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associated with early organ impairment in
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Abstract

Background: Endothelial glycocalyx (EG) abnormal degradation were widely found in critical illness. However, data
of EG degradation in multiple traumas is limited. We performed a study to assess the EG degradation and the
correlation between the degradation and organ functions in polytrauma patients.

Methods: A prospective observational study was conducted to enroll health participants (control group) and
polytrauma patients (trauma group) at a University affiliated hospital between Feb 2020 and Oct 2020. Syndecan]
(SDCT) and heparin sulfate (HS) were detected in serum sample of both groups. In trauma group, injury severity
scores (ISS) and sequential organ failure assessments (SOFA) were calculated. Occurrences of acute kidney injury
(AKI), trauma-induced coagulopathy (TIC) within 48 h and 28-day all-cause mortality in trauma group were recorded.
Serum SDC1 and HS levels were compared between two groups. Correlations between SDC1/HS and the indicators
of organ systems in the trauma group were analyzed. ROC analyses were performed to assess the predictive value
of SDC1 and HS for AKI, TIC within 48 h, and 28-day mortality in trauma group.

Results: There were 45 polytrauma patients and 15 healthy participants were collected, totally. SDCT and HS were
significantly higher in trauma group than in control group (69.39 [54.18-130.80] vs. 24.15 [13.89-32.36], 38.92
[3047-67.96] vs. 15.55 [11.89-23.24], P < 0.001, respectively). Trauma group was divided into high degradation
group and low degradation group according to SDC1 median. High degradation group had more severe ISS, SOFA
scores, worse organ functions (respiratory, kidney, coagulation and metabolic system), and higher incidence of
hypothermia, acidosis and shock. The area under the receiver operator characteristic curves (AUC) of SDC1 to
predict AKI, TIC occurrence within 48 h and 28-day mortality were 0.838 (95%C/: 0.720-0.957), 0.700 (95%Cl: 0.514—
0.885) and 0.764 (95%Cl: 0.543-0.984), respectively.

Conclusions: EG degradation was elevated significantly in polytrauma patients, and the degradation was correlated
with impaired respiratory, kidney, coagulation and metabolic systems in early stage. Serum SDC1 is a valuable
predictive indicator of early onset of AKI, TIC, and 28-day mortality in polytrauma patients.
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Background

Trauma remains a leading cause of morbidity and mor-
tality worldwide and in China mainland [1, 2]. Organ
function impairments are common in trauma, especially
in polytrauma [3]. Endothelial glycocalyx (EG) is a layer
of gel-like macromolecules widely distributed on the
surface of vascular endothelium, mainly composed of
proteoglycans (PGs) and glycosaminoglycans (GAGs).
PGs, as the core proteins, are anchored on the surface of
vascular endothelium, and the side chains of GAGs are
covalently connected to it [4]. Highly sulfated GAGs
side-chains are negatively charged and have electrical ef-
fects on plasma protein components such as albumin, fi-
brinogen, fibronectin, thrombomodulin, antithrombin-
III, peroxidase, and cell adhesion molecules [5].

EG maintains vascular homeostasis by regulating vas-
cular tension and permeability, inhibiting thrombosis in
microvessels and regulating leukocyte adhesion on endo-
thelial cell surface [6—-8].Currently, EG abnormal degra-
dations were widely detected in sepsis, tumor and other
critical illness [9, 10]. However, data of EG degradation
in polytrauma patients, and the association with early
organ function impairment are obscure. PGs include
SDC1, phosphatidylinositol PG, basal membrane PG,
among which SDCI is the main component [11]. GAGs
include HS, hyaluronic acid (HA) and dermatan sulfates,
HS accounts for more than 50% of GAGs [12].

We selected SDC1 and HS as the representation of EG
degradation, and conducted this study to detect EG deg-
radation in polytrauma patients, to fathom the correl-
ation between EG degradation and early organ function
impairment, and to demonstrate the predictive value of
SDC1 and HS.

Materials and methods

Study design

A prospective observational study was designed to enroll
polytrauma patients (trauma group) and healthy partici-
pants (control group) in a university affiliated hospital
between February 2020 and October 2020. Trauma
group inclusion criteria were: (1) two or more severe in-
juries caused by single reason in at least two areas of the
body, (2) admitted to hospital after trauma less than 24
h. Exclusion criteria were: (1) age < 16years, or>75
years, (2) malignant tumor, (3) chronic hepatic or kidney
diseases, (4) undrained pneumothorax. The study was
approved by the Ethics Committee of the 2nd Affiliated
Hospital of Nantong University (No0.20190612), Jiangsu,
China. The written informed consent was obtained from
individual, patient or patient’s guardian.

Data collection
Gender, age and body mass index (BMI) of both groups
were documented. In trauma group, the reasons of
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injury were recorded, injury severity scores (ISS), se-
quential organ failure assessment scores (SOFA) were
graded, occurrences of hypothermia (T <35 °C), shock,
acidosis, mechanical ventilation (MV), and traumatic
brain injury (TBI) on admission were recorded, inci-
dences of acute kidney injury (AKI), trauma induced co-
agulopathy (TIC) within 48 h, and 28-day mortality were
documented.

