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[Abstract \

Severe bleeding after cardiothoracic surgery with cardiopulmonary bypass (CPB) is associated
with increased morbidity and mortality in adults and children. Fibroblast Growth Factor-2 (FGF-
2) and Vascular Endothelial Growth Factor-A (VEGF-A) induce hemorrhage in murine models
with heparin exposure. We aim to determine if plasma and urine levels of FGF-2 and VEGF-A in
the immediate perioperative period can identify children with severe bleeding after CPB. We
performed a prospective, observational biomarker study in 64 children undergoing CPB for
congenital heart disease repair from June 2015 - January 2017 in a tertiary pediatric referral center.
Primary outcome was severe bleeding defined as > 20% estimated blood volume loss within 24-
hours. Independent variables included perioperative plasma and urinary FGF-2 and VEGF-A
levels. Analyses included comparative (Wilcoxon rank sum, Fisher’s exact, and Student’s t tests)
and discriminative (receiver operator characteristic [ROC] curve) analyses.

Forty-eight (75%) children developed severe bleeding. Median plasma and urinary FGF-2 and
VEGF-A levels were elevated in children with severe bleeding compared to without bleeding
(preoperative: plasma FGF-2 = 16[10-35] vs. 9[2-13] pg/ml; urine FGF-2= 28[15-76] vs. 14.5[1.5-
22] pg/mg; postoperative: plasma VEGF-A = 146[34-379] vs. 53[0-134] pg/ml; urine VEGF-A =
132[52-257] vs. 45[0.1-144] pg/mg; all p < 0.05). ROC curve analyses of combined plasma and
urinary FGF-2 and VEGF-A levels discriminated severe postoperative bleeding (AUC: 0.73-0.77)
with mean sensitivity and specificity above 80%. We conclude that the perioperative plasma and
urinary levels of FGF-2 and VEGF-A discriminate risk of severe bleeding after pediatric CPB.
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Background

Severe postoperative bleeding (SB) is
associated with increased morbidity and
mortality in children undergoing
cardiothoracic ~ surgery  (CTS)  with
cardiopulmonary bypass (CPB).13
Postoperative bleeding after CPB can result
in hemodynamic instability necessitating
volume  resuscitation, blood product
replacement, vasoactive administration,
extra-corporeal life support (ECLS), and
mediastinal exploration.? The hemostatic
derangement in this context is multifactorial
and related to underlying cardiac anatomy,
procedure-specific  data, and existing
comorbidities.®>” Furthermore, exposure to
CPB may result in unbalanced production of
inflammatory cytokines and activation of
complement, coagulation, and fibrinolytic
pathways  precipitating SB in  the
postoperative period.*”

Fibroblast Growth Factor-2 (FGF-2)
is a heparin binding growth factor released
into circulation by injured endothelial cells.®-
1 Previous studies demonstrate high levels of
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circulating FGF-2 result in lethal bleeding in
mice treated with heparin-like drugs.'??
Hemorrhage in this model occurs only in
combination of both heparin exposure and
FGF-2-mediated release of inflammatory
cytokines, matrix metalloproteinases, and
Vascular Endothelial Growth Factor-A
(VEGF-A). While FGF-2 and VEGF-A
levels may be elevated in critical illness't4
and in neonates with congenital heart
disease®, it is unclear if exposure to CPB and
heparin is associated with SB in children
undergoing CTS. We aim to determine
whether perioperative plasma and urinary
FGF-2 and VEGF-A discriminate children
who experience SB after CPB.

Results.

Descriptive  and  postoperative
outcomes data Sixty-four children met study
criteria of which 48 (75%) experienced
postoperative SB and 16 (25%) did not.
General sample and study cohort
demographic and surgical data are listed in
Table 1.

Table 1. General demographics, characteristics, and surgical data of the patients with and without
severe postoperative bleeding.

