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Summary

Persistent Inflammation, Immunosuppression, and Catabolism Syndrome (PICS) is a clinical endotype of chronic critical

illness. PICS consists of a self-perpetuating cycle of ongoing organ dysfunction, inflammation, and catabolism resulting

in sarcopenia, immunosuppression leading to recurrent infections, metabolic derangements, and changes in bone

marrow function. There is heterogeneity regarding the definition of PICS. Currently, there are no licensed treatments

specifically for PICS. However, findings can be extrapolated from studies in other conditions with similar features to

repurpose drugs, and in animal models. Drugs that can restore immune homeostasis by stimulating lymphocyte pro-

duction could have potential efficacy. Another treatment could be modifying myeloid-derived suppressor cell (MDSC)

activation after day 14 when they are immunosuppressive. Drugs such as interleukin (IL)-1 and IL-6 receptor antagonists

might reduce persistent inflammation, although they need to be given at specific time points to avoid adverse effects.

Antioxidants could treat the oxidative stress caused by mitochondrial dysfunction in PICS. Possible anti-catabolic agents

include testosterone, oxandrolone, IGF-1 (insulin-like growth factor-1), bortezomib, and MURF1 (muscle RING-finger

protein-1) inhibitors. Nutritional support strategies that could slow PICS progression include ketogenic feeding and

probiotics. The field would benefit from a consensus definition of PICS using biologically based cut-off values. Future

research should focus on expanding knowledge on underlying pathophysiological mechanisms of PICS to identify and

validate other potential endotypes of chronic critical illness and subsequent treatable traits. There is unlikely to be a

universal treatment for PICS, and a multimodal, timely, and personalised therapeutic strategy will be needed to improve

outcomes for this growing cohort of patients.
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Editor’s key points

� Post-intensive care syndrome, chronic critical illness,

persistent critical illness, andpersistent inflammation,

immunosuppression, and catabolism syndrome (PICS)

are syndromes with overlapping features that require

more precise definitions for diagnosis and study.
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� PICS is likely an endotype of chronic critical illness,

and other endotypes likely exist.

� Future collaborative research work is needed to

elucidate the underlying pathophysiological mecha-

nisms of PICS, identify other potential endotypes,

and enable mechanism-based therapies.
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� Potential treatments modalities include immuno-

therapy, anti-inflammatory and anti-catabolic ap-

proaches, and nutritional support for this growing

cohort of former ICU patients.
After acute critical illness, possible outcomes include early

death, rapid recovery, or failure to recover normal physiolog-

ical function with development of chronic symptoms.1 Ad-

vances in intensive care have resulted in a growing cohort of

patients in the latter two groups. Various terms have been

proposed to classify patients surviving an acute critical illness

but suffering from prolonged ICU stays and chronic symptoms

on discharge. These terms include post-intensive care syn-

drome, chronic critical illness (CCI), persistent critical illness

(PerCI), and persistent inflammation, immunosuppression,

and catabolism syndrome (PICS). There are many overlapping

features between these syndromes, and the same patient can

fit the diagnostic criteria for more than one of these. However,

each classification has its own particular focus.
Post-intensive care syndrome

Post-intensive care syndrome occurs when patients have new

or worsening impairments in at least one of three domains,

following and persisting after an ICU admission. These do-

mains include physical function (e.g. neuromuscular or pul-

monary disease), cognitive function (e.g. memory, attention,

or executive function), and mental health (e.g. depression,

anxiety, post-traumatic stress disorder).2 There are both sub-

jective and objective instruments used to measure these im-

pairments, although there is no widely accepted consensus on

which specific instruments to use and at what point to assess

patients after discharge.3e5 Impairments in these domains

affect social aspects, such as employment, and health-related

quality of life.6 Approximately 50% of acute respiratory

distress syndrome survivors do not return to work within 1 yr

after discharge.7 The term post-intensive care syndrome ap-

plies to family members and the survivors themselves.8 Thus,

post-intensive care syndrome gives a patient-focused

approach in its definition, and this can be useful for ICU ser-

vice evaluations and quality improvement initiatives. The

broad nature of its definition underlies the heterogeneity in

symptoms reported by this patient cohort. A limitation of the

definition is that it does not provide mechanistic insights that

could aid treatment development.
Chronic critical illness

Chronic critical illness (CCI) was first described almost 40 yr

ago.9 However, there remains a lack of consensus on its exact

definition.10e12 Girard and Raffin9 originally described CCI as

the need for constant support and homeostatic correction

with intensive therapy as a result of persistent organ

dysfunction. In 2005, CCI was clinically described in patients

requiring prolonged mechanical ventilation for at least 6 h a

day for more than 21 days or requiring tracheostomy place-

ment during their ICU stay.13 CCI was later described when

patients with limited physiological reserves, owing to frailty

and chronic comorbidities, have an acute critical illness that

results in a chronic syndrome of prolonged mechanical

ventilation with additional features. These include

neuromuscular weakness, neuroendocrine changes,
immunosuppression, brain dysfunction, and skin break-

