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SUMMARY

There are sparse clinical data addressing the persistence
of disordered coagulation in sepsis and its role in

chronic critical illness. Coagulopathy in the absence of
anticoagulant therapy and/or liver disease can be highly
variable in sepsis, but it tends to be prolonged in patients
in the intensive care unit with a length of stay greater
than 14 days. These coagulation abnormalities tend

to precede multisystem organ failure and persistence

of these coagulation derangements can predict 28-

day mortality. The studies evaluated in this review
consistently link sepsis-associated coagulopathy to

poor long-term outcomes and indicate that disordered
coagulation is associated with unfavorable outcomes in
chronic critical illness. However, the causative mechanism
and the definitive link remain unclear. Longer follow-

up and more granular data will be required to fully
understand coagulopathy in the context of chronic
critical illness.

INTRODUCTION

Sepsis is defined as a dysregulated host response to
infection causing life-threatening organ dysfunction'
and is marked by both inflammatory and immuno-
suppressive phases with tremendous morbidity and
mortality. For the surgeon, sepsis is understood as
both a critically time-sensitive condition with need
for immediate source-control measures, as well as a
potentially chronic illness with downstream effects
on morbidity and mortality for many years after
diagnosis. Despite increased national and hospi-
tal-led public health campaigns to raise awareness
and improve the timeliness of diagnosis, mortality
from acute sepsis approaches 25% or even higher
depending on its severity.? Sepsis is a heterogeneous
disease state with distinct phenotypic signatures,’
but generally speaking, sepsis survivors diverge into
two categories: those who fully recover and those
who enter the continuum of chronic critical illness
(CCI).#

Disordered coagulation is a hallmark of sepsis,
affecting 50% to 70% of patients,® with alterations
in coagulation ranging from benign laboratory aber-
rations to disseminated intravascular coagulopathy
(DIC).¢ The severity of sepsis-associated coagulop-
athy is directly linked to worse outcomes, including
inpatient length of stay (LOS) and mortality.”® Coag-
ulation abnormalities during CCI are less clearly
understood. However, there is growing evidence
that coagulopathy may distinguish patients at
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greatest risk for poor outcomes after sepsis. A
recent prospective study found that 19% of patients
with CCI had coagulopathy at admission compared
with only 3% of sepsis ‘rapid recovery’ survivors,
suggesting that coagulation abnormalities may
identify patients more prone to CCI and persistent
multiple organ failure (MOF).

In this review, we will briefly outline the patho-
physiology of sepsis-associated coagulopathy and
DIC. We will then examine the existing literature
on coagulopathy and associated outcomes in sepsis
survivors and patients with CCI with the objec-
tive of highlighting the need for further dedicated
research in this field.

COAGULATION AND SEPSIS
Historically, two pathways describe the initiation
of coagulation (figure 1).!° The intrinsic or contact
pathway begins with the activation of coagula-
tion factor XII; the extrinsic or tissue factor (TF)
pathway begins with TF release usually after endo-
thelial injury. In the common final pathway of coag-
ulation, activated factors V and X, calcium, and
prothrombin unite to generate thrombin, which
converts fibrinogen to fibrin. In turn, fibrin activates
platelets, which crosslink to augment clot strength.
Altogether, these pathways constitute the ‘coagula-
tion cascade’, and form the basis of hemostasis.
Excessive thrombosis, on the other hand, is a
process in which coagulation and platelet activation
impede vascular blood flow, causing tissue malper-
fusion, ischemia, injury, and necrosis.!' Driven by
an exaggerated systemic inflammatory response,
numerous physiologic alterations favor thrombosis
during sepsis (figure 1).'? There is upregulation of
procoagulant pathways initiated by a surge of circu-
lating TF, which interacts with inflammatory cyto-
kines IL-1, IL-6, and TNF-o."* Platelet activating
factor accelerates thrombus formation through
increased TF secretion and platelet and leukocyte
adhesion, creating an activated surface for further
thrombin propagation.!® The hypercoagulability of
acute sepsis is further bolstered by an acute endo-
theliopathy'* and dampening of native anticoagula-
tion mechanisms, including TF pathway inhibitor,
activated protein C (APC), and antithrombin (AT).°
Finally, the rise in plasminogen activator inhibitor
(PAI) and formation of thrombin-activatable fibri-
nolysis inhibitor enhances clot firmness during
acute sepsis. Altogether, the decreased native anti-
coagulation pathways, along with upregulation of
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Figure 1 Alterations to the known coagulation cascade in severe

sepsis. Factors highlighted in red indicate a downregulation, and green
indicates an upregulation during sepsis. These alterations have been
shown to persist during chronic critical illness.

factors that promote clot firmness, lead to an overall resistance
to fibrinolysis.®

The endotheliopathy of septic shock is in part due to
catecholamine-induced damage to the microvasculature, and has
been shown in sepsis and in other causes of shock such as trauma
and cardiac arrest. Catecholamine-induced systemic damage
results in shedding of the endothelial glycocalyx layer, leading
to endothelial inflammatory changes and increased capillary
leakage due to failure of tight junctions, producing a procoag-
ulant microvasculature.’ ' The breakdown of the glycocalyx
barrier allows for platelet and leukocyte adhesion to endothelial
cells,'” further reducing oxygen delivery because of microvas-
cular thrombosis, which perpetuates the cycle and ultimately
leads to end-organ damage and failure.'®

In recent years, the term immunothrombosis has emerged to
more precisely describe the interplay between the host immune
defense and coagulation after an infectious insult.'”*! During
immunothrombosis, invading pathogens attract immune cells,
which release TF and activate the extrinsic pathway of coagula-
tion. This promotes the formation of a fibrin plug to physically
barricade the microvascular circulation and protect downstream
organs from further exposure to invading organisms. As the
developing microthrombi continue to attract immune cells, this
facilitates containment and clearance of pathogens. Although
this mechanism is theoretically beneficial and evolutionarily
conserved,?** ongoing or dysregulated thrombus formation
may lead to consumption of coagulation factors, bleeding, and
tissue damage, inciting pathogenic events that lead to myocardial
infarction, stroke, deep venous thrombosis, acute respiratory
distress syndrome, and/or DIC (figure 2).23 26-28