Laboratory methods

(1) Blood samples were collected on admission for
trauma group. Blood samples of both groups were cen-
trifuged (2500 g for 15min at room temperature) and
stored at — 80 °C. Double antibody sandwich ELISA tests
were conducted by Enzyme calibration equipment
(Thermo scientific Inc., Waltham, MA, USA), to detect
SDC1 (EK1339, BOSTER Biological Tech., Wubhan,
China), HS (E-EL-H2364c, Elabscience Biotechnology
Co., Ltd., Wuhan, China), interleukin-6 (IL-6) (KE00139,
Proteintech Group Inc., Rosemont, IL, USA), and tumor
necrosis factor-a (TNF-a) (KE00068, Proteintech Group
Inc., Rosemont, IL, USA), respectively. The tests were
processed using unthawed samples within 6 months, and
according to the manufacturer’s directions. All samples
and standards were assayed in duplicate. (2) Standard la-
boratory tests were measured on admission in the clin-
ical laboratory of the hospital as the following:®Blood
routine (leukocyte count [WBC], hemoglobin [Hb], and
platelet count [PLT]), Liver and kidney function (total
bilirubin [TBIL], albumin [ALB], urea nitrogen [BUN],
and serum creatinine [Cr], coagulation function (fibrino-
gen [Fib], prothrombin time [PT], activated partial
thromboplastin time [APTT], anti-thrombin - [AT-III],
and D-dimer), cardiovascular indicators (troponin I [Tn
I], myoglobin [Mb], and N-terminal pro-B-type natri-
uretic peptide [NT-pro BNP]), and infection index (pro-
calcitonin [PCT]), @Blood gas analysis (pH, PaO,,Pa0,/
FiO, ratio, HCO5~, Ca**,and lactic acid [Lac]).

Definitions of AKI and TIC

AKI definition

Serum Cr level increased >26.4 pumol/L compared with
baseline, or increased over 1.5-times above baseline, or
urine output < 0.5 ml/kg/h for at least 6 h [13].

TIC definition
Trauma induced prolonged coagulation time, PT >18s
or APTT >60s [14].

Semi-quantitative measurements of extravascular lung
water (EVLW)

Lung ultrasound were performed using convex array (fre-
quency 3.5-4.5 MHz, 2D mode, LOGIQ V1, GE Healthcare,
Marlborough, MA, USA) to semi-quantitatively assess
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EVLW. Bilateral lungs were divided into eight regions
[15],and the ultrasound clips were recorded. Each pa-
tient’s clips were independently graded and calculated
average according lung ultrasound score (LUSS) [16]
by two physicians with certifications of Chinese
Critical Ultrasound Study Group (CCUSG). Regions
scored according to the worst sign in the region (A
lines or < 2 B lines, score 0; > 3 well-spaced B lines,
score 1; coalescent B lines, score 2; tissue-like pattern,
score 3).

Statistical analyses

We calculated that a sample of 44 polytrauma pa-
tients would provide a power of 90% to detect the
difference between variables and constants with effect
size of 0.5, at a one-sided significance level of 0.025.
A total sample size of 42 polytrauma patients would
provide 80% power to detect an effect size of 0.8 be-
tween two groups, with a one-tailed significance level
of 0.05. Statistical analyses were performed with SPSS
19.0 (IBM Inc., Chicago, IL, USA). Normality of con-
tinuous variables were detected by Shapiro-Wilk test.
Normal distributed variable was presented as mean *
standard deviation (mean * SD), and non-normal dis-
tributed variable as median (interquartile range) (me-
dian [IQR]), and categorical variable as number
(percentage), respectively. Mann-Whitney U tests were
performed for continuous variables comparisons be-
tween two groups. Categorical variables were com-
pared by Fisher’s exact test. The correlation between
the two variables was analyzed by Spearman’s correl-
ation. The receiver operating characteristic (ROC)
curves were graphed and area under the curve (AUC)
were calculated to investigate the accuracy of indica-
tors for predicting AKI, TIC within 48h, and 28-day
mortality in trauma group. All statistical tests were
two-tailed, and P< 0.05 was considered statistically
significant.
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Results

Demographics

The trauma group had a median ISS of 24 (17-29).
Main causes of trauma were traffic injuries and falling
injuries (53.3 and 31.1%, respectively). All polytrauma
patients were admitted within 6h after injury. There
were 16 incidences of AKI, 13 incidences of TIC within
48 h, and 8 death cases within 28 days in trauma group,
totally. Fifteen healthy participants were recruited as
control group. There were none significant differences
in age, gender and BMI between two groups (P> 0.05,
respectively). The serum SDCland HS in trauma group
were significantly higher compared with control group
(69.39 [54.18-130.80] vs. 24.15 [13.89-32.36]; 38.92
[30.47-67.96] vs. 15.55 [11.89-23.24]; P< 0.001, re-
spectively) (Table 1, Fig. 1).

Correlation between EG degradation and organ function
indicators

Spearman’s correlation analyses were conducted for EG
degradation indicators (SDC1 and HS, respectively) with
organ function indicators in trauma group, and found that
serum SDC1 and HS were both positively correlated with
PT, APTT, EVLW, Cr, NT-pro BNP, Mb, Lac, IL-6 and
TNF-a, both negatively correlated with PaO,/FiO, ratio,
Ca®*, AT-III, pH and ALB (Table 2). Besides, SDC1 was
significantly positively correlated with HS (r = 0.639,
P< 0.001).

Comparison within trauma group by different degree of
degradation

Trauma group was divided into high degradation groups
(SDC1 > median) and low degradation groups (SDCI <
medians) by SDC1 median (69.39 ng/ml), comparing the
differences between the two sets. The differences in gen-
eral conditions and injury mechanisms were not statisti-
cally significant, and the high degradation group had
higher ISS, SOFA scores, higher hypothermia, acidosis
ratio, and higher inflammation indicators (IL-6, TNF-«),

Table 1 Comparison of characteristics between trauma group and control group

Characteristic Trauma group Control group P value
(n = 45) (n =15)
Demographic
Age, mean * SD, year 56.07 £ 15.20 5173 £ 1441 0.278
Male, n (%) 25 (73.3%) 9 (60.0%) 0.296
BMI, mean = SD, kg/m? 2528 £ 199 25.83 £ 202 0407
EG degradation
SDC1, median (IQR), ng/ml 69.39 (54.18-130.80) 24.15 (13.89-32.36) < 0.001
HS, median (IQR), ng/ml 3892 (30.47-67.96) 15.55 (11.89-23.24) < 0.001

Abbreviation: BMI body mass index; EG endothelial glycocalyx; SDCT syndecan-1; HS heparan sulfate