down.14 Tracheostomy placement after at least 10 days of

mechanical ventilation could mark the onset of CCI as this

indicates a time when the patient is not expected to either

imminently die or be weaned successfully.14

The Research Triangle Institute (RTI) defined CCI as an ICU

length of stay (LOS) of at least 8 days with one of the following

eligible clinical conditions: prolonged mechanical ventilation,

tracheostomy, multiple organ failure, sepsis, and other severe

infections or severe wounds.15 However, this definition was not

designed for clinical purposes but to assist policy makers in

standardising prospective payments for potential long-term

acute care hospitalisation.10,16 More recently, CCI has been

defined as an ICU LOS of at least 14 days with evidence of

persistent organ dysfunction, measured using components of

the Sequential Organ Failure Assessment (SOFA) score (i.e. car-

diovascular SOFA �1, or score in any other organ system �2).17

Overall, CCI as a concept focuses on differentiating be-

tween what counts as ‘acute’ vs ‘chronic’, and how ongoing

critical illness should be defined, usually by prolonged me-

chanical ventilation or persistent organ dysfunction. The

timeframes to define ‘chronic’ seem to range from 7, 10, 14, or

21 days. Although these are based on expert opinion, they are

arbitrary.18,19
Persistent critical illness

Persistent critical illness (PerCI) occurs when a cascade of new

critical illnesses is more likely to contribute to continued ICU

stayandpotentialmortality than theadmittingdiagnosis.20This

cascade could be repeated new insults from failure of homeo-

static recovery, an aggregation of random, unfortunate events,

or suboptimal management and iatrogenic causes.18 PerCI is a

syndrome in its own respect and should be distinguished from

conditions that have a long intrinsic recovery time, such as

GuillaineBarr�e syndrome. Similarly, patients with PerCI should

bedistinguished fromthosewithapoorbaselinephysiology that

is insufficient to support function despite the new acute illness,

and whose ICU course is attributed to their admitting diagnosis

and advancedunderlying disease.10 Instead, PerCI is an indolent

form of critical illness originating prior to ICU admission, and

resulting from a complex interplay between pre-admission

morbidity, complications, ongoing disease, and the patholog-

ical effects of prolonged illness.21 At a population level, a tran-

sition point for PerCI occurs in the second week of an ICU stay

aroundday10.22At thispoint, admission characteristics, suchas

diagnosis and severity of illness, are no better at discriminating

hospital mortality than simple patient characteristics and

comorbidities.18 This ‘loss of discrimination’ is because of

cascading critical illnesses which become the primary de-

terminants of long-term mortality, above that of the initial

diagnosis.18 Overall, PerCI is an epidemiologically focussed

definition for a subset of long-stay ICU patients, focussing on a

time point at which new critical illnesses account for their pro-

longed admission rather than their initial diagnosis. It is

debateable whether there are clinically meaningful differences

betweenCCI and PerCI, orwhether introducing these new terms

is worsening the ‘Pinocchio effect’. The Pinocchio effect de-

scribes the situation where syndromes are treated as real dis-

eases and population heterogeneity is transformed into

syndrome homogeneity. This comes with an unrealistic expec-

tation that specific treatments given to these nonspecific syn-

dromes can be successful.23
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Persistent inflammation,
immunosuppression, and catabolism
syndrome

Persistent inflammation, immunosuppression, and catabo-

lism syndrome (PICS) has been introduced as a clinical endo-

type of the CCI phenotype.24 PICS should be distinguished

from post-intensive care syndrome, which can confusingly be

referred to with the same acronym. Although the patient co-

horts overlap between PICS and post-intensive care syndrome,

PICS is a model for the pathophysiological mechanisms un-

derlying CCI. This consists of a self-perpetuating cycle of

ongoing organ dysfunction, inflammation, catabolism result-

ing in sarcopenia, immunosuppression leading to recurrent

infections, metabolic derangements, and changes in bone

marrow function.25

Each of the terms within PICS has suggested surrogates. In

the original description by Gentile and colleagues24: (a) persis-

tent was defined as an ICU stay �10 days or prolonged hospi-

talisation >14 days; (b) inflammation as C-reactive protein (CRP)

>1.5 mg L�1; (c) immunosuppression as a total lymphocyte count

<0.80� 109 L�1; and (d) catabolism as serum albumin <3.0 g dl�1,

creatinine height index <80%, weight loss >10%, BMI <18
during hospital admission, or retinol-binding protein <10 mg
dl�1. There is heterogeneity regarding the definition of PICS.

