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Abstract

Background: Endotheliopathy of trauma is characterized by breakdown of the endothelial
glycocalyx. Elevated biomarkers of endotheliopathy, such as serum syndecan-1 (Synd-1) = 40
ng/mL, have been associated with increased need for transfusions, complications, and mortality.
We hypothesized that severely injured trauma patients who exhibit elevated Synd-1 levels shortly
after admission have an increased likelihood of developing sepsis.

Study Design: We analyzed a subset of PROPPR patients that survived at least 72 hours after
hospital admission and determined elevated Synd-1 levels (= 40 ng/mL) 4 hours after hospital
arrival. Sepsis was defined a priori as meeting systemic inflammatory response criteria and having
a known or suspected infection. Univariate analysis was performed to identify variables associated
with elevated Synd-1 levels and sepsis. Significant variables at a p-value <0.2 in the univariate
analysis were chosen by purposeful selection and analyzed in a mixed effects multivariate logistic
regression model to account for the 12 different study sites.

Results: We included 512 patients. Of these, 402 (79%) had elevated Synd-1 levels, and 180
(35%) developed sepsis. Median Synd-1 levels at 4 hours after admission were 70 ng/dL (IQR 36
— 157 ng/dL) in patients who did not develop sepsis, and 165 ng/dL (IQR 67 — 336 ng/dL) in those
who did (p < 0.001). Adjusting for treatment arm and site, multivariable analyses revealed that
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elevated Synd-1 status, injury severity score (ISS), and total blood transfused were significantly
associated with an increased likelihood of developing sepsis.

Conclusions: Elevated Synd-1 levels 4 hours after admission in severely injured adult trauma
patients who survived the initial 72 hours after hospital admission is associated with subsequent

In severely injured adult trauma patients, elevated syndecan-1 levels 4 hours after admission are
associated with subsequent sepsis.

Introduction

Endotheliopathy of trauma is systemic injury to the vascular endothelium observed in
severely injured trauma patients — particularly those with hemorrhagic shock — and leads to
coagulopathy, inflammation, vascular leakage, and tissue edema and injury.”
Endotheliopathy of trauma is characterized by a breakdown of the endothelial glycocalyx
and is in part mediated by a heightened inflammatory response to injury through a surge in
catecholamines.’ The endothelial glycocalyx is composed of a network of proteoglycans and
glycoproteins on the luminal side of the vascular endothelium. Damage to the glycocalyx
leads to increased vascular permeability: and exposure of the underlying endothelium, which
leads to alterations in coagulation and microcirculatory disturbances. Breakdown of the
glycocalyx and vascular endothelial cell dysfunction attenuate the endothelium’s control of
vascular tone, blood fluidity, immunologic functions, and hydrostatic balance between intra-
and extravascular spaces,” ~ culminating in microvascular disturbances and tissue edema,
ultimately causing end-organ damage (Figure 1).:

Syndecan-1 (Synd-1) is a proteoglycan found in the endothelial glycocalyx. It has been
extensively studied as a biomarker of poor outcomes in several patient populations,
including trauma and sepsis.' + » Elevated Synd-1 levels in these patient populations have
been associated with increased transfusion requirement, complications, and mortality. * A
prospective observational study of 410 traumatically injured patients conducted at our
institution defined Synd-1 levels = 40 ng/mL to be associated with 30-day in-hospital
mortality and higher transfusion requirements.