SD denotes standard deviation
IQR denotes interquartile range



Qi et al. BMC Emergency Medicine (2021) 21:52 Page 4 of 10
p<0.001 p <0.001
3000 — _ 1504 ———
p—
= =
—
£ ¢ 2 0
B0 =
= 200- ® ~ 100- o
- 5 2 ?
0 ) = ®
= = -
] X »
9 s oo
S 100- o S 50+ i
< o—] ;‘ ek
5| = |
0 1 I 0 | |
SN
& & @S &°°Q
Q > Q >
& & & &
> >
P & P &8
Fig. 1 SDC1 and HS were significantly higher in trauma group compared with control group (69.39 [54.18-130.80] vs. 24.15 [13.89-32.36]; 38.92
[30.47-67.96] vs. 15.55 [11.89-23.24], P < 0.001 respectively)

while respiratory (oxygen index, EVLW), liver (ALB),
kidneys (BUN, Cr), bleeding and coagulation (Hb, PLT,
Ca?*, PT, APTT, AT-III) and metabolic indicators (pH,
HCOj37, Lac) were worse than the low degradation group
(P< 0.05, respectively, Table 3). High EG degradation
was associated with increased unadjusted odds of AKI
(OR 2.870, 95%CI 1.089-7.562) and TIC (OR 3.188,
95%CI 1.009-10.072), but not 28-day mortality (OR
2.870, 95%CI 0.647-12.729).

Predictive values of EG degradation indictors

The ROC curve analyses indicated SDC1 was a valuable
predicter to AKI (AUC of 0.838, cutoff of 94.12 ng/ml,
sensitivity of 75%, and specificity of 79.3%), TIC (AUC
of 0.700, cutoff of 92.66 ng/ml, sensitivity of 76.9%, and
specificity of 71.9%) within 48h, and 28-day mortality
(AUC of 0.764, cutoff of 123.63 ng/ml, sensitivity of
75.0%, and specificity of 81.1%) (P< 0.05, respectively,
Table 4, Fig. 2).

Discussion

Under physiological conditions, the synthesis and deg-
radation of EG are in dynamic balance [5, 17]. At
present, studies on abnormal EG degradation and im-
paired endothelial barrier have become an important
direction of critical diseases [18, 19].EG abnormal deg-
radation was found in sepsis [20], tumor [21], burns [22]
and major surgery [23] patients. Previous studies have
shown increased SDC shedding in traumatic brain injury

and polytrauma patients [24], also the association of ele-
vated serum SDC1 and higher ISS and 30-day mortality
in trauma patients [25]. However, considering the com-
plexity and heterogeneity of polytrauma, various factors,
including major transfusions, emergency operations, nu-
trition insufficiency, infectious complications, et cetera,
could influence the intra-hospital outcomes. Thus, re-
search focused on the impact of elevated EG degradation
on multiple organ functions, especially in the early stage,
is necessary and meaningful. Our study confirmed the
increased shedding of EG in polytrauma patients, and
closely assessed the respiratory, coagulation, kidney, me-
tabolism functions, and the activation of inflammation
cytokines.

AKI has high morbidity and mortality in hospitalized
patients, and various factors such as traumatic bleeding,
fluid imbalance and inflammatory mediators are consid-
ered to be the potential pathogenesis of AKI [26]. EG
coats the luminal surface of glomerular capillaries, there-
fore its integrity is essential for glomerular filtration bar-
rier function. Study in mice showed the protection
against glycocalyx HS degradation is associated with re-
duction of LPS-induced AKI [27]. In addition, tests in
mice demonstrated inhibition of the syndecan-4 shed-
ding process attenuated diabetes-induced kidney injury
in the early stage [28]. It can be speculated that EG deg-
radation contributes to glomerular filtration barrier
dysfunction, which is the fundamental pathological char-
acter of AKIL In our study, SDC1 and HS were
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Table 2 Correlation between EG degradation indicators and organ function in trauma group on admission
Characteristic Serum SDC1 Serum HS
r P value r P value

Demographic

Age 0.209 0.169 —-0.009 0.956

BMI —-0.141 0.356 -0.024 0.875
Score system

GCS 0.020 0.897 -0312 0.037

ISS 0380 0.010 0320 0.032

SOFA 0.267 0.076 0.296 0.048
Liver function

TBIL -0.089 0.562 0.065 0670

ALB -0.652 < 0.001 -0373 0.012
Kidney function

BUN 0.558 < 0.001 0.262 0.082

Cr 0603 < 0.001 0388 0.009
Respiratory function

PaO, -0318 0.033 -0.232 0.125

Pa0,/FiO; ratio —-0458 0.006 -0.3% 0.007

EVLW 0.515 < 0.001 0.344 0.021
Metabolism system

pH -0513 < 0.001 -0.367 0014

HCO5™ -0471 0.001 -0.209 0.169

Lac 0.507 < 0.001 0377 0011
Cardiovascular

NT-pro BNP 0.379 0.010 0.296 0.049

Tnl 0289 0.054 0289 0.054

Mb 0481 0.001 0455 0.002
Coagulation

Hb -0468 0.001 -0.263 0.080

PLT -0314 0.036 -0272 0.071

Ca** —-0.545 < 0.001 -0.398 0.007

Fib —-0.006 0.970 0.037 0.809

PT 0.502 < 0.001 0511 < 0.001

APTT 0.592 < 0.001 0.600 < 0.001

AT-lIl -0.752 < 0.001 -0.522 < 0.001

D-dimer —-0.063 0683 0.122 0424
Inflammation

WBC —-0.059 0.700 0.148 0331

PCT 0437 0.003 0.285 0.057

IL-6 0.384 0.009 0.326 0.029

TNF-a 0.531 < 0.001 0.390 0.008

Abbreviations: EG endothelial glycocalyx; SDC1 syndecan-1; HS heparan sulfate; BMI body mass index; GCS Glasgow coma score; ISS injury severity score; SOFA
sequential organ failure assessment; TBIL total bilirubin; ALB albumin; BUN blood urea nitrogen; Cr creatinine; EVLW extravascular lung water; Lac lactic acid; NT-pro
BNP N-terminal pro-B-type natriuretic peptide; Tn I troponin I; Mb myoglobin; Hb hemoglobin; PLT platelet; Fib fibrinogen; PT prothrombin time; APTT activated