DIC is the most devastating manifestation of sepsis-associated
coagulopathy, as it involves concomitant coagulation and
bleeding, and impacts an estimated 13% to 61% of septic
patients depending on the scoring system referenced.?* The
International Society on Thrombosis and Hemostasis (ISTH)
defines DIC as ‘an acquired syndrome characterized by the
intravascular activation of coagulation with loss of localization
arising from different causes. It can originate from and cause
damage to the microvasculature, which if sufficiently severe, can
produce organ dysfunction’.®® DIC results from activation of
TF, insufficient control of coagulation, and elevated PAI levels,

leading to altered fibrinolysis.?® 3¢ Although there are numerous
other etiologies of DIC including trauma and pancreatitis, in
the context of sepsis, DIC may represent excessive immuno-
thrombosis, leading to pervasive microthrombotic disease as the
host attempts to contain invading pathogens systemically.2® This
widespread formation of microvascular thrombi causes cellular
apoptosis and necrosis with release of proinflammatory intra-
cellular proteins, leading to multisystem organ dysfunction. In
addition, the concomitant consumption of coagulation factors
can cause even further issues with coagulopathy, including
bleeding complications.

While DIC is considered an independent predictor of mortality
during critical illness and is associated with a 1.5-fold greater
mortality rate in septic patients compared with those with less
severe forms of coagulopathy,® 37 no single test is sufficient for
detecting DIC. In the appropriate clinical setting, accurate diag-
nosis requires examining numerous laboratory tests, including
platelet count, fibrin markers, fibrinogen, and prothrombin time
(PT). Because of the simultaneous activation and downregula-
tion of separate parts of the coagulation process during sepsis,
timely monitoring of coagulation changes is important in the
recognition and treatment of sepsis-induced coagulopathy and
DIC. In current practice, thromboelastography (TEG) is the
most efficient and advantageous measure of clotting function in
real time.*® Specific indicators in TEG testing, such as R value, K
time, o angle, maximum amplitude value and coagulation index,
have been shown to correlate with the severity of the patient’s
sepsis by both Sequential Organ Failure Assessment and Acute
Physiology and Chronic Health Evaluation II scores, and can
better determine platelet functionality than traditional coagula-
tion laboratories.*® Many studies have been conducted to eval-
uate the utility of TEG on clinical diagnosis of sepsis-induced
coagulopathy.*** Among these, wide variation is seen with
regard to detection of hypercoagulability and hypocoagulability,
likely from non-uniform collection times, varying degrees of
disease severity, and deviations in definitions.** However, overall
trends indicate that a hypocoagulable profile is associated with
increased MOF, along with increased mortality in sepsis.*

Multiple scoring systems have attempted to standardize the
diagnosis of DIC, but each has respective drawbacks, including
broad applicability and questionable sensitivity. The most recent
accepted diagnostic criteria are the ISTH overt DIC score, based
on platelet counts, fibrin-related markers (D-dimer, and so on),
PT and fibrinogen levels. This has been criticized for its detec-
tion of DIC in its later phases, and other guidelines have been
proposed to diagnose DIC earlier in the disease course to better
facilitate treatment, namely Japanese Association for Acute
Medicine DIC score, and Japanese Society on Thrombosis and
Hemostasis DIC.*¢

Unfortunately, there are no current therapeutic interven-
tions guaranteed to reverse DIC and the mainstay of treatment
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Figure 2 Immunothrombosis, a known phenomenon during

sepsis, leads to an increase in thrombotic events, precipitates factor
consumption, and propagates coagulopathy in the progression to
chronic critical illness. ARDS, acute respiratory distress syndrome; DIC,
disseminated intravascular coagulopathy; DVT, deep venous thrombosis;
MI, myocardial infarction.
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depends on resolving the underlying pathophysiologic process.
Because coagulopathy and microthrombotic disease are believed
to contribute to organ dysfunction during sepsis, numerous clin-
ical trials have investigated whether coagulation mediators could
be effective therapeutic targets. Notable mentions include the
Protein C Worldwide Evaluation in Severe Sepsis (PROWESS)
group, evaluating APC. APC is an endogenous protein that has
both antithrombotic and profibrinolytic properties, and origi-
nally showed promise with a significant mortality reduction,
particularly in patients with DIC.#” Other studies showed APC
reduced overt thrombotic events, although with an increase in
clinically significant bleeding events.’! After increasing doubt in
the efficacy of APC, and higher concerns for bleeding, an inves-
tigation into the risk/benefit profile of the drug was called for.
The study, PROWESS-SHOCK, eventually proved no difference
in 28-day survival and the drug was discontinued.*

In a similar vein, antithrombin supplementation has been
studied to improve outcomes in patients with sepsis-induced
DIC. Antithrombin in an endogenous anticoagulant, inhibiting
809% of coagulation activities of thrombin and five different
coagulation factors. High-dose supplementation has shown
possible improved survival in patients with sepsis-induced DIC,
but no survival differences in patients with sepsis without DIC.#
However, more recent studies have shown that specific patient
populations with sepsis-induced DIC and very low antithrombin
levels (<43%) benefit from administration of antithrombin
(AT), with significantly improved survival and without increased
bleeding complications.*®

Interpretation of these clinical trials is complicated because the
benefits of ameliorating coagulopathy must be balanced against
the risk of weakening the host response to infection or causing
hemorrhage. Furthermore, because sepsis is heterogeneous and
the pathogenesis of coagulopathy is multifactorial, simultaneous
treatments and/or a personalized algorithm may be needed.
These treatment modalities may be more successful once a more
complete picture of the progression of coagulopathy and DIC in
critical illness is available. It is a fluctuating state of imbalance
between procoagulation and antithrombosis and, to accurately
treat a patient, we will need to better predict their coagulation
state in real time. The use of a procoagulant or anticoagulant is
more likely to harm the patient if used in a manner not tailored
to the specific coagulopathy in real time. One potentially viable
approach is to target the innate immune cells—namely neutro-
phils and monocytes—or cellular products that mediate immu-
nothrombosis to mitigate progression to DIC and/or MOEF. For
example, neutrophil extracellular traps (NETs), chromatin-based
antimicrobial structures released from neutrophils, are impli-
cated in propagating immunothrombosis. In preclinical models
and in vitro, inhibition of NET formation may be a promising
option for therapeutic intervention.’=3

COAGULATION AND ccCl

With increased efforts to expeditiously diagnose and treat sepsis,
short-term outcomes are improving significantly and the overall
incidence continues to rise. Although in-hospital mortality has
declined, up to 40% of septic patients fail to fully recover and
progress to CCI, defined as an intensive care unit (ICU) LOS of
greater than 14 days with evidence of organ dysfunction.*’*3s
Patients with CCI are plagued by recurrent infections, malnu-
trition, cognitive impairments, poor rehabilitation, and indolent
death. They necessitate higher resource utilization and suffer
significantly worse health-related quality of life and functional
outcomes as soon as 3 months after their initial sepsis diagnosis.’