Patient Characteristics Severe Bleeding No Severe Bleeding P-

(n=48) (n=16) value
Gender ratio, male:female 2:1 11 0.25
Age, median months (IQR) 2.5(0.3-15.1) 89.9 (39.1-126.6) <0.01

Weight, median kg (IQR)
STAT, median category (IQR)

4.3 (3.2-9.9) 185 (13.3-39.8) | <0.01
2.5 (2-4) 1(1-2) <0.01

Cyanotic CHD, n (%) 31 (64.6%) 6 (37.5%) 0.08
Intraoperative steroids, n (%) 21 (43.8%) 3 (18.8%) 0.08
Surgical times, median min (IQR)
Cardiopulmonary bypass 126 (81-179) 71 (56-95) <0.01
Cross clamp 65 (41.5-106) 37 (31-51) 0.02
DHCA 14 (10-43) n/a n/a
Postoperative anticoagulation, n (%) 15 (31.3%) 6 (37.5%) 0.76
Heparin 9 (18.8%) 2 (12.5%) 0.71
Aspirin 6 (12.5%) 4 (25%) 0.45

Copyright 2020 KEI Journals. All Rights Reserved




Anthony A. Sochet et al. Medical Research Archives vol 8 issue 6.

Children with SB were younger (median age
2.5 [0.3-15.1] vs 89.9 [39.1-126.6] months),
had increased median STAT category (2.5 [2-
4] vs 1 [1-2]), longer median CPB times (126
[81-179] vs 71[56-95] minutes), and greater
frequency of deep hypothermic circa arrest
(39.6% vs 0%, all p <0.01). No differences
were observed in gender ratio, frequency of
cyanotic heart disease, intraoperative steroid
administration, or postoperative
anticoagulation strategy among those with
and without SB.
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General postoperative outcomes are reported
in Table 2. Children who experienced SB had
a greater hospital LOS (17 vs. 4 days),
postoperative LOS (11 vs. 4 days),
postoperative VIS (12 [5-15] vs. 1.5 [0-5]),
fluid overload (11 [4-18.8] vs. 2 [0-4.7] %),
frequency of delayed sternal closure (19% vs
0%), and exposure to neuromuscular
blockade (43.8% vs 0%, all p < 0.01). No
differences were observed in index mortality
or incidence of acute renal failure among
children with and without SB.

Table 2: Secondary outcomes for children with and without severe postoperative bleeding.

Patient Characteristics Severe Bleeding | No Severe Bleeding (n=16) | P-value
(n=48)

Vasoactive inotropic score, (IQR) 12 (5-15) 1.5 (0-5) <0.01
Length of stay, day (IQR)

Total hospital 17 (7-33) 4 (3-6.5) <0.01

Postoperative 11 (6-29) 4 (3-6.5) <0.01

CICU 7 (3-17) 1(1-2) <0.01
Fluid overload data

Day of peak, (IQR) 2 (1-3) 1 (0-2.5) 0.04

Fluid overload, % (IQR) 11 (4-18.8) 2 (0-4.7) <0.01

>10% peak fluid overload 27 (56.3%) 1 (6.3%) <0.01

>15% peak fluid overload 16 (33.3%) 1 (6.3%) 0.04

>20% peak fluid overload 9 (18.8%) 0 (0%) 0.09
Acute kidney injury, n (%) 8 (16.7%) 2 (12.5%) >0.99
Continuous Renal Replacement
Therapy, n (%) 1(2.1%) 0 (0%) >0.99
Neuromuscular blockade, n (%) 21 (43.8%) 0 (0%) <0.01
Delayed Sternal closure, n (%) 19 (39.6%) 0 (0%) <0.01
Surgical chest exploration, n (%) 6 (12.5%) 0 (0%) 0.32
Mortality, n (%) 3 (6.3%) 0 (0%) 0.56
30 day Discharge 6 (12.5%) 0 (0%) 0.32

Copyright 2020 KEI Journals. All Rights Reserved




Anthony A. Sochet et al. Medical Research Archives vol 8 issue 6. June 2020

Postoperative bleeding data.
Table 3. Cumulative thoracostomy output (TO) and estimated blood volumes (EBV) recorded at
1, 2, 10, and 24-hours postoperatively.