Mira and colleagues26 gave similar cut-off values but sug-

gested a lower CRP threshold of >0.5 mg L�1 as a marker of

inflammation and a longer ICU stay of >14 days. With both

definitions, it is unclear at what point these blood results need

to be recorded. The basis for these cut-off values has not been

fully established, contributing to the heterogeneity in defini-

tion.27 Using machine learning models, one study showed

optimal cut-off values to define PICS as CRP >20 mg L�1, al-

bumin <3.0 g dl�1, and a lymphocyte count <800 ml�1 on day

14.27 Notably, this CRP cut-off value is 40-fold greater than that

proposed by Mira and colleagues.26

Other alterations from the original PICS definition include

adding a prealbumin level of <10 mg dl�1 as a catabolism

marker,28 clarifying that the blood results should be from the

same day,28 and a different CRP cut-off as >30 mg L�1.29 One

study proposed that PICS could be inferred if one or more of

the surrogates for the three components (inflammation,

immunosuppression, and catabolism) were positive.29

Another study gave both a clinical PICS and a PICS marker-

positive definition. Clinical PICS was described as an ICU

stay �14 days, three or more infectious complications, and
Table 1 Summary of the diagnostic criteria for persistent inflammat

Gentile and
colleagues24

Mira an
colleagu

ICU length of stay (days) �10 >14
Hospital length of stay (days) >14
C-reactive protein (mg L�1) >1.5 >0.5
Total lymphocyte count (�109 L�1) <0.8 <0.8
Albumin (g dl�1) <3.0 <3.0
Pre-albumin (mg dl�1)
Creatinine height index (%) <80 <80
Retinol-binding protein (mg dl�1) <0.01 <1
Weight loss (%) >10 >10
BMI during hospitalisation <18 <18
Number of infectious complications
evidence of catabolism, either byweight loss of >10%, BMI <18,
or albumin <30 g L�1 during hospitalisation. The PICS marker-

positive definition was determined if, during the first 30 days

of hospital admission, patients have �2 days of immunosup-

pression (total lymphocyte count <0.8 � 109 L�1), �2 days of

inflammation (CRP >50 mg L�1), and a catabolic state as

described above in their clinical PICS definition.30 The

different definitions for PICS are summarised in Table 1.

These currently used diagnostic biomarkers are unlikely to

be sensitive or specific enough to allow early identification of

patients with PICS and individualised, targeted treatment.30

The variety of genetic and molecular changes associated with

PICS means there are likely many other biomarkers of inflam-

mation, immunosuppression, and catabolism that could have a

higher sensitivity or specificity, but currently limited validation

studies of such biomarkers have been completed.

Post-intensive care syndrome is a broad umbrella term for

patients with persisting symptoms, be they physical, mental,

or cognitive, after an acute critical illness. CCI is a subgroup

within this cohort, predominately focused on physical symp-

toms with an emphasis on prolonged mechanical ventilation

and multi-organ dysfunction. PerCI gives an epidemiological

transition point for a subgroup of long-stay ICU patients where

new cascading critical illnesses become the primary determi-

nant of morbidity and mortality over the admitting diagnosis.

Finally, PICS offers a definition with potential mechanistic

insight. It is also the classification system that might be most

amenable to intervention and prevention, as each of its com-

ponents of inflammation, immunosuppression, and catabo-

lism should be, in theory, reversible; hence, PICS is the focus of

this review.
Epidemiology

The varying classifications for long-stay ICU patients and

heterogeneous definitions pose a challenge for epidemiolog-

ical research. For post-intensive care syndrome, broad inci-

dence estimates have been shown for each of its components.