Chronically ill sepsis survivors have estimated 1 and 3-year
mortality rates of 55% and 71%, respectively, many of which
result from withdrawal of care.’$*=” Longer term outcomes and
survival data are likely to be under-reported.

In response to this newly emerging patient population of
sepsis survivors, critical illness paradigms have evolved dramat-
ically in recent years. Persistent inflammation, immunosuppres-
sion, and catabolism syndrome (PICS) was recently proposed as
a mechanism to explain the subset of patients with CCI who
fail to re-establish immunologic and metabolic homeostasis
after resolution of their acute insult—usually sepsis, trauma, or
pancreatitis.’® Physiologically, PICS involves increased circu-
lating myeloid cells, lymphocyte suppression, and muscle catab-
olism. There are no consensus clinical guidelines for diagnosis
of PICS, but some have characterized it as follows: ICU LOS
>14 days, C-reactive protein 150 pg/dL, total lymphocyte count
<0.80x10%L, >10% weight loss during hospitalization or body
mass index <18, creatinine height index <80%, serum albumin
<3.0g/dL, prealbumin <10mg/dL, and retinol binding protein
<10 pg/dL.**-%° Unfortunately, beyond supportive care and anti-
biotic therapy, there are no life-quality or life-prolonging inter-
ventions for PICS at the present.

Few studies have assessed coagulation in preclinical models of
late sepsis or CCIL. Our laboratory found that outbred mice were
hypercoagulable 2 hours after sepsis in a process driven by macro-
phage production of TNF-0.°' However, 16 hours after septic
injury, mice shifted to a hypocoagulable phenotype, suggesting
that early thrombosis led to coagulation factor consumption. In
follow-up work, we evaluated whether dysregulated coagulation
was present at even later time points after sepsis.®> To develop
this murine model, mice were subject to a moderate-severity
cecal ligation and puncture injury and killed 8 days later when
they concurrently developed all the characteristics of PICS, as
previously described.®® These PICS mice demonstrated increased
splenic megakaryocyte accumulation without a concomitant
increase in circulating platelets, as well as significant pulmonary
microvascular thrombi with corresponding changes in respira-
tory function. Because dysregulated coagulation was associated
with development of tissue damage and end-organ dysfunction,
we concluded that coagulopathy should be considered an addi-
tional feature of PICS.

There are very little clinical data addressing the persistence
of disordered coagulation, let alone its prognostic or predictive
implications, during CCI. In one systematic review from Guirgis
et al, persistent organ dysfunction was evaluated in survivors of
severe sepsis.® The authors included patients from five random-
ized controlled trials only if follow-up exceeded 28 days and if
objective assessment of both organ function and resolution was
performed. None of the studies evaluated organ dysfunction
greater than 30 days after sepsis admission. DIC was diagnosed
in 23% to 88% of patients across three of the studies. Rates
of resolution for DIC were also highly variable, ranging from
12% to 87% in the three qualifying studies. Limitations included
the small sample size and the reliance on different definitions of
DIC. Only one study enrolled subjects during the modern era
of goal-directed therapy, making it difficult to draw applicable
conclusions about critical illness and coagulation.

In a subsequent study from Guirgis et al, 110 septic patients
were prospectively screened for the development of persistent
(28-90 days) or long-term (greater than 90 days) organ dysfunc-
tion.”* Coagulopathy was defined as an international normal-
ized ratio (INR) >1.5and a platelet count <100x 10A9/L in
the absence of anticoagulant therapy and/or liver disease. The
overall rate of coagulopathy at admission was 25%, consistent
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with the previously discussed study.” Among sepsis survivors
with available data, 10% had persistent coagulopathy and 3%
had long-term coagulopathy. Clinical outcomes of patients with
coagulopathy were not evaluated, likely because the sample was
underpowered to establish statistical trends. Interestingly, the
authors found a significant association between elevated INR
and persistent organ dysfunction, but they did not perform a
multivariable analysis to determine whether coagulopathy
independently predicted later organ failure. Nevertheless, the
concept that an abnormal laboratory test of coagulation could
predict eventual MOF is promising for identifying and staging
patients, as well as pinpointing a window of intervention to
prevent sepsis-related morbidity and mortality.

A handful of studies have investigated short and intermediate-
term outcomes of early coagulopathy among sepsis survivors. In
one single-center prospective study of septic patients, Koyama
et al found that higher plasma thrombin-antithrombin complex
(TAT) and PAI-1 levels 2days after ICU admission predicted
28-day mortality.®® In a larger multi-institution study, Dhainaut
et al assessed coagulopathy markers early in patients with severe
sepsis as well as 28-day mortality rates and progression to
MOEFE.** PT, D-dimer, antithrombin activity, protein C activity,
and platelet counts were trended temporally. The majority of
patients had baseline coagulation abnormalities that preceded
organ failure and changes in PT, antithrombin, D-dimer, and
composite coagulation parameters from baseline to the first
day after severe sepsis diagnosis predicted 28-day mortality.
Worsening coagulopathy was also associated with MOF devel-
opment, whereas improvements in coagulation were associated
with resolution of MOF. The authors concluded that coagula-
tion is a key mediator of sepsis outcomes. Finally, Massion et al
found that deficient thrombin generation 3 days after the onset
of septic shock was associated with greater inpatient and 90-day
mortality.* Taken together, these studies highlight that common
coagulation parameters may help risk stratify septic patients and
identify who is at risk to progress to MOF or early death.

