament, cause
compression of the SCV and stasis to the flow of blood. The repetitive movements of the dominant arm,
as in athletes, cause repetitive trauma to the endothelium of the SCV, leading to intimal hyperplasia,
inflammation, and fibrosis, which may worsen venous stasis and lead to the formation and progression
of thrombus. People involved in occupations requiring excessive upper extremity motion, such as
painting, hairdressing or sports like golf, tennis, weightlifting, baseball or gymnastics, are more
commonly affected. The onset of symptoms is generally acute or subacute, precipitated by repeated arm
movement, but rarely patients may present with chronic symptoms[12,13]. A subset of patients in whom
no cause can be identified are labelled as having idiopathic thrombosis. Underlying occult malignancies
have been reported in up to 25% of such patients[14]. These patients are older and have a higher
prevalence of underlying coagulation abnormalities[10,15]. Their prognosis is also worse than those
with PSS[5].

Secondary UEDVT

Secondary UEDVT is much more common and is responsible for up to 80% of cases[10]. The risk factors
for UEDVT differ from the traditionally recognised factors for LEDVT (Table 1). These risk factors are
particularly important in critically ill patients admitted to ICUs. Central venous catheters (CVCs) have
been recognized as the single most important factor associated with the development of UEDVT and are
responsible for up to 50% of cases[5,6]. The use of CVC has been shown to increase the risk of
developing UEDVT by up to 14 times[16]. The use of peripherally inserted central catheters is associated
with an even higher risk of developing UEDVTI[8]. Even among those with CVCs, patients with
technically difficult insertions, those with left-sided catheters, misplaced catheter tips, previous catheter
placements, and large or multiple lumen catheters have a higher risk of developing UEDVT[17].
Underlying malignancies, especially ovarian cancers and lung adenocarcinomas, have been associated
with a higher risk of UEDVT/[3]. The risk of developing UEDVT may be compounded if multiple risk
factors exist. The reported risk as high as 66%, has been reported in cancer patients having CVCs[18].
Patients who develop non-CVC-associated UEDVT are more likely to be younger, thinner (body mass
index of < 25 kg/m?) and smokers[16].

PATHOPHYSIOLOGY

The presence of the contributing factors from Virchow’s Triad (venous stasis, vascular injury, and
hypercoagulability) is implicated in thrombus formation in patients with UEDVT. In patients with PSS,
thoracic outlet obstruction leads to venous stasis, and repeated movement of the arm causes trauma and
endothelium injury leading to thrombosis. CVC or venous devices also cause venous stasis, platelet
adherence, and endothelial trauma, increasing the risk of thrombus formation. Patients with
malignancies have underlying hypercoagulable states, and excessive cancer cells may lead to vascular
damage and venous stasis, making these patients prone to develop thrombosis.

CLINICAL FEATURES

Patients with UEDVT generally present with unilateral upper limb erythema, oedema, reduced
mobility, pain, discomfort and low-grade fever. Urschel’s sign, dilated and visible veins over the
affected shoulders and upper arms, may be seen, especially in patients with long-standing thrombosis
[13]. If CVC is present, it may be blocked. Cyanosis and pain while movement or exercise may be
reported by patients with PSS. Clinical features related to complications may also be present. Patients
with pulmonary embolism (PE) may develop breathlessness, chest pain and haemoptysis. In patients
with central vein obstruction or occlusion, superior vena cava (SVC) syndrome features may be present.
Brachial plexus compression may present with paraesthesia and arm pain, worsening with hyperab-
duction of the shoulder. However, in up to 19% of patients, UEDVT may be asymptomatic[5].

DIAGNOSIS

The clinical prediction scores used for LEDVT have been shown to have poor sensitivity and specificity,
78% and 64%, respectively, for diagnosing UEDVT. Hence, specific scores like the Constans clinical
decision score have been developed for predicting UEDVT. It uses four variables to risk stratify patients
with suspected UEDVT (Table 2)[19]. Only a few studies have evaluated its efficacy in diagnosing
UEDVT and have reported sensitivity and specificity of up to 86% and 93%, with an area under the
curve ranging from 0.70-0.81[20]. Hence, because of its comparatively low diagnostic accuracy and lack
of clinical evidence, it is not recommended to use this clinical probability score as a standalone tool to
diagnose UEDVT. However, it may aid physicians in recognizing high-risk patients and undertaking
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Table 1 Risk factors for developing upper extremity deep vein thrombosis

Risk factors

Central venous catheters/ dialysis catheters

Implantable cardiac rhythm devices

Personal or family history of thrombosis and thrombophilia
Surgery or trauma of the arm

Immobilization of the arm

Pregnancy

Use of oral contraceptive

Malignancy

Post-operative e.g., esophagectomy, retrosternal reconstruction

Table 2 Constans clinical decision score

Patient characteristic Score

Venous material present (CVC/pacemaker) Yes 1 point
No 0 point

Localised pain Yes 1 point
No 0 point

Unilateral oedema Yes 1 point
No 0 point

Other diagnosis at least as plausible Yes -1 point
No 0 point

Risk for UEDVT

Low: 12% probability of UEDVT -1 to 0 points'

Intermediate: 20% probability of UEDVT 1 point'

High: 70% probability of UEDVT 2-3 points'

Total score.
CVC: Central venous catheter; UEDVT: Upper extremity deep vein thrombosis.

further diagnostic testing. Variations of this score, like the extended Constans score, have also been
tried, but they require further testing and validation[20].

Even D-dimer has not been extensively evaluated in diagnosing UEDVT and has shown low
specificity of only 14%[21]. Hence, it should be used cautiously to rule out UEDVT. Combination of D-
dimer and Constans score has been shown to increase their accuracy in predicting UEDVT[20]. Duplex
ultrasonography (US) is commonly employed as the initial diagnostic procedure. It has several
advantages: Easy availability, non-invasive nature, easy portability, inexpensive and no radiation
exposure (Table 3)[22]. It has high sensitivity and specificity of 97% and 96%, respectively[23]. The
presence of echogenicity’s in the vascular lumen can suggest a thrombus. Further, a normal vein easily
compresses on pressure, but when a thrombus is present, the vein becomes incompressible. However, as
the pressure cannot be applied to central veins like SVC, a compression test cannot be used for such
veins. Blood flow dynamics can further be evaluated using pulsed wave and colour flow Doppler,
which may show an absence of flow or change of normal biphasic flow into a non-pulsatile flow pattern
suggestive of obstruction[10,24]. As per a systematic review by Di Nisio et al[23], compression US (97 %
and 96%), Doppler US (84% and 94%) and Doppler US with compression (91% and 93%) all showed
high sensitivity and specificity.

Contrast venography is considered the gold standard for diagnosing UEDVT with good sensitivity
and specificity and can even visualize areas not accessible to ultrasound. However, because of inherent
disadvantages, it is not routinely performed but may be done when there are contradictory clinical and
US findings[24]. Contrast venography may also be required before performing catheter-directed
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Table 3 Advantages and disadvantages of various diagnostic tests for upper extremity deep vein thrombosis

Diagnostic tests ~ Advantages Disadvantages
D-dimer High sensitivity. Readily available Poor specificity. Not extensively evaluated for UEDVT
Ultrasound Non-invasive. Readily available. Bedside. Less expensive. Not appropriate for evaluating central veins. Operator dependant

Doppler ultrasound

Computed
tomography
venography

Magnetic resonance

Good sensitivity and specificity

Non-invasive. Readily available. Bedside. Less expensive. Operator dependant
Good sensitivity and specificity

Can help in diagnosing other underlying pathologies or rule Radiation exposure. Logistical issues. Moderate sensitivity and
out other diagnosis specificity

Can help in diagnosing other underlying pathologies or rule Not widely available. Expensive. Logistical issues. Not suitable for

venography out other diagnosis patients with surgical implants and pacemakers. Moderate
sensitivity and specificity
Contrast venography Gold standard. High sensitivity and specificity. Can Invasive. Radiation exposure. Allergic reactions

visualize the entire deep venous system. Can define
complex and difficult anatomy

UEDVT: Upper extremity deep vein thrombosis.
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thrombolysis or surgery for thoracic outlet decompression as a part of a comprehensive workup[13].

Computed tomography (CT) and magnetic resonance imaging (MRI) venography can also be
performed for diagnosing UEDVT. However, they have not been extensively evaluated, have moderate
sensitivity and specificity, and are less accurate than contrast venography[25,26]. Routine screening for
the underlying hypercoagulable state should also be conducted. Homocysteinemia should also be ruled
out in such patients. Patients with primary UEDVT have a higher incidence of antiphospholipid
antibodies, factor V Leiden, and prothrombin gene mutations[27].

TREATMENT

The treatment of UEDVT is primarily based on the data extrapolated from the studies on LEDVT.
Hence, the management principles remain the same. However, in contrast with LEDVT, there is a lack
of evidence regarding the effectiveness of compression devices in patients with UEDVT; hence, they are
not recommended[28]. In most patients, only anticoagulant therapy is required, along with supportive
management[29]. Use of low molecular weight heparin (LMWH), unfractionated heparin, or
fondaparinux is generally recommended in the acute phase, followed by vitamin K antagonists (VKA)
for 3 mo in patients with idiopathic thrombosis. Prolonged VKA therapy beyond three months is
generally not advocated after the first episode of idiopathic UEDVT[28]. However, in patients with
underlying malignancy, prolonged LMWH monotherapy extended for up to 6 mo or till cancer remains
active, is recommended in non-CVC associated UEDVT[28]. In CVC-associated UEDVT, anticoagulant
therapy is recommended for 3 mo if the CVC has been removed. However, if the CVC remains in situ,
anticoagulation should be continued until the CVC is present[28]. The routine removal of the catheter is
not advocated, even in patients with CVC-associated UEDVT, as long as the catheter is required and is
functional[28].

The role of direct oral anticoagulants has not been extensively evaluated in the management of
UEDVT. Even though early data from small studies suggest that they may be effective in preventing
complications and the need for catheter removal, larger studies are required before they are routinely
prescribed for managing UEDVT[30]. However, they may provide an excellent therapeutic alternative to
LMWHs in cancer patients in whom VKA may not be as effective[29,31]. Patients on anticoagulants for
UEDVT have significant bleeding risks; up to 5% have been reported to develop major bleeding[32]. The
risk of bleeding may be higher in patients with underlying malignancies; hence, they must be monitored
accordingly[32].

Additional therapeutic measures are rarely required to manage UEDVT[29]. Evidence regarding the
efficacy of thrombolysis in UEDVT is lacking. Even though it may improve the patency of the vein, it is
associated with a high risk of bleeding[28]. Hence, the American College of Chest Physician guidelines
suggests using anticoagulation alone over thrombolysis[28]. Thrombolysis should be considered only in
patients with severe symptoms, in patients with extensive involvement of SCV or axillary vein, acute
symptoms of less than 14 d duration, good functional status and low risk for bleeding complications
[28]. Anticoagulation should be initiated after thrombolysis and continued for at least three months to
prevent a recurrence. SVC filters may be considered in patients with PE, and in those with contraindic-
ations to anticoagulants[28].
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Physical therapy and lifestyle modification may be helpful in patients with UEDVT secondary to PSS.
However, if symptoms persist and there is persistent SCV stenosis, as evidenced by positional
venography, surgical decompression may be indicated to open the thoracic outlet[13]. Some authors
have reported better symptom relief with thrombolysis followed by early surgical decompression by
removing the first rib and the costoclavicular ligament, restoring normal blood flow in the SCV[33].

COMPLICATIONS

Common complications associated with UEDVT include recurrent DVT, post-thrombotic syndrome
(PTS), PE, SVC syndrome and compression of the brachial plexus[13]. Even though the incidence of PE
is lesser than that in LEDVT, it is the most dreaded complication associated with UEDVT[34]. The
reported incidence ranges from 2.6% to 17%, with higher incidence reported in secondary UEDVT,
especially in CVC-associated cases[7,35]. PE following non-CVC-associated UEDVT is rare, with a
reported incidence of less than 1%[36]. Studies evaluating long-term outcomes of patients with UEDVT
have reported an incidence of PE of up to 36% over a 2 years follow-up[37]. A review of data from the
RIETE registry reported that the incidence of recurrent PE was similar in patients with UEDVT and
LEDVTI[38].

Recurrent DVT is another significant complication after UEDVT, with some data suggesting that
incidence is even higher than that after LEDVT[38]. The data from a recent systematic review suggests
that the rate of recurrent UEDVT in patients with idiopathic thrombosis ranges from 0%-23%[39].
Another meta-analysis has reported a pooled incidence of 7.5% for the development of recurrent
thrombosis after UEDVT[40]. The reported rate of recurrent UEDVT is significantly higher in secondary
DVT, more so in patients with CVC-related UEDVT[40]. Cancer patients have also been reported to
have a 2-3 times higher risk of recurrent thrombosis[41].

Persistent obstruction and valvular insufficiency in patients with UEDVT may lead to PTS in around
4% to 32% of cases[28,29]. The incidence of PTS is significantly lower than that in patients with LEDVT,
in whom it may develop in up to 50% of cases[34]. PTS has been reported to be more common in
primary UEDVT than secondary[40]. It is characterized by persistent pain, oedema, and functional
limitation of the affected arm. However, compression therapy, as used in managing LEDVT, is not
recommended for PTS of the arm because of lack of evidence of efficacy given the different underlying
pathophysiology. Hence, management is mainly supportive[28].

PROGNOSIS

The reported long-term mortality, two and 12 mo, after diagnosis of UEDVT is 30 and 40%, respectively
[42,43]. However, these studies included patients with significant comorbidities, and mortality attrib-
utable to UEDVT could not be determined. The prognosis depends on the cause of UEDVT and
underlying comorbidities. A systematic review of 45 studies with 4580 patients compared clinical
courses and outcomes of UEDVT in patients with and without cancer. Overall, the one-year mortality
rate in prospective trials was 24%, whereas, in retrospective studies, it was 35%. However, patients with
cancer had an 8-fold higher risk of death than non-cancer patients. Patients with PSS are generally
younger and have good functional status without many comorbidities. Hence, they have good overall
outcomes and longer life expectancies.

CONCLUSION

UEDVT is an under-recognized and under-diagnosed complication in critically ill patients. Its incidence
may be attributable to the increasing incidence of cancer, improving life expectancy, and increasing use
of intravenous devices and catheters in hospitalized patients. Any unilateral oedema or erythema in an
ICU patient with underlying risk factors should raise a concern, and further workup should be initiated.
Bedside ultrasound with Doppler may help make a rapid diagnosis and contrast venography or CT/
MRI venography is rarely indicated. Most patients can be managed with anticoagulant therapy, which is
safe and effective. However, many patients may develop complications like bleeding, PTS and PE, so
they should be monitored closely. The long-term outcome of these patients may depend on the cause of
UEDVT and the underlying comorbidities. Early recognition and prompt therapy may help achieve
favorable outcomes and prevent complications.
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Abstract

Sepsis represents a deranged and exaggerated systemic inflammatory response to
infection and is associated with vascular and metabolic abnormalities that trigger
systemic organic dysfunction. Mitochondrial function has been shown to be
severely impaired during the early phase of critical illness, with a reduction in
biogenesis, increased generation of reactive oxygen species and a decrease in
adenosine triphosphate synthesis of up to 50%. Mitochondrial dysfunction can be
assessed using mitochondrial DNA concentration and respirometry assays, partic-
ularly in peripheral mononuclear cells. Isolation of monocytes and lymphocytes
seems to be the most promising strategy for measuring mitochondrial activity in
clinical settings because of the ease of collection, sample processing, and clinical
relevance of the association between metabolic alterations and deficient immune
responses in mononuclear cells. Studies have reported alterations in these
variables in patients with sepsis compared with healthy controls and non-septic
patients. However, few studies have explored the association between mito-
chondrial dysfunction in immune mononuclear cells and unfavorable clinical
outcomes. An improvement in mitochondrial parameters in sepsis could theoret-
ically serve as a biomarker of clinical recovery and response to oxygen and
vasopressor therapies as well as reveal unexplored pathophysiological
mechanistic targets. These features highlight the need for further studies on
mitochondrial metabolism in immune cells as a feasible tool to evaluate patients
in intensive care settings. The evaluation of mitochondrial metabolism is a
promising tool for the evaluation and management of critically ill patients,
especially those with sepsis. In this article, we explore the pathophysiological
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INTRODUCTION

Sepsis is a major health problem worldwide and can be characterized by a dysregulated host response
to infection[1-3]. Particularly, an imbalanced systemic inflammatory response to infection contribute to
the clinical progress to multi-organ dysfunction[2,4]. There is a great effort in the recognition and
prompt treatment of sepsis, especially with regard to early antibiotic administration, hemodynamic
resuscitation, and evacuation of septic foci[1]. The ultimate cause of death in patients with sepsis,
however, remains unclear. Infections usually are eradicated through an intense, but localized, inflam-
matory response. Nonetheless, fatal infections are characterized by an inability to resolve the inflam-
matory response because cytokines released into the systemic circulation, activates inflammatory cells in
remote locations[5]. This response leads to organ injury and dysfunction, which cannot be completely
explained by a decrease in tissue oxygenation due to an impairment of blood flow[2,4,5] but likely to
problems in oxygen utilization.