Thus, psychiatric illnesses occur in 8e57% of ICU survivors,

cognitive impairment in 30e80%, and new physical impair-

ment in 25e80%.31e34 Furthermore, systematic reviews have

shown that at 1-yr follow-up, about one-third of critical care

survivors experience anxiety35 and depressive symptoms,36

and one-fifth experience post-traumatic stress disorder

symptoms.37 For CCI, a large study on 3 235 741 ICU admis-

sions demonstrated that 7.6% met the RTI definition.16 Other
ion, immunosuppression, and catabolism syndrome (PICS).

d
es26

Hu and
colleagues28

Nakamura and
colleagues29

Hesselink and
colleagues30

>10 �14
>14

>1.5 >30 >50
<0.8 <0.8 <0.8
<3.0 <3.0 <3.0
<10 <10

<80
<0.01 <0.01
>10 >10 >10
<18 <18 <18

�3
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studies have shown larger incidence estimates for CCI be-

tween 33% and 40%.11,38e40 A retrospective, observational

study showed that cases of PerCI accounted for 5% of admis-

sions but for 32.8% of ICU bed-days.22 There is limited epide-

miological data available on the incidence of PICS because of

the different definitions and substantial overlap with CCI.
Consequences

Patients with post-intensive care syndrome, CCI, PerCI, or PICS

suffer from significant morbidity and mortality, with limited

effective treatments.2,22,25 Patients with CCI commonly suffer

from accelerated ageing and increased frailty, recurrent in-

fections, muscle wasting and decline in physical function,

hospital readmissions, and cognitive impairment.41,42

Furthermore, patients with CCI had a significantly higher 6-

month mortality than those who experienced rapid recovery

(37% vs 2%, respectively, P<0.01).43 Only around one-fifth of

patients with CCI are discharged home, with the majority

remaining in skilled nursing facilities or long-term acute care

hospitals.16 CCI causes significant burdens on patients and

their families, and the economy, with an estimated cost in the

USA of $26 billion for 2009.16
Potential therapeutic avenues

Overall, there is a lack of understanding of the pathophysio-

logical mechanisms underlying PICS. When considering our

ageing population and reduced ICUmortality rates, the burden

of PICS for patients, families, healthcare staff, and policy-

makers will continue to increase. We therefore need to pri-

oritise research in this area to develop new treatments for

PICS. The remainder of this review will summarise potential

therapeutic avenues and areas of future research priority.

The three components of PICSdinflammation, immuno-

suppression, and catabolismdhave reciprocal causation and

form a self-perpetuating cycle, which likely requires multi-

modal approaches to prevent progression.25 PICS shares

common features with other disorders, such as cancer,

chronic renal disease, and cardiac cachexia.44 Although there

is limited direct clinical evidence on specific treatments to

improve long-term outcomes for patients with PICS, data can

be extrapolated from other conditions to repurpose drugs, and

from studies using animal models. However, as critical illness

has systemic effects that impact drug absorption, distribution,

and metabolism, and a multifactorial aetiologies, there are

added complexities to repurposing treatments from other

conditions.45 The range of possible treatments for PICS covers

the immune system, inflammatory and oxidative stress

pathways, muscle wasting, and nutritional support (Fig. 1).
Immunotherapy

Although there are no currently licensed treatments specifically

for PICS, there is ongoing research in multiple conditions on

drugs that can restore immune homeostasis which could have

potential efficacy in PICS. One method involves restoring

normal lymphocyte numbers through granulocyte-macrophage

colony-stimulating factor (GM-CSF) and granulocyte-colony

stimulating factor (G-CSF). A clinical trial on septic immuno-

suppressed paediatric patients showed that GM-CSF restored

TNF production in lymphocytes and decreased nosocomial

infection, time on mechanical ventilation, and hospital LOS.46

However, a meta-analysis of 12 RCTs showed that although G-
CSF and GM-CSF improved infection clearance, there was no

significant difference in 28-day mortality compared with pla-

cebo.47 As the studies did not include outcomes after 28 days, it

is unclear whether there would have been significant im-

provements in outcomes relevant for patients with PICS.