partial thromboplastin time; AT-/ll anti-thrombin; WBC white blood cell; PCT procalcitonin; IL-6 interleukin-6; TNF-a tumor necrosis factor
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Table 3 Comparison within trauma group deviated by degradation degree
Characteristic Trauma group EG degradation degree P value
(n = 45) High degradation group Low degradation group :
(n=23) (n=22)
SDC1, median (IQR), ng/ml 69.39 (54.18-130.80) 128.74 (95.50-163.96) 54.17 (46.34-59.21) < 0.001
HS, median (IQR), ng/ml 3892 (3047-67.96) 67.39 (48.90-89.58) 31.22 (27.07-36.44) < 0.001
Demographic
Age, mean * SD, year 560 £ 1520 57.26 £ 16.21 54.82 + 1433 0510
Male, n (%) 25 (55.56%) 12 (52.17%) 13 (59.09%) 0641
BMI, mean * SD, kg/m2 2527 £1.99 24.94 £+ 2.06 2561 =191 0.212
Cause of injury
Traffic, n (%) 22 (48.89%) 2 (52.17%) 10 (45.46%) 0.768
Falling, n (%) 14 (31.11%) 7 (30.43%) 7 (31.82%) 1.000
Score system
GCS, median (IQR) 12.0 (6.0-15.0) 120 (5.0-15.0) 125 (6.0-15.0) 0.982
ISS, median (IQR) 24.0 (17.0-29.0) 26.0 (22.0-29.0) 17.0 (12.0-27.0) 0.011
SOFA, mean + SD 691 £+ 2.55 7.78 £ 2.58 6.00 =223 0.019
TBI, n (%) 1 (46.67%) 8 (34.78%) 13 (59.09%) 0.139
Hypothermia, n (%) 14 (31.11%) 2 (52.17%) 2 (9.09%) 0.003
Acidosis, n (%) 25 (55.56%) 8 (78.26%) 7 (31.82%) 0.003
Shock, n (%) 28 (62.22%) 18 (78.26%) 10 (45.45%) 0.033
MV, n (%) 36 (80.00%) 21 (91.30%) 15 (68.18%) 0.071
AKI, n (%) 16 (35.56%) 12 (52.17%) 4 (18.18%) 0.029
TIC, n (%) 13 (28.89%) 10 (43.48%) 3 (13.64%) 0.047
28-d mortality, n (%) 8 (17.78%) 6 (26.09%) 2 (9.09%) 0.243
Organ function
TBIL, median (IQR), pmol/L 142 (11.2-22.3) 142 (109-22.1) 14.85 (11.35-22.55) 1.00
ALB, median (IQR), g/L 306 (21.9-37.3) 22.8(19.3-32.5) 34.6 (30.58-41.33) < 0.001
BUN, median (IQR), mmol/L 6.10 (5.05-9.00) 8.80 (5.70-11.20) 5.30 (4.55-6.30) 0.002
Cr, median (IQR), pmol/L 72.1 (52.3-103.3) 89.9 (62.5-144.0) 55.0 (46.73-75.85) 0.001
Pa0,, median (IQR), mmHg 112.8 (89.5-155.1) 101.2 (86.7-134.4) 131.7 (92.1-168.7) 0.102
Pa0,/FiO, ratio, mean + SD 2892 £ 107.1 2433 £ 874 337.1 £ 1064 0.005
EVLW, median (IQR) 6.00 (4.25-9.50) 9.00 (6.00-10.50) 4.75 (2.88v6.63) 0.001
Metabolism
pH, mean = SD 730 £0.12 725 %013 7.36 £ 0.07 0.003
HCOs™, median (IQR), mmol/L 20.3 (15.8-224) 184 (14.2-20.7) 21.75 (19.65-23.10) 0.009
Lac, median (IQR), mmol/L 443 (265-7.99) 6.60 (4.21-9.60) 339 (2.26-4.57) 0.003
Cardiovascular
NT-pro BNP, median (IQR), 265.3 (130.4-839.0) 7236 (163.1-1136.0) 209.8 (119.1-430.2) 0.063
Tn |, median (IQR), pg/L 0.09 (0.03-0.26) 0.22 (0.01-1.14) 0.05 (0.03-0.17) 0.108
Mb, median (IQR), pg/L 652.0 (302.8-1141.0) 945.7 (631.2-1890.0) 466.0 (2494-758.3) 0.010
Bleeding and coagulation
Hb, mean + SD, g/L 105.22 + 20.36 95.61 £ 1898 115.27 £ 16.86 0.001
PLT, mean + SD, x10°/L 151.09 + 51.93 13252 £53.18 170.50 + 43.75 0.021
Ca**, median (IQR), mmol/L 1.09 (1.04-1.15) 1.06 (0.99-1.11) 1.12 (1.09-1.19) 0.001
Fib, median (IQR), g/L 1.50 (1.13-1.89) 1.52 (0.90-2.12) 148 (1.28-1.81) 0.910
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Table 3 Comparison within trauma group deviated by degradation degree (Continued)
Characteristic Trauma group EG degradation degree P value
(n = 45) High degradation group Low degradation group :
(n=23) (n=22)
PT, median (IQR), s 13.2 (11.9-16.9) 14.2 (13.2-19.5) 122 (11.2-13.2) < 0.001
APTT, median (IQR), s 31.7 (27.0-42.8) 370 (31.7-51.6) 280 (254-314) < 0.001
AT-lll, mean * SD, % 10091 £ 19.16 8724 + 1302 11521 £ 13.15 < 0.001
D-dimer, median (IQR), 15,645 (6494-43,654) 15,645 (5385-63,978) 15,977 (8311-36,585) 0.874
Inflammation
WBC, mean * SD, x10°/L 1529 + 5.80 15.09 + 6.76 1550 + 4.73 0.750
PCT, median (IQR), ng/ml 1.34 (041-5.38) 245 (0.52-10.20) 0.90 (0.23-2.05) 0.027
IL-6, median (IQR), ng/ml 281.71 (160.97-507.79) 35149 (227.93-762.31) 23456 (117.71-382.92) 0.023
TNF-a, median (IQR), ng/ml 70.23 (54.03-106.93) 95.32 (64.90-131.48) 61.88 (48.01-79.85) 0.002