Mitochondria is a highly specialized organelle that is considered the power plant of cells thus
supporting energy in the form of adenosine triphosphate (ATP) according to functional demands[6]. In
the blood, except for erythrocytes, all cell types possess mitochondria which imply they are dependent
on oxidative metabolism. Remarkably, mitochondria tightly connect ATP biosynthesis with oxygen
consumption, and even minor changes in mitochondrial functional integrity affect many aspects of
cellular homeostasis. Although, the main proposed function of mitochondria is to generate ATP via
oxidative phosphorylation (OXPHOS) of adenosine diphosphate (ADP), additional functions include
generation and detoxification of reactive oxygen species (ROS), calcium homeostasis, involvement in
apoptosis, synthesis and catabolism of metabolites, and transport of organelles within the cell[6,7]. Any
alteration in one of these processes can be defined as mitochondrial dysfunction[8]. Actually, we know
that impaired mitochondrial metabolism is an important mechanism that leads to organ dysfunction[2,
5]. In acute diseases, such as sepsis, the measurement of mitochondrial metabolism, through cellular
respiration, has the potential to identify those patients at risk of progressing in their organ failures. In
addition, it can potentially help in monitoring the therapeutic response of these patients[6,9].

Considering that mitochondria interact with various other pathways involved in inflammation, Ca®
balance, redox signaling, and apoptosis, it can be assumed that mitochondria are fundamental in cell
survival and death[10]. Mitochondrial metabolism has been shown to be severely impaired during the
early phase of an acute disease, with a reduction in biogenesis, increased generation of ROS, and a
decrease in ATP synthesis[11,12]. The presence of an impaired mitochondrial metabolism is associated
with the presence of a multiple organ failure syndrome, highlighting mitochondrial components as
potential targets for therapeutic strategies[4,11,13]. There has been an increased interest in this field,
with new studies exploring mitochondrial impairment and organ dysfunction and their relationship
with prognosis in sepsis[14-17].

The main objective of this review is analyze the current state of the art in this field, explore potential
methods for assessing mitochondrial metabolism in intensive care settings, and explore future
perspectives on mitochondrial metabolism as a biomarker of clinical outcomes in sepsis.
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PHYSIOPATHOLOGY

ATP is produced by mitochondria through OXPHOS by F1Fo-ATP synthase. ATP is generated to a
greater extent by the oxidation of metabolic substrates in the tricarboxylic acid cycle leading to
reduction of the electron acceptors NAD* and FAD to nicotinamide adenine dinucleotide (NADH) and
1,5-dihydroflavin adenine dinucleotide (FADH2)[18]. Both NADH and FADH2 are subsequently
oxidized in the electron transport system of mitochondria. The electron transport chain is composed by
enzyme complexes I to IV and the transporters ubiquinone and cytochrome c. With the electrons
movement across the respiratory chain, protons are pumped across the inner mitochondrial membrane,
generating an electrical potential. This proton-motive force provides the energy for F1Fo-ATP synthase,
as known as Complex V, to phosphorylate ADP to ATP (Figure 1). This mechanism is favored by the
electrochemical gradient produced by the proton motive force. Oxygen is the terminal electron acceptor
of the chain in Complex IV and is reduced to water[19]. An incomplete reduction of oxygen increases
superoxide radical production in Complex III and at Complex I. As part of this process, ROS are
generated as by-products of the incomplete four-electron reduction of molecular oxygen to water[20,21].

Under physiological conditions, mitochondria consume approximately 90% of the cellular O,
however, 1%-4% of the respiratory chain reactions lead to a leak of electrons that directly react with O,
to form O,(*-), which can oxidize lipids, DNA, or proteins[22]. To avoid self-damage, mitochondria have
intrinsic defense mechanisms that protect against ROS-induced damage through a large array of antiox-
idants[12]. In sepsis, not only ROS are generated, but also reactive nitrogen species (RNS), nitric oxide,
and peroxynitrite[7,20,21]. Enzymatic defenses, such as the superoxide dismutase 2 (SOD2), convert O,(
*-) into hydrogen peroxide (H,0,), which can then be detoxified to water by catalase or selenium-
containing glutathione peroxidase[23,24]. SOD2 expression is higher in survivors of critical illness[22].
Glutathione and Coenzyme Q10 (CoQ10) also have an important mitochondrial antioxidant function.
CoQ10 Levels are lower in sepsis, suggesting a potential role in mitochondrial dysfunction[25].

Mitochondria are also essential for other cellular functions, such as calcium homeostasis, apoptosis,
autophagy, and cellular signaling[6,9,12]. Mitochondrial DNA (mtDNA) is susceptible to mutations and
deletions due to ROS increased levels and requires a set of self-regulated repair mechanisms[6]. mtDNA
damage resulting from this phenomenon is associated with reduced mitochondrial respiratory capacity,
which are potentially irreversible, depending on the intensity of oxidant “attack”[23]. Mitochondrial
function is maintained by an equilibrium between fission, fusion, biogenesis, and autophagy[26]. In the
case of an impairment in mitochondrial metabolism, various signaling routes allow an interaction
between the mitochondria and nucleus, triggering mitochondrial biogenesis[10]. Defective mitochondria
can become toxic by excessive ROS production, that can lead to apoptosis. Autophagy compensates for
nutrient depletion or copes with cellular stress by recycling cellular components, to produce amino
acids and fatty acids that can be metabolized and used in OXPHOSJ[27]. Despite being important for
critical illness recovery, excessive induction of autophagy can trigger apoptosis[28]. ROS is one of some
signaling pathways that regulate autophagy, and, since mitochondria are the primary source of ROS,
mitochondria themselves play a key role in regulating autophagy[10]. Disturbances in mitochondrial
function leading to impaired ATP biosynthesis, increased ROS production, and oxidative stress are
associated with skeletal muscle damage, which correlates with septic shock severity and is associated
with impaired clinical outcomes[18].

Many inflammatory mediators are linked to the altered mitochondrial metabolism. Tumoral necrosis
factor-alpha (TNF-0) is a major interleukin that participates in the host response to sepsis and is capable
of causing mitochondrial impairment[29]. TNF-a binds to several TNF receptors, ultimately promoting
the intracellular release of ceramides and production of ROS, which may lead to mitochondrial
dysfunction. TNF receptor activation promotes pro-inflammatory responses in polymorphonuclear
leukocytes and monocytes, that induce ROS formation, leading to mtDNA damage and inhibition of
mitochondrial metabolism in these cells[30]. Inhibition of mitochondrial complexes causes deviation of
electrons, also producing even more ROS. These phenomena can lead to an imbalance between ROS
production and mitochondrial antioxidant capacity, through manganese superoxide dismutase and
glutathione reductase. This imbalance can trigger mitochondrial uncoupling related to the opening of
mitochondrial permeability transition pores (PTP)[31]. The resulting mitochondrial permeability
transition leads to dissolution of the electrochemical gradient required to form ATP, and these dysfunc-
tional mitochondria are targeted for removal via autophagy. The induction of mitochondrial PTP win
this context can promote apoptosis. Therefore, the pro-inflammatory activity in sepsis, especially in its
initial phase, can lead to both a reduction in mitochondrial mass and a decrease in its function.

MECHANISMS OF MITOCHONDRIAL DYSFUNCTION

Hypoxia has been assumed to be the main causative agent of mitochondrial dysfunction[32]. However,
it was later shown that tissue oxygen levels are normal or even elevated in sepsis[33]. Instead of a lower
availability of oxygen, there is a lower use of it in septic patients[24]. Thus, OXPHOS dysfunction
explain the inability to maintain ATP levels in this context, leading to increased glycolysis and increased
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lactate levels[6]. This imbalance between ROS production and antioxidant capacity leads to an oxidative
stress that damage the electron transport chain and mtDNA, creating a vicious circle of mitochondrial
damage and ROS production[20]. ROS and calcium overload cause an increased membrane
permeability, and mitochondrial products such as mtDNA leak into the circulation, acting as danger-
associated molecular patterns and contributing to multiorganic failure[13] in a vicious cycle (Figure 2).
This cascade can trigger cell apoptosis[7], a component of tissue damage and organ failure.

Changes in mitochondrial form and function in critical illnesses suggest that mitochondria try to
rescue mechanisms and adapt to harmful environments. Mitochondrial fission and fusion are
upregulated during critical illness, although it appears to be insufficient for restoring mitochondrial
function[34]. Mitochondrial biogenesis was observed in skeletal muscle taken on days 1 to 2 in intensive
care unit (ICU) survivors, but not in non-survivors[35]. During extreme conditions, such as refractory
shock, mitochondrial damage is disseminated, causing the induction of mitochondrial PTP in many
mitochondria and a great decrease in ATP production[36]. In contrast, a reduction in mitochondrial
density was observed after the onset of sepsis, suggesting that although upregulated, biogenesis may be
insufficient to maintain homeostasis[10].

Mitochondrial metabolism and inflammatory activity in sepsis-what is the relationship?

The hallmark of sepsis inflammatory response is an imbalance between a systemic inflammatory
response and compensatory anti-inflammatory response[37,38]. The imbalance of pro- and anti-inflam-
matory responses often results in immunoparalysis among critically ill patients, making them more
vulnerable to additional infections, and is linked to higher mortality rates[39]. Actually, the cause of
immune dysfunction is matter of debate[38], and immune response is dependent of metabolic pathways
[40], that is known as “immunometabolism”. Mitochondria are a hub of the immune system, playing a
crucial role in regulating the function of immune cells and shaping and modulating the response of the
immune system to infection[7]. Evidence suggests that leukocytes from critically ill patients display
mitochondrial dysfunction, which is thought to be the root cause of immunoparalysis and could be
responsible for the onset of organ dysfunction[41,42]. Moreover, the recovery of mitochondrial function
is associated with improved recovery in critically ill patients[14]. These changes are mostly detected in
lymphocytes, monocytes, and macrophages[43].

Lymphocytes respond to cytokine stimuli induced by monocyte-macrophages, dendritic cells, and
neutrophils, which are responsible for the innate immune response. Activated phagocytic cells, such as
monocytes and macrophages, release the proinflammatory cytokines interleukin-1 (IL-1) and IL-6[44].
This phenomenon has been associated with energy deprivation[45]. Lymphocytes also attenuate the
potentially harmful effects of the proinflammatory response, and this modulation of the immune
response has a major impact on prognosis in septic patients[46]. On the other hand, IL-10 plays a major
role in modulating the immune system by inhibiting monocyte-macrophage activation and suppressing
the production of TNF-q, IL-1, and interferon-gamma (IFN-y) from lymphocytes acting at the level of
accessory cells[47]. In addition to cytokines, Krebs cycle intermediates, such as citrate, succinate, and
itaconate, can activate pro-inflammatory gene expression[48]. Metabolites from the Krebs cycle impact
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Figure 2 Mitochondrial DNA damage as a potential trigger for the inflammatory response. DAMP: Damage associated molecular patterns; mtDNA:
Mitochondrial deoxyribonucleic acid; PAMP: Pathogen associated molecular patterns; ROS: Reactive oxygen species.
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the reprogramming of macrophages from the M1 phenotype (pro-inflammatory) to the M2 phenotype
(anti-inflammatory). M1 macrophages have impaired OXPHOS, and M2 macrophages have an intact
Krebs cycle, with OXPHOS as the main source of ATP generation[43].

Two major pathways are implicated in this interaction between mitochondrial function and inflam-
matory responses. The mammalian target of rapamycin (mTOR) pathway plays a pivotal role in
metabolic regulation by modulating glycolysis. Furthermore, metabolic reprogramming and a transition
to glycolysis for energy production in CD4* and CD8" T cells are also induced by the activation of
mTOR and OXPHOS[30]. The nuclear factor kappabeta (NF-«p) is a stress-induced pathway (i.e., tissue
damage, cytokine, and PAMPs release) that promotes the expression of target genes involved in the
immune response. Upon activation of the NF-xp pathway and subsequent induction of cytokine
expression, macrophages undergo differentiation into either M1 or M2 subtypes, contingent on the local
cytokine milieu present at the site of infection. IFN-y typically drives the differentiation of M1
macrophages, which in turn produce pro-inflammatory cytokines. Conversely, M2 cells refer to
macrophages exposed to immune complexes, IL-4, IL-13, and IL-10[30].

MEASUREMENT OF MITOCHONDRIAL DYSFUNCTION

Regrettably, it is currently impractical to perform a thorough and accurate real-time analysis of the
modified cells and tissues within malfunctioning organs of living human patients in a hospital setting.
Therefore, mechanisms must be inferred from tissue specimens obtained from nonvital organs (e.g.,
blood, skeletal muscle) or from postmortem examinations. In postmortem studies, septic patients exhibit
mild to moderate mitochondrial swelling and autophagocytosis, with minimal cell death or indications
of permanent damage, such as tissue fibrosis[49].

Mitochondrial biogenesis

The process of mitochondrial biogenesis encompasses the synthesis of mitochondrial proteins encoded
by nuclear DNA, which are subsequently imported and integrated into the mitochondria. Additionally,
biogenesis can also occur through mitochondrial DNA, which encodes 13 proteins primarily located
within the OXPHOS pathway. In this way, biogenesis serves to replace damaged proteins and enhances
the ability to generate energy if energy demand increases over time[4]. Increased mitochondrial
biogenesis is detected in postmortem studies in critically ill patients, with increased expression of
transcription factors[34]. A decrease in mitochondrial content has also been reported in the muscles of
critically ill patients with sepsis-induced multiple organ failure[50]. Taken together, these data suggest
that biogenesis activation may have a role in the recovery phase of critical illness[22], time when there
was also an increase in RNA expression, participating in the restorative process[16]. These data point to
compromised mitochondrial biogenesis in critically ill patients; and an activation of the biogenesis
pathway may represent a key prognostic factor in critically ill patients, associated with recovering of the
initial injury[22].
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From this point of view, it seems reasonable to imagine that the dynamic processes of mitochondrial
fusion and fission must change during acute inflammatory injury observed in sepsis. This activity can
be measured by assessing the concentrations of mitochondrial fusion proteins (mitofusins 1 and 2, optic
atrophy 1 protein) and mitochondrial fission proteins (dynamin-related protein 1 and fission 1 protein)
[22]. Currently, adequate characterization in relation to the pro-fusion or mitochondrial fission profile in
sepsis is merely speculative, lacking clinical studies that may show some signs regarding its in vivo
effects.

Mitochondrial DNA

Mitochondria experience various morphological changes during fusion and fission events, which help
to sustain a healthy mitochondrial population by facilitating mitochondrial DNA exchange, preserving
mitochondrial DNA integrity, and regulating the size, quantity, distribution, and upkeep of OXPHOS
capacity[22]. These morphological changes also play a crucial role in cell division and proliferation, as
well as in the selective elimination of damaged or excess mitochondria through a process referred to as
mitophagy[4]. Proteins that facilitate fusion events (such as mitofusin-2) and fission events (such as
dynamin related protein-1) have been linked to changes in mitochondrial membrane potentials and
diminished oxygen consumption[51]. Fission and fusion processes become more prevalent under
stressful conditions and play a crucial role in eliminating damaged mitochondria and enhancing repair
mechanisms. Currently, there is insufficient data regarding these mitochondrial dynamics in septic
patients, and the data may vary based on the tissue type. From a hypothetical perspective, the balance
of mitochondrial dynamics in septic patients may shift in favor of mitochondrial fusion, which could
represent a cellular response aimed at improving mitochondrial function and decreasing oxidative
stress[52].

However, mitochondrial DNA levels in the serum should be interpreted as a potential damage-
associated molecular pattern, propagating an inflammatory response through interactions with the
immune system[12,53]. Thus, mtDNA damage can lead to a pathological cycle, resulting in metabolic
dysfunction, especially in white blood cells[54]. A reduction in mtDNA content in the peripheral blood,
observed in the acute phase of sepsis, could be due to an increased concentration of neutrophils in the
peripheral blood[55]. Therefore, it remains uncertain whether there is an interaction between DNA
concentration and changes in mitochondrial function, especially in immune cells. Mitochondria contain
their own DNA, and the depletion of mtDNA in an injury process may theoretically cause a respiratory
chain defect and compromise ATP synthesis[23,55].