Given the endothelium’s immunologic functions, endothelial injury incurred from trauma
may predispose the already weakened endothelium to a second hit from infection. There
have been no studies evaluating the relationship between patients with early elevated serum
Synd-1 after trauma and their subsequent development of sepsis. We performed a secondary
analysis of patients enrolled in the Pragmatic, Randomized Optimal Platelet and Plasma
Ratios (PROPPR) study, which was a randomized, controlled trial evaluating blood
transfusion ratios in severely injured trauma patients across 12 level-1 trauma centers in
North America.: We hypothesized that PROPPR patients who exhibited elevated Synd-1 >
40 ng/mL at 4 hours after hospital admission had an increased likelihood of developing
sepsis.
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We performed a retrospective cohort study using patients enrolled in the PROPPR trial to
determine if there is a relationship between patients with elevated serum Synd-1 = 40 ng/mL
at 4 hours after admission and subsequent development of sepsis during hospitalization.
PROPPR patients were severely injured adult trauma patients who received pre-hospital
blood or any blood product within 1 hour of hospital arrival who were predicted to require
additional massive transfusions. They were randomized to receive transfusion ratios of 1: 1:
1 versus 1: 1: 2 of plasma to platelets to red blood cells. The earliest documented case of
sepsis in the PROPPR trial occurred at 72 hours into hospitalization. Patients were excluded
who died within 72 hours of hospitalization and who had missing Synd-1 data. Serum
Synd-1 data were collected during the course of the PROPPR trial, and levels were
quantified using an enzyme-linked immunosorbent assay (Diaclone SAS, Besancon, France;
lower limit of detection: 4.49 mg/mL). Synd-1 levels were determined at 4 hours after
admission. The time point of 4 hours was chosen because approximately 75% of PROPPR
patients had finished receiving massive transfusion protocols at 4 hours [median time to
completion of massive transfusion protocols in PROPPR patients was 171 minutes (IQR 120
-255 minutes)], and at least half of the patients were documented to be stabilized in the
intensive care unit (ICU) at this time point. Therefore, blood samples taken at 4 hours were
thought to be more uniform in that patients were at a similar point in their care in
comparison to at other time points during the PROPPR study. Baseline patient variables
including demographics, injury characteristics, initial vital signs and laboratory values,
blood transfusions, operative procedures, and outcomes were collected. Sepsis was defined a
priori as meeting systemic inflammatory response criteria and having a known or suspected
infection. This older definition of sepsis was used because the PROPPR trial was conducted
prior to establishment of the new Sepsis-3 definition. Complications were defined according
to the PROPPR study, and outlined in section 12.3 of the PROPPR manual of operations.
Urinary tract infections were defined as fever > 38.5 C, white blood cell (WBC) count >
10,000 or < 3,000 per cubic millimeter, urinary urgency, dysuria, or suprapubic tenderness,
and have urinary culture confirmation of > 10° organisms per mL of urine within a 2-day
period. Line infections must have a single positive blood culture from a peripheral vein, and
fever > 38.5 C or WBC count > 10,000 or < 3,000 per cubic millimeter, or systolic blood
pressure < 90 mmHg or 25% drop in systolic blood pressure, and microbiological evidence
of catheter infection such as positive semi-quantitative culture in which the same organism is
isolated from the catheter and peripheral blood, positive quantitative culture in white the
same organism is isolated from the catheter and peripheral blood, simultaneous quantitative
blood cultures with a = 5:1 ratio of bacteria (central venous catheter to peripheral catheter),
or differential period of central venous catheter culture versus peripheral blood culture
positivity of > 2 hours. Surgical site infections are must occur within 30 days after the
operation and infection involves the skin or subcutaneous tissues (superficial), fascial and
muscle layers (deep), or any part of organs or spaces which was manipulated during the
operation (organ/space), and also has purulent drainage, organisms isolated from an
aseptically obtained culture of fluid or tissue from the superficial incision, clinical or
radiologic symptoms of infection, or diagnosis of a surgical site infection by a surgeon or
attending physician. Ventilator-associated pneumonia must occur in patients who have been
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on the ventilator for > 48 hours, and have radiologic evidence of infiltrate that persists for at
least 24 hours, fever of > 38.5 C or < 35.0 C, WBC count > 12,000 or < 4,000 per cubic
millimeter, quantitative microbiologic cultures via bronchoalveolar lavage yielding = 104
colony-forming units (CFUs) or protected specimen brush > 103 CFUs, or abscess formation
with bronchial and alveolar neutrophilia or quantitative culture of lung parenchyma showing
> 10% CFUs/gram tissue.

Statistical analysis

Results

Included patients were dichotomized by serum Synd-1 level (< 40 or = 40 ng/mL) at 4 hours
after hospital admission. A Synd-1 level = 40 ng/mL (area under the ROC curve = 0.71, 95%
Cl 0.58 — 0.84) was the defined cutoff for elevated Synd-1 status based on a prior study
using Synd-1 as a quantitative marker of poor outcomes. Univariate analyses using Chi
Squared and Wilcoxon Rank Sum tests for categorical and continuous variables,
respectively, were performed to identify variables associated with developing sepsis.
Significant variables at a p-value <0.2 in the univariate analysis were chosen by purposeful
selection and analyzed in a mixed effects multivariable logistic regression model to account
for random effects from the 12 different study centers. A p-value < 0.05 in the multivariable
analysis was considered statistically significant. All statistical analyses were performed
using Stata (14.0, College Station, Texas).

The PROPPR trial enrolled 680 patients, of which 152 patients died within 72 hours of
admission and 16 additional patients did not have Synd-1 data available. Of the 512 patients
that were included in the final analysis, 402 (79%) patients had elevated Synd-1 levels, and
180 (35%) patients developed sepsis. Of the 402 patients with elevated Synd-1, 165 (41%)
developed sepsis, while of the 110 patients with lower Synd-1 levels, 15 (14%) developed
sepsis (Figure 2).

Patients with elevated Synd-1 were significantly younger, had higher injury severity scores
(1SS), and had significantly less penetrating injuries. Patients with elevated Synd-1 also had
greater base deficit on admission, and received more total blood products [red blood cells
(RBCs), plasma, and platelets] on admission. Patients in both Synd-1 groups did not
significantly differ in need for operative interventions, initial systolic blood pressure, or time
to sepsis development (Table 1). Median time to sepsis development was 8 days in patients
with syndecan-1 < 40 ng/mL and 6 days in patients with syndecan-1 = 40 ng/mL (Figure 3).
Similarly, patients who developed sepsis had significantly higher Injury Severity Scores
(1SS), suffered less penetrating injuries, underwent more operating room procedures,
received more total blood products (RBCs, plasma, and platelets), had fewer ICU-free days
and hospital-free days, and had higher in-hospital mortality. At 4 hours after admission,
Synd-1 levels were significantly higher in patients who did versus did not develop sepsis
(165 ng/dL versus 70 ng/dL, p < 0.001). There were no significant differences in ICU
admission rates between the two groups (Table 2).