Interferon gamma (IFN-g) is a key cytokine for activation of

monocytes and macrophages, and both animal and human

studies have shown that IFN-g production is reduced during

sepsis.48e50 Treatment for septic patients with recombinant

IFN-g increased monocyte mHLA-DR expression and func-

tion.51,52 In an RCT on severe trauma patients, IFN-g treatment

decreased the number of infection-related deaths.53 The

immunomodulatory benefits of IFN-g might be restricted to

patients with downregulated mHLA-DR expression.54 IL-7 is

an antiapoptotic cytokine that stimulates immune effector cell

function that increases CD4þ and CD8þ T-cell numbers in

murine models of sepsis, and was associated with increased

survival.48,55 In human studies, IL-7 increases T-cell receptor

diversity which is decreased with sepsis.56e58 During sepsis,

ProgrammedDeath-1 (PD-1) is upregulated on CD4þ and CD8þ
T cells to prevent excessive T-cell activation, and high levels

are associated with increased secondary infection and mor-

tality in critical illness.58e60 Anti-PD-1/PD-L1 therapy has had

some success in cancer treatment.61 PD-1/PD-L1 blockade can

increase cytokine release and reduce viral loads in mice for

weeks after treatment.62 Furthermore, blockade of this

pathway reduces lymphocyte depletion and improves survival

in murine models of sepsis.63,64

Although the pathophysiology of PICS remains to be fully

elucidated, persistent expansion of MDSCs is thought to play a

key role.65,66 In response to a severe insult, such as sepsis or

trauma, emergency myelopoiesis occurs whereby gran-

ulocytes migrate from the bone marrow to the injured or

infected site, allowing for the expansion of myeloid cells,

including MDSCs.67e70 MDSCs have an essential role in innate

immunity and producing inflammatory mediators.66,71

Although MDSCs initially aid bacterial clearance and protect

the host from early excessive inflammation or secondary in-

fections, prolonged activation leads to immunosuppression

and persistent inflammation.58,66 Modifying MDSC activation

and expansion at a particular time point, such as after day 14

of sepsis when they are immunosuppressive,72 could be a

potential therapeutic approach for PICS. In mice with burn

injuries, gemcitabine, a ribonucleotide reductase inhibitor,

given on day 6 resulted in a reduction in MDSCs and mortality

after a lethal dose of lipopolysaccharide. However, the mice

showed an increase in mortality to Pseudomonas aeruginosa

infection.73 Deficiency in MDSC signalling pathways can lead

to an increase in inflammatory cytokines and a higher mor-

tality.74 Other strategies of modulating MDSCs could involve

epigenetic approaches44 or inhibiting MDSC by-products, such

as arginase 1, nitric oxide (NO), or inducible nitric oxide syn-

thase (iNOS).72 For example, in murine models of cancer,

phosphodiesterase-5 inhibitors, such as sildenafil and tada-

lafil, inhibit iNOS, arginase 1, and MDSC function, which

decreased mortality.75e77
Anti-inflammatory and antioxidant therapies

Many anti-inflammatory agents have been investigated for

acute critical illness, but, similar to immunomodulatory

therapies, there is limited data available on long-term out-

comes. In a phase III clinical trial on septic patients with fea-

tures of macrophage activation syndrome, IL-1 receptor



Fig 1. Summary diagram of potential treatments for Persistent Inflammation, Immunosuppression, and Catabolism Syndrome (PICS). This

illustration highlights a range of potential treatments, organised by the specific component of PICS. It suggests that a multimodal, well-

timed, personalised treatment strategy may be sufficient to break the self-perpetuating cycle of inflammation, immunosuppression,

and catabolism that underlies PICS and promote recovery. G-CSF, granulocyte colony-stimulating factor; IFN-g, interferon gamma; IGF-1,

insulin-like growth factor 1; IL-1R, interleukin-1 receptor; IL-6R, interleukin-6 receptor; IL-7, interleukin-7; MDSC, myeloid-derived sup-

pressor cell; omega-3FA, omega-3 fatty acids; PD-L1, programmed death ligand-1; PD-1, programmed death protein 1 (Created with

BioRender.com).
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blockade with anakinra was associated with reduced mortal-

ity.78 Blockade of IL-6-mediated pathways can reduce inflam-

matory responses and IL-6 receptor antagonists, tocilizumab

and sarilumab, improve outcomes including survival in criti-

cally ill patients with COVID-19 infection.79 Anti-inflammatory

agents in PICS require further investigation as inappropriate

use could have adverse effects from stimulation or inhibition

of other pertinent signalling pathways, especially if the timing

of intervention is unsuitable.