Abbreviations: SDCT syndecan-1; HS heparan sulfate; BVl body mass index; GCS Glasgow coma score; ISS injury severity score; SOFA sequential organ failure
assessment; TB/ traumatic brain injury; MV mechanical ventilation; AKI acute kidney injury; TIC trauma induced coagulopathy; TBIL total bilirubin; ALB albumin; BUN
blood urea nitrogen; Cr creatinine; EVLW extravascular lung water; Lac lactic acid; NT-pro BNP N-terminal pro-B-type natriuretic peptide; Tn / troponin |; Mb
myoglobin; Hb hemoglobin; PLT platelet; Fib fibrinogen; PT prothrombin time; APTT activated partial thromboplastin time; AT-/ll anti-thrombin; WBC white blood

cell; PCT procalcitonin; IL-6 interleukin-6; TNF-a tumor necrosis factor

$ denotes the comparison between high degradation group and low degradation group

Indicates mortality rate for 28 days after admission

IQR denotes interquartile range

SD denotes standard deviation

Hypothermia denotes patient with temperature below 35 degree Celsius

Shock denotes patient with blood pressure maintained via infusions of dopamine, norepinephrine, epinephrine

significantly correlated with renal function and meta-
bolic indicators in trauma group patients, and the EG
high degradation group had a higher incidence of AKI,
indicating that abnormal EG degradation after trauma is
a risk factor for early occurrence of AKI.

This study revealed SDC1 and HS were both correlated
with blood loss and coagulation indexes including Hb, PLT,
PT, APTT, AT-III and Ca*". The high degradation group
had significantly worse blood loss and coagulation indexes,
and a higher incidence of TIC. SDC1 was a risk factor and
predictive index for early TIC. Abnormal EG degradation
may be involved in the pathophysiological process of TIC.
Post-traumatic bleeding is the primary cause of death for
trauma patients, and about one-third of trauma patients
combined TIC, which significantly increased the risk of death
[29]. The pathogenesis of TIC remains poorly understood. In
the physiological condition, EG has the effects of inhibiting
platelet adhesion on the endothelial surface, anti-
microthrombosis and contributing to the balance between

coagulation and anticoagulant. There have been several stud-
ies conducted in an attempt to identify the role of EG deg-
radation in the mechanism of TIC. In ewe severe trauma
model, EG shedding and activation of the protein C pathway
were detected, and both correlated with the occurrence of
TIC [30]. In vitro human whole blood study showed glycoca-
lyx components exhibited inhibitory effects on platelet func-
tion, coagulation, and fibrinolysis [25]. EG degradation
components are suggested as mediators in TIC, although the
exact mechanism remains unclear. Researchers propose that
post-traumatic bleeding, inflammation and abnormal EG
degradation may participate in the TIC mechanism [31].

Due to the electrochemical properties of highly sul-
fated GAG side chain complex of EG, the permeability
of EG to solute molecules is dependent on molecular
size and its negative charge, which plays a role in isolat-
ing water and maintain the gel-like structure of EG,
maintaining the low permeability of albumin and pre-
venting the extravasation of intravascular liquid [12].

Table 4 Comparison of the predict value of SDCT, HS, ISS and SOFA on early AKI, TIC, and 28-day mortality

AKI within 48 h TIC within 48 h 28-day mortality

AUC 95% CI P value AUC 95% Cl P value AUC 95% CI P value
SDC1 0.838 0.720-0.957 <0.001 0.700 0.514-0.885 0.038 0.764 0.543-0.984 0.021
HS 0671 0.488-0.854 0.059 0.786 0.650-0.922 0.003 0.721 0.506-0.937 0.052
1SS 0.697 0.541-0.854 0.030 0.642 0464-0.819 0.140 0.662 0.444-0.880 0.154
SOFA 0.635 0.463-0.806 0.138 0.662 0.506-0.818 0.091 0.583 0.406-0.760 0467

Abbreviations: AKI acute kidney injury; TIC trauma induced coagulopathy; SDCT syndecan-1; HS heparan sulfate; BMI body mass index; ISS injury severity score;

SOFA sequential organ failure assessment
AUC denotes area under the curve
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area under the curve

The increase of EVLW is the basic pathophysiological
change in the early stage of lung injury. Studies of iso-
lated animal lungs and isolated human donor lungs indi-
cated that LUSS [32] can accurately reflect the degree of
extravascular lung water [33, 34], and more clinical evi-
dence supported the application of lung ultrasound in
critical diseases [35]. This study found that SDC1 and
HS were both positively correlated with EVLW and
negatively correlated with oxygenation index. Compared
with the low degradation group, high degradation group
had higher EVLW and lower oxygenation index, suggest-
ing that EG degradation was related to early lung injury
after trauma. The integrity of EG barrier structure and
function is of great significance for the study of lung in-
jury mechanism and lung protection after trauma [36].

This study showed that SDC1 and HS were signifi-
cantly positively correlated with NT-pro BNP and Mb,
but cardiac function after trauma was not evaluated, so
the significance was not analyzed.

Studies have shown that abnormal expressions of IL-6,
IL-8 and TNF-a may be involved in EG degradation [19,
23]. We observed serum IL-6 and TNF-a levels were sig-
nificantly elevated in trauma group, and the levels were
both positively correlated with SDC1 and HS levels, sug-
gesting that post-traumatic inflammatory responses may
be involved in the abnormal EG degradation mechanism,
although various pathways could be associated with EG
degradation, theoretically.

