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Abstract

Over the past four decades the epidemiology of multiple organ failure (MOF) has evolved as a
result of advances in care. A series of paradigms have been described to explain the
pathophysiology of the new emerging predominant phenotypes. With the most recent
improvements in the delivery of critical care, patients are less-frequently expiring early in their
clinical course and in-hospital MOF-related mortality is on the decline. Unfortunately, this has
resulted in a dramatic increase in the number of chronic critically ill patients (CCI) who linger in
the intensive care unit (ICU), have high resource utilization, are discharged to non-home locations,
experience sepsis recidivism requiring readmission, have persistent cognitive and functional
impairments, and poor long-term survival. Within this population, we have proposed that a
substantial subset of these patients suffer from a new phenotype termed Persistent Inflammation,
Immunosuppression, and Catabolism Syndrome (PICS) which underlies these poor outcomes.
While the mechanism(s) of PICS are under investigation, there is evidence that myelodysplasia
with expansion of myeloid derived suppressor cells, innate and adaptive immune suppression and
protein catabolism with malnutrition are major contributors. Optimal care of these patients will
require a novel multimodality intervention using pharmacotherapy, physiotherapy and nutritional
support.
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Introduction

Multiple organ failure (MOF) has plagued surgical 1CUs for over four decades and its
epidemiology has evolved because advances in care have allowed patients to survive
previously lethal insults. Over the years, different predominant phenotypes of MOF have
been described; all have consumed tremendous healthcare resources and have been
associated with prolonged ICU stays and prohibitive mortality. The term PICS has been
coined to describe the most recent observed phenotype of persistent inflammation, immune
suppression and protein catabolism which we believe represents the next challenge in
surgical critical care. The purpose of this review is to describe the evolving epidemiology of
MOF and the emergence of PICS, the PICS paradigm, the pathophysiology of PICS, and its
clinical implications.

Evolving Epidemiology of MOF and Emergence of PICS

MOF emerged in the early 1970s as a result of advances in ICU technology that allowed
patients to survive single organ failure (Figure 1)1. Early studies provided convincing
evidence that MOF occurred as a result of uncontrolled sepsis leading to fulminant organ
failure and early death, with the primary source being intra-abdominal infections (IAI)1. As
a result, research efforts in the early 1980’s were focused on the prevention/treatment of 1Al
and were effective in reducing this highly fatal phenotypic expression of MOF. However, in
the mid-1980s, studies out of Europe reported that MOF frequently occurred after severe
blunt trauma with no identifiable site of infection?3. The term “sepsis syndrome” was
popularized to describe this phenomenon. It became widely accepted that MOF could ensue
after both infectious and non-infectious insults by a similar auto-destructive systemic
inflammatory response syndrome (SIRS). Research focus in the late 1980s shifted to
determining the underlying mechanism(s) of “sepsis syndrome” (e.g. bacterial translocation,
cytokine storm, ischemia reperfusion, etc.). Simultaneously with these research efforts,
tremendous independent advances in trauma care occurred that substantially reduced early
deaths from bleeding, but resulted in an epidemic of abdominal compartment syndrome
(ACS) that emerged in the ICUs worldwide in the early 1990s*. While clinical interest
focused on understanding this as a new malignant MOF phenotype, epidemiology studies
revealed that post-injury MOF was a bimodal phenomenon. Early MOF occurred after either
an overwhelming insult (“one hit” model) or sequential amplifying insults (“two hit”
model), while late MOF was precipitated by secondary nosocomial infections?.

The SIRS followed by a compensatory anti-inflammatory response syndrome (CARS) was
originally proposed to describe the pathophysiology and bimodal distribution of MOF.
SIRS-induced early MOF was believed to occur as a result of exaggerated innate immunity
(principally mediated by neutrophils) while CARS set the stage for immunosuppression-
associated late infectious MOF>~8, The concept of CARS was initially based on trauma and
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sepsis studies that demonstrated that an early pro-inflammatory cytokine response was
followed by an anti-inflammatory cytokine response, the purpose of which was believed to
restore immunologic homeostasis. However, basic immunologists focused their research
efforts on characterizing CARS and expanded its definition to include multiple defects in the
adaptive immunity (principally related to lymphocytes)®-13. By the late 1990s, fundamental
changes in the initial care of patients arriving with severe bleeding were widely implemented
[i.e. focused abdomen sonography of trauma (FAST), massive transfusion (MT) protocols,
avoidance of excessive crystalloids and abandonment of pulmonary artery catheter (PAC)
directed resuscitation] and the epidemic of ACS virtually disappeared14-17. Concordantly,
evidence-based medicine (EBM) became a healthcare mandate and through the 2000s it was
a major driver for improved ICU care.