Muscle biopsies in critically unwell patients have shown

neutrophil and macrophage infiltration and muscle necrosis,

which could be the persistent inflammation source in PICS.80

Targeting this necroptosis could be an alternative anti-

inflammatory treatment strategy for PICS. Key components

of necroptosis signalling include receptor-interacting protein

kinase 1 (RIPK1), RIPK3, and the mixed lineage kinase domain-

like protein (MLKL) pseudokinase; there are potential small-

molecule inhibitors of these targets, reviewed fully

elsewhere.81
Another possible pathophysiological mechanism for PICS

and its associated muscle wasting is mitochondrial dysfunc-

tion and a resultant bioenergetic crisis.82 Critically ill patients

have mitochondrial swelling, and reduced mitochondrial

numbers and density, which can take 6 months to recover

after ICU discharge.83 Antioxidants have the potential to treat

the oxidative stress caused by mitochondrial dysfunction.84 In

a rat model of acute sepsis, mitochondria-targeted ubiquinone

(Mit Q) decreased mitochondrial damage, IL-6 levels, and or-

gan dysfunction.85 In other septic animal models, Mit Q

reduced renal and liver injury86 and cardiacmitochondrial and

contractile dysfunction.87 Melatonin has anti-inflammatory

properties by acting as a scavenger for oxygen- and nitrogen-

derived reactive species, and in animal models of sepsis

melatonin inhibited mitochondrial damage and stimulated

ATP generation.88e90 Caesium nanoparticles given i.v. to

septic rats reduced reactive oxygen species production and

mortality.91 An alternative therapeutic strategy could be to

increase mitochondrial biogenesis, through peroxisome

http://BioRender.com
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proliferator-activated receptor gamma agonists, such as pio-

glitazone and rosiglitazone, or sirtuin activators, such as

resveratrol.88 A systematic review showed that pioglitazone

administration reduces intramuscular inflammation and in-

creases intramuscular markers of ATP biosynthesis.92
Anabolic and anti-catabolic therapies

In critical illness, 3e5% of skeletal muscle is lost per day and

this catabolism can continue for up to 30 days.80,82,93 Early

mobilisation causes muscle fibre contraction that stimulates

themTOR signalling pathway andmuscle hypertrophy.84,94 An

RCT on 21 patients with septic shock showed that early

physical therapy within the first week preserved muscle fibre

cross-sectional area.95 In another RCT of 104 patients, daily

interruption of sedation combined with early physical and

occupational therapy was well tolerated, improved functional

outcomes at discharge, and gave more ventilator-free days

compared with standard care.96 Another RCT on 200 patients

showed that early, goal-directed mobilisation improved

functional mobility at discharge and decreased LOS.97 How-

ever, a larger more recent RCT on 750 patients undergoing

invasive mechanical ventilation showed that early active

mobilisation was associated with increased adverse events

and did not result in more days that patients were alive and

out of hospital.98 Other strategies involve the use of pharma-

cological agents. Through androgen signalling pathways,

testosterone reduces muscle breakdown and autophagy, as

demonstrated in patients with severe burns. Oxandrolone, a

testosterone analogue, and insulin-like growth factor 1 (IGF-1)

reduce muscle breakdown in patients with burns.99e101 It is

likely that the ubiquitineproteasome system is involved in the

catabolism of PICS, and ubiquitineproteasome system in-

hibitors, bortezomib and MURF1 inhibitors, can prevent mus-

cle breakdown.84,102
Nutritional support

Guidelines suggest that early enteral nutrition within 48 h of

ICU admission could be effective in improving nutritional

status and reducing inflammation.103 Guidelines also suggest

that higher protein supplementation could improve outcomes

by preserving muscle mass and reducing mortality.45,104e106

However, given the anabolic resistance that occurs in critical

illness which can reduce up to 60% of the synthetic response,

higher protein supplementation alone is unlikely to be effec-

tive in preventing catabolism in PICS.45,107,108 The recent

EFFORT Protein trial demonstrated that higher protein doses

did not improve the time-to-discharge-alive from hospital but

had a signal for harm in patients with acute kidney injury and

higher organ failure scores, effectively terminating this line of

enquiry.109 Compared with patients with rapid recovery, pa-

tients with CCI failed to become anabolic despite getting suf-

ficient macronutrients early after ICU admission, implying

that other nutritional strategies are required for CCI/PICS.110

An immune-enhancing diet consisting of arginine, gluta-

mine, nucleotides, omega-3 fatty acids, fish oil, selenium,

vitamin C, and vitamin E has been hypothesised to reduce

infections, promote recovery, and decrease ICU LOS.111

Arginine is an amino acid with a wide range of functions,

including being a substrate for NO synthase, promoting vasodi-

lation that enhances oxygen and nutrient delivery to tissues.