It should be noted that there were also some detects
in our study. First, the selected cases were patients with
polytrauma admitted to EICU, which may have selection
bias and information bias. Second, the sample size that
is small increases the likelihood of type II error, and de-
creases the power of the study. In consideration of the
complexity of polytrauma, meanwhile, transfusion and
emergency surgery further increase the heterogeneity of

the research objects, enhancing sample size for subgroup
analysis and observing longer periods would be more
meaningful to demonstrate the mechanism and influ-
ence of EG degradation in polytrauma patients.

Conclusions

In this prospective observational study, we found a sig-
nificant elevated EG degradation in polytrauma patients
and the association between EG degradation indicators
and multiple organ function impairment, including co-
agulation, kidney, metabolism and respiratory system.
Our study indicated SDC1 is a valuable predicter of early
TIC, AKI and 28-day mortality in polytrauma patients.

Abbreviations

APTT: Activated partial thromboplastin; AKI: Acute kidney injury;

ALB: Albumin; AT-Ill: Anti-thrombin-Ill; AUC: Area under the curve; BUN: Blood
urea nitrogen; BMI: Body mass index; CCUSG: Chinese Critical Ultrasound
Study Group; Cr: Creatinine; EG: Endothelial glycocalyx; ELISA: Enzyme-linked
immunosorbent assay; EVLW: Extravascular lung water; Fib: Fibrinogen;

GCS: Glasgow coma score; GAG: Glycosaminoglycan; Hb: Hemoglobin;

HS: Heparan sulfate; ISS: Injury severity score; IL-6: Interleukin-6;

IQR: Interquartile range; Lac: Lactic acid; WBC: Leukocyte count; LUSS: Lung
ultrasound score; MV: Mechanical ventilation; Mb: Myoglobin; NT-pro BNP: N-
terminal pro-B-type natriuretic; PLT: Platelet; PCT: Procalcitonin;

PG: Proteoglycan; PT: Prothrombin time; ROC: Receiver operating
characteristic; SOFA: Sequential organ failure assessment; SD: Standard
deviation; SDC1: Syndecan-1; TBIL: Total bilirubin; TIC: Trauma induced
coagulopathy; TBI: Traumatic brain injury; Tn I: Troponin I; TNF-a: Tumor
necrosis factor-a

Acknowledgements
We appreciated C. Yu for the provision of experiment resources of the
manuscript.

Authors’ contributions

F.Li and F. Qi contributed to the conception and design of the study; F. Qi,
H. Zhou, and P. Gu performed the experiment, F. Qi and F. Li performed the
data analyses and drafted the manuscript. BF. Zhu, JR. Chen, and JS. Zhang
contributed to manuscript revision. All authors commented on and
approved the final manuscript.



Qi et al. BMC Emergency Medicine (2021) 21:52

Funding

This study was supported by Nantong Health and Wellness Commission
(MB2019012), and Nantong Science and Technology Bureau (HS52018002),
Jiangsu, China.

Availability of data and materials
All data generated or analyzed during this study are including in this article.

Declarations

Ethics approval and consent to participate

The study was approved by the Ethics Committee of the 2nd Affiliated
Hospital of Nantong University (No.20190612), Jiangsu, China. The written
informed consent was obtained from individual, patient or patient’s
guardian.

Consent for publication
Not applicable.

Competing interests
The authors declare no completing interests.

Author details

'Emergency Intensive Care Unit, The Second Affiliated Hospital of Nantong
University, Nantong First People’s Hospital, 6 Haier Xiang North Road,
Nantong 226001, Jiangsu, China. *Department of Emergency Medicine, The
First Affiliated Hospital of Nanjing Medical University, 300 Guangzhou Road,
Nanjing 210029, Jiangsu, China.

Received: 22 February 2021 Accepted: 8 April 2021
Published online: 20 April 2021

References

1. Diseases GBD, Injuries C. Global burden of 369 diseases and injuries in 204
countries and territories, 1990-2019: a systematic analysis for the global
burden of disease study 2019. Lancet. 2020;396(10258):1204-22. https://doi.
0rg/10.1016/50140-6736(20)30925-9.

2. Zhou M, Wang H, Zeng X, Yin P, Zhu J, Chen W, et al. Mortality, morbidity,
and risk factors in China and its provinces, 1990-2017: a systematic analysis
for the global burden of disease study 2017. Lancet. 2019;394(10204):1145-
58. (In eng). https://doi.org/10.1016/50140-6736(19)30427-1.

3. ColeE Gillespie S, Vulliamy P, Brohi K. Organ dysfunction in trauma study c.

multiple organ dysfunction after trauma. Br J Surg. 2020;107(4):402-12.
https://doi.org/10.1002/bjs.11361.

4. Weinbaum S, Tarbell JM, Damiano ER. The structure and function of the
endothelial glycocalyx layer. Annu Rev Biomed Eng. 2007;9(1):121-67.
https.//doi.org/10.1146/annurev.bioeng.9.060906.151959.

5. Chappell D, Jacob M, Paul O, Rehm M, Welsch U, Stoeckelhuber M, et al.
The glycocalyx of the human umbilical vein endothelial cell: an impressive
structure ex vivo but not in culture. Circ Res. 2009;104(11):1313-7. https://
doi.org/10.1161/CIRCRESAHA.108.187831.

6. Woodcock TE, Woodcock TM. Revised Starling equation and the glycocalyx
model of transvascular fluid exchange: an improved paradigm for
prescribing intravenous fluid therapy. Br J Anaesth. 2012;108(3):384-94.
https://doi.org/10.1093/bja/aer515.

7. Alphonsus CS, Rodseth RN. The endothelial glycocalyx: a review of the
vascular barrier. Anaesthesia. 2014,69(7).777-84. https;//doi.org/10.1111/ana
e.12661.