Two initiatives had notable impacts on the epidemiology of MOF. The first was the NIH
sponsored ‘Glue Grant” which sought to characterize the genomic response to severe blunt
trauma. To control the confounding effects of variable care, standard operating procedure
(SOPs) for critical care were developed. Over the six year study period as a result of ongoing
monitoring and improved SOP compliance, hospital mortality in the study cohort dropped
from 22% to 11%%6. The second major initiative was the Surviving Sepsis Campaign. Its
rationale was based on the recognition that a) the occurrence of severe sepsis in hospitalized
patients was increasing, b) it was and continues to be the most expensive condition treated in
US hospitals, c) its diagnosis was frequently delayed and d) severe sepsis directed SOPs
were haphazardly delivered'8-21. Implementation was an arduous process but hospital
mortality of severe sepsis has decreased from above 35% to less than 15%2224, As a result
of these initiatives and others, there has been another striking change in the epidemiology of
MOF. Early in hospital mortality has decreased substantially and the incidence of late onset
MOF deaths has largely disappeared. Unfortunately, a substantial portion of high risk MOF
patients are surviving prolonged ICU stays and many are progressing into a new
predominant MOF phenotype called PICS.

The New Paradigm of PICS

Based on recent laboratory and clinical research data, the following paradigm was proposed
(Figure 2)°. Following an inflammatory insult (either trauma or sepsis), SIRS and CARS
occurs simultaneously. In some cases, SIRS can become overwhelming leading to an early
MOF and fulminant death trajectory. Fortunately, modern ICU care is directed at early
detection and prevention of this trajectory’s fatal expression. If the severely insulted patients
do not die of early MOF, there are two alternatives. Either their aberrant immunology rapidly
recovers (i.e. achieves homeostasis) or its dysfunction persists and they enter chronic critical
illness (CCI - defined as > 14 days in ICU with organ dysfunction). These CCI patients
experience ongoing immunosuppression (e.g. lymphopenia) and inflammation (e.g.
neutrophilia) that is associated with a persistent acute phase response (e.g. high CRPs) with
ongoing somatic protein catabolism. Despite aggressive nutritional intervention, there is a
tremendous loss of lean body mass and proportional decrease in functional status and poor
wound healing. An estimated 30% to 50% of these CCI patients progress into PICS. Readily
available clinical biomarkers may be used to identify patients with PICS (Table 1).
Clinically, PICS patients suffer from recurrent nosocomial infections, poor wound healing
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and are often discharged to long-term acute care facilities (LTACs) where they experience
sepsis recidivism requiring re-hospitalization, failure to rehabilitate and an indolent death®.
As the population ages and perioperative care continues to improve, PICS will become the
next challenging horizon in surgical critical care.

Dating back to the 1990s, there are reports describing CClI in ventilator-dependent patients.
They primarily focused on describing the neuropathy and myopathy that caused significant
long-term disability. More recently the CCI literature has emphasized that ICU delirium
contributes to long-term cognitive impairments2. These reports largely come from
heterogeneous medical ICU patients and variably implicate different risk factors including
steroids, pharmacologic paralysis, immobilization, hyperglycemia and benzodiazepines.
While these are likely operational in CClI related to PICS, the dominating risk factor for the
PICS phenotype is recurrent inflammatory insults. This is not uncommon in the surgical
ICU patient who is exposed to an initial major insult (e.g. surgery or trauma) and suffers
recurrent inflammatory insults (operations, complications and nosocomial infections) that
set up a state of persistent low grade inflammation, immunosuppression and protein
catabolism. While not referred to as PICS, recent surgical literature documented improved
early survival with poor long-term outcomes consistent with PICS after major burns (>30%
BSA), major trauma (ISS>15), necrotizing pancreatitis and surgical sepsis26-30.