The most frequently occurring complication were infections (urinary tract, wound, or line-
associated), followed by acute kidney injury (AKI). Patients with elevated Synd-1 had
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significantly higher rates of SIRS, infections, AKI, acute lung injury, acute respiratory
distress syndrome, and re-bleeding after initial hemostasis. There were no significant
differences in length of intensive-care unit (ICU) stay or days requiring ventilator support.
Discharge disposition of patients were also significantly different, in that a high proportion
of patients with lower Synd-1 were discharged home, while a higher proportion of patients
with elevated Synd-1 died (Table 3).

After adjusting for treatment site and treatment arm, elevated Synd-1 status, higher ISS, and
increasing transfusion requirements were significantly associated with development of sepsis
on multivariable analysis. Even after adjusting for injury severity, elevated Synd-1 status
remained strongly associated with sepsis development. Patients with elevated Synd-1 at 4
hours after arrival to the hospital had three times higher odds of developing sepsis during
their hospitalization, which is 2—3 folds higher odds of sepsis development compared to
higher ISS and greater transfusion volumes (Table 4).

Discussion

This secondary analysis of a randomized trial evaluated severely injured adult trauma
patients with and without elevated serum Synd-1 levels 4 hours after hospital admission who
went on to develop sepsis. After adjusting for 1SS and transfusion requirements, elevated
Synd-1 status was independently associated with the development of sepsis during
hospitalization. This is the first study to report the finding that elevated Synd-1 after trauma
is positively associated with subsequent development of sepsis. Naumann et al recently
showed that elevated Synd-1 occurs within minutes of injury, and that persistently abnormal
Synd-1 levels at 4 — 12 hours after injury were associated with the development of multi-
organ failure. However, the proportion of multi-organ failure attributable to sepsis was not
reported.

The underlying mechanism of how elevated Synd-1 could predispose patients to sepsis
warrants further research. Elevated Synd-1 has been suggested to be indicative of breakdown
of the glycocalyx and subsequent activation of the endothelium. Hemorrhagic shock and
extended surgical interventions have been associated with imbalance of the innate immune
response, such as by causing disturbances in the coagulation cascade and down-regulation of
Human Leukocyte Antigen—antigen D Related (HLA-DR) on macrophages. The
endothelium serves as an adhesive surface to guide immune cell migration between intra-
and extravascular spaces, and it switches from an anti-adhesive to a pro-adhesive phenotype
during trauma. Given the important role of the vascular endothelium in innate immunity, we
postulated that endothelial injury, denoted by elevated serum Synd-1, incurred from the
inciting trauma may have led to impairment of the endothelium’s ability to carry out its
immunologic roles, thus predisposing patients to infections. Furthermore,
glucosaminoglycans — such as Synd-1 — shed from the endothelium has been shown to
inhibit antimicrobial peptides found in plasma. Any subsequent infection may then deliver a
second insult to the already impaired endothelium, which could accelerate and amplify the
ensuing coagulopathy, endothelial leakage, tissue edema, and organ dysfunction that make
sepsis more clinically apparent.
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Endotheliopathy observed in patients with sepsis may share similar pathophysiology as the
purported endotheliopathy of trauma. Septic shock triggers activation of the
sympathoadrenal system and causes release of catecholamines, leading to breakdown of the
endothelial glycocalyx.: ~ Through a parallel chain of events as those observed in
endotheliopathy of trauma, sepsis leads to coagulopathy and endothelial leakage, which
causes microvascular disturbances and tissue edema, ultimately resulting in end-organ
dysfunction. Synd-1 has been well-described as a biomarker of sepsis-induced
endotheliopathy, and increased serum levels appear to correlate with increased morbidity
and mortality, such as higher Sequential Organ Failure Assessment scores and progression to
disseminated intravascular coagulopathy.: ~

Synd-1 has been used as a quantitative index of endotheliopathy of trauma, and it has the
potential to be a quantitative index for sepsis-induced endotheliopathy as well.
Endotheliopathy of trauma persisted to have a strong association with the development of
sepsis even after controlling for injury severity in the model. Therefore Synd-1 elevation is
unlikely to be solely a surrogate marker of injury severity. Several other studies have made
the association between Synd-1 elevation and increased morbidity and mortality after
controlling for severity of injury. - Although Synd-1 is not a clinical assay that can be
performed on every trauma patient, it may serve as a surrogate marker of response in
research studies evaluating potential interventions that mitigate glycocalyx damage
associated with the endotheliopathy of trauma. Alternatively, Synd-1 might be useful for
stratifying patients at higher risk for sepsis for enrollment into trials evaluating promising
interventions or preventive strategies.