Page 4 of 13

Postoperative Patient Characteristics Seve_re No Se\_/ere P-value
timing Bleeding Bleeding
(n=48) (n=16)
TO, mL/kg/hr (IQR) 8.8 (5.7-13.8) 4 (2.5-5) <0.01
Hour 1 EBV, % (IQR) 11 (7.2-17.3) 5 (3.2-6.2) <0.01
>20% EBV, n (%) 10 (20.8%) n/a n/a
TO, mL/kg/hr (IQR) 5.4 (3.8-9.4) 2.6 (2.1-3.2) 0.01
Hour 2 EBV, % (IQR) 13.4 (9.6-23.4) 6.6 (5.1-7.9) <0.01
>20% EBV, n (%) 14 (29.2%) n/a n/a
TO, mL/kg/hr (IQR) 2(1.6-4.2) 0.8(0.7-1.1) <0.01
Hour 10 EBV, % (IQR) 25.4 (19.3-51.9) | 10 (9.1-13.5) <0.01
>20% EBV, n (%) 35 (72.9%) n/a n/a
TO, mL/kg/hr (IQR) 1.6 (1.1-2.7) 0.5 (0.4-0.6) <0.01
Hour 24 EBV, % (IQR) 45.9 (33.7-80.2) | 15.4 (11.1-17.7) | <0.01
>20% EBV, n (%) 48 (100%) n/a n/a

The  median  24-hour  postoperative
thoracostomy output (36.7 [27-64.1 vs 12.3
[9-14.2] ml/kg) and blood product
transfusions volume (10.7 [0-25.6] vs. O
mL/kg, all p <0.01) were greater in children
experiencing SB than those without SB.
Children with SB had >20% EBV of
thoracostomy output in 73% of cases by 10-
hours. In the first 24-hours postoperative
period, median EBV in children with SB was
45.9 (33.7-80.2) % of which 64% required
rescue blood product transfusion.

Perioperative FGF-2 and VEGF-A levels.
Preoperative FGF-2 and VEGF-A plasma
levels (shown in Figure 1) were elevated in
children with SB as compared to controls
(FGF-2 = 16 [10-35] vs 9 [2-13] pg/ml,
p<0.01) and VEGF-A = 146 [34-379] vs 53
[0 -134] pg/ml, p = 0.02), Preoperative
urinary FGF-2 and VEGF-A were also higher
in children who developed SB (FGF-2 = 28
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[15-76] vs 14.5 [1.5-22] pg/mg UCr, p =
0.02) and VEGF-A = 132 [52-257] vs. 45
[0.1-144] pg/mg UCr; p = 0.02). Higher
plasma FGF-2 and VEGF-A were noted
preoperatively in children with cyanotic
CHD compared to those with acyanotic CHD
(FGF-2 = 23 [10-35.7] vs 10 [0.1-22] pg/ml,
p = 0.05) and VEGF-A = 127.5 [43-374] vs
64 [5.7-173] pg/ml, p =0.03). Postoperative
plasma FGF-2 and VEGF-A trended but were
not significantly different in children with SB
as compared to controls (FGF-2 = 16 [9.2-32]
pg/ml vs 11 [0.1-20.5] pg/ml, p = 0.11) and
VEGF-A = 251 [59-405] pg/ml vs 91 [14-
235] pg/ml; p = 0.06). Postoperative urinary
FGF-2 and VEGF-A were higher in children
with SB as compared to controls (FGF-2 =
29.5 [15-127] vs 12 [0.1-19] pg/mg UCr) and
VEGF-A = 233 (81-468) vs 47 (16-140)
pg/mg UCr; all p < 0.01).
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Figure 1: Plasma and urinary levels of Fibroblast Growth Factor-2 and Vascular
Endothelial Growth Factor-A before and after cardiopulmonary bypass in children with
critical congenital heart surgery with and without severe postoperative bleeding.

Preoperative plasma FGF-2 and
VEGF-A in children < 2 years of age were
comparable to older children (FGF- 2 =15
[10-30.5] vs 10.6 [3.6-26.5], p = 0.420) and
VEGF-A=125[38.5-316.5] vs 97.5 [7-234],
p = 0. 174). After adjusting for children with
AKI, differences in the urinary FGF-2 and
VEGF-A levels in those with and without SB
persisted (preoperative FGF-2 = 31 [14.2- 78]
vs 13 [0.1- 22] pg/mg UCr, p = 0.01;
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preoperative VEGF-A = 134 [56-258] vs 54
[0.1-149] pg/mg UCr; p = 0.05; Postoperative
FGF-2 = 27 [11- 123] vs 13.5 [0.3- 22.7]
pg/mg UCr, p = 0.02; VEGF-A 235 [79-470]
vs 92 [0.1-210] pg/mg UCr; p = 0.01).