As part of our efforts to characterize PICS we have prospectively studied 147 trauma and
surgical ICU patients over the past two years who experienced severe sepsis and septic
shock (manuscript in preparation). A little over half were male, with a mean age of 60 years.
These were sick patients (mean APACHE Il = 23), 70% had major comorbidities, 80%
required emergency surgery, and 55% presented in septic shock. Table 2 depicts biomarkers
over 14 days consistent with PICS. Similarly, their clinical outcomes are consistent with
PICS including low in-hospital mortality (13%), high rate of nosocomial infection (52%),
few ventilator-free days (median 5, Cl 1-11) and few ICU-free days (median 5,CI 0-5).
Eighty-four (58%) stayed ICU = 14 days and only 43 (29%) were discharged to home.

Pathophysiology of PICS

While other investigators have described the growing epidemic of CCl, glaringly absent is
any unifying mechanistic explanation. The PICS paradigm was described based on observed
outcomes of surgical ICU patients who suffered a major inflammatory event (trauma/
surgical sepsis) and who experienced recurrent insults (principally nosocomial infections).
We propose a mechanism that can explain the persistent low-grade inflammation with the
concurrent adaptive immune suppression and associated ongoing catabolism after a
devastating injury or infection.

In response to sepsis or trauma, bone marrow granulocytes demarginate from the bone
marrow to the site of injury/infection creating space for hematopoietic stem cell (HSC)
differentiation and repopulation of myeloid innate immune effector cells, a process termed
“emergency myelopoiesis”31-34. Myeloid cell expansion predominates at the detriment of
lymphopoiesis and erythropoiesis, promoting lymphopenia and anemia. Emergency
myelopoiesis also results in the STAT3- and COX2- mediated expansion of a heterogeneous
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population of inducible immature myeloid cells with immunosuppressive properties termed
myeloid-derived suppressor cells (MDSCs)35-38, The immunosuppressive activity to
MDSCs has been attributed to a number of mechanisms and mediators described in both
murine and human studies including the upregulation of arginase (ARG1)and nitric oxide
synthase (NVOSZ2), increased interleukin (IL)-10 production and cell surface expression of
PD-L1 and CTLAA4, nitrosylation of (major histocompatibility complex) MHC molecules
preventing their appropriate interaction with the (T-cell receptor) TCR and coreceptors as
well as promoting TCR dissociation, and promotion of regulatory T cell expansion35:3%-45,
While known for their adaptive immunosuppressive function, MDSCs also play an essential
role in preserving innate immunity and producing inflammatory mediators such as NO,
reactive oxygen species (ROS), tumor necrosis factor a (TNFa), regulated on activation
normal T-cell expressed and secreted (RANTES) and macrophage inflammatory protein 1p
(MIP-1p)46:47,

The emergency myelopoietic response and expansion of MDSCs in septic and trauma
patients has been shown to be beneficial to the host by providing protection from early
exuberant inflammation or from secondary infections33:39:48.49 Therefore, in addition to the
contribution to systemic inflammation, emergency myelopoiesis is also important for early
and late host protective immunity in the presence of suppressed adaptive immunity.

However, there is reason to believe that emergency myelopoiesis is impaired in the elderly,
the population recognized to be at higher risk for CCI and PICS. Recently, Efron et a/have
shown that bone marrow progenitors in elderly mice fail to commence, and conclude with an
appropriate myelopoietic response giving rise to myeloid cells with poor phagocytic and
chemotactic function®. Additionally, in a subset of 72 of our above described severe sepsis
and septic shock patients, we observed that MDSC expansion persists in the first 28 days
post sepsis onset (Figure 3A)°L. Additionally, the normally high monocytic/granulocytic
ratio of MDSCs is reversed after severe sepsis and septic shock (Figure 3B and 3C). We also
showed that these MDCSs suppressed T lymphocyte proliferation in vitro and suppressed
the release of Ty and Ty cytokines.®2. Finally, we showed early enhanced MDSC
expansion was associated with early mortality (Figure 4), and that persistent expansion was
associated with prolonged ICU stays. Multivariate analysis demonstrated that MDSC
expansion was a strong independent predictor of nosocomial infections and poor post
discharge disposition°L. Thus, these data are supportive that prolonged expansion of MDSC
after severe sepsis and septic shock contributes to outcomes consistent with the PICS
phenotype.