Interventions that mitigate endotheliopathy are promising for treating septic shock. A recent
animal study demonstrated that septic rats resuscitated with plasma versus crystalloid had a
significantly attenuated rise in serum Synd-1. Plasma-resuscitated rats also had significantly
improved 48-hour survival and reduced pulmonary wet-to-dry weight ratios, which is a
reflection of less pulmonary edema. The benefits from plasma resuscitation observed in this
animal model of septic shock may potentially be translatable to humans. Therefore, clinical
trials are needed to determine if plasma resuscitation in patients with septic shock confers a
similar benefit. Finally, it is unknown whether any early interventions to correct elevated
Syn-1 levels in patients (such as plasma, factor concentrate, and tranexamic acid): can
reduce their risk of subsequent inhospital sepsis.

There are several limitations to this study. First, this is a secondary analysis of the PROPPR
study in which sepsis was not the primary outcome. However, the outcome of sepsis was
predefined and actively collected during the duration of the study. Second, Synd-1 is not
only derived from breakdown of the glycocalyx and may reflect other responses to traumatic
injury. However, elevated Synd-1 has been shown to be correlated with adverse clinical
outcomes, such as coagulopathy, tissue edema, and kidney injury. Third, the cut-off for
Synd-1 was established based on our institutional data and laboratory kits, which may not be
generalizable to other institutions. Therefore, these findings need to be replicated at other
institutions. Lastly, the patient population to whom these results should be applied needs to
be better defined. Patients enrolled in PROPPR were severely injured patients treated at
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level-1 trauma centers in major metropolitan areas. Further studies are necessary to validate
the findings in broader populations.

Conclusion

Elevated Synd-1 plasma levels in severely injured adult trauma patients is associated with
subsequent sepsis. Interventions that modulate serum Synd-1 as a surrogate marker for
treatment response warrant further investigation as they may improve outcomes in
hemorrhagic and septic shock populations.

Acknowledgments

Appendix

Disclosures outside the scope of this work: Dr Wade is supported by grants from Grifols and Masimo and has stock
options with Deciseo Health.

Support: Dr Wei is supported by a T32 fellowship (grant no 5T32GM008792) from NIGMS. Presented at the
regional and national American College of Surgeons Committee on Trauma Resident Paper Competitions in Fort
Worth, TX, November, 2017, and San Antonio, TX, March, 2018.

Members of the Pragmatic, Randomized Optimal Platelet and Plasma Ratios (PROPPR)
Study Group:

Clinical Coordinating Center: John B Holcomb, MD; Charles E Wade, PhD; Deborah J del
Junco, PhD; Erin E. Fox, PhD; Nena Matijevic, PhD; Jeanette Podbielski, RN; Angela M
Beeler, BS.

Data Coordinating Center: Barbara C Tilley, PhD; Sarah Baraniuk, PhD; Hongjian Zhu,
PhD; Joshua Nixon, MS; Roann Seay, MS; Savitri N Appana, MS; Hui Yang, MS; Michael
O Gonzalez, MS.

Core Laboratory: Lisa Baer, MS; Yao-Wei Willa Wang, MD; Brittany S Hula, MS; Elena
Espino, BS; An Nguyen, BS; Nicholas Pawelczyk, BS; Kisha D Arora-Nutall, BS; Rishika
Sharma, MD; Jessica C Cardenas, PhD; Elaheh Rahbar, PhD; Tyrone Burnett Jr, BS; David
Clark, BS.

Resuscitation Outcomes Consortium: Gerald van Belle, PhD; Susanne May, PhD; Brian
Leroux, PhD; David Hoyt, MD; Judy Powell, BSN, RN; Kellie Sheehan, BSN.

Systems Biology Committee: Alan Hubbard, PhD; Adam P Arkin, PhD.
Transfusion Committee: John R Hess, MD; Jeanne Callum, MD
PROPPR Clinical Sites (listed in order of number of patients enrolled):

University of Texas Health Science Center at Houston: Bryan A Cotton, MD, MPH; Laura
Vincent, BSN, RN, CCRP; Timothy Welch; Tiffany Poole, DC; Evan G Pivalizza, MD; Sam
D Gumbert, MD; Yu Bai, MD, PhD; James J McCarthy, MD; Amy Noland, MD; Rhonda
Hobbs, MT(ASCP)SBB.

JAm Coll Surg. Author manuscript; available in PMC 2019 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wei et al.

Page 8

University of Washington: Eileen M Bulger, MD; Patricia Klotz, RN; Lindsay Cattin, BA,
Keir J Warner, BS; Angela Wilson, BA; David Boman, BA; Nathan White, MD, MS;
Andreas Grabinsky, MD; Jennifer A Daniel-Johnson, MBBS.

University of California, San Francisco: Mitchell Jay Cohen, MD; Rachael A Callcut, MD,
MSPH; Mary Nelson, RN, MPA; Brittney Redick, BA; Amanda Conroy, BA; Marc P
Steurer, MD, DESA,; Preston C Maxim, MD; Eberhard Fiebig, MD; Joanne Moore; Eireen
Mallari, MT. University of Cincinnati: Peter Muskat, MD; Jay A Johannigman, MD; Bryce
RH Robinson, MD; Richard D Branson, MSc, RRT; Dina Gomaa, BS, RRT; Christopher
Barczak, BS, MT(ASCP); Suzanne Bennett, MD; Patricia M Carey, MD; Christopher N
Miller, MD; Helen Hancock, BS, MT(ASCP); Carolina Rodriguez, BA.