Two European studies have advanced our understanding
of long-term outcomes of infection and CCIL. In a multicenter
cohort study of hospitalized patients who survived community-
acquired pneumonia, Yende et al determined that after adjusting
for age, sex, race, and comorbidities, higher levels of TAT, PAI-1,

and D-dimer within 96 hours of discharge were associated with
greater all-cause 1-year mortality.®” This is consistent with the
previously highlighted study showing that elevated TAT and PAI-1
levels at the time of sepsis diagnosis predict 28-day mortality.®®
Even after adjusting for IL-6 levels, elevated TAT and D-dimer
remained significantly associated with 1-year mortality, of which
the most common cause was cardiovascular disease likely from
destabilization of existing atherosclerotic plaques, cardiomyo-
cyte depression,® ® and/or plaque progression and rupture.??7°7!
Although these patients did not technically have sepsis, these
findings illustrate that, even without a dysregulated systemic
immune response, inflammation and coagulopathy can persist
after the primary infection has resolved. Prospective observa-
tional data from Gayat et al echo these findings, demonstrating
that markers of cardiovascular ischemia at the time of ICU
discharge discriminate 1-year survivors from non-survivors.”
The authors also found that a platelet count <100000/uL at
discharge was associated with a twofold increased risk of death
1year after ICU admission. However, only one-fifth of included
patients had septic shock as the reason of their ICU admission
and additional coagulation markers were not specifically evalu-
ated in this study. Together, these data suggest that persistence of
abnormal hematologic markers at discharge is a warning sign and
possible method for identifying patients vulnerable to later end-
organ dysfunction and death. Further longitudinal research is
needed to determine which particular serum markers, measure-
ments, or trends predict worse outcomes for sepsis survivors. A
summary of studies on coagulopathy among sepsis survivors is
outlined in table 1.

Although these studies establish that disordered coagulation
is associated with unfavorable outcomes for sepsis survivors,
there are some notable limitations stemming from non-uniform
methodology. Median ICU LOS qualified only some subjects as
true patients with CCI. Therefore, without subgroup analyses of
mortality among patients with ICU admission >14 days, these
data are less generalizable to CCI. There was also immense vari-
ability in how coagulopathy was defined, and which coagulation
parameters were assessed. Although the data consistently linked
sepsis-associated coagulopathy to poor outcomes, it was unclear
whether the causative mechanism was deficient coagulation or
poor fibrinolysis. It is also questionable whether short-term

Table 1 Review of the literature regarding coagulopathy and outcomes among sepsis survivors
Senior author  Year Design n Inclusion Parameter(s) Sampling timing Primary outcome Conclusion
Nelson DR?* 2005 Prospective 840 Severe sepsis PT, AT, D-dimer, APC, Diagnosis 28-day mortality Coagulopathy the first day after
SOFA diagnosis predicts worse 28-day
mortality.
Angus DC® 2011 Multicenter 893 Community Acquired AT, factor IX, TAT, PAI-1,  Admission, weekly  All-cause, Elevated TAT and D-dimer within
cohort Pneumonia D-dimer until discharge cardiovascular, 96 hours of discharge predict
1-year mortality cardiovascular death.
Gothot A% 2012 Prospective 39 Septic shock 17 coagulopathy Admission through  Inpatient, 90-day Thrombin generation deficit is
cohort markers day 7 mortality associated with greater 90-day
mortality.
Jones AE® 2014 Systematic - - DIC/coagulopathy >28 days Organ-specific Variable rates of coagulopathy and
review outcomes resolution 1 month after severe
sepsis.
Sakata Y6¢ 2014 Prospective 37 Sepsis without DIC at 14 coagulopathy Admission DIC development, TAT and PAI-1 predict 28-day
baseline markers 28-day mortality mortality.
Jones AE®® 2016 Retrospective 110 Severe sepsis/shock  INR >1.5 Admission, 28-90 Organ dysfunction INR >1.5 is associated with organ
Platelets <100000/uL  days, and >90 days dysfunction at 28-90 days.
Mebazaa A” 2018 Multicenter 1570 Critical illness ICU ~ Platelets <100000/uL  Discharge All-cause 1-year Low platelets at discharge are

prospective survivors

mortality associated with greater risk 1-year

mortality.

APC, activated protein C; DIC, disseminated intravascular coagulopathy; ICU, intensive care unit; INR, international normalized ratio; PAI-1, plasminogen activator inhibitor-1; PT, prothrombin time;

SOFA, Sequential Organ Failure Assessment; TAT, thrombin-antithrombin complex.
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outcomes are even pertinent for CCI, which implies a more indo-
lent course. Some argue that CCI mortality plateaus at 3 months
and that longer follow-up is resource intensive and confounds
survival data since patients may die to non-CCl-related causes
such as cancer or trauma.’ 7> While dysregulated coagulation
is often observed on the day of sepsis diagnosis,” > *2 % longer
follow-up and more granular data are required to understand
coagulopathy in the context of CCI. This may be achieved
through greater multidisciplinary and/or multi-institutional
collaboration to foster creation of consensus CCI guidelines and
standardize language for research and clinical purposes.

CONCLUSIONS
Sepsis-associated coagulopathy is a frequent and well-described
clinical phenomenon that can lead to organ dysfunction. By
contrast, coagulation during CCI is poorly understood with few
animal or clinical studies revealing its pathophysiology, inci-
dence, presentation, or clinical outcomes. Septic patients who
experience coagulopathy are more likely to progress to organ
failure, and those with improvements in coagulation demon-
strate greater incidence of MOF resolution. Additionally, this
disordered coagulation introduces a greater risk of morbidity
during surgical source control, which has the potential to lead to
an even more complicated course. However, the coagulopathy of
sepsis is just one facet that leads to persistent organ dysfunction
and primes patients for the development of CCI. The association
between them has been proven, but the link is still unknown.
This review illustrates that coagulopathy does persist in sepsis
survivors and that abnormal coagulation at the time of admis-
sion and discharge predicts mortality outcomes up to 1year after
sepsis diagnosis. There is very compelling evidence of the impact
of coagulopathy on outcomes in CCI, but further studies are
needed to prove more than correlation between the two. None of
the discussed studies explored the association between coagulop-
athy, persistent organ dysfunction, and mortality among a strict
CCI population. A thorough examination of the temporal trends
of coagulopathy among sepsis survivors is needed to elucidate
whether such abnormalities in CCI represent progression versus
de novo disease and whether they directly contribute to MOF.
Future clinical work should also track outcomes for a greater
duration of time given that CCI incurs long-term immunologic,
functional, nutritional, and lifestyle morbidity that shorter term
measures fail to capture. Together, these data may help classify
patients into CCI phenotypes, similar to acute sepsis.>” Predicting
which patients with coagulopathy will ultimately develop
persistent MOF and CCI is clinically useful because it may guide
resource utilization decisions, facilitate family discussions about
goals of care, and to some extent direct patient management in
both the acute stages of disease and in the chronic illness state
that follows. Unfortunately, until there are better clinical targets,
treatment options, and biomarkers to follow therapeutic efficacy,
the ability to minimize excessive inflammation, restore immuno-
logic homeostasis, and prevent organ dysfunction in sepsis survi-
vors is not yet possible. However, along with the foundations in
the literature reviewed here, perhaps future studies focusing on
coagulopathy in CCI may help inform our decision-making for
sepsis survivors to improve overall outcomes for these patients.