ROC curve analyses. Both plasma and
urinary preoperative FGF-2 and VEGF-A
were individually discriminatory for SB after
CPB.
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Figure 2
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Figure 2: Receiver operator characteristic curve analyses of Fibroblast Growth Factor-2
and Vascular Endothelial Growth Factor-A before and after cardiopulmonary bypass on
the primary outcome of severe postoperative bleeding.

Combined ROC curve analysis of demonstrated above average sensitivity and
specificity to distinguish SB after CPB.
in Table 4)
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Table 4: Threshold values obtained via receiver operator characteristic curve analyses combining
pre- and postoperative Fibroblast Growth Factor-2 and Vascular Endothelial Growth Factor-A
levels in children undergoing cardiopulmonary bypass for repair of critical congenital heart

disease. Plasma (pg/mL); Urine (pg/mg UCr)

Cg:ﬁgﬁgfﬂ, F(-;I-E_rze shold VziI/uEecs;F_ A AUC Sensitivity Specificity
Flasma, helore CPB. >9 >57 0.76 84% 60%
ggr;ezbff\‘}ré GCFFiBA’ 522 >67 0.77 70% 83%
P s, ater P8 >7 >235 0.73 82% 80%
U””ezaJrﬁf;E%PF'?’AFGF' >19 >47 0.77 91% 67%

Preoperatively, combined plasma
FGF-2 and VEGF-A yielded 84% sensitivity,
while urinary levels 83% specificity.
Postoperatively, plasma levels yielded 80%
sensitivity and specificity, while urinary
values yielded specificity of 91%. Threshold
values associated with SB were > 2 SD above
the normal values adjusted for age.**41°

Exploratory risk assessment.  Univariate
logistic regression analyses of age, STAT
category, and plasma or urinary preoperative
FGF-2 and VEGF-A levels Yyielded
significant associations to SB postoperatively
(all p < 0.05). As STAT itself accounts for
age, patient weight, procedure complexity,
prior cardiothoracic operations, and other
preoperative factors, it was included as a
covariate for multiple regression modeling. A
multivariant logistic regression analysis
adjusting for STAT category of preoperative
plasma FGF-2 confirmed a relationship with
SB, p < 0.01 (FGF-2, coefficient 0.07,
standard error 0.0311, p = 0.02; and STAT,
coefficient 1.340, standard error 0.459, p <
0.01). Associations persisted after adjusting
for DHCA as a potential confounder (data not
shown). When adjusting for age and STAT,
combined plasma and urinary FGF-2 and
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VEGF-A could discriminate SB after CPB
(sensitivity and specificity ~90%).

Discussion

Heparin-binding  growth  factors
released into the circulation of children with
CHD *° regulate angiogenesis, vascular tone,
and blood pressure.®®  Their role in the
pathogenesis of postoperative bleeding in
children subjected to CPB has not been
previously explored. Our study identified
elevated perioperative plasma and urinary
levels of FGF-2 and VEGF-A that are
associated with SB in the immediate post-
CPB period. These data suggest angiogenic
factors in combination with known clinical
variables may be evaluated preoperatively as
a biomarker profile to assess risk of SB
postoperatively.

The pathogenesis of bleeding in
children subjected to CTS and CPB is
multifactorial. A complex system of
feedback loops triggered by CTS and
exposure to the extracorporeal circuit results
in systemic inflammatory dysregulation and
hemostatic changes. These events are
induced both directly by the activation of
complement and adhesion of platelets or
inflammatory cells to the extracorporeal

http://journals.ke-i.org/index.php/mra
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circuit and indirectly by factors released from
injured endothelial cells, including FGF-2
and VEGF-A.20-22 We postulate FGF-2 and
VEGF-A are markers of endothelial injury
and vascular leakage and contribute to
increased  capillary  permeability and
bleeding.