In addition to MDSCs, sepsis and trauma patients suffer from significant tissue injury with
release of damage-associated molecular patterns (DAMPs)°2:53, These endogenous alarmins
may also contribute to the persistent inflammation in PICS®4:55 and their predominant
sources are likely dysfunctional organs such as the kidneys and lungs as well as the intestine.

Clinical Implications

Persistent inflammation, MDSC expansion and suppression of protective immunity via
anergy, lymphopenia, and dysfunctional innate effector cells predispose the patient to
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reactivation of latent viral infections, nosocomial infections, continued protein catabolism
and malnutrition. This creates a propagating cycle were recurrent infections exacerbate
inflammation driving aberrant myelopoiesis and continued expansion of MDSCs which turn
induces suppression of adaptive immunity (Figure 5).

Treatment must focus on interrupting this viscous cycle facing the patient with CCI and
PICS. Thus, treating PICS requires an understanding of the forces that drive the persistent
inflammation, immunosuppression and catabolism that manifests in these patients.
Monotherapies will generally be ineffective unless they are pluripotent. Furthermore, most
high risk patients bring with them a significant number of co-morbid diseases that all must
be considered as part of the treatment plan.

Compliance with evidence-based management SOPs has significantly reduced in MOF
deaths and continued compliance in survivors is important to limit iatrogenic injury and
reduce sepsis recidivism16:56, Early enteral nutrition has been shown to reduce nosocomial
infections.®’ These diets should be supplemented with protein to insure 1.5 gm/kg and even
more for burn patients and those requiring dialysis. While there is strong evidence
supporting the use of immune-enhancing diets (IEDs) in trauma and perioperative patients,
some have warned that the arginine in IEDs may cause harm in severe sepsis®’. However,
MDSCs expansion in survivors of severe sepsis promote immunosuppression via
overexpression of arginase 1 which depletes arginine and thereby impairs lymphocyte
proliferation. Thus, arginine supplementation may be important in preventing the survivors
from progressing into CCI and PICS. For patients who have failed to wean off the ventilator,
inspiratory strength training exercises have been showed to improve outcomes®.
Furthermore, other modes of physical therapy and mobilization, starting early in the ICU,
have been shown to improve functional outcomes, decreased ICU and hospital stay, and
improve quality of life5%. Based on experience in severe burns, these patients will also likely
benefit from receiving anabolic hormones, intensive insulin therapy and beta-blockade®0.

Despite failed attempts at pharmacological intervention in trauma and sepsis, there is
optimism on future drug development for the interruption of this cycle81. Most anti-
inflammatory modulations has been attempted early after the initial septic/trauma event but
not during the continuing smoldering inflammation seen in PICS. Additionally, similarities
in immune suppression seen in CCl and advanced cancer provide a rational for the
implementation of immune system stimulants in these patients62:63, In the settings of
advanced cancer, blockade of checkpoint inhibitors, such as CTLA4 and PD-L1, either
alone, in combination, or with methyltransferase inhibitors have demonstrated improvements
in adaptive immunity and durable response rates®455, Clinical trials with anti-PD-L1 in
sepsis are currently underway [NCT:02576457].

Conclusion

Management of MOF has evolved significantly over the past four decades as has our
understanding of the pathobiology of trauma and sepsis. Advances in the early management
and resuscitation of trauma and sepsis have significant reduced early mortality and early
MOF. Additionally, there has been a significant reduction in late stage MOF and steady
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improvements in hospital survival for both entities. This successful recognition and
management of the early inflammatory response has resulted in increased numbers of
patients who reside in critical care units with persistent inflammation, adaptive immune
suppression, defects in antigen presentation, protein catabolism, somatic tissue wasting and
dismal long-term outcomes. We provide a new terminology for this patient population,
PICS, that recognizes the principle challenges to the successful management of these
patients: management of their chronic inflammatory state, restoration of a more appropriate
adaptive immune response and protection against secondary nosocomial infections, as well
as prevention or restoration of a cachectic, wasting syndrome. Furthermore, it recognizes
that such patients have multiple, simultaneous immunological and physiological defects that
require a multi-modal therapeutic approach instead of single monotherapy treatment.