Contributors LKW and VN conceived the presented ideas. LKW and CS wrote the
article with support from NB, CCC and VN. All authors provided critical feedback and
helped shape the research, analysis and article.

Funding The authors have not declared a specific grant for this research from any
funding agency in the public, commercial or not-for-profit sectors.

Competing interests None declared.

Patient consent for publication Not required.
Provenance and peer review Not commissioned; externally peer reviewed.

Open access This is an open access article distributed in accordance with the
Creative Commons Attribution Non Commercial (CC BY-NC 4.0) license, which
permits others to distribute, remix, adapt, build upon this work non-commercially,
and license their derivative works on different terms, provided the original work is
properly cited, appropriate credit is given, any changes made indicated, and the use
is non-commercial. See: http://creativecommons.org/licenses/by-nc/4.0/.

ORCID iD
Christen Salyer http://orcid.org/0000-0002-8134-9217

REFERENCES

1. Singer M, Deutschman CS, Seymour CW, Shankar-Hari M, Annane D, Bauer M,
Bellomo R, Bernard GR, Chiche J-D, Coopersmith CM, et a/. The third International
consensus definitions for sepsis and septic shock (Sepsis-3). JAMA 2016;315:801-10.

2. Mayr FB, Yende S, Angus DC. Epidemiology of severe sepsis. Virulence 2014;5:4-11.

3. Seymour CW, Kennedy JN, Wang S, Chang C-CH, Elliott CF, Xu Z, Berry S, Clermont G,
Cooper G, Gomez H, et al. Derivation, validation, and potential treatment implications
of novel clinical phenotypes for sepsis. JAMA 2019;321:2003.

4. Stortz JA, Murphy TJ, Raymond SL, Mira JC, Ungaro R, Dirain ML, Nacionales
DG, Loftus TJ, Wang Z, Ozrazgat-Baslanti T, et al. Evidence for persistent immune
suppression in patients who develop chronic critical iliness after sepsis. Shock
2018;49:249-58.

5. Levi M, van der Poll T. Coagulation and sepsis. Thromb Res 2017;149:38—-44.

6. Simmons J, Pittet J-F. The coagulopathy of acute sepsis. Curr Opin Anaesthesiol
2015;28:227-36.

7. Lyons PG, Micek ST, Hampton N, Kollef MH. Sepsis-Associated coagulopathy severity
predicts hospital mortality. Crit Care Med 2018;46:736—42.

8. Moore HB, Winfield RD, Aibiki M, Neal MD. Is coagulopathy an appropriate
therapeutic target during critical illness such as trauma or sepsis? Shock
2017;48:159-67.

9. Gardner AK, Ghita GL, Wang Z, Ozrazgat-Baslanti T, Raymond SL, Mankowski RT,
Brumback BA, Efron PA, Bihorac A, Moore FA, et al. The development of chronic
critical illness determines physical function, quality of life, and long-term survival
among early survivors of sepsis in surgical ICUs. Crit Care Med 2019;47:566-73.

10. Furie B, Furie BC. Mechanisms of thrombus formation. N Engl J Med Overseas Ed
2008;359:938-49.

11. Smith SA, Travers RJ, Morrissey JH. How it all starts: initiation of the clotting cascade.
Crit Rev Biochem Mol Biol 2015;50:326—-36.

12. Schouten M, Wiersinga WJ, Levi M, van der Poll T. Inflammation, endothelium, and
coagulation in sepsis. J Leukoc Biol 2008;83:536-45.

13. Levi M. The coagulant response in sepsis and inflammation. Hamostaseologie
2010;30:10-16.

14. Johansson P, Stenshalle J, Ostrowski S. Shock induced endotheliopathy (SHINE) in
acute critical illness - a unifying pathophysiologic mechanism. Crit Care 2017;21:25.

15. Wu F, Chipman A, Pati S, Miyasawa B, Corash L, Kozar RA. Resuscitative
strategies to modulate the Endotheliopathy of trauma: from cell to patient. Shock
2020;53:575-84.

16. Becker BF, Jacob M, Leipert S, Salmon AHJ, Chappell D. Degradation of the endothelial
glycocalyx in clinical settings: searching for the sheddases. Br J Clin Pharmacol
2015;80:389-402.

17. Haywood-Watson RJ, Holcomb JB, Gonzalez EA, Peng Z, Pati S, Park PW, Wang
W, Zaske AM, Menge T, Kozar RA, et al. Modulation of syndecan-1 shedding after
hemorrhagic shock and resuscitation. PLoS One 2011;6:23530.

18. Wei S, Gonzalez Rodriguez E, Chang R, Holcomb JB, Kao LS, Wade CE, Holcomb JB,
Wade CE, del Junco DJ, Fox EE, . PROPPR Study Group. Elevated syndecan-1 after
trauma and risk of sepsis: a secondary analysis of patients from the pragmatic,
randomized optimal platelet and plasma ratios (PROPPR) trial. / Am Coll Surg
2018;227:587-95.

19. Stiel L, Meziani F, Helms J. Neutrophil activation during septic shock. Shock
2018;49:371-84.

20. Esmon CT. The interactions between inflammation and coagulation. Br J Haematol
2005;131:417-30.

21. Levi M, van der Poll T, Bller HR. Bidirectional relation between inflammation and
coagulation. Circulation 2004;109:2698-704.