University of Southern California: Kenji Inaba, MD; Jay G Zhu, MD; Monica D Wong, MS;
Michael Menchine, MD, MPH; Kelly Katzberg, MD, FACEP; Sean O. Henderson, MD;
Rodney McKeever, MD; Ira A Shulman, MD; Janice M Nelson, MD; Christopher W Tuma,
BA, MT(ASCP), SBB; Cheryl Y Matsushita, BS, MT(ASCP).

Shock, Trauma and Anesthesiology Research - Organized Research Center (STAR-ORC), R
Adams Cowley Shock Trauma Center, University of Maryland Medical Center: Thomas M
Scalea, MD; Deborah M Stein, MD, MPH; Cynthia K Shaffer, MS, MBA,; Christine Wade,
BA; Anthony V Herrera, MS; Seeta Kallam, MBBS; Sarah E Wade, BS; Samuel M
Galvagno Jr, DO, PhD; Magali J Fontaine, MD, PhD; Janice M Hunt, BS, MT(ASCP) SBB;
Rhonda K Cooke, MD.

University of Tennessee Health Science Center, Memphis: Timothy C Fabian, MD; Jordan A
Weinberg, MD; Martin A Croce, MD; Suzanne Wilson, RN; Stephanie Panzer-Baggett, RN;
Lynda Waddle-Smith, BSN; Sherri Flax, MD.

Medical College of Wisconsin: Karen J Brasel, MD, MPH; Pamela Walsh, AS, CCRC;
David Milia, MD; Allia Nelson, BS, BA; Olga Kaslow, MD, PhD; Tom P Aufderheide, MD,
MS; Jerome L Gottschall, MD; Erica Carpenter, MLS(ASCP).

University of Arizona: Terence O’Keeffe, MBChB, MSPH; Laurel L Rokowski, RN, BSN,
MKT; Kurt R Denninghoff, MD; Daniel T. Redford, MD; Deborah J Novak, MD; Susan
Knoll, MS, MT(ASCP) SBB.

University of Alabama at Birmingham: Jeffrey D Kerby, MD, PhD; Jean-Francois Pittet,
MD (Anesthesia Chair); Patrick L Bosarge, MD; Albert T Pierce, MD; Carolyn R Williams,
RN, BSN, BSME; Shannon W. Stephens, EMTP; Henry E Wang, MD, MS; Marisa B
Marques, MD. Oregon Health and Science University: Martin A Schreiber, MD; Jennifer M
Watters, MD; Samantha J Underwood, MS; Tahnee Groat, MPH; Craig Newgard, MD,
MPH; Matthias Merkel, MD, PhD; Richard M Scanlan, MD; Beth Miller, MT(ASCP)SBB.

Sunnybrook Health Sciences Centre: Sandro Rizoli, MD, PhD; Homer Tien, MD; Barto
Nascimento, MD, MSc, CTBS; Sandy Trpcic; Skeeta Sobrian-Couroux, RN, CCRP, BHA,;
Marciano Reis; Adic Pérez, MD; Susan E Belo, MD, PhD; Lisa Merkley, BA, MLT, CBTS;
Connie Colavecchia, BSc, MLT.

JAm Coll Surg. Author manuscript; available in PMC 2019 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wei et al.

Page 9

Abbreviations

References
1.

10

11.

12.

13.

ISS injury severity score

ROC receiver operating characteristic
IQR interquartile range

Cl confidence interval

Synd-1 syndecan-1

Holcomb JB, Pati S. Optimal trauma resuscitation with plasma as the primary resuscitative fluid: the
surgeon’s perspective. Hematology Am Soc Hematol Educ Program 2013;2013:656-659. [PubMed:
24319247]

. Haywood-Watson RJ, Holcomb JB, Gonzalez EA, et al. Modulation of syndecan-1 shedding after

hemorrhagic shock and resuscitation. PLoS One 2011;6(8):e23530. [PubMed: 21886795]

. Ostrowski SR, Johansson Pl. Endothelial glycocalyx degradation induces endogenous heparinization

in patients with severe injury and early traumatic coagulopathy. J Trauma Acute Care Surg
2012;73:60-66. [PubMed: 22743373]

. Johansson PI, Henriksen HH, Stenshalle J, et al. Traumatic Endotheliopathy: A Prospective

Observational Study of 424 Severely Injured Patients. Ann Surg 2017;265:597-603. [PubMed:
27144442]

. Makhmudov RM, Mamedov Ya D, Dolgov VV, et al. Catecholamine-mediated injury to

endothelium in rabbit perfused aorta: a quantitative analysis by scanning electron microscopy. Cor
Vasa 1985;27:456-463. [PubMed: 4092474]

. Alphonsus CS, Rodseth RN. The endothelial glycocalyx: a review of the vascular barrier.