8. Ince C, Mayeux PR, Nguyen T, Gomez H, Kellum JA, Ospina-Tascén GA, et al.

The endothelium in Sepsis. Shock. 2016;45(3):259-70. https://doi.org/10.1
097/SHK.0000000000000473.

9. Sieve |, Munster-Kuhnel AK, Hilfiker-Kleiner D. Regulation and function of
endothelial glycocalyx layer in vascular diseases. Vasc Pharmacol. 2018;100:
26-33. https;//doi.org/10.1016/j.vph.2017.09.002.

10.  Yilmaz O, Afsar B, Ortiz A, Kanbay M. The role of endothelial glycocalyx in
health and disease. Clin Kidney J. 2019;12(5):611-9. https://doi.org/10.1093/
ckj/sfz042.

11, Becker BF, Jacob M, Leipert S, Salmon AH, Chappell D. Degradation of the
endothelial glycocalyx in clinical settings: searching for the sheddases. Br J
Clin Pharmacol. 2015;80(3):389-402. https://doi.org/10.1111/bcp.12629.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Page 9 of 10

Broekhuizen LN, Mooij HL, Kastelein JJ, Stroes ES, Vink H, Nieuwdorp M.
Endothelial glycocalyx as potential diagnostic and therapeutic target in
cardiovascular disease. Curr Opin Lipidol. 2009;20(1):57-62. https://doi.org/1
0.1097/MOL.0b013e328321b587.

Ostermann M, Joannidis M. Acute kidney injury 2016: diagnosis and
diagnostic workup. Crit Care. 2016;20(1):299. https.//doi.org/10.1186/513054-
016-1478-z.

Palmer L, Martin L. Traumatic coagulopathy--part 1: pathophysiology and
diagnosis. J Vet Emerg Crit Care (San Antonio). 2014;24(1):63-74. https://doi.
org/10.1111/vec.12130.

Volpicelli G, Mussa A, Garofalo G, Cardinale L, Casoli G, Perotto F, et al. Bedside
lung ultrasound in the assessment of alveolar-interstitial syndrome. Am J
Emerg Med. 2006,24(6):689-96. https//doi.org/10.1016/j.ajem.2006.02.013.
Mongodi S, Bouhemad B, Orlando A, Stella A, Tavazzi G, Via G, et al. Modified
lung ultrasound score for assessing and monitoring pulmonary aeration.
Ultraschall Med. 2017;38(5):530-7. (In eng). https//doi.org/10.1055/5-0042-120260.
Schmidt EP, Yang Y, Janssen WJ, Gandjeva A, Perez MJ, Barthel L, et al. The
pulmonary endothelial glycocalyx regulates neutrophil adhesion and lung
injury during experimental sepsis. Nat Med. 2012;18(8):1217-23. https//doi.
0rg/10.1038/nm.2843.

Cerny V, Astapenko D, Brettner F, Benes J, Hyspler R, Lehmann C, et al.
Targeting the endothelial glycocalyx in acute critical illness as a challenge
for clinical and laboratory medicine. Crit Rev Clin Lab Sci. 2017;54(5):343-57.
https://doi.org/10.1080/10408363.2017.1379943.

Iba T, Levy JH. Derangement of the endothelial glycocalyx in sepsis. J
Thromb Haemost. 2019;17(2):283-94. https://doi.org/10.1111/jth.14371.
Uchimido R, Schmidt EP, Shapiro NI. The glycocalyx: a novel diagnostic and
therapeutic target in sepsis. Crit Care. 2019;23(1):16. https://doi.org/10.1186/
$13054-018-2292-6.

Yao W, Rose JL, Wang W, Seth S, Jiang H, Taguchi A, et al. Syndecan 1 is a
critical mediator of macropinocytosis in pancreatic cancer. Nature. 2019;
568(7752):410-4. https://doi.org/10.1038/541586-019-1062-1.

Welling H, Henriksen HH, Gonzalez-Rodriguez ER, Stensballe J, Huzar TF,
Johansson PI, et al. Endothelial glycocalyx shedding in patients with burns.
Burns. 2020;46(2):386-93. https://doi.org/10.1016/j.burns.2019.05.009.
Pesonen E, Passov A, Andersson S, Suojaranta R, Niemi T, Raivio P, et al.
Glycocalyx degradation and inflammation in cardiac surgery. J Cardiothorac
Vasc Anesth. 2019;33(2):341-5. https://doi.org/10.1053/j.jvca.2018.04.007.
Gonzalez Rodriguez E, Cardenas JC, Cox CS, Kitagawa RS, Stensballe J,
Holcomb JB, et al. Traumatic brain injury is associated with increased
syndecan-1 shedding in severely injured patients. Scand J Trauma Resusc
Emerg Med. 2018;26(1):102. https://doi.org/10.1186/513049-018-0565-3.
Britten MW, Lumers L, Tominaga K, Peters J, Dirkmann D. Glycocalyx
components affect platelet function, whole blood coagulation, and fibrinolysis:
an in vitro study suggesting a link to trauma-induced coagulopathy. BMC
Anesthesiol. 2021;21(1):83. https.//doi.org/10.1186/512871-021-01300-1.

Ronco C, Bellomo R, Kellum JA. Acute kidney injury. Lancet. 2019;
394(10212):1949-64. https://doi.org/10.1016/50140-6736(19)32563-2.

Zhang D, Qi B, Li D, Feng J, Huang X, Ma X, et al. Phillyrin relieves
lipopolysaccharide-induced AKI by protecting against Glycocalyx damage
and inhibiting inflammatory responses. Inflammation. 2020;43(2):540-51.
https://doi.org/10.1007/510753-019-01136-5.

Ramnath RD, Butler MJ, Newman G, Desideri S, Russell A, Lay AC, et al.
Blocking matrix metalloproteinase-mediated syndecan-4 shedding restores
the endothelial glycocalyx and glomerular filtration barrier function in early
diabetic kidney disease. Kidney Int. 2020,97(5):951-65. https://doi.org/10.101
6/j.kint.2019.09.035.