Intracellularly, it can improve bactericidal activity of macro-

phages and T-cell proliferation and maturation.112e115 In PICS,
upregulation of arginase-1 by MDSCs leads to arginine defi-

ciency, which could contribute to immunosuppression by

causing failure of lymphocyte proliferation.84,116 Arginine sup-

plementation in PICS might therefore promote recovery and

partly reverse immunosuppression. A concern that arginine-

induced vasodilation could alter haemodynamics and

adversely affect septic patients is unlikely to be of significance if

arginine is givenoutsideof theacutewindow.112 Branchedchain

amino acids, including leucine, valine, and isoleucine, have a

potential therapeutic benefit in PICS through anti-catabolic ef-

fects and increasing protein synthesis.117 A metabolite of

leucine, beta-hydroxy-beta-methylbutyrate (HMB), can atten-

uate sarcopenia in older patients and might also have thera-

peuticpotential inothermusclewastingconditions.118Together,

arginine and leucine synergistically activate the Akt-mTOR

pathway that enhances protein synthesis and inhibits protein

breakdown.119,120

Another amino acid, glutamine, could be of benefit in PICS

through its pluripotent actions of enhancing gluconeogenesis

and immune function, and acting as an antioxidant.112 How-

ever, early administration of glutamine to critically ill patients

with multiorgan failure was associated with an increase in

mortality.121 A mediation analysis of this trial showed that the

urea-to-creatinine ratio was sensitive to glutamine adminis-

tration and accounted for the higher risk of death with gluta-

mine, suggesting a causal link between iatrogenic uraemia and

mortality in PICS.122

Omega-3 fatty acids have anti-inflammatory effects in a

wide range of conditions, including but not limited to, in-

flammatory bowel disease, rheumatoid arthritis, asthma,

and multiple sclerosis.112 In critical illness, a meta-analysis

showed that omega-3 fatty acid-containing parenteral

nutrition compared with standard parenteral nutrition is

associated with reduced rates of infection and ICU LOS.123

Furthermore, a study on healthy volunteers showed that

fish oil infusions can blunt the inflammatory response to

endotoxin exposure.124 Specialised pro-resolving mediators

are derivatives of omega-3 fatty acids that can reduce

inflammation and promote tissue and organ recovery, which

could attenuate the development of PICS.125e128

Intermittent fasting could be beneficial in preventing or

managing PICS through fasting-induced autophagy to clear

macromolecular damage, enhancing ketogenesis which could

stimulate muscle regeneration and reduce inflammation, and

stimulating various signalling pathways that modulate mito-

chondrial biogenesis and the unfolded protein response.129e133

This is supported by many preclinical and observational

studies.129 However, there are limited RCTs on intermittent

fasting in critically ill patients looking at long-term outcomes

and the development of PICS. RCTs comparing continuous

feeding with intermittent feeding/fasting regimens in acute

critical illness have yielded conflicting results, although the

studies have been heterogeneous with small sample sizes.129

One study showed that intermittent feeding (six 4-hourly

feeds in 24 h) on patients at risk for PerCI increased nutri-

tional target requirements and was tolerated by patients but

did not reduce muscle wasting.134 The short fasting intervals

of 4e6 h used in such trials might be insufficient to activate the

relevant cell-protective pathways.135,136 However, longer

fasting periods could lead to feed intolerance.

An alternative strategy to activate similar pathways could

be ketogenic feeding. Critical illness can prevent the efficient

metabolism of the usual substrates, leading to metabolic

dysfunction, but ketone bodies could provide an alternative
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substrate.137,138 Ketogenic feeding can promote immuno-

modulatory, regenerative, and anabolic pathways, and regu-

late autophagy.129,139,140 In a mouse model of sepsis-induced

critical illness, treatment with the ketone ester 3HHB (3-

hydroxybutyl-3-hydroxybutanoate) attenuated muscle weak-

ness.141 Furthermore, in a murine model of autoimmune

encephalomyelitis, a fasting mimicking diet reduced levels of

pro-inflammatory cytokines and promoted cell regenera-

tion.142 The Alternative Substrates in the Critically Ill Subject

trial (ASICS, NCT04101071) is currently exploring the feasibility

of giving a ketone-inducing feeding regime to critically ill

patients.