Anaesthesia 2014;69:777-784. [PubMed: 24773303]

. Chappell D, Westphal M, Jacob M. The impact of the glycocalyx on microcirculatory oxygen

distribution in critical illness. Curr Opin Anaesthesiol 2009;22:155-162. [PubMed: 19307890]

. Dolgov VV, Makhmudov RM, Bondarenko MF, et al. [Deleterious action of adrenaline on the

endothelial lining of the vessels]. Arkh Patol 1984;46:31-36.

. Rubio R, Ceballos G. Role of the endothelial glycocalyx in dromotropic, inotropic, and

arrythmogenic effects of coronary flow. Am J Physiol Heart Circ Physiol 2000;278:H106-116.
[PubMed: 10644590]

. Reitsma S, Slaaf DW, Vink H, et al. The endothelial glycocalyx: composition, functions, and
visualization. Pflugers Arch 2007;454:345-359. [PubMed: 17256154]

Becker BF, Chappell D, Jacob M. Endothelial glycocalyx and coronary vascular permeability: the
fringe benefit. Basic Res Cardiol 2010;105:687—-701. [PubMed: 20859744]

Becker BF, Chappell D, Bruegger D, et al. Therapeutic strategies targeting the endothelial
glycocalyx: acute deficits, but great potential. Cardiovasc Res 2010;87:300-310. [PubMed:
20462866]

Rahbar E, Cardenas JC, Baimukanova G, et al. Endothelial glycocalyx shedding and vascular
permeability in severely injured trauma patients. J Transl Med 2015;13:117. [PubMed: 25889764]

14. Levi M, van der Poll T, Schultz M. Systemic versus localized coagulation activation contributing to

15.

16.

organ failure in critically ill patients. Semin Immunopathol 2012;34:167-179. [PubMed:
21805225]

Halbgebauer R, Braun CK, Denk S, et al. Hemorrhagic shock drives glycocalyx, barrier and organ
dysfunction early after polytrauma. J Crit Care 2018;44:229-237. [PubMed: 29175047]

Johansson PI, Stensballe J, Rasmussen LS, et al. A high admission syndecan-1 level, a marker of
endothelial glycocalyx degradation, is associated with inflammation, protein C depletion,

JAm Coll Surg. Author manuscript; available in PMC 2019 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wei et al.

Page 10

fibrinolysis, and increased mortality in trauma patients. Ann Surg 2011;254:194-200. [PubMed:
21772125]

17. Henrich M, Gruss M, Weigand MA.. Sepsis-induced degradation of endothelial glycocalix.
Scientific World Journal 2010;10:917-923. [PubMed: 20495770]

18. Johansson PI, Stensballe J, Ostrowski SR. Shock induced endotheliopathy (SHINE) in acute
critical illness - a unifying pathophysiologic mechanism. Crit Care 2017;21:25. [PubMed:
28179016]

19. Gonzalez Rodriguez E, Ostrowski SR, Cardenas JC, et al. Syndecan-1: A Quantitative Marker for
the Endotheliopathy of Trauma. J Am Coll Surg 2017;225:419-427. [PubMed: 28579548]

20. Huber-Lang M, Lambris JD, Ward PA. Innate immune responses to trauma. Nat Immunol
2018;19:327-341. [PubMed: 29507356]

21. Baraniuk S, Tilley BC, del Junco DJ, et al. Pragmatic Randomized Optimal Platelet and Plasma
Ratios (PROPPR) Trial: design, rationale and implementation. Injury 2014;45:12871295.

22. Holcomb JB, Tilley BC, Baraniuk S, et al. Transfusion of plasma, platelets, and red blood cells in a
1:1:1 vs a 1:1:2 ratio and mortality in patients with severe trauma: the PROPPR randomized
clinical trial. JAMA 2015;313:471-482. [PubMed: 25647203]

23. Singer M, Deutschman CS, Seymour CW, et al. The Third International Consensus Definitions for
Sepsis and Septic Shock (Sepsis-3). JAMA 2016;315:801-810. [PubMed: 26903338]

24. Naumann DN, Hazeldine J, Davies DJ, et al. Endotheliopathy of trauma is an on-scene
phenomenon, and is associated with multiple organ dysfunction syndrome: a prospective
observational study. Shock 2018;49:420-428. [PubMed: 28945676]

25. Deitch EA, Condon M, Feketeova E, et al. Trauma-hemorrhagic shock induces a CD36dependent
RBC endothelial-adhesive phenotype. Crit Care Med 2014;42:6200-210. [PubMed: 24317495]

26. Nelson A, Berkestedt I, Schmidtchen A, et al. Increased levels of glycosaminoglycans during
septic shock: relation to mortality and the antibacterial actions of plasma. Shock 2008;30:623-627.
[PubMed: 18497712]

27. Johansson PI, Ostrowski SR. Acute coagulopathy of trauma: balancing progressive catecholamine
induced endothelial activation and damage by fluid phase anticoagulation. Med Hypotheses
2010;75:564-567. [PubMed: 20708846]

28. Chelazzi C, Villa G, Mancinelli P, et al. Glycocalyx and sepsis-induced alterations in vascular
permeability. Crit Care 2015;19:26. [PubMed: 25887223]