Qualitative measurements of mitochondrial metabolism

In addition to changes in mitochondrial mass, the quality of mitochondrial function and a shift towards
glycolytic pathways are regulated by several hormones, enzymes, and regulatory pathways within cells.
Reactive derivatives of nitric oxide and superoxide anion (such as peroxynitrite), which cause oxidative
stress, promote glycolysis by activating the rate-limiting step of the pentose pathway, glucose-6-
phosphate dehydrogenase. The pentose pathway results in the formation of NADPH relative to NADH.
While NADH is the substrate for mitochondrial OXPHOS of high-energy phosphates, NADPH is crucial
for the formation and repair of proteins, DNA, and lipids. Thus, by diverting glycolytic intermediates
from the Krebs cycle to suppress aerobic mitochondrial respiration, cells and tissues transition to a state
of decreased oxygen consumption and ATP production. This phenomenon is commonly referred to as
the “Warburg effect”, particularly in the context of cancer[41]. In this context, cells are less dependent on
oxidative metabolism, thus reducing oxidative stress and promoting the formation of reducing
equivalents (e.g., lactic acid and NADPH) that induce cell repair[56]. The Warburg effect and related
mediators, such as HIF-1a, are induced under conditions that model sepsis, confer cytoprotection to
vital organs, and inhibit inflammation under conditions of acute cell stress[57]. However, the HIF-1a
activation in immune cells could perpetuate the activation of the pro-inflammatory pathway[58].

The proton pumps of the electron transport chain, in conjunction with F1Fo-ATP synthase, establish a
proton gradient across the inner membrane, generating both an electrochemical potential (proton
motive force, pmf, in mV) and a flux of protons (proton current in nmol of protons/min). The
mitochondrial membrane potential is a critical component of healthy mitochondrial metabolism and
contributes to determining the pmf[8].

Reductions in both the expression and activity of complexes I, II, III, and IV have been reported in
critically ill patients[14,22]. However, it is still doubtful whether these alterations are determinants of
the patient's prognosis, or if they are just epiphenomena in the acute context of critical illness. However,
they are useful and commonly used measurements to assess mitochondrial activity[35,59-61], especially
when normalized by enzymatic activity, protein, or DNA concentration.

Respirometry

Measurement of mitochondrial respiration is a cost-effective and time-efficient method compared to
traditional methods of assessing mitochondrial function in biopsies, making it readily available for use.
Advanced instruments equipped with highly sensitive micro-cathode oxygen electrodes enable high-
resolution measurements of mitochondrial respiration and can be utilized in acute care settings.
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Mitochondrial respiration can be quantified by performing substrate-uncoupler-inhibitor titrations,
commonly known as the SUIT protocol. This protocol involves titration with various combinations of
substrates, uncouplers, and inhibitors to assess mitochondrial respiratory function[9]. This protocol
allows the study of complex interactions of coupling and substrate control in a single assay, measuring
multiple aspects of mitochondrial physiology[62].

Respirometry enables the real-time measurement of mitochondrial respiration, with key parameters
obtainable through the use of established inhibitors and uncouplers that act as sensitive indicators of
response to mitochondrial stress. Figure 3 depicts the mitochondrial respiration trace derived from the
SUIT protocol, which was employed in the following procedures[9,62]: (1) Routine respiration: Routine
respiration also known as basal respiration, measures the oxygen consumption resulting from ATP
production and proton leak. This represents energy demand under steady-state conditions. Changes in
routine respiration in patients with disease compared to controls may indicate altered mitochondrial
function and should be interpreted in the context of the following mitochondrial parameters; (2) proton
leak: After measuring routine respiration, cells are exposed to oligomycin, an inhibitor of complex V.
The remaining mitochondrial respiration after the addition of oligomycin is attributable to proton leak.
While some proton leaks are expected under physiological conditions, significant proton leak may
indicate damage to the mitochondrial membrane and/or complex damage. The use of oligomycin also
allows for the estimation of oxygen consumption secondary to ATP production, often referred to as
ATP-linked respiration; (3) maximal respiration: The addition of a mitochondrial uncoupler, such as
dinitrophenol or carbonyl cyanide-4-(trifluoromethoxy) phenylhydrazone, stimulates maximal
respiration by mimicking the physiological energy demand, leading to an increase in oxygen
consumption. The difference between maximal respiration and routine respiration represents the spare
respiratory capacity (SRC) of the cell. SRC indicates the ability of the cell to respond to energetic stress
and is a measure of a cell’s fitness. A decrease in SRC may limit the cell's ability to handle stressors,
resulting in mitochondrial dysfunction; and (4) residual oxygen consumption: The addition of
mitochondrial inhibitors, such as the combination of rotenone (complex I) and antimycin (complex III),
completely inhibits electron transport system. The remaining oxygen is consumed by non-mitochondrial
respiration in the form of oxidases and other cellular enzymes that use oxygen. Residual oxygen
consumption may increase in the presence of a stress response.

Under normal conditions with excess ADP and oxygen, mitochondrial respiration occurs rapidly,
known as state 3 respiration. Conversely, when ADP is fully consumed, state 4 respiration occurs, which
is significantly slower. This state 4 respiration can be induced by “uncoupling” oxygen consumption
from OXPHOS, leading to proton leakage back into the mitochondrial matrix without the production of
cellular energy. One of the most promising indicators of mitochondrial function is the biochemical
coupling efficiency (BCE), which is calculated as the quotient between OXPHOS and proton leak. BCE
reflects the true effectiveness of mitochondria in utilizing oxygen for ATP production[62]. It is a useful
way to gain more insight into the site of the dysfunction, namely, respiratory control decreases because
of dysfunction in localized sites of substrate oxidation, ATP synthesis, proton conductance, or F1Fo-ATP
synthase[8].

Although we understand that small clinical centers may have limited access to equipment for
measuring real-time mitochondrial respiratory rates, this limitation could be easily overcome using
simpler biochemical colorimetric methods that still maintain a reasonable level of sensitivity, the time to
assay is usually short, and easy to implement in the laboratory hospital routine. For instance, the
measurements of enzymatic activity of succinate dehydrogenase: Complex II (succinate: DCIP-oxidore-
ductase), complex, and complex V are routinely performed in research laboratories, and at the current
state require standardization as a step forward to reach clinical settings[63,64]. However, the aforemen-
tioned colorimetric methods restrict the evaluation of metabolic activity to one complex each time,
whereas in mitochondrial respirometry assays the metabolic activity of complexes can be assayed both,
individually or more than one at the same time.

Which cells are ideal for measuring the mitochondrial activity? And what is the most suitable

method?

Although it is logical that dysfunction in mitochondrial metabolism leads to a certain degree of organ
failure, its measurement is often not feasible, because the ethical questions, costs, and viability of
obtaining adequate mitochondrial samples from vital organs in critically ill patients[61]. Therefore, it is
feasible to assess mitochondrial dysfunction in cells that are easy to collect, especially those that may
reflect the “systemic” effect of sepsis on the body. Peripheral blood cells have been used to access
bioenergetic functions in translational research. Peripheral blood mononuclear cells (PBMCs) are
mitochondria-rich with high rates of respiration[16]; therefore, they are prime candidates in circulating
blood to provide reliable estimation of global oxidative metabolism, particularly the metabolism linked
to immune response. Lymphocytes comprise the majority of PBMCs and are traditionally used to
measure defects in mitochondrial OXPHOS[30]. Exhaustion of lymphocytes, especially T cells, leads to
an increased risk of secondary infections, which is correlated with mortality[65]. Circulating immune
cells play an important role in the pathophysiology of sepsis because their activation may remotely
induce inflammation in non-infected organs[66]. The measurement of mitochondrial respiration in
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Figure 3 Example of a respirometry assay. ATP: Adenosine triphosphate.
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PBMC s of septic patients has the potential to identify those at risk of negative outcomes, and also can
monitor the clinical course and response to treatment, making it a useful marker for acute care settings
[9]. Thus, it is a candidate biomarker in sepsis.

In addition, this approach allows us to unravel mechanist readouts associated with impaired
metabolism that follow this syndrome and also challenges how or whether this could be improved by
therapeutic intervention. These primary observations collected from the literature are encouraging, and
more clinical studies will help to advance methodological issues, clinical validation, and the level of
reproducibility and sensitivity (Table 1).

SEPSIS AND MULTI-ORGANIC FAILURE

Various systemic inflammatory processes can exert different effects on mitochondria. In the early stages
of sepsis, reduced perfusion resulting from intrinsic and extrinsic fluid losses, decreased intake,
myocardial depression, microcirculatory redistribution of blood flow, and loss of vascular tone, can lead
to tissue hypoxia. This condition, characterized by insufficient oxygen levels at the mitochondrial level,
impedes the ability of mitochondria to carry out OXPHOS, leading to a deficit in ATP production[12].
Although Complex IV exhibits distinctive enzyme properties that facilitate its functionality under
hypoxic conditions, severely diminished oxygen concentrations may compromise ATP generation and
activate cell death pathways, thereby adversely impacting cellular homeostasis[12,67,68]. Hormonal
alterations in sepsis also affect mitochondrial function and efficiency. For example, thyroid hormones
are believed to work predominantly through the modulation of mitochondrial activity[4,33]. Thirdly,
genes that transcribe mitochondrial proteins are downregulated early in the inflammatory response.
This was first recognized in human volunteers receiving endotoxins[69] and subsequently described in
critically ill patients[35].

Impairment of mitochondrial metabolism in sepsis

Different studies, in different contexts, have evaluated mitochondrial activity in septic compared to
nonseptic or control patients. Muscular cells are prone to impaired mitochondrial metabolism during
critical illness[70] and are an important research field. Carré et al[35] used muscle tissue biopsies from
critically ill patients, comparing them to those of controls subjected to hip surgery. They found a
decrease in mitochondrial density in critically ill patients, without a decrease in Complex I and Complex
IV activity. In a study evaluating patients with ICU-acquired weakness, comparing ATP synthesis in
this population with metabolically healthy controls, ICU patients had an approximately 50% reduction
in the ability of skeletal muscle to synthesize ATP in mitochondria, with a depletion of complex III and
IV concentrations[71]. A similar loss of mitochondrial activity was detected in a previous study in a
population with sepsis and multiorgan failure[72]. Complex I and complex IV activity was reduced in
the intercostal and leg muscles, respectively, compared to controls.

Belikova demonstrated a higher baseline PBMC oxygen consumption and attenuated response to
ADP stimulation in patients with sepsis than in healthy volunteers[66]. In blood mononuclear cells,
Kraft et al[16] demonstrated an early sepsis-mediated disruption of mitochondrial quality control in
septic patients, with a later activation of mitochondrial biogenesis in this population. These patients also
showed increased mitochondrial damage (measured by mtDNA levels) during the early phase of sepsis
management. In a cohort of septic and non-septic ICU patients with measurement of mitochondrial
function in isolated lymphocytes, critically ill patients had increased mitochondrial oxygen
consumption but no significant difference in mitochondrial membrane potential[17]. Jang et al[15] also
found a lower routine, uncoupled Complex I, and maximal respiration in septic patients, when
compared to controls in the early sepsis management. A respirometric study in PBMC developed by
Japiasst et al[73] reported reduced F1Fo-ATP synthase activity, thereby reducing ATP production. This
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Table 1 Different methods of mensuration of mitochondrial damage and recovery

Item Description

Mitochondrial biogenesis PPAR-y coactivator 1-a, nuclear respiratory factor 1, mitochondrial transcription factor A. Material obtained from
tissue biopsy or from peripheral PBMC

Mitochondrial content Mitochondrial mass, concentration and area
Mitochondrial DNA content PGC-10, NRF-1, absolute DNA number of copies
Mitochondrial fusion Mitofusins 1 and 2, optic atrophy 1 protein
Mitochondrial fission Dynamin-related protein 1 and fission 1 protein

PPAR-y: Peroxisome proliferator-activated receptor gamma; PGC-1a: Peroxisome proliferator-activated receptor gamma coactivator-1 alpha; NRF-1:
Nuclear respiratory factor-1; PBMC: Peripheral blood mononuclear cells.

may contribute to the energetic failure reported in these cells during the course of septic insult. In
addition, septic shock PBMC have reduced O, consumption, ADP-induced state 3 respiration, and
respiratory control ratio compared to control PBMC. Inhibition of complexes I, III, and IV in PBMCs
from septic patients compared with controls was also detected in another study[74]. In a pediatric
population, Weiss et al[75] detected a decrease in spare respiratory capacity on days 1-2 of sepsis
compared with controls. Spare respiratory capacity normalized on days 5-7. Patients with sepsis also
had a higher ratio of leak to maximal respiration than controls, with normalization in the later phase of
sepsis. Patients with sepsis did not show differences in basal or ATP-linked oxygen consumption or
membrane potential.

In patients admitted to the emergency department with and without sepsis, Puskarich[76] did not
find differences in plasma levels of cytochrome B, NADH, and Cox-IIIl mtDNA between groups. Pyle et
al[55], in a protocol that evaluated mononuclear cell mtDNA content, found that these levels were lower
in patients with sepsis, with depletion of monocyte and lymphocyte mtDNA. Platelet studies have also
evaluated mitochondrial metabolism in patients with sepsis. Sjovall et al[61] found an increase in state 3
and a decrease in RCR in patients with sepsis compared to controls during sequential evaluations in the
first week of sepsis diagnosis. Additionally, patients with sepsis had increased rates of complex I and
complex II respiration compared to controls. However, the mtDNA concentration did not differ between
the platelets of patients with sepsis and controls.

Are mitochondrial metabolisms associated with mortality?

A criticism can be made of the differences in mitochondrial measurements between survivors and non-
survivors observed in studies. Whether they are pathological or just another measure of disease severity
requires further investigation[77]. In human subjects, a significant constraint of this research approach is
the uncertainty surrounding whether mitochondria sourced from PBMCs, platelets, or muscle cells can
accurately serve as proxies for the mitochondria present in essential organs like the liver, kidneys, and
heart[77]. The establishment of a workable, all-encompassing strategy to investigate the complete
energy production pathway in human beings would signify a more significant achievement, as it would
facilitate a deeper comprehension of the origin of lactate in distinct patients and across time, thereby
enabling more targeted clinical trials for novel treatments for bioenergetic dysfunction.

Defects in leukocyte energy metabolism[78], particularly in T lymphocyte cells[79], are intrinsically
associated with the state of immunoparalysis in sepsis. Metabolic events in the mitochondria of
macrophages, dendritic cells, and T-lymphocytes have profound effects on immunity. When exposed to
infectious injury, OXPHOS levels decrease, with a concomitant increase in glycolysis. An outcome of the
reduced ATP production via OXPHOS is the redirection of mitochondria towards generating
mitochondrial ROS, which function as signaling molecules essential for eliciting an appropriate immune
response[54]. Therefore, mitochondrial respiration is essential for the functioning of these cells.

Despite the fact that the current knowledge suggests a potential role of mitochondrial metabolism
impairment in septic patients (wWhen compared with controls) with a potential impact on prognosis, the
literature is quite heterogeneous with regard to the findings of mitochondrial dysfunction (Table 2). It is
still necessary to define the most practical way of measuring, with the greatest clinical applicability, the
greatest prognostic impact, and, above all, the most accurate in predicting the clinical course of the
disease.

Are mitochondrial metabolisms associated with recovery?