We believe that MDSCs may play a significant role in the in the persistent inflammation, and
immunosuppression, leading to detrimental long-term outcomes following severe trauma
and sepsis. Furthermore, identifying MDSCs in humans, as well as understanding their
biological and immunological contributions to the host during sepsis and trauma may not
only offer a mechanism of this disease but also possible therapeutic targets to improve
clinical outcomes. The PICS model argues that immunoadjuvants such as antiPD-L1 or IL-7,
or drugs that can suppress the expansion of MDSCs, may benefit this population by reducing
the likelihood of opportunistic infections or viral reactivation. In addition to supportive
therapies aimed at reducing the likelihood of nosocomial infection, stimulation of anabolic
signals with the implementation of early patient mobilization, resistance exercise, and
optimization of nutritional support are suggested. Ultimately, it is a combination of
pharmacotherapy, physiotherapy and nutritional support that will most likely benefit these
patients.
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Synopsis

Following advances in critical care, in-hospital MOF-related mortality is declining.
Consequently, incidence of chronic critical illness is rising. These patients linger in the
intensive care unit, have high resource utilization, and poor long-term outcomes. Within
this population, we propose that a substantial subset of patients suffer from a new
phenotype: Persistent Inflammation, Immunosuppression, and Catabolism Syndrome
(PICS). While the mechanism(s) of PICS are under investigation, there is evidence that
myelodysplasia with expansion of myeloid derived suppressor cells, innate and adaptive
immune suppression and protein catabolism with malnutrition are major contributors.
Optimal care of these patients will require novel multimodality interventions.
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Key Points

There has been a significant rise in patients with chronic critical illness (CCl);
patients with prolonged hospitalizations, high resource utilization and dismal
long-term outcomes.

Persistent Inflammation, Immunosuppression, and Catabolism Syndrome
(PICS) describes a subgroup of patients with CCI who have experienced
recurrent inflammatory insults.

Prolonged expansion of myeloid derived suppressor cells (MDSCs) provides a
plausible mechanism for the pathobiology and poor outcomes observed in
patients with PICS.

MDSC expansion in emergency myelopoiesis can lead to chronic
inflammation, suppression of adaptive immunity and predisposes the patient
to nosocomial infections.

A combination of pharmacotherapy, physiotherapy and nutritional support
will be necessary to limit the progression of CCl into PICS.
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Figure 1. Evolution of MOF
MOF evolves over 40 years as does the clinical and surgical management of shock states.

Paradigms to explain the developing phenotypes are adopted and discarded. We propose that
PICS is the predominant phenotype resulting from CCI.
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Figure 2. PICS paradigm
Following a major inflammatory insult (trauma, sepsis, burns, acute pancreatitis, etc) there is
a simultaneous inflammatory and immunosuppressive response. Early deaths from acute
MOF are now rare due to early recognition of shock and rapid implementation of supportive
care thorough effective application of EBM and SOPs. Survivors may progress through two
pathways: 1) patients readily return to immune homeostasis and achieve a rapid recovery; 2)
patients smolder in the ICU with CCI and develop chronic inflammation, suppression of
adaptive immunity, ongoing protein catabolism with cachectic wasting, and suffer from
recurrent nosocomial infections. These patients often suffer from PICS, many of which fail
to achieve functional independence, are discharged to LTACs, have and extremely poor
quality of life, and ultimately succumb to an indolent death.
Adapted from Gentile LF, Cuenca AG, Efron PA, et al. Persistent inflammation and
immunosuppression: A common syndrome and new horizon for surgical intensive care. The
journal of trauma and acute care surgery. Jun 2012 72(6):1491-1501.
Abbreviations: MOF — multiple organ failure; SIRS — systemic inflammatory response
syndrome; CARS — compensatory anti-inflammatory response syndrome; CCI — Chronic
Critical llIness; ICU — Intensive Care Unit; PICS — persistent immune suppression
inflammation and catabolism syndrome;
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Figure 3. MDSCs in PICS
Characterization of MDSCs (CD33*CD11b*HLA DR ™19W) in 72 trauma and surgical ICU