22. Corrales-Medina VF, Alvarez KN, Weissfeld LA, Angus DC, Chirinos JA, Chang
C-CH, Newman A, Loehr L, Folsom AR, Elkind MS, et al. Association between
hospitalization for pneumonia and subsequent risk of cardiovascular disease. JAMA
2015;313:264-74.

23. Delabranche X, Helms J, Meziani F. Inmunohaemostasis: a new view on haemostasis
during sepsis. Ann Intensive Care 2017;7:117.

24. Dhainaut J-F, Shorr AF, Macias WL, Kollef MJ, Levi M, Reinhart K, Nelson DR. Dynamic
evolution of coagulopathy in the first day of severe sepsis: relationship with mortality
and organ failure. Crit Care Med 2005;33:341-8.

25. Dushay MS. Insect hemolymph clotting. Cell Mol. Life Sci. 2009;66:2643-50.

Winer LK, et al. Trauma Surg Acute Care Open 2020;5:¢000462. doi:10.1136/tsaco-2020-000462


http://creativecommons.org/licenses/by-nc/4.0/
http://orcid.org/0000-0002-8134-9217
http://dx.doi.org/10.1001/jama.2016.0287
http://dx.doi.org/10.4161/viru.27372
http://dx.doi.org/10.1001/jama.2019.5791
http://dx.doi.org/10.1097/SHK.0000000000000981
http://dx.doi.org/10.1016/j.thromres.2016.11.007
http://dx.doi.org/10.1097/ACO.0000000000000163
http://dx.doi.org/10.1097/CCM.0000000000002997
http://dx.doi.org/10.1097/SHK.0000000000000854
http://dx.doi.org/10.1097/CCM.0000000000003655
http://dx.doi.org/10.1056/NEJMra0801082
http://dx.doi.org/10.3109/10409238.2015.1050550
http://dx.doi.org/10.1189/jlb.0607373
http://dx.doi.org/10.1055/s-0037-1617143
http://dx.doi.org/10.1186/s13054-017-1605-5
http://dx.doi.org/10.1097/SHK.0000000000001378
http://dx.doi.org/10.1111/bcp.12629
http://dx.doi.org/10.1371/journal.pone.0023530
http://dx.doi.org/10.1016/j.jamcollsurg.2018.09.003
http://dx.doi.org/10.1097/SHK.0000000000000980
http://dx.doi.org/10.1111/j.1365-2141.2005.05753.x
http://dx.doi.org/10.1161/01.CIR.0000131660.51520.9A
http://dx.doi.org/10.1001/jama.2014.18229
http://dx.doi.org/10.1186/s13613-017-0339-5
http://dx.doi.org/10.1097/01.CCM.0000153520.31562.48
http://dx.doi.org/10.1007/s00018-009-0036-0

26. Engelmann B, Massberg S. Thrombosis as an intravascular effector of innate immunity. disseminated intravascular coagulation: a multicenter retrospective observational
Nat Rev Immunol 2013;13:34-45. study. Clin Appl Thromb Hemost 2018;24:874-83.

27. Frantzeskaki F, Armaganidis A, Orfanos SE. Immunothrombosis in acute respiratory 51. Urak KT, Blanco GN, Shubham S, Lin L-H, Dassie JP, Thiel WH, ChenY, Sonkar VK, Lei
distress syndrome: cross talks between inflammation and coagulation. Respiration B, Murthy S, et al. Rna inhibitors of nuclear proteins responsible for multiple organ
2017:93:212-25. dysfunction syndrome. Nat Commun 2019;10:116.

28. Gando S. Microvascular thrombosis and multiple organ dysfunction syndrome. Crit 52. McDonald B, Davis RP, Kim S-J, Tse M, Esmon CT, Kolaczkowska E, Jenne CN. Platelets
Care Med 2010;38:535-42. and neutrophil extracellular traps collaborate to promote intravascular coagulation

29. Levi M, ten Cate H. Disseminated intravascular coagulation. N Engl J Med during sepsis in mice. Blood 2017;129:1357-67.
1999;341:586-92. 53. Meier A, Chien J, Hobohm L, Patras KA, Nizet V, Corriden R. Inhibition of human

30. Ogura H, Gando S, Saitoh D, Takeyama N, Kushimoto S, Fujishima S, Mayumi T, Araki T, neutrophil extracellular trap (net) production by propofol and lipid emulsion. Front
lkeda H, Kotani J, et al. Epidemiology of severe sepsis in Japanese intensive care units: Pharmacol 2019;10:323.

a prospective multicenter study. / Infect Chemother 2014;20:157-62. 54. Horiguchi H, Loftus TJ, Hawkins RB, Raymond SL, Stortz JA, Hollen MK, Weiss BP,

31. Dhainaut J-F, Yan SB, Joyce DE, Pettild V, Basson B, Brandt JT, Sundin DP, Levi M. Miller ES, Bihorac A, Larson SD, et al. Innate immunity in the persistent inflammation,
Treatment effects of drotrecogin alfa (activated) in patients with severe sepsis immunosuppression, and catabolism syndrome and its implications for therapy. front
with or without overt disseminated intravascular coagulation. J Thromb Haemost Immunol 2018;9:595.
2004:2:1924-33. 55. Mira JC, Gentile LF, Mathias BJ, Efron PA, Brakenridge SC, Mohr AM, Moore

32. Angstwurm MWA, Dempfle C-E, Spannagl M. New disseminated intravascular FA, Moldawer LL. Sepsis pathophysiology, chronic critical illness, and persistent
coagulation score: a useful tool to predict mortality in comparison with acute Inflammation-Immunosuppression and catabolism syndrome. Crit Care Med
physiology and chronic health evaluation Il and logistic organ dysfunction scores. Crit 2017;45:253-62.

Care Med 2006;34:314-20. 56. Winters BD, Eberlein M, Leung J, Needham DM, Pronovost PJ, Sevransky JE. Long-

33. Gando S, Saitoh D, Ogura H, Fujishima S, Mayumi T, Araki T, Ikeda H, Kotani J, Term mortality and quality of life in sepsis: a systematic review*. Crit Care Med
Kushimoto S, Miki Y, et al. A multicenter, prospective validation study of the Japanese 2010;38:1276-83.
association for acute medicine disseminated intravascular coagulation scoring system 57. Prescott HC, Angus DC. Enhancing recovery from sepsis: a review. JAMA
in patients with severe sepsis. Crit Care 2013;17:R111. 2018;319:62-75.