Therefore, mitochondrial biogenesis is critical for recovery, and the recovery from organ dysfunction is
preceded by an increased mitochondrial biogenesis[33]. In our study of patients with multi-organ
failure in intensive care, we found that those who ultimately survived had higher levels of PGC-1a and
better-preserved levels of Complex protein, along with a more robust antioxidant response (specifically,
manganese superoxide) in the early stages of their disease progression[35]. The ability to clear damaged
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Table 2 Studies that explored association of mitochondrial dysfunction and prognosis in sepsis

n of critically
Ref. ill septic Mitochondrial measurement Main findings (survivors vs nonsurvivors)
patients
Belikova et
al[66], 2007
Brealey etal 28 ATP concentration, Complex I, I, and IV activities in ~ Sepsis survivors had an increased level of ATP and Complex I and
[18], 2003 biopsied muscle cells IV activity
Carréetal 16 Mitochondrial morphology (surface density and Nonsurvivors had an increased decline in mitochondrial surface
[35], 2010 volume), RT-PCR of mitochondrial biogenesis factors  density, with a similar mitochondrial volume in these groups;
and concentration of Complex I and Complex IV OXPHOS transcripts were more abundant in survivors; increased
mitochondrial proteins and OXPHOS transcripts in ATP content in survivors; no difference between groups in
muscle biopsy specimens Complex I and Complex IV activity
Kraft et al &/ qRT-PCR for genes that regulate mitochondrial Increased genetic activation of mitochondrial biogenesis in day 3
[16], 2019 biogenesis in PBMCs compared with day 1; decrease in mtDNA in septic patients
compared with controls, with a recovery on day 5; early activation
of mitochondrial biogenesis by day 1 associated with ICU
discharge; increased mRNA levels in survivors
Japiasstet 20 Respirometry of PBMC evaluating state 3, 4 and No difference in ADP-stimulated respiration in nonsurvivors,
al[73], 2011 respiratory control ratio when compared with survivors
Nedeletal 90 patients Respirometry of permeabilized lymphocytes Improvement in Complex I, Complex II, basal and in BCE in day
[14], 2021 3, compared with day 1, were associated with lower mortality. In
multivariate analysis, BCE improvement was associated with
lower 6-mo mortality
Puskarich et 28 patients Respirometry of platelets Routine and state 3 respiration were significantly higher in non-
al[77], 2015 survivors compared to survivors; state 4 respiration had a non-
significant increase in non-survivors
Pyle et al Not reported mtDNA content from mononuclear cells No relationship between mtDNA content and survival outcome at
[55], 2010 (147 patients, 180 d
including
septic)
Sjovall etal 18 patients Respirometry of isolated platelets evaluating Non-survivors had an increased Complex I, Complex II, state 3
[61], 2010 Complex I, state 3, 4 and respiratory control ratio respiration and an increased respiratory control ratio at day 6-7 of
sepsis when compared with survivors
Sjovall etal 20 patients Respirometry of permeabilized peripheral blood Survivors and non-survivors at 90 d after sepsis did not have
[82], 2013 immune cells difference in Complex I plus Complex II respiration normalized to

citrate synthase, mtDNA, and cytochrome ¢

ATP: Adenosine triphosphate; BCE: Biochemical coupling efficiency; ICU: Intensive care unit; qRT-PCR: Quantitative reverse transcriptase-polymerase
chain reaction; mtDNA: Mitochondrion desoxyribonucleic acid; OXPHOS: Oxidative phosphorylation; PBMC: Peripheral blood mononuclear cells; ADP:
Adenosine diphosphtate.

mitochondria is another important phenomenon[80]. Mitophagy (autophagic degradation) and
mitoptosis (programmed destruction) are the processes by which cells deal with impaired mitochondria
[12]. The efficiency of these processes may be an important contributing factor to the pathogenesis of
various states of the disease. The process of mitophagy entails the targeted sequestration and
subsequent degradation of damaged mitochondria, which occurs prior to their ability to activate cell
death pathways and potentially jeopardize the viability of the entire cell. Thus, mitophagy operates as
an initial protective response. Conversely, heightened levels of oxidative stress and apoptotic proteases
can impede the function of mitophagy and stimulate additional inflammatory responses[81].

CONCLUSION

Alterations caused by acute inflammatory conditions, such as sepsis, is associated with impaired
function of mitochondrial components including protein content, mtDNA concentration, oxidative
complexes activity, and F1Fo-ATP synthase. Often, these alterations are associated with clinical
outcomes. Given these features mitochondria deserve to be better explored regarding its role as
potential biomarker in prognosis, sepsis rehabilitation, and its association with different spectrum of
organ failure.
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Abstract

Interstitial lung disease (ILD) is typically managed on an outpatient basis. Critical
care physicians manage patients with ILD in the setting of an acute exacerbation
(ILD flare) causing severe hypoxia. The principles of management of acute exacer-
bation of ILD are different from those used to manage patients with acute
respiratory distress syndrome from sepsis, etc. Selected patients may be cand-
idates for aggressive measures like extracorporeal membrane oxygenation and
lung transplantation, while almost all patients will benefit from early palliative
care. This review focused on the types of ILD, diagnosis, and management
pathways for this challenging condition.

Key Words: Interstitial lung disease; Pulmonary fibrosis; Acute exacerbation of interstitial
lung disease; Extracorporeal membrane oxygenation; Interstitial lung disease flare;
Immunosuppression
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Core Tip: Interstitial lung disease (ILD) refers to a heterogeneous group of parenchymal
lung disorders. Most patients with ILD receive management in outpatient clinics.
Patients with acute exacerbation of ILD may experience significant respiratory distress,
requiring urgent management in an intensive care unit. Timely diagnosis and
management of these patients using a multimodality team approach may improve both
morbidity and mortality. When acute exacerbation of ILD progresses to irreversible end-
stage respiratory failure, lung transplantation and/or palliative care may be appropriate
treatment options depending on the individual patient’s clinical presentation.
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INTRODUCTION

Interstitial lung disease (ILD) is a heterogeneous group of approximately 200 disorders affecting lung
parenchyma. The classification schema of this group of diseases has changed over time, with the most
current iteration agreed upon in 2013 in a consensus statement from the American Thoracic Society and
European Respiratory Society[1]. This classification system will be the basis for the nomenclature used
in this review (Figure 1).

ILD can be more broadly categorized into those with a known cause and those without an identifiable
etiology, also known as “idiopathic.” Those ILDs with known causes can be due to drugs and toxins,
rheumatic disease, granulomatous diseases such as sarcoidosis, and other forms such as lymphangi-
oleiomyomatosis, eosinophilic pneumonia, or pulmonary Langerhans cell histiocytosis. The major
idiopathic ILDs can be distributed into three categories: Chronic fibrosing [idiopathic pulmonary
fibrosis (IPF), non-specific interstitial pneumonia (NSIP)], acute/subacute fibrosing [cryptogenic
organizing pneumonia, acute interstitial pneumonia (AIP)], and lastly smoking-related (delta sleep-
inducing peptide, respiratory bronchiolitis-ILD)[1]. Notably, not all ILDs have the propensity to present
as an acute exacerbation (AE). Moreover, common conditions like pulmonary edema, pneumonia,
pulmonary embolism, and aspiration should be considered in the differential diagnosis of acute
worsening. Furthermore, patients may present to the intensive care unit (ICU) with no known history of
ILD.

An abnormal chest radiograph may be the initial finding in these patients[2]. Much attention is paid
to the specific patterns noted on chest computed tomography (CT) that, when coupled with clinical
history, can sometimes obviate the need for tissue sampling[3]. It is important to note that the lung has a
limited and predictable response to injury; thus, a variety of disease processes may produce similar
imaging findings[4]. Patients will almost universally present in a similar fashion, with dyspnea and
acute hypoxemic respiratory failure. CT becomes an essential tool in the differentiation of the diagnosis.

AE-ILD

Definition

The definition of AE-ILD has evolved over time. AE-ILD was defined by 2007 IPFnet[5] as an “acute,
clinically significant respiratory deterioration characterized by evidence of new widespread alveolar
abnormality typically less than 1-mo’s duration with exclusion of alternative etiologies”[2]. The revised
criteria in 2016[2] did not set a definite 30-d duration of onset of symptoms. The critical component of
establishing a diagnosis of AE-ILD is excluding other etiologies that could be causing increased
respiratory distress such as heart failure, pulmonary embolism, pneumothorax, and infection, etc
(Table 1). However, in some cases infections and other pulmonary insults might act as a trigger for AE-
ILD. It is difficult to lump all ILDs into one framework, and it is important to acknowledge that some of
the acute presentations may be exacerbations of a previously unrecognized process[6]. AE-ILD
symptoms tend to be shared across the spectrum of the disease. Commonly patients will present with
worsening cough and dyspnea, but presentations may be more fulminant in the case of some AIP.
However, given the non-specific nature of these symptoms, chest imaging and clinical history play an
important role in discerning the diagnosis and thus the appropriate management.

Triggers
The incidence of AE-IPF ranges from 2% to 15% per year, depending on the cohort studied[7-10].
Nonetheless, AEs appear at a lower rate in non-IPF ILDs[11]. AEs are often devastating, with a median
survival of usually about 4 mo[12]. If an IPF patient requires mechanical ventilation, mortality exceeds
75%[13]. Given that patients with ILD exist on the fringe between functionality and fulminant
worsening, even the most minor perturbations in homeostasis can lead to a significant decline.
Intuitively it makes sense that any of the common causes of respiratory failure in the general population
also occur in the ILD population, with the implications of such in the latter being far more pronounced.
Risk factors for AE-IPF have been described in several studies but have not been validated in
independent cohorts[11]. Whether the AE represents a progression of the underlying ILD or an aberrant
response to external insults such as aspiration of gastric content, infection, or mechanical stretch remains
unknown. Song et al[12] demonstrated that patients with lower baseline lung function as measured by
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Table 1 Reversible causes of hypoxia in interstitial lung disease

No. Potentially reversible (partial or complete) causes of worsening ILD
1 Pulmonary edema

2 Pneumonia

3 Aspiration

4 Pulmonary hemorrhage

5 Pulmonary embolism

ILD: Interstitial lung disease.

Etiology Etiology
known unknown

Exposures D“_'gs_l CTD Smoking Rare forms Granuloma
Asbestos HP Radiation RA —— 1P LAM, PLCH, tous
Nitrofurantoin scleroderma RB-ILD DIP PPFE, LIP Sarcoidosis
MTX chemo PM/DM sjogren
amiodarone . \
IPF Non-IPF
\ 7
NSIP cop AIP

DOI: 10.5492/wjccm.v12.i3.153 Copyright © The Author(s) 2023.

Figure 1 Classification of interstitial lung disease/diffuse parenchymal lung disease. AIP: Acute interstitial pneumonia; COP: Cryptogenic organizing
pneumonia; CTD: Connective tissue disease; DIP: Desquamative interstitial pneumonia; DM: Dermatomyositis; HP: Hypersensitivity pneumonitis; IIP: Idiopathic
interstitial pneumonias; IPF: Idiopathic pulmonary fibrosis; LAM: Lymphangioleiomyomatosis; LIP: Lymphoid interstitial pneumonia; MTX: Methotrexate; NSIP: Non-
specific interstitial pneumonia; PLCH: Pulmonary Langerhans cell histiocytosis; PM: Polymyositis; PPFE: Pleuroparenchymal fibroelastosis; RA: Rheumatoid arthritis;
RB-ILD: Respiratory bronchiolitis-ILD.

forced vital capacity and those who never smoked had a greater risk for AE-IPF[12]. They described a
subset of patients with AE-ILD as rapid deterioration of ILD, where the respiratory failure occurs in
shorter duration (days to weeks) requiring hospitalization, with the presence of new radiographic
abnormalities. Interestingly, within this cohort, many patients were found to have an infection as a
trigger; more than half of those patients had opportunistic infections. The demonstration that AE is the
most common cause of clinic deterioration in IPF patients is not a novel discovery[14]; thus, acceptance
that disease progression may explain the patient’s presentation can obviate the need for expensive and
possibly morbid diagnostic investigations.

Other previously described exposures that can precipitate AE include bronchoalveolar lavage,
cryobiopsy, lung resection surgery, pollution, aspiration, vaccination, and infection[15-21]. Churg ef al
[22] described the pathologic features found on lung biopsy in patients with fibrotic lung disease who
were admitted with worsening respiratory failure. They noted three microscopic patterns found in these
patients: Diffuse alveolar damage; organizing pneumonia; and a pattern of numerous very large
fibroblast foci superimposed on underlying fibrosis. Ultimately, the onus on the admitting team is to
differentiate idiopathic exacerbations from secondary ones, potentially more amenable to treatment. It
has been shown to be related to mortality; that is, patients with suspected AE had worse in-hospital
mortality as compared to those patients who had other causes for respiratory worsening[23].

Work-up

The diagnostic evaluation of patients with ILD admitted to the ICU is largely the same as that for all
other patients admitted with acute hypoxemic respiratory failure. A caveat to this approach is for the
patient with previously undiagnosed ILD, in which case, they will require a more thoughtful appraisal.
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It is reasonable to exclude all the common, secondary causes of worsening that can be seen in ILD
patients (Table 1).

Chest CT is now routinely utilized in all patients admitted to the ICU with AE-ILD. In those patients
without a known diagnosis of ILD, a basic working knowledge of some of the classic radiographic
findings can be helpful. As previously noted, ILDs are both a radiographic and histopathologic
diagnosis.

There are several characteristics that can be used to quickly narrow the diagnosis: (1) Is increased
attenuation present? i.e. reticulation, ground-glass, consolidation, nodules, or linear opacities; (2) Are
cysts present?; and (3) Are areas of decreased attenuation (as is seen with honeycombing) a sign of lung
fibrosis? While ILD is considered a rare family of diseases, IPF is the most common archetype of these
rare diseases. The terms NSIP and usual interstitial pneumonia (UIP) are often encountered in the
impression of CT scans of these patients. It should be mentioned that these are both descriptive of
radiographic and histologic processes. With the advent of high-resolution chest CT, many ILDs can be
diagnosed based on imaging alone. Radiologically, in UIP, honeycombing is the prototypical
appearance of IPF (which represents areas of the destroyed and fibrotic lung) and is a predominant
feature with an apical to basal gradient. It classically involves the subpleural region and is more often in
the middle and lower lungs (Figure 2A). Ground glass opacities are minimal or absent, and traction
bronchiectasis is often seen, which signifies architectural changes secondary to fibrosis[4]. NSIP refers to
a pattern that is predominantly composed of diffuse, bilateral, ground-glass opacities and, at times,
associated with peripheral irregular linear or reticular opacities. The distribution is mainly peripheral
and basal and typically spares the subpleural region. Honeycombing, if present, is generally mild in
comparison to UIP (Figure 2B).

However, there are some radiographic findings that are nearly pathognomonic and obviating the
need for a tissue diagnosis[24]. While tissue sampling does provide a definitive diagnosis, surgical lung
biopsy is generally not pursued in the setting of AE-ILD as it does not alter the course of treatment[25],
and the procedure itself carries with it significant morbidity[26]. The typical UIP and NSIP CT patterns
were outlined above. The findings seen during an AE may be of prognostic value. In AEs, the CT scan
may show areas of consolidation, ground glass opacification, or a combination of the two (Figure 2C
and D). In fact, Akira et al[27] were able to demonstrate Kaplan-Meir survival curve differences as it
relates to the patterns found on CT scans in patients admitted with AE-UIP[27]. The chest CT will also
exclude pulmonary embolism (if protocoled correctly) and pneumothorax.

Laboratory workups should follow the same standard of care as for patients admitted to the ICU with
respiratory failure. Sputum and blood cultures should be drawn at the time of admission. Urine
antigens for Legionella and Streptococcus and respiratory samples should be sent for PCR to assess for
viral infection. Evidence exists that serum procalcitonin may be a helpful marker in differentiating
bacterial pneumonia from AE-ILD[28,29]. Bronchoscopy likely has limited utility in the evaluation of
these patients and if performed should be conducted with anticipation that further respiratory
decompensation may occur. In the single-center cohort, it was demonstrated that bronchoscopy
revealed potential causes of respiratory decline in 13% of patients and a change in management from
the initial empiric regimen in 25% of patients. There was no difference in mortality between those with
and without bronchoscopy findings. However, bronchoscopy in non-ICU patients led to immediate
respiratory decompensation and the need for a higher level of care or invasive mechanical ventilation
(IMV) in 25% of patients[30].

In patients without previously diagnosed ILD, there may be a role of assessing autoimmune serology
for the purpose of differentiating between IPF and connective tissue disease-related ILD or pulmonary
alveolar hemorrhage syndromes. The latter two are more likely to respond to high doses of immuno-
suppression[31].

Management

Management can be viewed as a multifaceted approach that is mainly comprised of supportive care for
respiratory failure. Given the relative heterogeneity of disease processes, there is not one treatment plan
that can be universally applied. Below we will outline the different considerations and treatment
modalities that have been applied to patients with AE-ILD. It should be noted that much of this practice
is done with a paucity of high-quality evidence and ultimately relies on expert opinion on consensus
guidelines. Figure 3 is a generalized flowsheet that can be used to guide through the various steps of
management of AE-ILD patients.

Immunosuppression

Presently there are no proven, effective therapies for the treatment of AE-IPF. Despite this, many
patients with AE-IPF receive corticosteroids in accordance with the guidelines, which admit there are no
controlled trials to judge efficacy and that the recommendation comes largely from anecdotal evidence
of benefit[3]. Given the high mortality associated with AE-IPF, it is reasonable to administer corticost-
eroids to these patients. However, the dose, route, and duration are of unknown amounts. The same can
be said for AIP, which is a rapidly progressing, lethal form of ILD with a dismal prognosis and is not
responsive to steroids[6]. A general approach adopted is to use daily corticosteroid dosage in the 1-2
mg/kg range in divided doses. In patients who respond to this treatment, a gradual taper is attempted
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Figure 2 Chest computed tomography. A: Chest computed tomography (CT) of a patient with idiopathic pulmonary fibrosis with usual interstitial pneumonia
pattern; B: A 54-year-old male with non-specific interstitial pneumonia. Chest CT showed faint ground glass opacity and mild reticulations (non-specific interstitial
pneumonia); C: Idiopathic pulmonary fibrosis patient in Figure 2A during acute exacerbation showing ground glass opacities requiring extracorporeal membrane

oxygenation as bridge to transplant; D: Chest CT of patient in Figure 2B during acute exacerbation of interstitial lung disease with areas of ground glass opacity and
consolidation.

over the course of weeks.