patients with severe sepsis/septic shock®L. A) After sepsis onset, circulating MDSCs expand
early and are persistently elevated by a significant margin over the first 28 days when
compared to healthy controls. B & C) The commonly observed high ratio of monocytic/
granulocytic MDSCs seen in healthy subjects is reversed in patients with severe sepsis/septic
shock.
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From Mathias B, Delmas AL, Ozrazgat-Baslanti T, et al. Human Myeloid-derived
Suppressor Cells are Associated With Chronic Immune Suppression After Severe Sepsis/
Septic Shock. Annals of surgery. May 9 2016

*p<0.05 when compared to HC subjects

# p<0.05 when compared to SS/SS patients at 12 hours.
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Figure 4. MDSCs and ICU mortality/length of stay
Increase in circulating MDSCs correlates with early mortality and prolonged length of stay.

MDSC expansion was more significant in patients with early mortality (<14days) than in
patients who survived >14 days at both 12 hours and 24 hours after sepsis onset. MDSC
levels then decline until death. In patients with a prolonged ICU stay (>14days), MDSCs are
significantly elevated at 7 days and 14days when compared to patients with and ICU length
of stay of <14 days.

From Mathias B, Delmas AL, Ozrazgat-Baslanti T, et al. Human Myeloid-derived
Suppressor Cells are Associated With Chronic Immune Suppression After Severe Sepsis/
Septic Shock. Annals of surgery. May 9 2016

*p<0.05 when compared to patients with ICU LOS <14 days

#p<0.05 when compared to patients with ICU LOS =14 days
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Figure 5. The PICS cycle
PICS can be represented as a recurring, vicious cycle. First, the inciting inflammatory event

stimulates an emergency myelopoietic response. While the ensuing expansion of MDSC can
be protective, prolonged expansion promotes suppression of adaptive immunity and chronic
inflammation. Following this initial response, the patient may convalesce or progress to CCI.
In a subset of CCI patients PICS develops and is characterized by manageable organ
dysfunction, ongoing inflammation and immune suppression, protein catabolism, muscle
wasting, and unmet nutritional needs. This predisposes the patient for recurrent infections
and recidivism of this cycle.

Modified from Mira et al (in press).

Crit Care Clin. Author manuscript; available in PMC 2018 April 01.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Mira et al. Page 19

Table 1
PICS biomarkers

Laboratory markers that are readily available in most clinical settings and can be used to identify patients with
or at risk of PICS.

PICS Measurement
Critically ill patient Admission to the ICU > 14 days
Persistent inflammation CRP > 50 pg/dL

Persistent immunosuppression  Total lymphocyte count < 0.80 x109/L

Catabolic state Serum albumin < 3.0 g/dL
Pre-albumin <10mg/dL
Creatinine height index < 80%
Weight loss > 10% ‘or’ BMI < 18 during hospitalization

Abbreviations: PICS — Persistent Inflammation, Immunosuppression and Catabolism Syndrome; ICU — Intensive Care Unit; CRP — C-reactive
protein; BMI — Body mass index;
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Table 2
PICS biomarkers over time

Clinical biomarkers of PICS at three time points in chronically ill patients with severe sepsis/septic shock:
sepsis onset, day 7 and day 14. These are consistent with the persistent inflammation, immune suppression,
and catabolism seen in patients with PICS.

PICS Marker Sepsis Onset Day 7 Day 14
Inflammation
CRP (mg/L) 206+25  118+58 86+75
Neutrophils (K/mm?q) 15+3 12+6 10+7

Immunosuppression

Lymphocytes(K/mm3) 06+04 11+13 1.0+08

Catabolism

Albumin (gm/dl) 23+0 23+0 25+1

Pre-Albumin (mg/L) 62 7+3 105
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