29. Chignalia AZ, Yetimakman F, Christiaans SC, et al. The Glycocalyx and Trauma: A Review. Shock
2016;45:338-348. [PubMed: 26513707]

30. Hou PC, Filbin MR, Wang H, et al. Endothelial Permeability and Hemostasis in Septic Shock:
Results From the ProCESS Trial. Chest 2017;152:22-31. [PubMed: 28109962]

31. Ince C, Mayeux PR, Nguyen T, et al. The endothelium in sepsis. Shock 2016;45:259-270.
[PubMed: 26871664]

32. Steppan J, Hofer S, Funke B, et al. Sepsis and major abdominal surgery lead to flaking of the
endothelial glycocalix. J Surg Res 2011;165:136-141. [PubMed: 19560161]

33. Ostrowski SR, Haase N, Muller RB, et al. Association between biomarkers of endothelial injury
and hypocoagulability in patients with severe sepsis: a prospective study. Crit Care 2015;19:191.
[PubMed: 25907781]

34. Ikeda M, Matsumoto H, Ogura H, et al. Circulating syndecan-1 predicts the development of
disseminated intravascular coagulation in patients with sepsis. J Crit Care 2018;43:48-53.
[PubMed: 28843664]

35. Chang R, Holcomb JB, Johansson PI, et al. Plasma resuscitation improved survival in a cecal
ligation and puncture rat model of sepsis. Shock 2018;49:53-61. [PubMed: 28591008]

36. Pati S, Potter DR, Baimukanova G, et al. Modulating the endotheliopathy of trauma: Factor
concentrate versus fresh frozen plasma. J Trauma Acute Care Surg 2016;80:576-584; discussion
584-575. [PubMed: 26808040]

37. Diebel LN, Martin JV, Liberati DM. Early tranexamic acid administration ameliorates the
endotheliopathy of trauma and shock in an in vitro model. J Trauma Acute Care Surg
2017;82:1080-1086. [PubMed: 28328682]

JAm Coll Surg. Author manuscript; available in PMC 2019 December 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Wei et al.

Immune Response &
Reactive Oxygen

Species

Hemorrhagic
Shock

Page 11

Sympatho-adrenal|_

Activation

Inflammation
4
% Endothelial Edema
Leakage
Glycocalyx
Breakdown — | Coagulopathy

(syndecan-1)

| Mean Arterial
Pressure

Hemostatic Balance

Figure 1.

Ischemia

[__d

Microcirculatory
Disturbances

Simplified conceptual model of how hemorrhagic shock leads to sympathoadrenal
activation, inflammation, and ischemia, which affects the endothelial glycocalyx, endothelial
permeability, and hemostatic balance, resulting in edema and microcirculatory disturbances

that cause organ dysfunction.

JAm Coll Surg. Author manuscript; available in PMC 2019 December 01.




1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wei et al. Page 12

4 N\

n =680
| PROPPR patients ) -~
| n =152 ]
) Died < 72 hours
n=528

kSurvivecl 272 hoursJ

I

- n=16
! | Missing Synd-1 Data

n =512 available
Synd-1 Data

n=110 n =402
Synd-1 < 40 ng/mL Synd-1 240 ng/mL
n=95(86%) | [ n=15(14%) n=237(59%) | [ n=165 (41%)
- Sepsis + Sepsis - Sepsis + Sepsis
Figure 2.

Flow diagram of patient selection. PROPPR, Pragmatic, Randomized Optimal Platelet and
Plasma Ratios Trial

JAm Coll Surg. Author manuscript; available in PMC 2019 December 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Wei et al.

Proportion of Sepsis-free Patients
.25 S
| |

Page 13

O -
I I I I I
0 o 10 15 20
Time to Sepsis (days)
Number at risk

Syndecan 1 <40 mg/dL 27 21 6 3 3

Syndecan 1 240 mg/dL 126 89 33 18 10
95% CI 95% ClI

————— Syndecan-1 <40 — Syndecan-1 =40

Figure 3.

Days to sepsis development in patients with low (< 40 ng/mL) vs high (= 40 ng/mL)
syndecan-1 levels at 4 hours after admission. The median time to sepsis development was 8
days and 6 days (p = 0.4) in low and high syndecan-1 groups, respectively. The number of
patients at risk was derived based on “time to sepsis” data available for 153 patients. Time to
sepsis data was missing for 27 patients. The solid and dotted lines represent proportion of
patients who are sepsis free out of the total 153 sepsis patients. The majority of patients in
both syndecan-1 groups developed sepsis within the first 10 days of admission, and there is
substantial overlap of the 95% confidence intervals suggesting that there is no significant

differences in time to sepsis between the two groups.
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Table 1:

Patient Characteristics by Synd-1 Status Upon Admission

Variable Synd-1 <40 ng/mL (n=110) | Synd-1 =40 ng/mL (n =402) p
Value
Age, y, median (IQR) 40 (30 - 51) 32 (24 - 47) 0.002
Injury Severity Score, median (IQR) 19 (10 - 26) 26 (17 -38) <0.001
Penetrating injury, n (%) 72 (65) 189 (47) 0.001
OR procedure, n (%) 102 (93) 387 (96) 0.11
1st SBP, mmHg, median (IQR) 100 (78 — 124) 104 (82 - 127) 0.24
1st hemoglobin, g/dL, median (IQR) 12 (10-13) 12 (10-13) 0.49
1st WBC count, 1000/uL, median (IQR) 11 (8-16) 13(9-17) 0.23
1st base deficit, mmol/L, median (IQR) 6(9-2) 8(12-4) 0.002
Total units of blood product, median 13 (8-19) 26 (14 - 44) <0.001
(IQR)
Units of RBCs, median (IQR) 6(3-8) 9 (6-16) <0.001
Units of plasma, median (IQR) 3(1-5) 7(3-12) <0.001
Units of platelets, median (IQR) 6(0-6) 6 (6-18) <0.001
Time to ICU admission, minutes, median (IQR) 231 (160 — 347) 242 (183 — 350) 0.12
Sepsis, n (%) 15 (14) 165 (41) <0.001
Time to sepsis, d, median (IQR) 8(5-9) 6 (4-10) 0.4

IQR, interquartile range; OR, operating room; SBP, systolic blood pressure; WBC, white blood cell; ICU, intensive care unit
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Patient Characteristics by Sepsis

Table 2:

Variable No sepsis (n =332) | Sepsis (n=180) | p Value
Age, y, median (IQR) 33 (25-47) 36 (24-51) 0.4
Injury Severity Score, median (IQR) 22 (14-33) 32 (22-41) <0.001
Penetrating injury, n (%) 184 (55) 77 (43) 0.006
OR procedure, n (%) 312 (94) 177 (98) 0.01
Units of blood product, median (IQR) 17 (10-29) 33 (19-53) <0.001
RBC, units, median (IQR) 7 (4-11) 12 (8-20) <0.001
Plasma, units, median (IQR) 4 (2-7) 9 (5-15) <0.001
Platelets, units, median (IQR) 6 (0-12) 12 (6-18) <0.001
ICU admission, n (%) 324 (98) 178 (99) 0.5
Synd-1, ng/mL, median (IQR) 70 (36-157) 165 (67 — 336) <0.001
Synd-1 = 40 ng/mL, n (%) 237 (71) 165 (92) <0.001
ICU-free days, median (IQR) 25 (20-27) 10 (0-18) <0.001
Hospital-free days, median (IQR) 15(5-22) 0 (0-5) <0.001
Deaths, n (%) 18 (5) 20 (11) 0.014

IQR, interquartile range; OR, operating room; RBC, red blood cell; ICU, intensive care unit
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Table 3:

Patient complications and outcomes by Synd-1 status

Variable Synd-1<40ng/mL | Synd-1=40ng/mL | p Value
(n=110) (n=402)
Complication, n (%)
UTI, wound, or line infection (n = 190) 26 (24) 164 (41) 0.001
AKI (n = 136) 12 (11) 124 (31) <0.001
Ventilator-associated pneumonia (n = 109) 5(5) 104 (26) <0.001
Acute lung injury (n = 87) 7 (6) 80 (20) 0.001
Transfusion-related complication (n = 84) 16 (15) 68 (17) 0.7
ARDS (n = 82) 9(8) 73 (18) 0.01
DVT (n = 46) 8(7) 38(9) 0.5
Multi-organ failure (n = 28) 3(3) 25 (6) 0.2
Symptomatic PE (n = 26) 5(5) 21 (5) 0.8
Re-bleed after hemostasis (n = 22) 0 (0) 22 (5) 0.007
Rhabdomyolysis (n = 17) 0(0) 17 (4) 0.03
Stroke (n = 17) 3(3) 14 (3) 1
ICU-free days, median (IQR) 8 (4-12) 7(2-12) 0.3
Ventilator-free days, median (IQR) 10 (6-16) 10 (5-17) 0.7
Discharge disposition*, n (%)
Home 58 (62) 146 (54)
Rehabilitation center 11 (12) 33(12)
Skilled nursing facility 7(7) 17 (6)
Long-term acute care facility 0 (0) 15 (6) 0003
Other 15 (16) 23(9)
Morgue 3(3) 34 (13)

*
Due to missing data, discharge disposition was only available for 362 patients (Synd-1 < 40 ng/mL = 94, Synd-1 = 40 ng/mL = 268)

§Other = Assisted Living, Psychiatric Facility, Acute Care Hospital, Jail
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UT], urinary tract infection; AKI, acute kidney injury; ARDS, acute respiratory distress syndrome; DV'T, deep vein thrombosis; PE, pulmonary
embolus; ICU, intensive care unit; IQR, interquartile range
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Table 4:

Multivariable Analysis of Factors Associated with Sepsis

Variable odds ratio | 95% confidence interval | p Value
Synd-1 =40 ng/mL 2.94 1.53-5.66 0.001
Injury Severity Score 1.03 1.01-1.05 0.001
Total blood transfused 1.02 1.01-1.03 <0.001
Treatment arm 0.87 0.57-1.34 0.53
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