A recent trial looked at the addition of cyclophosphamide to corticosteroids for the management of
AE-IPF and showed that 3-mo mortality increased in the treatment arm, which provides further
evidence against its use in this setting[32,33]. Another drug of interest is cyclosporine, which has been
investigated in conjunction with corticosteroids in several non-randomized, retrospective studies in
patients with AE-IPF and has shown potential benefits. However, larger randomized controlled studies
are needed to confirm this[34]. It has been postulated that immune dysregulation may lead to
autoantibody production, which may drive the progression of IPF or the development of AE. As such,
rituximab, in conjunction with plasma exchange, has been investigated as a potential therapeutic with
promising results[35].

Currently, there are ongoing, prospective, randomized controlled studies, STRIVE-IPF [NCT03-
286556] and Europe Exchange-IPF [NCT03584802], testing the efficacy and safety of the combination of
plasma exchange, rituximab, intravenous immunoglobulin, and corticosteroids for the treatment of AE-
IPF based on the hypothesis that autoantibody reduction might help in its management. Regarding
patients with AE of other ILDs, stronger evidence of benefits from corticosteroids exists, as is the case
for fibrotic hypersensitivity pneumonitis, connective tissue disease-ILD, and organizing pneumonia, to
name a few. We recommend the engagement of a pulmonologist familiar with the role of immunosup-
pression in connective tissue disease-ILD if this is suspected. Depending on the condition, the choice of
agents may range from corticosteroids alone to consideration of agents like cyclophosphamide,
rituximab, and even plasma exchange if alveolar hemorrhage is suspected. These decisions are best
undertaken in a multidisciplinary discussion to facilitate the best outcome for the patient.

ANTIFIBROTIC THERAPY

Currently, there are two medications available on the market, nintedanib and pirfenidone, which are

Buissidenge WICCM | hitps://www.wjgnet.com 157 June9,2023 | Volumel12 | Issue3 |



Hayat Syed MK et al. Acute exacerbation of ILD

AE-ILD

Exclude
secondary causes

Heart failure

Pulmonary
embolism

Pneumothorax

Infection

Drug toxicity

Figure 3 Flowsheet
High-flow nasal cannu

support

>
P

S

©
=

=
3
o

Nasal cannula
L—J NIPPV ez WV ECMO
ventilation
HFNC

Should be reserved for patients with
potentially reversible etiology or transplant
candidates

e | 0>
antiiotis

_ ) Optimal dose Greater b'eneﬁt
Corticosteroids K observed in non—
HnKnown IPF AE-ILD
Experimental Cyclophosphamide ] ( IVIG ] (Polymyxin-B hemoperfusion]
therapies [ : [ Rituximab J [ Tacrolimus J [ Cyclosporine J
Referral to center - - L 4 lant
of expertise [Transplant candidacy evaluatlon]
Palliative care

DOI: 10.5492/wjccm.v12.i3.153 Copyright ©The Author(s) 2023.

Consider opportunistic
pathogens in patients
onls

Enroliment in
clinic trial

for management of acute exacerbation of interstitial lung disease. AE-ILD: Acute exacerbation of interstitial lung disease; HFNC:
la; IPF: Idiopathic pulmonary fibrosis; IS: Immunosuppressants; IVIG: Intravenous immunoglobulin; NIPPV: Noninvasive positive pressure

ventilation; PJP: Pneumocystis jiroveci pneumonia; VV ECMO: Veno-venous extracorporeal membrane oxygenation.

WJCCM

Jaishideng®

classified as antifibrotics that are approved for the treatment of IPF. Nintedanib is a tyrosine kinase
inhibitor that blocks the processes that propagate fibrosis. In the clinical trial, which ultimately led to its
approval, it was shown to reduce the decline of lung function and thus slow disease progression[36].
Pirfenidone works by inhibiting transforming growth factor beta, which plays a role in collagen-
directed fibroblast formation. While there is no reversal of disease, this medication has also shown the
ability to slow the progression of lung decline. Both medications have been shown to reduce the rate of
exacerbations[3]. Many patients with IPF will be on these medications at the time of hospitalization.
Polke et al[33] looked at the management practices of AE-IPF in specialized and non-specialized ILD
centers worldwide. They found that 80% of physicians in specialized centers continue antifibrotics
during hospitalization, and 66% initiate therapy during the AE[33]. These therapies have not been
investigated specifically for use in the setting of AE-IPF or other ILDs, for that matter. There is,
however, a growing body of evidence for the use of these drugs in other fibrosing lung diseases other
than IPF[37].

Antibiotics

Antimicrobial agents are used routinely in patients with AE-ILD in conjunction with a thorough inf-
ectious workup. Antimicrobial coverage should be tailored to the specific pathogens and sensitivities at
each respective institution. Azithromycin is a familiar drug, and its use in the management of AEs of
chronic obstructive lung disease is well documented. Azithromycin is postulated to exert its benefits
through anti-inflammatory and immunomodulatory effects in the lung[38,39]. Evidence does exist that
there may be a benefit to macrolide use in patients with AE-IPF. However, these studies are small and
confounded by other therapies the patients received[40,41]. Other patient-specific considerations, such
as recent hospitalization, prior culture data, and immunosuppression, should also play a role in
determining the most appropriate therapy. In a Chinese cohort of patients with idiopathic inflammatory
myopathy-related ILD, they found that roughly one-third of patients admitted with clinical worsening
(mainly respiratory) had what they deemed to be concomitant infection and exacerbation of the
idiopathic inflammatory myopathy. Nearly half of those patients with documented infections had a
fungal infection with either Aspergillus or Pneumocystis[42]. This highlights the importance of
considering opportunistic infections in patients with ILD who are admitted to the ICU.

Antacids

It is postulated that microaspiration might play a role in the incitement of lung fibrosis. Studies have
frequently demonstrated a higher prevalence of gastroesophageal reflux disease in ILD patients;
however, this association cannot be interpreted as causation[43,44]. The role of acid-reducing therapy in
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AE has not been formally investigated. However, many physicians will continue antacids during hospit-
alization, and at the very least, the patients will qualify for alimentary prophylaxis based on mechanical
ventilation and corticosteroid administration.

HIGH-FLOW NASAL CANNULA

The coronavirus disease 2019 pandemic has changed the way non-invasive ventilation (NIV) is viewed
and utilized. With the popularization of high-flow nasal cannula (HFNC), the oxygen demands of
severely hypoxemic patients can be met without the need for endotracheal intubation. IMV has a dismal
prognosis for patients with AE-ILD[45], and a trial of HFNC is warranted. The benefit and feasibility of
using HFNC for acute hypoxemic respiratory failure has been shown. However, patients with chronic
hypoxemic respiratory failure were excluded from this study. While the patients that were randomized
to HFNC vs continuous positive airway pressure (CPAP) or bi-level positive airway pressure devices
did not result in a decreased need for intubation, there was a reduction in mortality at 90 d in the HFNC
group. HENC can deliver a fraction of inspired oxygen up to 100% with high flow rates that can match
the patients’ respiratory demands. Given the high flow rates, there is also a degree of dead-space
washout that results in decreased work breathing. There is limited high-quality evidence regarding the
matter, but it has been shown in several retrospective studies that it is a safe and well-tolerated modality
with comparable outcomes to CPAP and bi-level positive airway pressure[46,47]. HFNC has been
shown to have salutatory effects in IPF patients without an AE, specifically decreased minute ventilation
and respiratory rate, and capillary carbon dioxide was seen. The minor increase in positive end-
expiratory pressure seen with it is also considered beneficial[48,49]. Finally, there is the added
advantage of the patient being able to eat and communicate with HFNC vs IMV.

NIV

NIV is often applied in patients with acute hypoxemic respiratory failure in the hopes of staving off
endotracheal intubation. There is robust evidence for the utility of its use in respiratory failure
secondary to chronic obstructive lung disease and congestive heart failure. However, the benefit is less
certain in AE-ILD. Yokoyama et al[50] demonstrated that NIV might have potential benefits in patients
with acute hypoxemic respiratory failure secondary to AE-ILD. Eleven patients received CPAP therapy.
Of those patients, 6 failed and required IMV but did not survive. The remaining 5 patients survived and
were alive at the 3-mo follow-up. Similar results were shown in another study that also used NIV for
patients with IPF[51,52]. These studies are not without limitations, given small sample sizes and
retrospective natures that may not be representative of the general AE-ILD population. Further, it may
reflect a selection bias that patients who benefitted from the use of NIV may have had less severe
diseases. Nonetheless, it is proof of concept that perhaps for a subset of AE-ILD patients, a trial of NIV is
a potential alternative to an otherwise morbid intervention that in some cohorts see a mortality rate of
up to 90% for ICU patients[51].

MECHANICAL VENTILATION

The outcomes for ILD patients that require IMV are so poor that outside of transplant candidates, some
experts have advised against endotracheal intubation for these patients apart from those patients that
have clearly reversible causes for respiratory decompensation[53]. The lungs of ILD patients are
plagued by two detrimental factors: Significant V/Q mismatch and poor compliance. No specific
guidelines dictate the optimal way to provide IMV to this subset of patients. The intrinsic substrate
properties of ILD lungs make them especially prone to ventilator-induced lung injury with decreased
compliance making the lung more prone to both barotraumas as well as atelecatraumal[54,55].
Therefore, it is reasonable to utilize strategies from the ARDSNET group for the management of patients
with acute lung injury and acute respiratory distress syndrome (ARDS)[56]. Some authors use this fact
as a caution against absolute denial of IMV for ILD patients, given that some of the data were collected
before the publication of the landmark trial in 2000, which demonstrated the mortality benefit of low
tidal volume ventilation[13].

There have been studies that looked at the lung mechanics of stable ILD patients and found that
based on both static and dynamic lung compliance, the lung is less distensible than normal.
Furthermore, it was demonstrated that the elastance of the mechanically ventilated IPF patient was four
times higher than even those patients with ARDS[57]. This is further corroborated by retrospective
studies that have shown that higher levels of positive end-expiratory pressure have been associated
with higher mortality in AE-ILD patients[54].
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In conclusion, the outcomes of ILD patients requiring IMV are extremely poor, with cohorts that
report up to 100% mortality[58]. As such, the decision to proceed with endotracheal intubation should
not be made lightly and should only occur after thoughtful discussion with the patient and family
members. In the case of transplant candidates, IMV can be seen as a bridge therapy. Otherwise, early
involvement in palliative services are advised.

EXTRACORPOREAL MEMBRANE OXYGENATION

Veno-venous extracorporeal membrane oxygenation (VV ECMO) is presently viewed as a salvage tool
in the management of patients with refractory hypoxemic respiratory failure. When the known
strategies, such as low-tidal volume ventilation, prone positioning, and neuromuscular blockade, all fail
to improve oxygenation and/ or refractory acidemia due to impossible ventilation in the capable centers,
VV ECMO is often employed. ECMO helps to diminish ventilator-induced lung injury in these patients.
There is no consensus recommendation on the use of VV ECMO for ARDS, and the data supporting its
use leaves most intensivists with a great deal of uncertainty regarding the degree of and who will
benefit[59,60].

There is even less certainty regarding its use in AE-ILD patients. Trudzinski et al[61] showed that
ECMO is a viable option for patients who are suitable for a lung transplant. However, it should not be
offered to those who are not, given that it does not reverse the otherwise poor prognosis faced by
patients who are not transplant candidates. In an international poll, roughly 50% of physicians at
specialized centers offered ECMO as a bridge to patients who were suitable for transplantation[33]. To
summarize, ECMO should be considered for patients with AE-ILD with a clear reversible cause (e.g.,
infection or pulmonary embolism) or as a bridging therapy for patients appropriate for lung transplant.

LUNG TRANSPLANTATION

ILD, particularly IPF, is now the most common indication for lung transplantation worldwide[62]. The
median post-transplant survival for patients with idiopathic interstitial pneumonia, which includes IPF,
is 5.2 years and 6.7 years for all other ILDs transplanted between 1992 and 2017[63]. Current guidelines
recommend that transplant only be offered to those patients with a > 80% likelihood of 5-year post-
transplant survival[64]. There are several relative contraindications to transplant, such as severe
psychosocial problems or life-threatening extrapulmonary organ dysfunction. The latter may frequently
be encountered in AE-ILD patients who require ICU admission. The need for IMV and/or ECMO for
respiratory failure before the transplantation are associated with adverse post-transplant outcomes,
which may prevent some of the sickest patients from undergoing transplantation[64]. For those patients
who were already listed for transplantation and who experienced an AE, ECMO as a bridge to
transplantation could be considered on a case-by-case basis. The emphasis in these patients is to avoid
the development of critical illness myopathy and extrapulmonary organ damage. For de novo patients,
performing invasive tests like heart catheterization and screening colonoscopies can be perilous.
Ultimately, candidacy for an organ transplant will be a decision made in a multidisciplinary fashion
incorporating the values of the patient and family, transplant surgeons, and transplant pulmonologists.

PALLIATIVE CARE

Palliative care (PC) medicine specialists are dedicated to improving patient quality of life during serious
illnesses. In a recent survey, it was shown that the majority of ILD providers use PC and are comfortable
discussing PC with their patients[65]. Given the poor prognosis that ILD patients face when they are
admitted to the ICU, it warrants early involvement of PC services. Furthermore, the median life
expectancy for all patients with IPF is between 2-7 years, which hastens in the AE setting. The American
Thoracic Society /European Respiratory Society guidelines recommend that advanced directives and
end-of-life issues be addressed in the ambulatory setting in all patients with IPF[3]. A subset of patients
will require ICU level of care due to AE-ILD that was not previously diagnosed and will require more
nuanced discussions given the emotional burden of a new, life-limiting diagnosis. In one IPF cohort, it
was found that the hospital was the place of death for 80% of the patients, and most of these patients
(93%) were hospitalized for an average of 30 d during the last 6 mo of their life. More striking was the
statistic that 42% had a do not resuscitate order that was decided upon < 3 d prior to their death[66].
This further confirms the importance of early and thoughtful communication with these patients and
their families to ease the emotional and physical suffering they may endure at the end of their lives.
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CONCLUSION

Flares or AEs of ILD have feared complications, owing both to their poor prognosis and uncertain
management. The mainstay of therapy is supportive care and early recognition of a potentially
reversible cause. Immunosuppression plays a role in a subset of patients; however, the optimal dosage
and duration have not yet been defined. It behooves the intensivist to trial NIV forms on respiratory
support to avoid the highly morbid effects of mechanical ventilation in these patients. The most
aggressive therapies, such as IMV and ECMO, should be reserved for those patients who are potential
transplant candidates. Early involvement in PC will assist in managing complex discussions and
minimize suffering for patients with a high propensity for mortality.
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Abstract

BACKGROUND

Ventilator-associated pneumonia (VAP) is defined as pneumonia that occurs two
calendar days following endotracheal intubation or after that. It is the most
common infection encountered among intubated patients. VAP incidence showed
wide variability between countries.
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AIM

To define the VAP incidence in the intensive care unit (ICU) in the central gove-rnment hospital in
Bahrain and review the risk factors and the predominant bacterial pathogens with their antimi-
crobial susceptibility pattern.

METHODS

The research was a prospective cross-sectional observational study over six months from
November 2019 to June 2020. It included adult and adolescent patients (> 14 years old) admitted to
the ICU and required intubation and mechanical ventilation. VAP was diagnosed when it occurred
after 48 h after endotracheal intubation using the clinical pulmonary infection score, which
considers the clinical, laboratory, microbiological, and radiographic evidence.

RESULTS

The total number of adult patients admitted to the ICU who required intubation and mechanical
ventilation during the study period was 155. Forty-six patients developed VAP during their ICU
stay (29.7%). The calculated VAP rate was 22.14 events per 1000 ventilator days during the study
period, with a mean age of 52 years + 20. Most VAP cases had late-onset VAP with a mean number
of ICU days before the development of VAP of 9.96 + 6.55. Gram-negative contributed to most
VAP cases in our unit, with multidrug-resistant Acinetobacter being the most identified pathogen.

CONCLUSION

The reported VAP rate in our ICU was relatively high compared to the international benchmark,
which should trigger a vital action plan for reinforcing the implementation of the VAP prevention
bundle.

Key Words: Ventilator-associated pneumonia; Intensive care unit; Antibiotics susceptibility pattern;
Kingdom of Bahrain; Adults; Bacterial resistance; Acinetobacter

©The Author(s) 2023. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: Ventilator-associated pneumonia (VAP) is the most common infection among intubated patients.
Early-onset VAP is usually caused by sensitive pathogens, while multidrug-resistant bacteria usually cause
late-onset. Early, appropriate, and empirical antibiotics therapy for VAP is crucial to decreasing mortality
risk. The VAP rate in Bahrain is relatively high compared to the international rates, which should trigger a
vital action plan for reinforcing the implementation of the VAP prevention bundle. Gram-negative bacteria
were the most common organisms that cause VAP in the current study, where Acinetobacter baumannii
was the most common organism, followed by Klebsiella pneumoniae and Pseudomonas aeruginosa.
Knowing the prevalent organisms helps choose the appropriate antibiotics until culture and sensitivity
become available.