Spahn DR, Bouillon B, Cerny V, Duranteau J, Filipescu D, Hunt BJ, et al. The
European guideline on management of major bleeding and coagulopathy
following trauma: fifth edition. Crit Care. 2019;23(1):98. https://doi.org/10.11
86/513054-019-2347-3.

van Zyl N, Milford EM, Diab S, Dunster K, McGiffin P, Rayner SG, et al.
Activation of the protein C pathway and endothelial glycocalyx shedding is
associated with coagulopathy in an ovine model of trauma and
hemorrhage. J Trauma Acute Care Surg. 2016;81(4):674-84. https://doi.org/1
0.1097/TA.0000000000001190.

Petros S. Trauma-induced coagulopathy. Hamostaseologie. 2019;39(1):20-7.
https://doi.org/10.1055/5-0039-1677853.

Bouhemad B, Mongodi S, Via G, Rouquette I. Ultrasound for "lung
monitoring" of ventilated patients. Anesthesiology. 2015;122(2):437-47.
https://doi.org/10.1097/ALN.0000000000000558.


https://doi.org/10.1016/S0140-6736(20)30925-9
https://doi.org/10.1016/S0140-6736(20)30925-9
https://doi.org/10.1016/S0140-6736(19)30427-1
https://doi.org/10.1002/bjs.11361
https://doi.org/10.1146/annurev.bioeng.9.060906.151959
https://doi.org/10.1161/CIRCRESAHA.108.187831
https://doi.org/10.1161/CIRCRESAHA.108.187831
https://doi.org/10.1093/bja/aer515
https://doi.org/10.1111/anae.12661
https://doi.org/10.1111/anae.12661
https://doi.org/10.1097/SHK.0000000000000473
https://doi.org/10.1097/SHK.0000000000000473
https://doi.org/10.1016/j.vph.2017.09.002
https://doi.org/10.1093/ckj/sfz042
https://doi.org/10.1093/ckj/sfz042
https://doi.org/10.1111/bcp.12629
https://doi.org/10.1097/MOL.0b013e328321b587
https://doi.org/10.1097/MOL.0b013e328321b587
https://doi.org/10.1186/s13054-016-1478-z
https://doi.org/10.1186/s13054-016-1478-z
https://doi.org/10.1111/vec.12130
https://doi.org/10.1111/vec.12130
https://doi.org/10.1016/j.ajem.2006.02.013
https://doi.org/10.1055/s-0042-120260
https://doi.org/10.1038/nm.2843
https://doi.org/10.1038/nm.2843
https://doi.org/10.1080/10408363.2017.1379943
https://doi.org/10.1111/jth.14371
https://doi.org/10.1186/s13054-018-2292-6
https://doi.org/10.1186/s13054-018-2292-6
https://doi.org/10.1038/s41586-019-1062-1
https://doi.org/10.1016/j.burns.2019.05.009
https://doi.org/10.1053/j.jvca.2018.04.007
https://doi.org/10.1186/s13049-018-0565-3
https://doi.org/10.1186/s12871-021-01300-1
https://doi.org/10.1016/S0140-6736(19)32563-2
https://doi.org/10.1007/s10753-019-01136-5
https://doi.org/10.1016/j.kint.2019.09.035
https://doi.org/10.1016/j.kint.2019.09.035
https://doi.org/10.1186/s13054-019-2347-3
https://doi.org/10.1186/s13054-019-2347-3
https://doi.org/10.1097/TA.0000000000001190
https://doi.org/10.1097/TA.0000000000001190
https://doi.org/10.1055/s-0039-1677853
https://doi.org/10.1097/ALN.0000000000000558

Qi et al. BMC Emergency Medicine

33.

34.

35.

36.

(2021) 21:52

Ayyat KS, Okamoto T, Nikawa H, Itoda Y, Dugar S, Latifi SQ, et al. DireCt
lung ultrasound evaluation (CLUE): a novel technique for monitoring

extravascular lung water in donor lungs. J Heart Lung Transplant. 2019;38(7):

757-66. https.//doi.org/10.1016/j.healun.2019.03.005.

Bataille B, Rao G, Cocquet P, Mora M, Masson B, Ginot J, et al. Accuracy of
ultrasound B-lines score and E/Ea ratio to estimate extravascular lung water
and its variations in patients with acute respiratory distress syndrome. J Clin
Monit Comput. 2015;29(1):169-76. https//doi.org/10.1007/510877-014-9582-6.
Laursen CB, Clive A, Hallifax R, Pietersen PI, Asciak R, Davidsen JR, et al.

European Respiratory Society statement on thoracic ultrasound. Eur Respir J.

2021;57(3). https;//doi.org/10.1183/13993003.01519-2020.

LaRiviere WB, Schmidt EP. The pulmonary endothelial Glycocalyx in ARDS: a
critical role for Heparan sulfate. Curr Top Membr. 2018;82:33-52. https://doi.
0rg/10.1016/bs.ctm.2018.08.005.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Page 10 of 10

Ready to submit your research? Choose BMC and benefit from:

e fast, convenient online submission

o thorough peer review by experienced researchers in your field

 rapid publication on acceptance

o support for research data, including large and complex data types

e gold Open Access which fosters wider collaboration and increased citations
e maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions



https://doi.org/10.1016/j.healun.2019.03.005
https://doi.org/10.1007/s10877-014-9582-6
https://doi.org/10.1183/13993003.01519-2020
https://doi.org/10.1016/bs.ctm.2018.08.005
https://doi.org/10.1016/bs.ctm.2018.08.005

	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Materials and methods
	Study design
	Data collection
	Laboratory methods
	Definitions of AKI and TIC
	AKI definition
	TIC definition

	Semi-quantitative measurements of extravascular lung water (EVLW)
	Statistical analyses

	Results
	Demographics
	Correlation between EG degradation and organ function indicators
	Comparison within trauma group by different degree of degradation
	Predictive values of EG degradation indictors

	Discussion
	Conclusions
	Abbreviations
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Declarations
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