34. Saito S, Uchino S, Hayakawa M, Yamakawa K, Kudo D, lizuka Y, Sanui M, Takimoto K, 58. Gentile LF, Cuenca AG, Efron PA, Ang D, Bihorac A, McKinley BA, Moldawer
Mayumi T, Sasabuchi Y, et al. Epidemiology of disseminated intravascular coagulation LL, Moore FA. Persistent inflammation and immunosuppression: a common
in sepsis and validation of scoring systems. J Crit Care 2019;50:23-30. syndrome and new horizon for surgical intensive care. J Trauma Acute Care Surg

35. Taylor FB, Toh CH, Hoots WK. Scientific Subcommittee on disseminated intravascular 2012;72:1491-501.
coagulation of the International Society on T, et al. towards definition, clinical and 59. Rosenthal MD, Moore FA. Persistent inflammatory, immunosuppressed, catabolic
laboratory criteria, and a scoring system for disseminated intravascular coagulation. syndrome (PICS): a new phenotype of multiple organ failure. J Adv Nutr Hum Metab
Thrombosis and haemostasis 2001:86:1327-30. 2015;1.

36. Gando S, Levi M, Toh C-H. Disseminated intravascular coagulation. Nat Rev Dis 60. Vanzant EL, Lopez CM, Ozrazgat-Baslanti T, Ungaro R, Davis R, Cuenca AG,

Primers 2016;2:16037. Gentile LF, Nacionales DC, Cuenca AL, Bihorac A, et al. Persistent inflammation,

37. Levi M, Schultz MJ. What do sepsis-induced coagulation test result abnormalities immunosuppression, and catabolism syndrome after severe blunt trauma. J Trauma
mean to intensivists? /ntensive Care Med 2017;43:581-3. Acute Care Surg 2014,;76:21-30.

38. MacDonald SG, Luddington RJ. Critical factors contributing to the 61. Beckmann Net al. Amitriptyline treatment mitigates sepsis-induced tumor necrosis
thromboelastography trace. Semin Thromb Hemost 2010;36:712-22. factor expression and coagulopathy. Shock 2018.

39. Zhou W, Zhou W, Bai J, Ma S, Liu Q, Ma X. TEG in the monitoring of coagulation 62. Winer LK, Beckmann N, Veile RA, Goodman MD, Caldwell CC, Nomellini V.
changes in patients with sepsis and the clinical significance. Exp Ther Med Consumptive coagulopathy is associated with organ dysfunction during PICS. Am J
2019;17:3373-82. Physiol Lung Cell Mol Physiol 2019;316:L946-52.

40. Brenner T, Schmidt K, Delang M, Mehrabi A, Bruckner T, Lichtenstern C, Martin E, 63. Pugh AM, Auteri NJ, Goetzman HS, Caldwell CC, Nomellini V. A murine model of
Weigand MA, Hofer S. Viscoelastic and aggregometric point-of-care testing in persistent inflammation, immune suppression, and catabolism syndrome. Int J Mol Sci
patients with septic shock - cross-links between inflammation and haemostasis. Acta 2017;18:1741.

Anaesthesiol Scand 2012;56:1277-90. 64. Guirgis FW, Khadpe JD, Kuntz GM, Wears RL, Kalynych CJ, Jones AE. Persistent organ

41, Daudel F, Kessler U, Folly H, Lienert JS, Takala J, Jakob SM. Thromboelastometry for dysfunction after severe sepsis: a systematic review. J Crit Care 2014;29:320-6.
the assessment of coagulation abnormalities in early and established adult sepsis: a 65. Guirgis FW, Brakenridge S, Sutchu S, Khadpe JD, Robinson T, Westenbarger R, Topp
prospective cohort study. Crit Care 2009;13:R42. ST, Kalynych CJ, Reynolds J, Dodani S, et a/. The long-term burden of severe sepsis

42. Massion PB, Peters P, Ledoux D, Zimermann V, Canivet J-L, Massion PP, Damas P, and septic shock: sepsis recidivism and organ dysfunction. / Trauma Acute Care Surg
Gothot A. Persistent hypocoagulability in patients with septic shock predicts greater 2016;81:525-32.
hospital mortality: impact of impaired thrombin generation. Intensive Care Med 66. Koyama K, Madoiwa S, Nunomiya S, Koinuma T, Wada M, Sakata A, Ohmori T,
2012:38:1326-35. Mimuro J, Sakata Y. Combination of thrombin-antithrombin complex, plasminogen

43. Sivula M, Pettila V, Niemi TT, Varpula M, Kuitunen AH. Thromboelastometry in patients activator inhibitor-1, and protein C activity for early identification of severe
with severe sepsis and disseminated intravascular coagulation. Blood Coagul coagulopathy in initial phase of sepsis: a prospective observational study. Crit Care
Fibrinolysis 2009;20:419-26. 2014;18:R13.

44, Miller MC, Meijers JCM, Vroom MB, Juffermans NP. Utility of thromboelastography 67. Yende S, D'Angelo G, Mayr F, Kellum JA, Weissfeld L, Kaynar AM, Young T, Irani K,
and/or thromboelastometry in adults with sepsis: a systematic review. Crit Care Angus DG, et al. for the GenIMS Investigators. Elevated hemostasis markers after
2014;18:R30. pneumonia increases one-year risk of all-cause and cardiovascular deaths. PLoS One

45. Ostrowski SR, Windelav NA, Ibsen M, Haase N, Perner A, Johansson PI. Consecutive 2011;6:022847.
thrombelastography clot strength profiles in patients with severe sepsis and their 68. Yende S, D'Angelo G, Kellum JA, Weissfeld L, Fine J, Welch RD, Kong L, Carter M,
association with 28-day mortality: a prospective study. J Crit Care 2013;28:317. Angus DG, et al. GenIMS Investigators. Inflammatory markers at hospital discharge
e1-317.e11. predict subsequent mortality after pneumonia and sepsis. Am J Respir Crit Care Med