Citation: Hassan ME, Al-Khawaja SA, Saeed NK, Al-Khawaja SA, Al-Awainati M, Radhi SSY, Alsaffar MH, Al-
Beltagi M. Causative bacteria of ventilator-associated pneumonia in intensive care unit in Bahrain: Prevalence and
antibiotics susceptibility pattern. World J Crit Care Med 2023; 12(3): 165-175

URL: https://www.wjgnet.com/2220-3141/full/v12/i3/165.htm

DOI: https://dx.doi.org/10.5492/wjcem.v12.i3.165

INTRODUCTION

Ventilator-associated pneumonia (VAP) is defined as pneumonia that occurs two calendar days
following endotracheal intubation or after that. It is the most common infection encountered among
intubated patients[1]. It occurs in 10%-30% of mechanically ventilated patients[2-4]. The VAP incidence
showed wide variability, ranging from 10 to 41.7 per 1000 ventilator days in developing countries[5],
while the rate is much lower in developed countries ranging between 1.2 and 8.5 per 1000 ventilator
days[6].

Early-onset VAP is defined as pneumonia that occurs within four days of endotracheal intubation. It
is usually attributed to sensitive pathogens such as Streptococcus pneumoniae, Haemophilus influenzae, and
methicillin-sensitive Staphylococcus aureus. In contrast, late-onset VAP emerges after four days of
intubation. It is caused by multidrug-resistant (MDR) bacteria such as methicillin-resistant S. aureus
(MRSA), Acinetobacter, Pseudomonas aeruginosa, and extended-spectrum beta-lactamase-producing
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bacteria. VAP caused by fungal and viral pathogens has a low contribution and tend to occur among
immunocompromised host[5].

The risk for VAP is most significant during the first five days after intubation (3%), with the mean
duration between intubation and development of VAP being 3.3 d. This risk declines to 2% /d between
days 5 to 10 of ventilation and 1% /d after that[7]. Many previous studies showed that the related
mortality for VAP ranges between 33%-50%, but this rate fluctuates and depends heavily on the
underlying medical illness[5]. The diagnosis of VAP in the intensive care unit (ICU) remains challenging
due to the absence of universally accepted gold-standard diagnostic criteria for VAP[8]. The clinical
pulmonary infection score (CPIS) is one of the best diagnostic tools considering the clinical,
physiological, microbiological, and radiographic evidence to allow a numerical value to predict the
Ppresence or absence of VAP[9,10].

Early, appropriate, and empirical antibiotics therapy for VAP is crucial as any delay in initiating
proper antibiotics may increase the mortality risk with VAP. Consequently, selecting the appropriate
regimen should be guided by the updated local antibiogram for each hospital and ICU. This study
aimed to define VAP incidence in the ICU at Salmaniya Medical Complex, Bahrain's leading tertiary
care government hospital. The study also reviewed the risk factors and the predominant pathogens that
cause VAP, which helps choose the appropriate empiric antimicrobial therapy for VAP-related sepsis in
adult ICU.

MATERIALS AND METHODS

The study was a prospective, observational, cross-sectional study conducted at the adult ICU in
Salmaniya Medical Complex from November 2019 to June 2020 to determine the microbiological profile
of adult patients with VAP and evaluate the magnitude of MDR microbes among those patients. We
used patients who needed mechanical ventilation and did not develop VAP as a control group. The
Research and Ethics Committee at Salmaniya Medical Complex, Ministry of Health, Kingdom of
Bahrain, approved the study. We did not collect consent, as the study was observational, without
exposure to any personal data.

Sample size and inclusion criteria

We did not determine a preset sample size as we included all the patients admitted to the adult ICU
during the study periods (November 2019-June 2020) when they met the inclusion criteria. We included
adult and adolescent patients (> 14 years old) who were admitted to the ICU and required intubation
and mechanical ventilation.

Diagnostic criteria of VAP

VAP was diagnosed when it occurs after 48 h after endotracheal intubation and mechanical ventilation
based on the scoring system by using the CPIS, considering the clinical, laboratory, microbiological, and
radiographic evidence to allow a numerical value to predict the presence or absence of VAP[7,11-13] as
summarized in Table 1. We considered the VAP as early-onset when it occurred in the first four days
following intubation and late-onset after the fourth day of intubation.

The laboratory parameters (leukocyte count and microbial profile) were obtained daily from the
patient's laboratory data and documented in the study datasheets. The treating clinical teams assessed
the radiological finding and oxygenation status. Temperature documentation and assessment of tracheal
secretions were obtained from the assigned nurses' notes, which are part of their daily assessment of
intubated patients. All culture reports were reviewed by the medical microbiologist and infectious
diseases (ID) consultant. A summative score was calculated for each patient enrolled in the study. The
scores range between 0 and 12, with a score of > 6 showing a good correlation with the presence of VAP.

Microbiology

The microbial profile of endotracheal specimens isolated from the enrolled patients was identified as
part of CPIS diagnostic criteria. Positive cultures (aerobic, anaerobic, and/or fungal) were further
analyzed by full antibiotics sensitivity pattern with identification of MDR according to the standard
definition of the Clinical Laboratory Standards Institute[14]. The medical microbiologist and the ID
consultants reviewed all microbial data.

Calculation of VAP rate
VAP rate was calculated as a percentage of patients who developed VAP out of all intubated patients in
the ICU during the study period.

VAP rate per 1000 ventilator days was also calculated according to the centers for disease control and
prevention surveillance formula[15] by dividing the VAP cases (defined by CPIS 2 6) over the patient-
ventilator days during the same period and multiplying by 1000.
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Table 1 The clinical pulmonary infection score

Assessed parameter Result Score
Temperature (°Celsius) 36.5-38.4 °C 0
38.5-38.9 °C 1
<36 or239°C 2
Leukocytes in blood (cells/mm?) 4000-11000/ mm® 0
< 4000 or > 11000/ mm?> 1
2500 band cells 2
Tracheal secretions (subjective visual scale) None 0
Mild/non-purulent 1
Purulent 2
Radiographic findings (on chest radiography, excluding CHF and ARDS)  No infiltrate 0
Diff use/ patchy infiltrate 1
Localized infiltrate 2
Culture results (endotracheal aspirate) No or mild growth 0
Moderate or florid growth 1

Oxygenation status

Moderate or florid growth and pathogen consistent with gram stain 2
> 240 or ARDS 1

<240 and absence of ARDS 2

CHEF: Congestive heart failure; ARDS: Acute respiratory distress syndrome.

Jaishideng®

Risk factors and complications

To analyze the predisposing factors for VAP and the risk of complications, we evaluated the following
variables among all enrolled patients and compared between the two groups: The VAP patients (case
group) and non-VAP patients (control group) such as age, gender, presence of comorbidities, source of
admission, and the number of ICU days before intubation, the outcome including the mortality,
development of complication and the need for tracheostomy.

Statistical analysis

We performed a descriptive analysis, expressing the categorical variables in numbers and percentages
and the quantitative variables in means and standard deviations. We compared the categorical variables
as appropriate, using the ¥ test or Fisher's exact test (when the expected n is less than 5). In addition, we
used the f-test or Mann-Whitney U test to compare continuous variables. Statistical significance was
established at 95% (P < 0.05). All statistical analyses were performed using Statistical Package for the
Social Sciences (IBM SPSS Statistics for Windows, Version 23.0. Armonk, NY).

Ethical clearance

The investigation followed the latest version of the Declaration of Helsinki and was approved by the
Secondary Research Committee of Salmaniya Medical Complex, Ministry of Health, Kingdom of
Bahrain. We did not get consent from the patients as it was a descriptive non-interventional study
without disclosure of any patients' data.

RESULTS

Figure 1 shows the flow chart of the study. The total number of adult patients admitted to the ICU who
required intubation and mechanical ventilation during the study period was 155. Forty-six patients
developed VAP during their ICU stay (29.7%), with a VAP rate of 22.14 events per 1000 ventilator days.
The mean age of patients who developed VAP was 52 + 20 (range 27-88 years.), and 32 were male
(69.6%). The mean number of ICU days before VAP development was 9.96 + 6.55 d. Most VAP cases
were late-onset, with a mean time interval between intubation and VAP diagnosis of 11.37 + 6.67 d.
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Figure 1 The flow chart of the study. VAP: Ventilator-associated pneumonia.
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Thirty-seven cases (80.4%) were late-onset VAP that was developed after 96 h from intubation, while
9 cases (19.6%) were early-onset VAP (developed within initial 96 d post-intubation). The most common
comorbidities among VAP cases were diabetes mellitus and hypertension (19 patients, 41.3 % of VAP
cases). Other identified comorbid conditions include chronic kidney disease (7, 15.2%), ischemic heart
disease (6, 13%), and neurological disorder (5, 10.9%). Less identified comorbidities included
malignancy (4, 8.7%), chronic liver disease (3, 6.5%), and sickle cell disease (3, 6.5%).

Table 2 showed no statistically significant difference between VAP and non-VAP groups regarding
age, sex, and the number of hospital or ICU stays before intubation. Hypertension was the only
significant risk factor for VAP acquisition among ICU intubated patients regarding the underlying
comorbidities. Complications differ significantly among the VAP and non-VAP groups, where the
duration of mechanical ventilation and the length of ICU stay were significantly higher in the VAP
group (P =0.009, < 0.001, respectively).

The rate of septic shock, acute respiratory distress syndrome (ARDS), and acute kidney injury was
significantly higher in the VAP group than in the non-VAP group. On the other hand, the rate of
pneumothorax did not show a significant difference between both groups. Notably, the extubation
failure and the rate of tracheostomy and reintubation among extubated patients were significantly
higher among the VAP group than in non-VAP groups. The overall ICU mortality rate was 22.6% (35/
155) in all mechanically ventilated patients. However, there was no significant difference in mortality
between both groups.

Table 3 shows the most common organisms isolated from patients with VAP. The total number of
isolates was 46. Twenty percent of the isolates were from early-onset VAP, while 80% were from late-
onset VAP. About 58.7% of the total isolates showed MDR. In early-onset VAP, gram-negative bacteria
formed 89% of the total isolates (75% were MDR), followed by candida (11%). No gram-positive isolates
were detected. Acinetobacter baumannii was the most common isolated gram-negative bacteria (50%); all
were MDR. Kiebsiella pneumoniae was the second most common gram-negative bacteria (37.5%) isolated;
two-thirds were MDR. In late-onset VAP, gram-negative bacteria formed 81% of the total isolates (70%
were MDR), followed by gram-positive (13.5%) and candida (5.4%). Acinetobacter baumannii was the
most common isolated gram-negative bacteria (50%); 93% were MDR. Klebsiella pneumoniae was the
second most common gram-negative bacteria (16.6%) isolated; all were MDR. Pseudonomas aeruginosa
was detected in 8% of late-VAP, 33% of them were MDR. We detected only one MRSA isolate in the
samples collected from VAP (20% of all five gram-positive isolates). We also detected candida in 2 cases
with late-onset VAP (5.4%).

Tables 4 and 5 showed the antibiotic susceptibility among the bacterial isolates from patients with
VAP. Acinetobacter baumannii, which was the most common organism isolated from VAP, had 100%
susceptibility to Colistin, 37% susceptibility to Trimethoprim/sulfamethoxazole, Gentamicin, and
Amikacin, 21% susceptibility to Tigecycline, low susceptibility (5%) to Ciprofloxacin, Piperacillin-
Tazobactam, Cefepime, Meropenem, Imipenem, and Ertapenem, and resistance to Levofloxacin.
Klebsiella pneumonia, which was the second most common organism isolated from VAP, had 87.5%
susceptibility to Tigecycline, 62.5% susceptibility to Colistin, 50% susceptibility to Trimethoprim/
sulfamethoxazole, 37% susceptibility to Gentamicin, and Amikacin, 12.5% susceptibility to Levofloxacin,
Cefepime, Meropenem, Imipenem, Ertapenem, Amoxiclav, Cefuroxime, and Ceftriaxone. However, it
showed complete resistance to Ceftazidime and Piperacillin-Tazobactam. Stenotrophomonas maltophilia
had 100% susceptibility to Trimethoprim/sulfamethoxazole, Levofloxacin, and Minocycline. It had 20%
susceptibility to Ceftazidime. At the same time, Pseudomonas aeruginosa had 100% susceptibility to
Ceftazidime, Piperacillin-Tazobactam, Cefepime, Colistin, Gentamicin, Amikacin, and Ciprofloxacin,
66.6% susceptibility to Meropenem, Imipenem, and Ertapenem. MRSA was 100% susceptible to
Erythromycin, Clindamycin, Tetracycline, and Vancomyecin.
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Table 2 Comparison between ventilator-associated pneumonia and non-ventilator-associated pneumonia groups for risk factors and

complications, n (%)

Risk factors and complications VAP group, n = 46 Non-VAP group, n=109 P value
Age, mean = SD 52.74 +20.42 61.45 + 65.05 >05
Sex, males % 32 (69.57) 73 (66.97) >0.5
Number of hospital days before intubation, mean + SD 5.39+8.11 3.38 £6.37 >0.5
Number of ICU days before intubation, mean * SD 0.52+1.94 047 +£2.78 >0.5
Presence of comorbidities Diabetes mellitus 19 (41.30) 54 (49.54) >0.5
Hypertension 19 (41.30) 67 (61.47) >0.5
Chronic kidney disease 7 (15.22) 28 (25.69) >0.5
Ischemic heart disease 6 (13.04) 25 (22.94) >0.5
Neurological disorder 5(10.87) 9 (8.26) >0.5
Malignancy 4 (8.70) 3 (2.75) >05
Liver disease 3 (6.52) 8 (7.34) >0.5
Sickle cell disease 3 (6.52) 3 (2.75) >0.5
Hospital course Length of ICU stay, mean + SD 21.41+11.89 11.01 £10.38 <0.001*
Duration of mechanical ventilation, mean + SD  16.67 + 8.70 12.03 £10.53 0.009"
Extubation 18 (39.13) 79 (72.48) <0.001*
Need of re-intubation 12 (26.09) 11 (10.09) 0.014"
Tracheostomy 14 (30.43) 9 (8.26) <0.001"
Potential complication Septic shock 28 (60.87) 31 (28.44) <0.001°
ARDS 15 (32.61) 12 (11.01) 0.002"
Acute kidney injury 24 (52.17) 36 (33.03) 0.031°
Pneumothorax 1(2.17) 2(1.83) >0.5
Mortality, deaths 14 (30.43) 21 (19.27) >0.5

“Means significant.

ARDS: Acute respiratory distress syndrome; VAP: Ventilator-associated pneumonia; ICU: Intensive care unit.

JBaishideng®

DISCUSSION

The Incidence of VAP among intubated patients in the current study was 29.7%; this figure is
comparable to the incidence reported by other investigators in the developing region (15%-58%)[16,17].
The calculated VAP rate was 22.14 events per 1000 ventilator days which is high compared to the
international standards[18] and to the rate reported by neighboring countries of the Gulf Cooperation
Council, which reported a VAP rate of 4.8 per 1000 ventilator days[19]; but our rate was comparable to
most data reported by other developing countries[20,21].

Such high incidence should trigger a vital action plan to reinforce healthcare workers' adherence to
the recommended preventive VAP bundle.

The current study showed that age and gender were not essential risk factors for VAP development.
This agrees with a recently published study by Zubair et al[22] in 2018, which demonstrated that age or
gender was not a significant risk factor in developing VAP[22]. However, this finding contradicts many
previous studies that defined age and gender as important independent risk factors in developing VAP
[23-26].

The current study agrees with other previously published studies that VAP development
significantly increases the need for re-intubation and tracheostomy and the risk of systemic complic-
ations such as septic shock, ARDS, and acute kidney injury, in addition to increasing the duration of
mechanical ventilation and length of ICU stay in patients admitted to ICU[27]. Nevertheless, VAP was
not a significant risk factor for the increased mortality rate among intubated patients. This finding
agreed with other previously published studies, which noted that the mortality risk was not
significantly high in VAP presence[27,28]. In the current study, gram-negative bacteria were the most
common organisms that cause VAP, whereas Acinetobacter baumannii was the most common organism
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Table 3 Most common organisms isolated among patients with ventilator-associated pneumonia, n (%)

Early-onset VAP (Number 9) Late-onset VAP (Number 37)
Organism Total
Number (of total) MDR Number (of total) MDR
Total gram negative 38 (82.6) 8 (21) 6 (75) 30 (79) 21 (70)
Acinetobacter baumannii 19 (50) 4 (21) 4 (100) 15 (79) 14 (93)
Klebsiella pneumoniae 8(21.1) 3 (37.5) 2 (66.6) 5 (62.5) 5 (100)
Pseudomonas aeruginosa 39 0 0 3 (100) 1(33.3)
Stenotrophomonas maltophilia 5(13.1) 0 0 5 (100) 0
Enterobacter asburiae 1(2.6) 1 (100) 0 0 0
E coli 1(2.6) 0 0 1 1 ESBL (100)
Hemophilus influenzae 1(2.6) 0 0 1 (100) 0
Total gram positive 5(11) 0 0 5 (100)
Staph aureus 4 (80) 0 0 4 (100) 0
MRSA 1(20) 0 0 1 (100) 0
0 0 0 0 0
0 0 0 0 0
Fungal infection
Candida species 3 (100) 1(33.3) 0 2 (66.6) 0
Total microorganisms 46 (100) 9 (19.6) 6 (13) 37 (80.4)

VAP: Ventilator-associated pneumonia; MDR: Multidrug-resistant; ESBL: Extended spectrum beta-lactamase; MRSA: Methicillin-resistant staphylococcus

aureus.