Finally, the stress of critical illness and PICS can negatively

affect the gut microbiome, and there has been growing inter-

est in microbiota modulation with prebiotics and probiotics in

many conditions.84 These can modulate the microbiome by

increasing beneficial bacteria and reducing disease-causing

bacteria, thereby reducing inflammation, enhancing the im-

mune function of the gut, and restoring normal gut func-

tion.143,144 A meta-analysis on potential nutritional and

pharmacological interventions against chronic low-grade

inflammation with ageing showed that probiotics had the

largest effect on reducing inflammatory markers (CRP and IL-

6).145 However, administration of prebiotics and probiotics on

ICU is not currently a standard of care, in part owing to the

limited available evidence in this population and the risk of

side-effects. There is also limited evidence on the specific

species or regimens that should be used.
Future research priorities

There are several priorities for future research in this area to

achieve better long-term outcomes for patients with PICS.

Firstly, as outlined above, the field would certainly benefit

from a consensus definition of PICS for epidemiological and

clinical trials. Ideally, these definitions would use data- and

biology-based cut-off values rather than arbitrary values.

Establishing consensus definitions would allow for more

accurate estimates for the incidence of PICS, and these data

could drive appropriate funding and resource allocation.

Furthermore, it would allow for comparison and meta-

analyses between clinical trials to be conducted.

Secondly, as withmany ICU conditions, specific treatments

should be targeted to subgroups of patients who have shared

underlying pathophysiological mechanisms that make them

more amenable and hence more likely to benefit from the

treatment. Therefore, future research should focus on

expanding our knowledge on these underlying pathophysio-

logical mechanisms and identify and validate other potential

endotypes of CCI and subsequent treatable traits.146 This will

likely require a variety of approaches including basic science

and creating suitable animal models, multi-omic approaches,

using genomic, epigenetic, and proteomic analyses, and big

data and machine learning tools using both biological and

clinical variables. Use of murine models of PICS has been

established; these commonly involve a semi-lethal caecal

ligation and puncture (CLP) model.147e153 However, it is

important to acknowledge the limitations of these models,

such as differences in human and murine responses to sepsis,

and that murine CLP survivors have a necrotic caecum and

indeterminate nidus of infection.25 Many of these studies use

young adult mice which do not clearly represent the aged
population with comorbidities who are more likely to become

septic.154

Thirdly, the improved understanding we obtain from lab-

oratory studies should be directly translated into clinical trials

and the development of therapeutic interventions for treat-

able traits in a bidirectional bedside-to-bench-to-bedside

manner. Using platform trial designs could allow several in-

terventions to be tested simultaneously and enhance the ef-

ficiency of studies. Furthermore, use of adaptive trial designs

can overcome the long interval between intervention and

outcome assessment in PICS trials by allowing treatments

showing futility to be abandoned early and novel treatments

to be added in, as we learn from the data as the trial pro-

gresses. There is unlikely to be a single ‘silver bullet’ treatment

for PICS and therefore adaptive platform trials might be best

suited to test multimodal approaches.

Fourthly, alongside new therapeutics, the epidemiological

and basic science research should help us identify risk factors

and biomarkers of PICS, and this will in turn allow for early

diagnosis, or ideally a focus on prevention, to occur. Fifthly,

all of this will require multicentre collaboration and data

sharing, and involving expertise from a multidisciplinary

team and other clinical specialties, such as geriatrics and

oncology, where patients experience similar issues of

immunosuppression, inflammation, and catabolism. Finally,

it is important to remember that patient/public involvement

will be crucial as research should focus on patient-reported

outcomes.

A previous scoping review of 425 publications on ICU sur-

vivors showed that 250 different outcome measurement tools

were used.155 This heterogeneity limits comparison and syn-

thesis of studies and it is crucial for future trials to focus on

patient-reported outcomes to assess the impact of potential

treatments in a meaningful and holistic manner. When

excluding mortality, only 5% of ICU RCTs used patient-

important outcomes as the primary outcome measure.156

Given the poor health-related quality of life of patients with

PICS and their multiple functional impairments, a drive to

include patient-reported outcomes is even more important in

this cohort.
Conclusions

A consensus definition of PICS is needed for consistency in

future research. Regardless of the definition, PICS is likely an

endotype of CCI, implying that other endotypes exist. Future

collaborative research work is needed to expand our

knowledge of the underlying pathophysiological mecha-

nisms of PICS and identify other potential endotypes. This

will identify treatable features that will drive multimodal,

personalised treatments, likely including immunotherapy,

anti-inflammatory and anti-catabolic therapies, and nutri-

tional support, to improve outcomes for this growing cohort

of patients.
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