46. Umemura Y. Diagnosis of sepsis-induced disseminated intravascular coagulation and 2008;177:1242-7.
coagulopathy. Acute Med Surg 2019;49:223-32. 69. Landesberg G, Levin PD, Gilon D, Goodman S, Georgieva M, Weissman C, Jaffe

47. Bernard GR, Vincent JL, Laterre PF, LaRosa SP, Dhainaut JF, Lopez-Rodriguez AS, Sprung CL, Barak V. Myocardial dysfunction in severe sepsis and septic shock:

A, Steingrub JS, Garber GE, Helterbrand JD, Ely EW, et a/. Efficacy and safety no correlation with inflammatory cytokines in real-life clinical setting. Chest
of recombinant human activated protein C for severe sepsis. N Engl J Med 2015;148:93-102.
2001;344:699-709. 70. Mankowski RT, Yende S, Angus DC. Long-Term impact of sepsis on cardiovascular

48. Ranieri VM, Thompson BT, Barie PS, Dhainaut J-F, Douglas IS, Finfer S, Gardlund B, health. Intensive Care Med 2019:45:78-81.

Marshall JC, Rhodes A, Artigas A, et al. Drotrecogin alfa (activated) in adults with 71. Epstein SE, Zhu J, Najafi AH, Burnett MS. Insights into the role of infection in
septic shock. N Engl J Med 2012;366:2055—-64. atherogenesis and in plaque rupture. Circulation 2009;119:3133-41.

49, Warren BL, Eid A, Singer P, Pillay SS, Carl P, Novak |, Chalupa P, Atherstone A, Pénzes |, 72. GayatE, Cariou A, Deye N, Vieillard-Baron A, Jaber S, Damoisel C, Lu Q, Monnet X,
Kiibler A, et al. Caring for the critically ill patient. high-dose antithrombin IIl in severe Rennuit |, Azoulay E, et al. Determinants of long-term outcome in ICU survivors:
sepsis: a randomized controlled trial. JAMA 2001;286:1869-78. results from the FROG-ICU study. Crit Care 2018;22:8.

50. Hayakawa M, Yamakawa K, Kudo D, Ono K. Optimal antithrombin activity threshold 73. Marshall JC. Why have clinical trials in sepsis failed? Trends Mol Med
for initiating antithrombin supplementation in patients with sepsis-induced 2014;20:195-203.

6 Winer LK, et al. Trauma Surg Acute Care Open 2020;5:e000462. doi:10.1136/tsaco-2020-000462


http://dx.doi.org/10.1038/nri3345
http://dx.doi.org/10.1159/000453002
http://dx.doi.org/10.1097/CCM.0b013e3181c9e31d
http://dx.doi.org/10.1097/CCM.0b013e3181c9e31d
http://dx.doi.org/10.1056/NEJM199908193410807
http://dx.doi.org/10.1016/j.jiac.2013.07.006
http://dx.doi.org/10.1111/j.1538-7836.2004.00955.x
http://dx.doi.org/10.1097/01.CCM.0000196832.27501.B2
http://dx.doi.org/10.1097/01.CCM.0000196832.27501.B2
http://dx.doi.org/10.1186/cc12783
http://dx.doi.org/10.1016/j.jcrc.2018.11.009
http://dx.doi.org/10.1038/nrdp.2016.37
http://dx.doi.org/10.1038/nrdp.2016.37
http://dx.doi.org/10.1007/s00134-017-4725-0
http://dx.doi.org/10.1055/s-0030-1265288
http://dx.doi.org/10.3892/etm.2019.7342
http://dx.doi.org/10.1111/j.1399-6576.2012.02750.x
http://dx.doi.org/10.1111/j.1399-6576.2012.02750.x
http://dx.doi.org/10.1186/cc7765
http://dx.doi.org/10.1007/s00134-012-2620-2
http://dx.doi.org/10.1097/MBC.0b013e32832a76e1
http://dx.doi.org/10.1097/MBC.0b013e32832a76e1
http://dx.doi.org/10.1186/cc13721
http://dx.doi.org/10.1016/j.jcrc.2012.09.003
http://dx.doi.org/10.1002/ams2.411
http://dx.doi.org/10.1056/NEJM200103083441001
http://dx.doi.org/10.1056/NEJMoa1202290
http://dx.doi.org/10.1001/jama.286.15.1869
http://dx.doi.org/10.1177/1076029618757346
http://dx.doi.org/10.1038/s41467-018-08030-y
http://dx.doi.org/10.1182/blood-2016-09-741298
http://dx.doi.org/10.3389/fphar.2019.00323
http://dx.doi.org/10.3389/fphar.2019.00323
http://dx.doi.org/10.3389/fimmu.2018.00595
http://dx.doi.org/10.3389/fimmu.2018.00595
http://dx.doi.org/10.1097/CCM.0000000000002074
http://dx.doi.org/10.1097/CCM.0b013e3181d8cc1d
http://dx.doi.org/10.1001/jama.2017.17687
http://dx.doi.org/10.1097/TA.0b013e318256e000
http://dx.doi.org/10.14800/janhm.784
http://dx.doi.org/10.1097/TA.0b013e3182ab1ab5
http://dx.doi.org/10.1097/TA.0b013e3182ab1ab5
http://dx.doi.org/10.1152/ajplung.00521.2018
http://dx.doi.org/10.1152/ajplung.00521.2018
http://dx.doi.org/10.3390/ijms18081741
http://dx.doi.org/10.1016/j.jcrc.2013.10.020
http://dx.doi.org/10.1097/TA.0000000000001135
http://dx.doi.org/10.1186/cc13190
http://dx.doi.org/10.1371/journal.pone.0022847
http://dx.doi.org/10.1164/rccm.200712-1777OC
http://dx.doi.org/10.1378/chest.14-2259
http://dx.doi.org/10.1007/s00134-018-5173-1
http://dx.doi.org/10.1161/CIRCULATIONAHA.109.849455
http://dx.doi.org/10.1186/s13054-017-1922-8
http://dx.doi.org/10.1016/j.molmed.2014.01.007

	Enigmatic role of coagulopathy among sepsis survivors: a review of coagulation abnormalities and their possible link to chronic critical illness
	SUMMARY
	Introduction
	Coagulation and sepsis
	Coagulation and CCI
	Conclusions
	References