Table 4 Antibiotics sensitivity percentage of the common gram-positive causative organisms for patients with ventilator-associated

pneumonia in our study, n (%)

Antimicrobial agent MSSA, n=4 MRSA, n=1
Penicillin 0/4=0(0) 0/1=0(0)
Oxacillin 4 (100) 0/1=0(0)
Erythromycin 4 (100) 1 (100)
Clindamycin 4 (100) 1 (100)
Tetracycline 4 (100) 1 (100)
Vancomycin 4(100) 1 (100)

MSSA: Methicillin-sensitive staphylococcus aureus, MRSA: Methicillin-resistant staphylococcus aureus.

(50% of all VAP cases). This finding agrees with Ben Lakhal et al*}, who had 53% of their cases caused by
Acinetobacter baumannii[29]. Staph aureus was the causative organism in 11% of all recorded VAP cases
in our study, all isolated from late-onset VAP. However, this rate is much lower than in previous studies
such as Jones[30] and Chi et al[31], who found that Staphylococcus aureus was the most common VAP-
causing organism, followed by the gram-negative organism[30,31]. The increased prevalence of gram-
negative over gram-positive organisms may indicate the changing pattern of the nosocomial infection's
microbial profile, including VAP in our region. Unfortunately, we did not have previous studies in our
country to compare.

In the current study, Acinetobacter baumannii was the most common organism isolated from patients
with VAP, with a rate of 44.4% in patients with early-onset VAP (93% MDR) and 40.5% in patients with
late-onset VAP (100% MDR). Acinetobacter baumannii is an opportunistic pathogen with a high incidence
among immunocompromised individuals, particularly those who have experienced a prolonged
hospital stay. It is commonly associated with high humidity, colonizing the skin, and isolated in high
numbers from infected individuals' respiratory and oropharynx secretions[32]. Previous studies showed
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Table 5 Antibiotics sensitivity percentage of the common gram-negative causative organisms for ventilator-associated pneumonia in

our study, n (%)

. . Acinetobacter Klebsiella Stenotrophomonas Pseudomonas
Antimicrobial agent » . i .
baumannii pneumoniae maltophilia aeruginosa

Number of organisms 19 (50) 8 (42) 5 (26) 3 (16)

Ceftazidime 1(.2) 0 1 (20) 3 (100)

Trimethoprim/sulfamethoxazole 7 (37) 4 (50) 5 (100) -

Levofloxacin 0 1(125) 5 (100) -

Minocycline - - 5 (100) -

Piperacillin-tazobactam 1(5.2) 0 - 3 (100)

Cefepime 1(5.2) 1 (12.5) - 3 (100)

Meropenem 1(5.2) 1(12.5) - 2 (66.6)

Imipenem 1(5.2) 1 (12.5) - 2 (66.6)

Ertapenem 1(5.2) 1(12.5) - 2 (66.6)

Colistin 19 (100) 5 (62.5) - 3 (100)

Gentamicin 7 (37) 3 (37.5) = 3 (100)

Amikacin 7 (37) 3 (37.5) - 3 (100)

Ciprofloxacin 1(5.2) 1(12.5) - 3 (100)

Tigecycline 4(21) 7 (87.5) - -

Ampicillin - - - -

Amoxiclav - 1(12.5) - -

Cefuroxime - 1(125) - -

Ceftriaxone - 1(12.5) - -
that Acinetobacter baumannii is prevalent and even endemic in many Middle East and North African
countries. A study from Tunisia showed that Acinetobacter baumannii caused 45% of ICU-related
infections with an MDR-resistance rate of 39% during an epidemic from 2004 to 2005[33]. Another study
from Saudi Arabia showed that Acinetobacter baumannii was the most common organism isolated from
late-onset VAP, causing 26.65% of cases[34]. In our Acinetobacter baumannii isolates, the overall MDR rate
was 95% (100% and 93% in early-onset and late-onset VAP, respectively). Our institute considers
Acinetobacter baumannii a "red alert" human pathogen due to the high rate of MDR with almost
resistance to all antibiotics except for Colistin. It becomes a cause for serious concern regarding nosoco-
mially acquired infections[35].

Klebsiella pneumoniae was the second most common organism isolated from our patients, with a rate of
17.4% throughout the study with an MDR rate of 87.5%. We detected Klebsiella pneumoniae in 33.3% of
patients with early-onset VAP (66.6% MDR) and 13.5 % in patients with late-onset VAP (100% MDR).
Our results agree with the work from Iran by Bozorgmehr et al[36], which showed that Klebsiella
pneumoniae was the second most common organism isolated from 29.82% of the patients with VAP after
Acinetobacter baumannii[36]. Our results also agree with the finding observed from a Thailand study that
found that Klebsiella pneumoniae was the second most common organism isolated from 17.3% of the
patients with VAP after Acinetobacter baumannii[37]. However, a study from Egypt in 2020 showed that
Klebsiella spp was the most frequently isolated microorganism, followed by Pseudomonas aeruginosa and
Acinetobacter baumannii[38].

The guidelines for initial empiric antimicrobial therapy for VAP are highly dependent on the type of
causative pathogen and the time of diagnosis. Knowing the prevalent organisms helps choose the
appropriate antibiotics until culture and sensitivity are available. However, the development of rapid
identification technologies and phenotypic methods would significantly help the proper choice to
improve the treatment outcomes for VAP. As many hospitals may lack rapid identification technologies,
knowing the most common bacterial types causing VAP and their antibiogram may help physicians
make quick decisions in VAP management.

Limitations of the study

As the study was a single center-based study in the adult population, this may hinder us from

generalizing the data to other public or private hospital settings and the pediatric population. However,
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despite the study's limitation, it can provide valuable data concerning the incidence rates and the
prevalence of VAP in Bahrain, reflecting the rest of the Arabian Gulf region's status.

CONCLUSION

VAP is a common serious complication among intubated patients in our ICU; our VAP rate is relatively
high compared to the international benchmark, which should trigger a vital action plan for reinforcing
the implementation of the VAP prevention bundle. Gram-negative bacteria were the most common
organisms that cause VAP in the current study, where Acinetobacter baumannii was the most common
organism, followed by Klebsiella pneumoniae and Pseudomonas aeruginosa. Knowing the prevalent
organisms helps choose the appropriate antibiotics until culture and sensitivity become available.

ARTICLE HIGHLIGHTS

Research background
Ventilator-associated pneumonia (VAP) is the most common infection encountered among intubated
patients, occurring in 10%-30% of mechanically ventilated patients.

Research motivations
The lack of data from the Kingdom of Bahrain stimulated us to investigate VAP incidence, risk factors,
and microbial profiles in the central hospital in the kingdom.

Research objectives

We aimed to define VAP incidence in the intensive care unit (ICU) at Salmaniya Medical Complex and
review the risk factors and the predominant pathogens that cause VAP to choose the appropriate
empiric antimicrobial therapy for VAP-related sepsis in adult ICU.

Research methods

The study was a prospective, observational, cross-sectional study done between November 2019 to June
2020 to determine the microbiological profile in adult patients with VAP and evaluate the magnitude of
multidrug-resistant (MDR) microbes among those patients. We used patients who needed mechanical
ventilation and did not develop VAP as a control group. We included adult and adolescent patients (>
14 years old) who were admitted to the ICU and required intubation and mechanical ventilation.

Research results

The incidence of VAP was 29.7% during the study period, with a calculated VAP rate of 22.14 events per
1000 ventilator days and a mean age of 52 years + 20. Most VAP cases had late-onset VAP with a mean
number of ICU days before the development of VAP of 9.96 + 6.55. Gram-negative contributed to most
VAP cases in our unit, with MDR Acinetobacter being the most identified pathogen.

Research conclusions
The VAP rate in our ICU was relatively high compared to the international benchmark.

Research perspectives
The high VAP rate in our hospital triggered us to initiate a vital action plan to reinforce the
implementation of the VAP prevention bundle.
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Abstract

BACKGROUND
The proficiency of nursing professionals in the infection prevention and control (IPC) practices is a
core component of the strategy to mitigate the challenge of healthcare associated infections.

AIM
To test knowledge of nurses working in intensive care units (ICU) in South Asia and Middle East
countries on IPC practices.

METHODS
An online self-assessment questionnaire based on various aspects of IPC practices was conducted
among nurses over three weeks.

RESULTS

A total of 1333 nurses from 13 countries completed the survey. The average score was 72.8% and
36% of nurses were proficient (mean score > 80%). 43% and 68.3% of respondents were from
government and teaching hospitals, respectively. 79.2% of respondents worked in < 25 bedded
ICUs and 46.5% in closed ICUs. Statistically, a significant association was found between the
knowledge and expertise of nurses, the country’s per-capita income, type of hospitals, accred-
itation and teaching status of hospitals and type of ICUs. Working in high- and upper-middle-
income countries (f = 4.89, 95%CI: 3.55 to 6.22) was positively associated, and the teaching status
of the hospital (B = -4.58, 95%CI: -6.81 to -2.36) was negatively associated with the knowledge score
among respondents.

CONCLUSION

There is considerable variation in knowledge among nurses working in ICU. Factors like income
status of countries, public vs private and teaching status of hospitals and experience are
independently associated with nurses” knowledge of IPC practices.

Key Words: Knowledge; Attitude; Policy compliance; Infection control; Infection control practices; Nurses
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Core Tip: The knowledge testing on infection prevention and control (IPC) practices among intensive care
unit nurses in South Asia and the Middle East showed considerable variation. The higher economic status
of the country and working experience were independently associated with better knowledge among
respondents. Working in public or teaching hospital were inversely associated with knowledge of IPC
practices. There is an urgent need for education and awareness among nurses regarding IPC practices,
especially in lower-middle-income countries.
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INTRODUCTION

Healthcare-associated infections (HAI) pose a considerable threat to the patients who are admitted in
hospitals, especially in intensive care units (ICU). According to the surveillance report published by the
International Nosocomial Infection Control Consortium, despite appreciable efforts on prevention and
control of HAI, the Device-Associated (DA)-HALI rates in the ICUs of developing countries are higher
compared to the developed nations[1]. Though the device utilization rate is similar, the DA-HAI rates of
the ICUs in the developing countries remain higher than the ones belonging to the Center for Disease
Control and Prevention- National Healthcare and Safety Network[1,2]. Hence, a robust infection
prevention and control (IPC) program involving multi-disciplinary stakeholders is essential to mitigate
the threat of HAI[3]. However, the compliance with IPC practices has been a critical implication on the
implementation of the IPC program. Nurses have frequent and direct contact with the patients due to
which, their knowledge and awareness about the IPC practices are integral[4]. On the other hand, the
nurses are also at-risk of self-infection when providing care to critically ill patients[5]. Several factors
may affect the compliance with IPC practices, prominent of which are knowledge, education and
training, and the experience of nurses[6]. The lack of knowledge among health care workers (HCWs)
about the IPC practices or the occurrence of discrepancies when applying this knowledge in bedside has
been linked to worsening healthcare delivery outcomes, especially in case of developing countries[6-8].
Recently, the global experts have recommended that the ICU nurses should be a part of the surveillance
team that monitor adherence of IPC practices[9].

The countries in South Asia and the Middle East regions constitute one-third of the global population.
In spite of such common neighborhoods and centuries of cultural and political exchange, these countries
exhibit vast differences in terms of income, availability of the resources and healthcare dynamics[10].

Though studies have been conducted to evaluate the knowledge of the nurses from individual
nations, the authors were unable to find any literature that compares the knowledge of the nurses across
the South Asian and Middle Eastern nations[8,11,12]. So, the current study is aimed to analyse the
knowledge of ICU nurses on various aspects of IPC practices across the countries in South Asia and the
Middle East.

MATERIALS AND METHODS

The study was conducted over three weeks, from April 20 to May 10, 2022. An online-based, cross-
sectional survey was conducted using a multiple-choice questionnaire to evaluate the knowledge of
nurses on various aspects of the IPC program. A 20-member steering committee comprising of critical
care physicians, infection control professionals, microbiologist and the nursing administrator was
involved in framing the questionnaire and its pilot run. The questionnaire was examined, revised and
validated internally among the steering committee. Internal consistency among the questionnaire items
using Cronbach's alpha (o) was found to be 0.90, which was considered within the acceptable range. The
study was approved by the Ethics Committee (DHEC-2057/2022) of the institute, where the principal
investigator (Kanwalpreet Sodhi) is affiliated and is exempted from other participating hospitals.

The final questionnaire has two portions in which the first portion covered the aspects like country
name, profile of the hospital such as the type of setup, hospital accreditation and their teaching status,
the type, size and the operating model of the ICU, and the nurses” demographic data including their
years of clinical experience. The operating model of the ICU had three options such as “Open ICU” in
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which the patients are admitted under the care of a non-intensivist physician, with the intensivists
providing their expertise consultation when required, “Closed ICU” in which the patients are admitted
under an intensivist-led team, and is held responsible for the primary care, and “Semi-closed ICU” in
which the intensivist-led team provides direct patient care in collaboration with the non-intensivist
physicians with shared decision making[13]. The second portion of the questionnaire consisted of 25
single best response types, i.e., multiple choice questions (MCQ) on different aspects of the IPC
practices, categorized under five sections such as the general aspects of infection control, standard
precautions, transmission-based precautions, care bundles, and severe acute respiratory syndrome
coronavirus 2 transmission (Appendix). Each section had five MCQs, and respondents can score one
mark for a correct response. The answers to the MCQs were decided a priori by the steering committee
members (Kanwalpreet Sodhi, Muktanjali Arya Amandeep Sharma, Prashant Nasa). The knowledge
level was categorized based on the mean overall score, secured by the participants, i.e., more than 81%
score as proficient, 61%-80% as above average, 41%-60% as average and less than 40% as poor
knowledge (Table 1).

The survey was conducted using a web link circulated by the steering committee members of the
respective participant countries. The study included around 4-5 tertiary care hospitals from each
country. The questionnaire was distributed to the nurses who work full-time in ICUs, and they were
asked to fill it anonymously and voluntarily. The nurse trainees were excluded from the study. The
consent for participation in the study and the publication of the results was obtained from the
respondents at the beginning of the online questionnaire. The STROBE checklist was used for reporting
the results of this cross-sectional survey.

Statistical analysis

The data was described in terms of frequencies (number of cases) and relative frequencies (percentages)
as appropriate. In order to compare the categorical data, the chi-square (y?) test was used. Both
univariate and multivariate linear regression analyses were conducted to compare the covariates. A
probability value (P value) less than 0.05 was considered to be statistically significant. The outcome
variable for the linear regression analysis was the total score secured from the questionnaire and no
continuous data sets were present. Collinearity was checked for each predictor variable whereas non-
linear regression underwent the same analysis and yielded the same conclusions. (Appendix) Those
variables obtaining a P value < 0.05 in the univariate analysis, were included in the multivariate linear
regression analyses. The beta coefficient and the confidence intervals were used to present of the
multivariate linear regression analysis. All the statistical calculations were done using (Statistical
Package for the Social Science) SPSS version 21 (SPSS Inc., Chicago, IL, United States) statistical program
for Microsoft Windows.

RESULTS

The questionnaire was filled out by 1376 nurses across 13 countries. Out of the total responses, 43 were
excluded from the final analysis (11 with negative consent for participation, and 32 had missing
information). The data from 1333 respondents (nurses) was considered for the study (Figure 1).