Our findings are consistent with
results of previous studies demonstrating
elevated plasma FGF-2 and VEGF-A in
patients with cyanotic CHD.?*?* Children
with cyanotic CHD can develop formation of
collateral vessels that might be induced, at
least partially, by hypoxia *® via concurrent
synthesis and release of FGF-2 and VEGF-
A2 Abnormal blood vessel proliferation in
children with cyanotic CHD can increase
morbidity and mortality causing left to right
shunting, pulmonary “steal” from systemic
blood flow, and bleeding during surgical
manipulation. VEGF-A and FGF-2 regulate
vascular tone and blood pressure.'®!° These
studies suggest an assessment of angiogenic
growth factors may be of utility in children
with CHD undergoing CTS with CPB.

Several angiogenic growth factors are
released into the circulation of children with
CHD during CPB surgery that play a role
maintaining the integrity of vasculature.>%
In neonates, high serum levels of VEGF-A
correlate with the degree of capillary leak,
while other parameters such as birth weight
and CPB time were less discriminatory.?®
High serum Angiopoietin-2 / Angiopoietin-1
ratio, considered a marker of endothelial
injury, correlate with adverse outcomes in
children following CPB.2" Angiopoeitin-2,
an angiogenic cytokine released by
endothelial cells, is activated by VEGF-A,
hypoxia, thrombin, and shear stress?® and
induces vascular permeability changes via
phosphorylation of myosin light chain
(MLC) kinase and TNF-q.2830
In contrast, angiopoietin-1 has anti-
inflammatory activity inhibiting NF«xB
activation and endothelial cell adhesion
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molecules.?®  Our research group noted
angiopoietin-1 prevents lethal intestinal
bleeding induced by FGF-2 and heparin-like
drugs in a murine model.X* The beneficial
effects of angiopoietin-1 appear to be related
to the reduction of FGF-2-induced release of
metalloproteinases and VEGF-A.X® Further
studies are warranted to clarify the exact
mechanisms by which FGF-2 precipitate
bleeding complications when children are
exposed to heparin-like drugs.

Serum obtained from children after
CPB decrease the resistance of endothelial
cell monolayers exposed to non-pulsatile and
pulsatile flow conditions®, as well as the
transendothelial electrical resistance of
cultured human dermal and pulmonary
microvascular endothelial cells.®? We found
that FGF-2 and VEGF-A, in combination
with heparin, increases the permeability of
cultured endothelial cells acting through
Rho-A and Src signaling pathways.®
Inappropriate levels of angiogenic factors
may alter the morbidity and mortality of
children undergoing CBP surgery by
increasing their vascular permeability. As
such, they may represent not only candidate
biomarkers, but an approach to novel
therapeutic intervention.

Combined plasma and urinary FGF-2
and VEGF-A levels improved the
discriminatory capacity of the biomarker
profile to assess risk of SB in children
undergoing CPB surgery. This could be
related to the ability of heparin, infused
during CPB, to release FGF-2 bound to
endothelial cells®, therefore altering FGF-2
levels. Alternatively, collection of partially
hemolyzed plasma samples after surgery may
increase measurement variability via ELISA
assays, a problem avoided by urine sampling.
As postoperative urinary FGF-2 and VEGF-
A were highly associated with SB, and FGF-
2 and VEGF-A are removed from circulation
by heparan sulfate proteoglycans in renal
glomeruli and systemic endothelial cells *,

http://journals.ke-i.org/index.php/mra
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we speculate our findings are a reflection of
systemic release of heparin binding growth
factors facilitated by heparin and renal
accumulation during CPB. Urinary FGF-2
and VEGF-A remained significant after
adjusting for AKI.*® As urine may be
collected with minimal risk, this matrix of
biomarker sampling may provide a more
practical approach in the hemodynamically
fragile child with CHD after CPB.
Limitations. Data reported are a pilot
dataset and, therefore, underpowered. A high
proportion of children in our sample met SB
definition relative to controls and the control
group represented older children with lower
STAT category. The definition of bleeding
severity in children has recently come under
scrutiny, but our definition used in this study
is consistent with moderate-severe bleeding
in recent literature.®**" Young children with
high STAT categories were independently
associated  with SB. Nonetheless,
preoperative plasma FGF-2 or VEGF-A in
children younger < 2 years of age were not
significantly different from levels in older
children. Threshold values on ROC analyses
were significantly higher than reported in
otherwise healthy young children!t41> After
adjusting for STAT, FGF-2 and VEGF-A
yielded persistent associations with SB.
Conclusions. Preoperative plasma
and urinary FGF-2 and VEGF-A levels are
elevated in children who develop SB after
CTS with CPB. These findings suggest that
angiogenic factors, in combination with other
clinical risk factors, are reliable biomarkers
to predict SB after CPB. Specifically, FGF-2
may play a direct role in the pathogenesis of
bleeding complications induced by heparin
exposure.  Recognition  of  elevated
preoperative plasma and urinary FGF-2 and
VEGF-A levels may allow for anticipation of
predicted SB. Future research is planned for
drug development for children with elevated
levels of FGF-2 and VEGF-A to minimize
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their physiologic effects that contribute to SB
after CPB.

Methods

Study design. We performed a prospective,
observational cohort study in children O to 18
years of age undergoing CTS with CPB
between June 2015 to January 2017. All
subjects were admitted to the cardiac
intensive care unit (CICU) in a university-
affiliated, tertiary pediatric referral center.
This 26-bed CICU performs approximately
450 cases on CPB annually. Patients were
excluded for prematurity < 36 weeks
gestational age and preexisting renal, hepatic,
oncologic, hematologic, or connective tissue
disorders. The study was reviewed and
approved by an Institutional Review Board.

Sample Collection. Baseline plasma and
urine samples were obtained in the operating
room prior to heparin  exposure.
Postoperatively, samples were collected
within one hour of CICU admission. Plasma
samples were drawn from an arterial line,
placed in a citrate tube, and centrifuged
within one hour of collection. Urine samples
were obtained via bladder catheterization.
Plasma and urine samples were centrifuged at
4,000 x g for 5 minutes and stored in 1-mL
aliquots at -80°C until processed. Both FGF-
2 and VEGF-A were measured with
commercially available ELISA Quantikine
Kits (R&D Systems, Minneapolis, MN) as
previously described.® Inter- and intra-assay
coefficient of variation for FGF-2 and
VEGF-A were 3-9% and 2-8%, respectively.
Urinary levels were expressed as a ratio of
urinary creatinine (UCr) concentration, in pg
per mg of UCr. All measurements were made
in duplicate and investigators performing
assays were blinded to sample source and
clinical outcomes.

http://journals.ke-i.org/index.php/mra
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Study Definitions and Outcomes. The
primary study outcome was SB defined as >
20% estimated blood volume (EBV) loss
within ~ 24-hours  of  operation via
thoracostomy tube. Independent variables
were perioperative plasma and urinary FGF-
2 and VEGF-A levels. Secondary outcomes
included vasoactive-inotropic scores (VIS),
hospital length of stay (LOS), CICU LOS,
type and volume of blood product
transfusion, percent fluid overload, acute
kidney injury (AKI), and index mortality.
Fluid overload was assessed using the
equation:  ([preoperative  weight—daily
weight]/preoperative weight) x100%. We
defined AKI according to Kidney Disease
Improving Global Outcome (KDIGO)
criteria.®®3° Surgical risk stratification was
assessed via Society of Thoracic Surgeons —
European Association for Cardiothoracic
Surgeons (STAT) category.

Statistical Analysis. Descriptive data are
reported as proportions (percentages), means

Copyright 2020 KEI Journals. All Rights Reserved
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+ standard deviation (SD), or median with
inter-quartile ranges (IQR). Groups with and
without SB were assessed using Fisher’s
exact tests for categorical variables,
Student’s t-tests for normally distributed
continuous variables, and Wilcoxon rank
sum tests for non-normally distributed
continuous  variables.  Receiver-operator
characteristic (ROC) curve analyses were
used to determine FGF-2 and VEGF-A
threshold values using Youden’s index to
discriminate children with SB. Exploratory
logistic regression analyses were performed
to determine how FGF-2 and VEGF-A
performed together and assess relative
contributions of covariates.*> Type | error
was set 0.05. Analyses were completed using
Stata® v15.1 (StataCorp, College Station,
TX) and Prism v6 (GraphPad Holdings, San
Diego, CA).
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