The demographic profile of the respondents” hospitals and the ICUs is provided in Table 2. For
analysis, the countries of the respondents were divided according to the World Bank income classi-
fication criteria into high-income countries (HIC) (such as Bahrain, the United Arab Emirates, Oman,
Qatar, Saudi Arabia, and Singapore); upper-middle-income countries (UMIC) (i.e., Lebanon); and lower-
middle-income countries (LMIC) (such as Bangladesh, Bhutan, India, Sri Lanka, Nepal, and Pakistan).
Most of the respondents belong to HIC (608, 45.6%) and LMIC (656, 49.2%). The respondents had
varying level of experience, with 232 (17.4%) nurses having less than two years of experience and 396
(29.7%) nurses with more than ten years of experience. Among the responding nurses, 524 (39%)
worked in corporate or private hospitals, whereas 570(43%) were in public hospitals. Most of the
respondents worked in a hospital, accredited either by an international agency like Joint Commission
International (606, 45.5%), or a national level agency (442, 33.2%). Further, majority of the respondents
(1056, 79.2%) were working in less than 25-bedded ICUs and 607 (45%) were in mixed medical and
surgical ICUs. In terms of the operational model of ICU, 620 (46.5%) respondents were working in
closed ICUs and nearly equal proportion (27%) were in open and semi-closed ICUs. Further most of the
respondents (911, 68.3%) worked in teaching hospitals.

The average score of the respondents was 72.8% (Figure 2). In terms of knowledge level categories,
480 (36%) respondents were categorized as proficient, and 472 (35.4%) had above-average knowledge.
Only 11% of the respondents with less than two years of experience, were found to be proficient,
compared to 34% respondents who had 5-10 years of experience. The knowledge of 32% of nurses with
> 10 years of experience was above average, compared to 18% nurses with < 2 years of experience
(Table 1). A statistically significant difference was found between the respondents on knowledge testing
based on the working experience of the nurses (P = 0.001). Further, there was also statistically significant
difference in the knowledge of the nurses based on World Bank income status (P = 0.001). The
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Table 1 Demographic profile of the respondents and scores achieved by the level of knowledge

Number of respondents (%) Number of respondents (%)

World Bank income classification Working experience (yr)
High-income countries 608 (45.6) <2yr 232 (17.4)
Upper middle-income countries 69 (5.2) 2-5yr 354 (26.6)
Lower middle-income countries 656 (49.2) 5-10 yr 351 (26.3)

>10 yr 396 (29.7)
Score attained by level of knowledge
Proficient (81%-100%) 480 (36) Type of ICU
Above average (61%-80%) 472 (35.4) Medical and Surgical ICU 607 (45.5)
Average (41%-60%) 296 (22.2) Medical ICU 408 (30.6)
Below average (< 40%) 85 (6.4) Others 318 (23.9)
Type of hospital Size of ICU (number of beds)
Corporate/ private 524 (39) < 25 bedded 1056 (79.2)
Medical college/university hospital 239 (18) 25-100 bedded 251 (18.8)
Public/government 570 (43) > 100 bedded 26 (2.0)
Hospital accreditation Operating model of ICU
International 606 (45.5) Closed ICU 620 (46.5)
National 442 (33.2) Open ICU 355 (26.6)
None 285 (21.4) Semi-closed ICU 358 (26.9)
Teaching status
Non-teaching 422 (31.7)
Teaching 911 (68.3)

ICU: Intensive care unit.
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performance of the respondents working in HIC and UMIC was found to be better than the LMIC.
Further, 237 (38.9%) and 30 (43.5%) respondents from the HIC and UMIC, respectively, were found to
be proficient, compared to 213 (32.4%) respondents from LMIC.

The difference in the knowledge of the respondents, based on the type of hospital was found to be
statistically significant (P = 0.001). A more significant proportion of the nurses, working in corporate/
private hospitals (231, 44.1%) and medical college/university hospitals (85, 35.6%) was found to be
proficient than those working in public hospitals (164, 28.8%). There was also a statistically significant
difference found in the knowledge of the nurses based on the accreditation status and teaching status of
the hospital (P = 0.001).

In terms of the ICU setup, a difference was found in the knowledge of responding nurses for the type
(P = 0.004) and size (P = 0.007) of the ICU. However, no significant difference was found in the
knowledge of the respondents based on the operating model of ICU (P = 0.453) (Table 2).

In terms of multivariate analysis, the income status of the country (P < 0.001), type of the hospital (P <
0.001), teaching status (P < 0.001) and the experience of the nurses (P = 0.001) showed an independent
association with a difference in knowledge among the nurses. Working in HIC and UMIC was found to
be strongly associated with the high knowledge score secured by respondents (B = 4.89, 95%CI: 3.55 to
6.22). The teaching status of the hospital was inversely associated with the knowledge score secured by
the respondents (B = -4.58, 95%ClI: -6.81 to -2.36) (Table 3).

DISCUSSION

The cross-sectional survey results, on knowledge testing of the nurses working in 13 countries of South
Asia and the Middle East, showed a considerable variation. About 3/4" of the respondents secured
above average or proficient scores. Some of the factors like the higher economic status of the country
and working experience were found to be independently associated with better knowledge among the
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Table 2 Comparison of nurses’ knowledge based on their experience and the demographic profile of the hospital and intensive care

unit, n (%)

Knowledge level categories

X2 value P value
Below average Average Above average Proficient
Working experience (yr)
<2yr 24 (28.2) 69 (23.3%) 86 (18.2%) 53 (11%) 57.09 0.001°
2-5yr 29 (34.1%) 84 (28.4%) 109 (23.1%) 132 (27.5%)
5-10 yr 15 (17.6%) 48 (16.2%) 125 (26.5%) 163 (34.0%)
>10yr 17 (20%) 95 (32.1%) 152 (32.2%) 132 (27.5%)
World bank income classification
High-income countries 14 (2) 119 (19.6) 238 (39.1) 237 (38.9) 46.47 0.001°
Lower-middle-income countries 68 (10.4) 164 (25) 211 (32.2) 213 (32.4)
Upper-middle-income countries 343) 13 (18.8) 23 (33.3) 30 (43.5)
Type of hospital
Corporate/private 42 (8) 98 (18.7) 153 (29.2) 231 (44.1) 60.53 0.001°
Medical college/university hospital 26 (10.9) 56 (23.4) 72 (30.1) 85 (35.6)
Public/government 17 (2.9) 142 (24.9) 247 (43.3) 164 (28.8)
Hospital accreditation
International 30 (4.9) 120 (19.8) 220 (36.3) 236 (38.9) 30.56 0.001"
National 42 (9.5) 122 (27.6) 153 (34.6) 125 (28.3)
None 13 (4.6) 54 (18.9) 99 (34.7) 119 (41.7)
Teaching status
Non-teaching 18 (4.2) 70 (16.6) 149 (35.3) 185 (43.8) 23.61 0.001°
Teaching 67 (7.3) 226 (24.8) 323 (35.5) 295 (32.4)
Operating model of ICU
Closed ICU 46 (7.4) 146 (23.5) 215 (34.7) 213 (34.4) 5.74 0.45
Open ICU 18 (5.1) 81 (22.8) 122 (34.4) 134 (37.7)
Semi-closed ICU 21 (5.9) 69 (19.3) 135 (37.7) 133 (37.1)
Type of ICU
Medical-surgical ICU 30 (4.9) 113 (18.6) 221 (36.4) 243 (40) 19.39 0.004"
Medical ICU 30 (7.4) 98 (24) 134 (32.8) 146 (35.8)
Other 25 (7.9) 85 (26.7) 117 (36.8) 91 (28.3)
Size of ICU (number of beds)
<25 61 (5.8) 231 (21.9) 390 (36.9) 374 (35.4) 17.27 0.008"
25-100 18 (7.2) 59 (23.5) 77 (30.7) 97 (38.6)
>100 6(23.1) 6(23.1) 5(19.2) 9 (34.6)

P value < 0.05 is significant.
ICU: Intensive care unit.

respondents. On the other hand, working in teaching or public hospitals was inversely associated with
the knowledge level of IPC practices than the private and university hospitals.

In general, the ICUs show the highest prevalence of HAIs in a hospital setting. This may adversely
affect the patients' clinical outcomes like length of stay in the hospital and ICU, quality of life after
discharge, and mortality[14,15]. Nurses are the first and the foremost formidable line of defense against
the HAIs. Hence their training, and awareness levels, knowledge, and compliance for the IPC practices
are crucial in preventing the HAIs. The regional studies conducted earlier found gaps in the knowledge
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Table 3 Multivariate analysis of demographic variables of respondents

95%Cl
Variables Beta coefficient Pvalue
Lower bound Upper bound
Type of hospital -3.76 <0.001° -5.03 -2.49
Hospital accreditation 0.89 0.24 -0.59 2.36
Teaching status -4.58 <0.001° -6.81 -2.36
World bank income classification 4.89 <0.001" BIb5) 6.22
Type of ICU -1.04 0.13 -2.40 0.32
Size of ICU -2.01 0.07 -4.21 0.19
Working experience 1.71 0.001" 0.70 2.71

4P < 0.05 is significant.
CI: Confidence Interval, ICU: Intensive care unit.
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Figure 1 Country-wise representation of the respondents of the survey. N: Number of respondents.

of HCWs upon the IPC practices, whereas training was found to be independently associated with
better knowledge[16,17]. The literature showed a positive correlation between knowledge and better
compliance with IPC practices among the HCWSs[18,19].

Among five sections, the performance of the respondents was found to be worst in the section in
transmission-based precautions. This reflects the knowledge deficiency of the nurses in understanding
the microbiology aspect of IPC among nurses, which can be a focal point for future training programs. A
systematic review of 30 studies also identified few gaps in the knowledge of HCWs among different IPC
areas, such as vaccinations for HCWs, modes of transmission of infectious diseases, and the risk of
infection from needle-stick and sharps injuries[6].

A recent review found that the structure and the skills of the ICU nurses vary according to the patient
population, and availability of the resources, and treatments[20]. The current study found a strong
association between the economic status of the countries (either UMIC or HIC vs LMIC) and better
knowledge among the nurses. This finding infers about the impact caused by better resources, training,
and surveillance opportunities on IPC practices in HIC or UMIC compared to LMIC. However, this
finding is worrisome since the burden of HAIs is considerably higher in LMICs[21]. A recent global
survey conducted by the World Health Organization on core components of the IPC programme and its
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Cumulative 72.8%

SARS-CoV-2 transmission 72.9%

Care-bundle 69.1%

Transmission-based practices 67.9%

Standard precautions 77.0%

General infection control 77.2%

0% 20% 40% 60% 80% 100%

B Average score
DOI: 10.5492/wjccm.v12.i3.176 Copyright ©The Author(s) 2023.

Figure 2 Section-wise average score of the respondents in the questionnaire. SARS-CoV-2: Severe acute respiratory syndrome coronavirus 2.
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implementation in healthcare facilities also highlighted the existence of critical gaps in LMIC and low-
income countries[22]. The core components involving the workload, staffing, bed occupancy, education
and training were scored the lowest in the survey.

The respondents working in private hospitals had significantly better knowledge about the IPC
compared to their counterparts working in public hospitals. Though no direct studies compare different
hospital settings on IPC practices, a few single-center studies have shown sound knowledge of the
nurses working in private hospitals[23]. This can be attributed to resource constraints in terms of
equipment, medications and the availability of the trained HCWs in public hospitals compared to
private hospitals[24]. The current study finding with regards to teaching status of the hospital being
negatively associated with knowledge of the nurses, is surprising. However, this can be explained by
the fact that most of the teaching hospitals are public hospitals in UMIC and LMIC countries. Few
studies conducted with the small number of samples in these countries from the region also found a
deficiency in the knowledge among nurses working in teaching hospitals[25-27]. This suggests that
education and training on IPC should be incorporated into medical teaching.

In the current study, a statistically significant difference was found in the knowledge of respondents
based on their hospital accreditation status. Patient safety remains the centerpiece of hospital quality
accreditation programs. Periodic training of the HCWs on various hospital-based policies, including
IPC, is a core component of patient safety. In the current study, it is surprising to find the deficiency in
knowledge of among the respondents working in hospitals with a national-level accreditation compared
to their counterparts in international accreditation. However, the accreditation status was found to be
not independently associated with better knowledge. This may reflect a difference in the standards of
accreditation among the participating hospitals.

The working experience of the nurses was another factor, independently associated with a better
knowledge. Since experience is the best teacher, it is expected that the knowledge of the nurses gets
enhanced with increasing number of years of practice along with periodic trainings. In our previous
multi-center study conducted in India, the working experience had a significant association with better
knowledge among nurses[28]. Another single-center study from Saudi Arabia also found that the age (>
34 years), training and experience (> 6 years) were a predictor of good knowledge[17].

Strengths and limitations

The current study is a first-of-its-kind in this domain since the study conducted simultaneous
knowledge testing of more than 1300 critical care nurses on IPC practices from 13 Asian countries. The
survey intends to provide a snapshot of the knowledge of nursing professionals in terms of IPC
practices, working in countries with a close cultural, social, and economic exchange. Besides testing the
knowledge of the nurses on different aspects of IPC practices, the current study also tried to compare
the knowledge based on a few factors such as the economic status of the country, working experience of
the respondents; the type, accreditation, and the teaching status of the hospital, in which the
respondents are working; and the type, size, and the operating model of ICUs by the respondents. The
survey was participated by ICU nurses from large public and private hospitals with varying levels of
accreditation and ICU setup.
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The current study has a few limitations. Non-random convenience sampling method was followed
for the study to obtain the data from only a set of selected hospitals from each participating nation. So,
this data may not represent any individual country on the whole. We did make an effort to make the
study population representative of nurses within respective countries with inclusion of public,
corporate or university hospitals; teaching and non-teaching hospitals; and accredited as well as non-
accredited hospitals, but still, this might not be an absolute representation. The number of entries
received from each country varied from 57 to 228 which may have caused some statistical bias. The
questionnaire did not include all the components of IPC as the intention was to evaluate only the
knowledge of nurses working in the ICU. The questionnaire was made available to the study
participants only in English and was not translated in their local language, due to concerns regarding
accuracy and the misinterpretation of the questions. There is a potential for bias because of the gap in
understanding the questions by the nurses due to language barrier. The knowledge testing of the IPC
practices does not reflect the actual compliance with IPC practices and might not correlate with this self-
answered knowledge evaluation. We did not capture the age, gender, qualification, and method of
training rendered to the respondents, as these factors may have explained the variation in knowledge.
Since the survey was an open-book and without any time restriction, the respondents might have
answered the questions after taking external help, thus bringing a possible bias.

CONCLUSION

The current cross-sectional survey on testing the knowledge of nursing professionals on IPC practices
from 13 Asian countries found a considerable variation. The higher economic status of the country and
working experience were found to be independently associated with a better knowledge among the
respondents. Working in public or teaching hospitals were found to be inversely associated with better
knowledge about the IPC practices. There is an urgent need for periodic training and audits on the IPC
practices of HCWs working in ICUs, especially in LMICs.

ARTICLE HIGHLIGHTS

Research background

Healthcare-associated infections (HAI) pose a significant threat to patients in hospitals, particularly in
intensive care units (ICU). Despite efforts to prevent and control HAI, rates of device-associated (DA)-
HAI in ICUs of developing countries remain higher than those in developed nations. Compliance with
infection prevention and control (IPC) practices is crucial, and nurses play a key role due to their
frequent contact with patients.

Research motivation

The lack of knowledge and awareness among healthcare workers about IPC practices, as well as
discrepancies in applying this knowledge, have been linked to poor healthcare outcomes, especially in
developing countries. ICU nurses' knowledge and awareness are integral to an effective IPC program.
However, there is a lack of literature comparing the knowledge of ICU nurses across South Asian and
Middle Eastern countries.

Research objectives
The current study aims to analyse the knowledge of ICU nurses regarding various aspects of IPC
practices across countries in South Asia and the Middle East.

Research methods

The study conducted an online-based, cross-sectional survey using a multiple-choice questionnaire. The
questionnaire was developed and validated by a 20-member steering committee comprising critical care
physicians, infection control professionals, microbiologists, and nursing administrators. The survey was
distributed to full-time ICU nurses in participating hospitals. The data were analysed using descriptive
statistics, chi-square tests, and linear regression.

Research results

A total of 1333 nurses from 13 countries participated in the study. The average knowledge score was
72.8%, with 71.4% of respondents categorized as having above-average or proficient knowledge. Factors
such as higher country income status, private hospital setting, and greater nursing experience were
associated with better knowledge. Teaching hospitals and public hospitals showed lower knowledge
levels.
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Research conclusions

The study revealed significant variation in knowledge levels among ICU nurses across South Asian and
Middle Eastern countries. Factors such as country income status, hospital type, teaching status, and
nursing experience were associated with knowledge differences. These findings highlight the need for
targeted interventions and training programs to improve IPC knowledge and practices, particularly in
public and teaching hospitals.

Research perspectives

Future research should focus on developing comprehensive training programs and policies to enhance
IPC knowledge and compliance among ICU nurses in South Asian and Middle Eastern countries.
Comparative studies between different hospital settings and income groups can provide valuable
insights into the factors influencing IPC practices and outcomes. Additionally, exploring the impact of
improved IPC knowledge on healthcare delivery outcomes can further strengthen the evidence base for
effective infection control strategies.
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